


1. Introduction

On the border area between biochemistry and organo-
metallic chemistry a new research field has emerged in recent
years: bioorganometallic chemistry. The main features of this
new research area are the synthesis, reactions, and applica-
tions of organometallic complexes with biogenic ligands.
Behind this development a two-way learning process has been
underway: on the one hand biologists and biochemists have
ªdiscoveredº that certain organometallic compounds are
stable in the absence of high-purity inert gas atmospheres,
often even under physiological conditions, on the other hand,
organometallic chemists have recognized the attractiveness
and potential of biologically relevant ligands.

This article focuses on organometallic complexes of tran-
sition metals with a-amino acids and peptides, a branch of
bioorganometallic chemistry.[1] Section 2 gives an overview of
the synthesis, structure, and reactivity of the classes of
compounds known to date, with the emphasis on a-amino-
carboxylate complexes. Compounds with unusual structures
and/or patterns of reactivity are discussed, for example a-
amino acids with organometallic side chains or protecting
groups, macrobicyclic peptide complexes, and pharmacolo-
gically active compounds. The following sections deal with the
applications of these complexes. The multifaceted character
of bioorganometallic chemistry is illustrated here in a series of
different themes: a-amino acids and peptide syntheses,
stereoselective reactions, immunological assays and other
analytical methods, as well as catalytic reactions using a-
amino acids and peptides as ligands or as substrates.

2. Synthesis, Structure, and Reactivity

As chiral multifunctional compounds, a-amino acids and
peptides are highly versatile ligands in the field of organo-
transition metal chemistry with its wealth of unusual struc-
tures. The compounds described in this section can be divided
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into two classes: A: complexes in which a-amino acids or
peptide ligands are coordinated to a suitable organometallic
complex fragment through functional group donor atoms (e.g.
amino, carboxylato, or sulfanyl groups), and B: complexes in
which the amino acid is bound to the metal atom through one
(or more) metal ± carbon bonds. Compounds belonging to
class A show a range of typical coordination modes. With a-
amino acid anions N,O-chelates are generally observed. a-
Amino acids with coordinating side chains (e.g. cysteine,
histidine) can, on the other hand, act as tridentate ligands. The
complexation behavior of simple peptides and a-amino acid
derivatives is likewise determined by their free functional
groups. Amide groups undergo coordination in the presence
of strongly Lewis acidic metal centers or on addition of excess
base.

Methodologically, classical, non-organometallic complex
chemistry, that is simple substitution reactions as the primary
method of synthesis can be applied. This is especially true for
compounds in which the organometallic coligands (Cp* (h5-
C5Me5), CO, h6-arene, etc.) function solely as spectator
ligands. Ideal starting compounds for this have proven to be
chloro-bridged complexes (Scheme 1). One of the first
examples was described by Hieber et al. , in which reaction
of the chloro-bridged nitrosyl complex [{(ON)2MCl}2] (M�
Fe, Co) with a-aminocarboxylates gave the corresponding
N,O-chelate complexes.[2] In some cases, however, the phy-

Scheme 1. Synthesis of N,O-chelates by reaction of chloro-bridged com-
plexes with a-amino acid ions

sicochemical idiosyncrasies of the chosen system necessitate
and/or facilitate alternative synthetic strategies. This applies
in particular to complexes in which the organometallic
fragment is anchored to the amino acid side chain through s

or p coordination (see Section 2.4) and to complexes such as
the hydrido phosphane complex 19, formed by the oxidative
addition of a-amino acids to [Ru(CO)3(PPh3)2] (see Sec-
tion 2.1).

2.1. Carbonyl Complexes

The first evidence of an a-aminocarboxylate carbonyl
complexÐ[Fe(CysO)2(CO)2]Ðwas obtained as long ago as
1929.[3 a] Four years later the precise synthesis of the com-
pound was reported;[3 b] this was the first isolated and
characterized organometallic a-amino acid complex. On the
basis of IR spectroscopic data an N,S-chelate with cis-oriented
carbonyl ligands was proposed.[4] Interestingly, the active
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center of Ni/Fe hydrogenases has likewise recently been
shown to contain an iron carbonyl complex (1).[5]

Today numerous a-aminocarboxylate carbonyl complexes
are known, among them complexes of Cr, Mo, W, Mn, Re, Fe,
Ru, Os, and Rh.[6] The photochemical reaction of [Cr(CO)6]
or [W(CO)6] with a-amino acid or peptide esters leads to the
h1-amine complexes 2 and 3,[7] which are relatively unstable in
solution. By contrast, the reaction of [W(CO)5(thf)] with
alkali metal a-aminocarboxylates affords the N,O-chelate 4,[8]

which exhibits intermolecular hydrogen bonding in the crystal
between the amine protons and neighboring carboxylate
groups. The corresponding neutral Re N,O-chelate 5 is
synthesized from the organometallic Lewis acid [Re-
(CO)4(OEt2)]BF4.[9] Tricarbonyl complexes of type 6 ± 9 are
obtained with the tridentate ligands l-histidinate and l-
cysteine.[10] The spatial orientation of the donor atoms is fixed
here by the configuration at the a-C atom, which means that
coordination to the M(CO)3 group is stereospecific. In its
complexation behavior the tridentate histidinate ligand can be
likened to the hydridotrispyrazolylborate (Tp) and cyclo-
pentadienide (Cp) ions: by analogy with [TpM(CO)3] and
[CpM(CO)3] (M�Mo, W), 6 and 7 react with electrophiles
with substitution of a CO ligand.[10 b] Water-soluble tricarbo-
nyldiiminorhenium(i) complexes with histidine ligands have
recently been proposed as sensitizers for photochemically
induced electron-transfer processes.[11] Other Re(CO)n com-
plexes with a-amino acids and peptides are accessible by
reaction with [Re(CO)5Br],[12] many of which exhibit unusual
h1-NH2 coordination with the free acid group.

Rare coordination modes are also observed in reactions
with metal carbonyl clusters: depending on the reaction
conditions the reaction of trinuclear osmium carbonyl clusters
with a-amino acid esters can lead either to the alkoxide- and
thiolate-bridged complexes 10 and 11 or to carbamoyl hydride
complexes of type 12.[13] Reaction with [Ru3(CO)12] affords
the structural analogues 13 and 14.[14] Chiral heterotrinuclear
hydrido clusters of type [(m-RC)CoM1M2Cp(CO)8H] (R�
Me, Ph; M1�Ru, Os; M2�Mo, W) react with the prochiral
alanine precursor methyl acetamidoacrylate with insertion
into the M ± H function and substitution of a CO ligand (15 ±
18).[15] Metalation occurs regioselectively at the a-C atom and
is diastereospecific. The CoRuMo compound 15 is the first

fully characterized key intermediate in the enantioselective
catalytic hydrogenation of amidoacrylic acid derivatives
(other a-metalated amino acid derivatives are described in
Section 2.4). Such a hydrogenation is the key reaction in the
industrial synthesis of l-dopa from the corresponding dehy-
droamino acid.

The functionalization of electron-rich, phosphane-substi-
tuted carbonyl complexes of the late transition metals with
chiral a-aminocarboxylate ligands is of particular interest in
its catalytic applications (see Section 6), research to date
having focused on octahedral RuII and OsII and square-planar
RhI complexes.

The reaction of [MHCl(CO)(PPh3)3][16] or [MHCl(CO)-
(PMetBu2)2] (M�Ru, Os)[17] with a-amino acid anions
generates the hydrido complexes 19 and 20 and 21 and 22,
respectively.[18] The dicarbonyl complexes 23 are accessible

from the organometallic Lewis acid [Ru(CO)2(PPh3)2](BF4)2.
Compounds of type 19 can, alternatively, be obtained through
the oxidative addition of a-amino acids to [Ru(CO)3(PPh3)2],
[16] in an example of a reaction type described only very rarely
to date. In the absence of base, reaction of [RuHCl-
(CO)(PPh3)3] with a-amino acids leads to evolution of
hydrogen and the formation of the chloro complexes
[RuCl(NH2CHRCO2)(CO)(PPh3)2], which are unusual in
that the two phosphane ligands adopt an unexpected cis
orientation.

In general, the complexation behavior of N-acyl amino
acids corresponds to that of simple carboxylic acids; depend-
ing on the Lewis acid character of the metal atom this can
result in mono- or bidentate coordination of the carboxylate
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group. Whereas h2 coordination is observed for the RuII, MoII,
and WII complexes 24 ± 26, the MoII complex 27 contains both
h1- and h2-coordinated ligands.[20]

Square-planar a-aminocarboxylate carbonyl com-
plexes are known for rhodium(i) (28, 29)[21] and platinum(ii)
(30).[22] Dicarbonyl RhI complexes of formula

[Rh(CO)2(NH2CHRCO2)] (28) were described for the first
time in 1976.[21 g] In a subsequent study, however, these
compounds were shown to be HCl adducts,[21 c] which exist
presumably as oligomers; this study also described an alter-
native synthetic route to 28.[21 c] An analogous l-aziridine-2-
carboxylate complex has recently been characterized crystal-
lographically.[21 b] Rhodium(i) phosphane complexes of type 29
were obtained by the reaction of the cationic complex
[Rh(CH3CN)(CO)(PPh3)2]BF4 with l-alaninate or l-phenyl-
alaninate.[21 a] In the crystalline state these compounds exhibit
an interesting superstructure with intermolecular hydrogen
bonding (as also seen in 3[8]).

2.2. h1-Alkyl, h2-Olefin, and h3-Allyl Complexes

The extremely toxic MeHg� ion is formed in the organism
by biomethylation of Hg2�. From a physiological point of view
the interaction of MeHg� with a-amino acids and peptides is
interesting because complexation can strongly influence the
bioavailability of this heavy metal compound. In addition to
numerous studies of their behavior in solution,[23] a-amino-
carboxylate complexes of formula [MeHg(NH2CHRCO2)]
(31)[24] and the dipeptide complex [MeHg(GlyGlyO)][25] have
been isolated and characterized as model compounds. As can

be seen from X-ray crystal structure analyses, in these
complexes the MeHg� ion is coordinated in a linear fashion
to the amino or thiol group. In the crystal intra- and
intermolecular interactions are also discernible between the
Hg atom and the carboxylate O atoms. Monomeric, light-
sensitive dimethylgold(iii) complexes (32) are obtained by the
reaction of [(H3C)2Au(OH2)]NO3 with a-amino acid salts.[26]

With the exception of [(H3C)2Au(CysO)], N,O-chelates are
observed. An S,O-chelate structure has been proposed for
[(H3C)2Au(CysO)].

Owing to the pharmacological importance of cisplatin,
studies of the chemistry of platinum amino acid complexes
have mostly focused on non-organometallic compounds of
oxidation state � ii.[27] The exception are octahedral di- and
trimethyl PtIV complexes, whose synthesis and reactivity have
been intensively investigated in recent years.[28] In aqueous
solution these chelate complexes are present as a series of
stereoisomers, differing in the orientation of the a-amino acid

carboxylate ligands relative to the methyl ligands which are
locked into a cis configuration. The glycinate com-
plexes 33 ± 36 serve as representatives of this class. Chelate
complexes with Pd ± aryl bonds of type [(tol3P)(h1-
aryl)Pd(NH2CHRCO2)] are formed from the chloro-bridged
complex [{(tol3P)(h1-aryl)PdCl}2] by reaction with a-amino-
carboxylates.[29]

The reaction of the chloro-bridged complex [{(cod)MCl}2]
(M�Rh, Ir; cod� 1,5-cyclooctadiene) with glycinate and
prolinate was first reported in 1975,[30] and affords the N,O-
chelates 37 and 38. The same study also described complexes

of formula [(diene)Ru(GlyO)2] ´ x H2O (diene� norborna-
diene, nbd, cod) (39, 40), formed from the reaction of
polymeric [{(diene)RuCl2}n] with glycinate. The reaction of
[{(diene)RuCl2}n] with a-amino acids has since been exten-
sively investigated by Sheldrick et al.[31] Insoluble complexes
of formula [{(diene)RuCl(NH2CHRCO2)}n] are formed in
methanol, whereas reaction in water affords the known
complexes 39 and 40. IR spectroscopic data indicate that the
a-amino acid anions function in these polymeric compounds
as tridentate ligands with bridging carboxylate groups. This
comparatively unusual mode of coordination was confirmed
for the tetrameric complex [{(cod)RuCl(d,l-PheO)}4] by an
X-ray crystal structure analysis.[31 c] Reaction with histidinate
or with the anions of sulfur-containing a-amino acids yields
compounds in which the a-aminocarboxylate anions are
present as bi-, tri-, or tetradentate ligands with S,N-, S,N,O-,
N,N,O-, and S,S,N,O-coordination.[31a, b]

Among the best studied a-aminocarboxylate olefin com-
plexes are Pt(ii) complexes of general formula
[PtCl(NH2CHRCO2)(olefin)] (41).[22, 32] These compounds
are known to exist in two stable isomeric forms: trans-
(N,olefin) and cis-(N,olefin). However, depending on the
reaction sequence chosenÐmaking use of the differing trans-
effects of ethylene and chloride as ligandsÐeither isomer
can be synthesized selectively: reaction of Zeise�s salt
with a-amino acid anions generates the trans-(N,olefin)
isomer, whereas substitution of a chloride ligand in
[PtCl3(NH2CHRCO2H)]ÿ with ethylene and subsequent
elimination of HCl gives the thermodynamically favored cis-
(N,olefin) isomer. The diastereoselectivity of the coordination
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of prochiral olefins has been systematically investigated.[33]

For trans-(N,olefin) complexes selectivity is low. For cis-
(N,olefin) complexes on the other hand, particularly with N-
alkyl amino acids such as sarcosine or proline and function-
alized olefins, remarkable selectivities are observed in some
cases; this is attributed to the selective stabilization of one
isomer by intramolecular hydrogen bonding.

The complex [{(h3 :h3-C10H16)RuCl2}2] is unusual for two
reasons: on the one hand the Ru atom is in the formal
oxidation state � iv, and on the other the (h3 :h3-C10H16)Ru
fragment is chiral. Its reaction with salts of a-amino acids
results in the neutral, trigonal-bipyramidal RuIV complexes
42.[34] Use of a-amino acid esters with coordinating side chains

led to the isolation of a cationic chelate complex with N,S-
coordination (l-CysOMe) and a dinuclear complex with an
N,N-bridging ester (l-HisOMe). Allyl complexes of PdII with
a-aminocarboxylate ligands (43) have been known for some
time already.[21b, 35] Such complexes can be prepared from
[{(h3-allyl)PdCl}2] and show dynamic behavior in solution.
Complexes of similar structure are proposed as intermediates
in the asymmetric a-allylation of carbonyl compounds.[36]

2.3. h5-Cyclopentadienyl and h6-Arene Complexes

The first half-sandwich complex with an a-aminocarboxy-
late ligand, a h6-benzene, h3-allyl complex 44, was synthesized
in 1973.[37] Since then, a large number of such com-

pounds have been characterized. Although certain coordina-
tion modes predominate, these complexes exhibit the struc-
tural diversity seen with ambidentate a-amino acid and
peptides ligands. A particularly interesting feature of these
compounds is their stereochemistry, the metal atom function-
ing here as an additional chiral center, opening up new
horizons in stereoselective reactions.

Chiral a-aminocarboxylate complexes of Mo and W (45,
46) have been obtained by the reaction of [CpM(CO)3Cl]
(M�Mo, W) with the alkali metal salts of various a-amino
acids.[35 a , 38] Replacement of the two carbonyl ligands in 45
with a nitrosyl and an iodide ligand affords the isoelectronic
derivatives [CpMoI(NO)(NH2CHRCO2)] (47). This complex
can be synthesized from [{CpMo(NO)I2}2]; corresponding
Cp* complexes were prepared from [{Cp*Mo(NO)I2}2].[39]

Complexes 45 ± 47 have four-legged piano-stool geometry. If
the a-aminocarboxylate used is optically active, four dia-
stereoisomers are possible for 47. During the synthesis aor
upon workup, one isomer is substantially enriched. For the
glycinate complex [CpMoI(NO)(NH2CH2RCO2)] the cis and
trans isomers are obtained in a 7:3 ratio.

h5-Cyclopentadienyl complexes of the elements Co, Rh, Ir,
and Ru and h6-arene complexes of Ru and Os show great
similarities in their structure and reactivity. These complexes
are generally prepared by the reaction of a-aminocarboxy-
lates or a-amino acid N-glycosides[32 a] with the halogen-
bridged complexes [{Cp*MX2}2] (M�Co, Rh, Ir, Ru; X�Cl,
I),[21 b, 32a, 35a, 40] [{h6-arene)RuCl2}2] (arene�C6H6, C6Me6,
mesitylene, p-cymene),[35 a, 40g, 41] [Cp*Co(m-Cl)3CoCp*]� ,[42]

or [Cp*Co(CO)I2].[43] Simple a-amino acid anions yield the
diastereoisomeric N,O-chelates 48 ± 50, usually in a 1:1 ratio.

By contrast, high selectivity is observed with N-alkylated a-
aminocarboxylates such as prolinate (11:1)[40 f, g] or N,N-
dimethylvalinate (over 50:1).[40 b] At ambient temperature
the Ru, Rh, and Ir complexes are configurationally stable, but
at higher temperatures in solution these complexes undergo
epimerization at the metal center. This phenomenon is
observed even at room temperature for some Co complexes.
The metal ± halogen bond in 48 ± 54 is relatively labile;
substitution reactions allow the introduction of triphenyl-
phosphane[40 f] or alkyne ligands.[40d] For 49, abstraction of the
chloride ligand with AgBF4 results in the formation of a
trinuclear complex with bridging carboxylate groups. Inter-
estingly, this trimerization proceeds with chiral self-recogni-
tion, that is the SC,SC,SC,SRh,SRh,SRh isomer is formed with
high selectivity.[44a, b] A similar trinuclear carboxylate-bridged
iridium complex, [{Cp*Ir(prolinate)}3]3�, was recently ob-
tained from [Cp*IrCl(prolinate)] and AgOSO2CF3.[44 c]

A trinuclear deoxyadenosine-bridged Cp*Rh complex is
able to act as a host for amino acids.[44d, e]

a-Amino acids with coordinating side chains can function
as tridentate ligands, leading to the formation of N,O,N-
(histidine[40 g, 42]), N,O,O- (asparagine,[43] aspartic acid[40g, 42, 43])
(56 ± 58) and N,O,S-chelates (methionine,[32a, 40c, 42] , penicill-
amine[42]) (59 ± 62). A point of note is the structure of the
Cp*Co asparaginate complexes 56 : these compounds cocrys-
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tallize with alkali metal halides; the asparagine dianion is
capable of functioning as an up to octadentate ligand.[42, 43]

The phosphane-substituted h6-arene OsII complexes [(C6H6)-
Os(NH2CHRCO2)(PR3)]X (55) (PR3�PiPr3, PMetBu2; X�
I, SbF6, PF6) have been synthesized from [(C6H6)Os-
(PR3)I2].[17] Surprisingly, unlike with the complexes 48 ± 54,
this reaction proceeds stereospecifically. The hydridotrispyr-
azolylborato RhIII complexes [TpRhCl(NH2CHRCO2)] and
[Tp*RhCl(NH2CHRCO2)] (Tp*� hydridotris-3,5-dimethyl-
pyrazolylborate) are obtained, by analogy with 49, from the
chloro-bridged complexes [{TpRhCl2}2] and [{Tp*RhCl2}2][45]

Dianions of N-functionalized a-amino acids permit the
stabilization of the electronically unsaturated 16-electron
Cp*IrIII complexes 63.[46a±c] These compounds add CO or
sterically undemanding phosphanes such as PMe3 or PMe2Ph
with remarkable diastereoselectivities of over 50:1
(Scheme 2). On addition of a chiral amine, the 1H NMR
spectrum of the adduct formed can be used to determine the

Scheme 2. Stereoselective addition of ligands to unsaturated [Cp*IrIII]
complexes.

enantiomeric purity of the amine used.[46a] Analogous RhIII

complexes achieve electronic saturation through dimeriza-
tion.[44 b] Cp*Ru complexes of prolinate and methioninate
were employed for the stereoselective synthesis of planar
chiral ruthenocenes.[46d]

In our research group we have developed an iterative,
sequence-specific peptide synthesis using half-sandwich com-
plexes (see Section 4).[47] In the course of this work we have
obtained detailed information about the coordination behavi-
or of a-amino acid esters, a-amino acid amides,[48 d] and di- and
oligopeptides.[47, 48] a-Amino acid or peptide esters form
cationic N,O-chelates or h1-amine complexes (64 ± 70), though
in some cases the two forms exist in equilibrium with one
another. The coordination of the ester carbonyl group is
favored in polar solvents such as methanol and can be forced
by abstraction of a halide ligand with silver salts. If the
synthesis is carried out in the presence of an additional
equivalent of base, the chiral (Namine,Namide)-chelate complexes
71 ± 74 are obtained. Although these compounds with chiral
peptide ester ligands are present as a mixture of two
diastereoisomers, at ambient temperature the 1H NMR
spectrum in CD3OD shows only one, averaged, set of signals,
indicating rapid inversion at the metal atom. With dianions of
tripeptide esters the N,N',N''-chelates 75, 76 are isolated. The
Ru complexes 76 are formed with very high diastereoselec-
tivity. As shown by an X-ray crystal structure analysis, this
mode of coordination causes an unusual pyramidalization of
the bridgehead amide N atom.

Coordination of diaminocarboxylic acids (e.g. lysine) to
Cu2� leads to the formation of N,O-chelates bearing a free
amino group, which can be selectively functionalized through
reaction with electrophiles and subsequent demetalation.[49]

This reaction sequence also allows the synthesis of tereph-
thalamide-bridged a,g-, a,d-, and a,e-diaminocarboxylic
acids.[49 b] Reaction of these bridged amino acids with chloro-
bridged half-sandwich complexes yieldsÐby analogy with
49 ± 52Ðcompounds 77 ± 80, as a mixture of two diaster-
eoisomers.[50]

Bis(cyclopentadienyl) complexes of the early transition
metals, titanocene dichloride in particular, attract consider-
able interest on account of their cytostatic activity. The TiIV

complexes 81 were synthesized and characterized as model
compounds for interactions with biologically relevant li-
gands.[51] In the crystal these complexes show h1 coordination

of the carboxylate group along with free, protonated amino
groups. In vivo studies have shown that the a-aminocarboxy-
late complexes 81 also possess antitumor activity.[52] Unlike
[Cp2TiCl2], [Cp2NbCl2] shows no discernible interaction with
a-amino acids in aqueous solution.[53] Analogues of 81 of
formula [Cp2Ti(O2CCHR1NHCOR2)2] are obtained by reac-
tion of titanocene dichloride with N-acyl a-amino acids.[35 a, 54]

These complexes can be used as acylation reagents (see Sec-
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tion 4).[54 a] The coordination of C,N-protected a-amino acids
and peptides to ZrCp2 fragments is achieved by reaction of
[Cp2ZrMe(thf)]� with OCNCHR1COR2 (82).[55] Cationic
compounds of formula [Cp2Mo(NH2CHRCO2)]X (X�Cl,
PF6) (83) were synthesized some time ago from
[Cp2MoCl2].[56]

2.4. a-Amino Acids and Peptides with Organometallic
Side Chains

Replacing a-amino acids with synthetic, non-coded ana-
logues is an effective way of selectively influencing the
physical, chemical, and biological properties of peptides. The
coordination of organometallic complex fragments to a-
amino acid side chains is doubly interesting in this context:
not only do the special properties of such a-amino acids
(relatively hydrophobic, aromatic character in some cases,
unconventional shapes) offer a means of probing the stereo-
electronic prerequisites for specific substrate ± receptor inter-
actions, the spectroscopic properties of the complex fragments
allow them to be used as biomarkers (see Section 5). More-
over, the possibility of extensive functionalization means that
a-amino acids with organometallic side chains are also
interesting from a synthetic viewpoint (see Section 3).

The p-electron system of aromatic a-amino acid side chains
is an obvious target for the introduction of transition metal
complex fragments. Starting with [(h5-C5R5)Ru(CH3CN)3]� or
[(h5-C5R5)RuCl2]2 (R�Me, H), it is possible to synthesize
[(h5-C5R5)Ru(h6-arene)] sandwich complexes with deriva-
tives of phenylalanine (84), tryptophan, and tyrosine.[40c, 57]

The (h5-C5R5)Ru fragment can also be replaced by (h6-
cymene)Ru, as in 85.[58] The analogous chromium tricarbonyl

complexes 86 were first obtained by reaction with
[Cr(CO)6].[59] Carbonyl complexes of the elements Fe and
Mn are accessible by the metal-mediated synthesis (and
stabilization) of the unnatural amino acids cyclopentadienyl-
alanine and cyclobutadienylalanine (87, 88).[60] The synthesis
of the ferrocene-containing a-amino acids d,l-b-ferrocenylal-
anine 89 and d,l-p-ferrocenylphenylalanine was reported as
long ago as 1957 by Schlögl.[61] The following period saw the
introduction of alternative synthetic pathways,[62] including a
synthesis of ferrocenylbis(alanine).[63] Optically active 89 was
obtained by asymmetric hydrogenation of dehydro-N-acyl-

amino acids with Rh phosphane catalysts[64] and by enzymatic
resolution of the racemate.[65]

Crucial to the use of organometallic amino acids in
biochemical investigations is the possibility of incorporating
these compounds into peptides. A Cp*Ru complex of type 84
was used to synthesize dipeptides by the carbodiimide
method,[57 a] though the sensitivity to hydrolysis of Cp*Ru
sandwich complexes imposes limitations on more extensive
use. By contrast, cymantrenyl- and ferrocenylalanine have
proven to be particularly stable, allowing even solid-phase
peptide syntheses to be carried out (cleavage of the peptide
from the resin with HF!).[66] This was used to synthesize
organometallic derivatives of a series of biologically active
peptides (e.g. encephalins).[66b±e] The cymantrenyl compounds
are remarkably versatile; photochemical substitution reac-
tions permit the exchange of CO for phosphane ligands,[66a, b]

enabling the size and hydrophobic character of these a-amino
acids±and corresponding peptidesÐto be varied selectively.

With the use of synthetic amino acids such as C-allyl- or C-
alkynylglycine, p coordination to organometallic fragments is
likewise possible. Chloro-bridged complexes of the elements
Ir, Pd, and Pt can be used to obtain the chelate complexes 90 ±
94 by reaction with C-allylglycine or C-allylglycine esters.[67]

By analogy with allylamines, the coordinated olefin in the

cationic compound 92 reacts with C-nucleophiles with C ± C
coupling to form g-metalated amino acid esters,[67a] which can
then be demetalated. Interesting further chemistry is also
shown by the Rh complex 93 : reaction with HCl and P(OMe)3

generates N-acyl complexes by hydrometalation and insertion
of CO. After cleavage of the ligand, g-lactams were
obtained.[68] C-Vinylglycinate can be stabilized as an N,O-
chelate coordinated to a [Cp*(Cl)M] fragment (M�Rh,
Ir).[67 a] Reaction of the alkynyltrifluoromethyl a-amino acid
ZNHC(CF3)(C�CH)CO2Me (Z�CO2CH2Ph) with [Co2-
(CO)8] resulted in the formation of the metallatetrahedrane
95.[69] Complex 95 reacts with norbornene in a [2� 2� 1]
cycloaddition to give a cyclopentenone-substituted a-trifluoro-
methyl amino acid derivative.

a-Bromoglycine derivatives (ªelectrophilic glycine equiva-
lentsº) are valuable building blocks for the synthesis of a-
amino acids with modified side chains. Reaction with base
generates acylimines, which are not isolated, but are allowed
to react in situ with nucleophiles such as amines, thiols, silyl
enol ethers, Lipshutz cuprates, or Grignard reagents.[70]

Transition metal fragments can be introduced in analogous
manner by reaction of methyl a-bromohippurate with orga-
nometallic C- and N-nucleophiles (Scheme 3).[71] Nucleo-
philes that have been used include acetylferrocene enolates
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Scheme 3. Synthesis of a-amino acids with organometallic side chains by
reaction of electrophilic glycine equivalents with nucleophilic transition
metal complexes.

(96), [CpFe(CO)(PPh3)(COCH3)] (97), and a ferrocene-
containing acetylacetonate derivative (98), as well as anions
of Fischer carbene complexes (99, 100) and arenechromium
tricarbonyl complexes (101, 102). Analogous chromium com-
plexes had previously been obtained from chlorinated glycine
derivatives (103) or iodinated alanine derivatives.[72] Nucleo-
philic attack can also occur through the metal atom directly:
reaction of methyl a-bromohippurate with [PtMe2(bipy)] or
with [Co(py)(dh)]ÿ (bipy� 2,2'-bipyridine, py� pyridine,
dh� dimethylglyoxime) affords the complexes 104 and
105,[73] which were among the first examples of a-transition
metalated amino acid derivatives. The cationic C,O-chelate
complex 106 can be obtained by reaction of [Pd(dba)2] (dba�
dibenzylideneacetone) with methyl a-bromohippurate in the
presence of bipyridyl, followed by abstraction of halide with
silver salts.[73 b] The oxidative addition of a N-protected
asparatic acid anhydride to a Ni0 complex gives a chiral
metallacycle, which can be used for the synthesis of a-amino
acids.[73 c]

2.5. a-Amino Acids and Peptides with Organometallic
Protecting Groups

The selective fine-tuning of the solubility and secondary
structure of peptides is of great synthetic utility. Use of the
chromophoric and lipophilic ferrocenylmethyl residue
(Fem)[74] permits the simple and reversible masking of peptide
bonds.[75] The Fem group can be introduced without racemi-
zation by catalytic reductive alkylation of a-amino acids or a-
amino acid esters with ferrocenecarboxaldehyde and hydro-
gen. The resulting N-Fem a-amino acid derivatives can then
undergo coupling reactions by the carbodiimide method
(Scheme 4). In addition to their strongly lipophilic character,
Fem-masked peptides have one further advantage: they are
colored (yellow), which simplifies their chromatographic
purification. Instead of the ferrocenylmethyl residue, the
[(h4-RC6H6)Fe(CO)3] group can be introduced under mild
conditions (cf. Section 5).[76] Following any subsequent trans-

Scheme 4. Reversible masking of peptide bonds with the lipophilic and
colored ferrocenylmethyl (Fem) residue. DCC� dicyclohexylcarbodi-
imide.

formations the complex can then be recovered almost
quantitatively through cleavage with trifluoroacetic acid.

A number of carbonyl complexes have been proposed as
amino protecting groups for use in peptide synthesis. Exam-
ples include the aminocarbene complexes 107 and 108 formed
by the aminolysis of [(OC)5M�CR(OCH3)] (M�Cr, W) with
a-amino acid esters.[77] Another organometallic amino pro-

tecting group is based on a carbonylrhenium complex: here a-
amino acid esters are condensed with Re acetylacetonate
complexes to give the rhena-b-ketoimine derivatives 109 as a
mixture of two isomers.[78] a-Amino acid or peptide esters can
be functionalized with a cobalt carbonyl cluster by reaction
with [(OC)9Co3CCO]PF6 (110).[79] Analogous carbamoyl
complexes are formed by the reaction of [(Ph3P)2MCl2]
(M�Pd, Pt) with CO in the presence of a-amino acid esters
(111, 112)[80] and by the reaction of [CpFe(CO)3]CF3SO3 with
a-amino acid esters (113).[8a] a-Amino acid esters can also be
added to coordinated olefins.[81b]

2.6. Other Compounds

Cyclopalladated chloro-bridged complexes of type

[(C
_

N)Pd(m-Cl)]2 (also planar chiral ferrocene derivatives)
and the corresponding acetylacetonate derivatives have
proven suitable starting compounds for the synthesis of
square-planar a-aminocarboxylate complexes (114 ±
120).[21b, 32a, 35, 82] In these
compounds the carboxylate
group is generally oriented
trans to the metalated C
atom. Complexes with chiral
cyclometalated ligands
(118 ± 120) merit particular
attention.[83a,d] In their reac-
tions with a-amino acids, the
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products formed are diastereomeric. Integration of the corre-
sponding 1H NMR signals allows the enantiomeric ratio of the
a-amino acid used to be determined.[84] If racemic cyclo-
metalated ligands are used (120), they can then be obtained in
optically active form by diastereomeric separation.[83a, d]

The orthometalated gold complexes [AuCl2(dmba)] and
[Au(O2CCH3)2(dmba)] (dmba�N,N'-dimethyl benzylamine)
exhibit antitumor and antibacterial properties. A model used
to investigate the interaction between these complexes and
sulfur-containing a-amino acids and peptides is their reaction
with l-cysteine and glutathione, which afforded square-planar
N,S-chelates.[85] Octahedral, strongly fluorescent IrIII N,O-
chelates have been synthesized from the chloro-bridged
complex [Ir(ppy)2(m-Cl)]2 (ppy� 2-phenylpyridine).[82a] Cy-
clometalation of an amino acid protecting group has been
observed with a polynuclear Pd complex.[86] Complexes in
which the a-amino acid is itself present as a cyclometalated
ligand are comparatively rare; unprotected a-aminocarboxy-
lates form N,O-chelates preferentially. Dinuclear C,N-che-
lates (121) can, however, be isolated from the reaction of
N,N'-dimethyl phenylglycine ethyl ester with PdII salts [87] and

their chemistry was studied.[87a] An
analogous PtII complex with an ortho-
metalated phenylalanine ligand was
formed on heating an aqueous solution
of trans-K2[Pt(PheOH)2Cl2].[88]

The condensation of benzophenone
with a-amino acid esters affords Schiff

bases (O�Donnell reagents[89]). These compounds possess an
activated a-carbon atom and are therefore of interest as
precursors for the synthesis of non-biogenic a-amino acids
(see Section 3).[89, 90] In organometallic complexes these
ligands may be present as monodentate s-N-donors (122),[91]

as bidentate C,N-donors (123, 124)[92] or N,O-donors (125),[93]

and as tridentate C,N,O-donors (128).[81, 92b, 95] Reduction of
these Schiff bases yields N-alkyl a-amino acids. This route can
also be used to synthesize N-ferrocenylmethyl a-amino acids
(see also Scheme 4), which react with [PdCl4]2ÿ to give the
chloro-bridged complexes 126.[93] The complexation behavior
of Schiff base derivatives of unprotected a-amino acids is
comparable to that of the free amino acids, with N,O-chelates
generally observed.[93] Conjugated diimines have been used to
synthesize dinuclear complexes bridged by rigid spacer groups
(e.g. 127).[94]

Particularly striking is the reactivity of enolate phosphane
complexes of type 128. As ambident dipoles they react with
various dipolarophiles either with coupling of two C ± C bonds
(129) or with the formation of metallaheterocycles (130)
(Scheme 5).[81, 92b, 95] Analogues of 128, formed from the
diphenylmethylene Schiff bases of dipeptides, can undergo
addition to unsaturated hydrocarbons coordinated at cationic
metal centers.[96]

Scheme 5. Cycloadditions of Pd complexes with orthometalated a-amino
acid Schiff base ligands. TCNE� tetracyanoethylene.

The synthesis of peptides with defined metal binding sites is
a first step on the way to synthetic metalloproteins. The
necessary preorganization can be achieved through hydro-
phobic and/or electrostatic interactions as well as through
hydrogen bonding, and is often promoted by template effects.
Impressive examples are the C3-symmetric peptide bundles
recently reported by Steglich et al.,[97] in which the template is
a triglycine derivative linked through a nitrogen atom. The
complexation behavior of these ligands was probed initially
by their reactions with
[Cp*TiCl3], which yielded
macrobicyclic, likewise C3-
symmetric complexes with
ring sizes of up to 32 atoms
(131, 132).[98] Ferrocenyl de-
rivatives have also been in-
vestigated as a possible way
of stabilizing peptide sec-
ondary structures. Interest
here centers on the b-sheet
structures, since the dis-
tance between the rings in
ferrocene is roughly the
same as the N,O-distance
between two peptide
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chains. Preliminary results suggest that ferrocenyl bridges,
supported by intramolecular hydrogen bonds, are able to lock
two a-amino acid esters into a defined conformation.[99, 100]

3. Synthesis of a-Amino Acids

There are few classes of compounds for which so many
different synthetic strategies have been developed as a-amino
acids and their derivatives. A large proportion of these often
stereoselective syntheses are based on traditional organic
reactions. Nevertheless, there is also a range of interesting
methods based on organometallic transformations. Concep-
tually, a distinction can be made between two approaches. On
the one hand, amino acid side chains can be introduced or
modified by reaction with transition metal complexes. Alter-
natively, the a-amino acid framework can be constructed by
organometallic reactions. An overview on this topic is given in
a review published in 1995;[101] thus, in the following only the
most important methods are summarized in brief, with
reference made to some more recent work.

The addition of nucleophilic glycine or alanine synthons to
complexes with p-coordinated unsaturated hydrocarbon li-
gands is a versatile method for the synthesis of a-amino acid
derivatives with unusual or metal-containing side chains. The
electrophiles that have been used are cationic carbonyl
complexes of iron (Scheme 6),[102a±c] manganese,[103] chro-
mium,[102d] and rhenium,[102d] as well as allyl palladium com-

Scheme 6. Synthesis of a-amino acids with cyclohexadienyl side chains by
reaction of nucleophilic glycine equivalents with cationic carbonyliron
complexes.

plexes.[102e] This method can be regarded as anªumgepolteº
variant of the reaction shown in Scheme 3 (cf. Section 2.4).
With the nucleophilic alanine synthetic building block
IZnCH2CH(NHBoc)CO2Bn (Boc� tert-butoxycarbonyl) di-
rect reactions with organic electrophiles are possible. This
organozinc reagent can be obtained in a few steps from serine
and reacts in the presence of Cu or Pd compounds with a wide
range of electrophiles such as alkenyl, alkynyl, and allyl
halides, and acid chlorides.[104]

Nucleophilic substitutions with halogenated aryl com-
pounds can be greatly facilitated by h6 complexation. This
method has been used to obtain a-arylglycines by Ca ± Caryl

coupling of tricarbonylchromium complexes with anionic
glycine equivalents.[105b±f] The reaction of [(C6H5FeCp]� with
a-amino acid esters affords access to iron-containing N-acyl
amino acids.[105a] Of particular interest in this context is the
activation of chloroaryl compounds by the Mn(CO)3 frag-

ment. These complexes undergo nucleophilic substitution
with aryl alkoxides.[106] The diaryl complexes thus obtained
can be transformed into the corresponding a-arylglycine
derivatives by reaction with Schöllkopf�s chiral glycine
enolates (Scheme 7).[106a, b] Diaryl ether-bridged amino acids
of this type are of high synthetic value as building blocks for
glycoprotein antibiotics such as vancomycin.

Scheme 7. Synthesis of aryl ether bridged phenylglycine derivatives by
activation with [Mn(CO)3]� fragments. NBS�N-bromosuccinimide.

Aryl ether bonds can also be constructed through activation
with CpFe and CpRu fragments;[107] the reagent of choice has
proven to be the Ru complex (Scheme 8). The introduction

Scheme 8. Synthesis of cyclic aryl ethers from halogenated [CpRu]
sandwich complexes.

of this group and the coupling reaction proceed under very
mild conditions. Furthermore, multiple substitutions are
possible. SNAr reactions such as these have been exploited
in the formal total syntheses of the protease inhibitors K 13
and OF 4949III[108] and in the synthesis of model systems for
the antibiotics teicoplanin,[109] ristocetin,[110] and vancomy-
cin.[111]

A catalytic version of the type of reaction shown in
Scheme 6 is the Pd0-catalyzed alkylation of Schiff bases of
formula R1

2C�NCH2CO2R2 with allyl esters, allyl halides, or
allyl carbonates.[112] The C ± C coupling occurs through
nucleophilic attack of the deprotonated Schiff base on a h3-
allyl Pd complex. The imino ester formed is converted into the
corresponding a-amino acid ester on acid hydrolysis (Sche-
me 9 a). Enantioselective alkylations can be achieved with
optically active Schiff bases and/or phosphanes.[113] A variant
of this reaction permits the synthesis of a-amino acid esters
with 1,3-dienyl or styryl-substituted side chains; allenes are
initially coupled with aryl or vinyl halides and then allowed to

1644 Angew. Chem. Int. Ed. 1998, 37, 1634 ± 1654



REVIEWSBioorganometallic Chemistry

Scheme 9. Synthesis of a-amino acids by a) reaction of cationic allyl-Pd
complexes with nucleophilic glycine equivalents or by b) reaction of
azaallyl-Pd complexes with C-nucleophiles.

react with nucleophilic glycine equivalents.[114] h3-Allyl Pd
complexes can also function as a-amino acid building blocks.
In the reaction of acetylated Schiff bases with Pd0 phosphane
complexes the azaallyl Pd complexes formed initially react
with C-nucleophiles to give the corresponding a-amino acid
derivatives (Scheme 9 b).[115]

A particularly versatile method for the synthesis of a-amino
acids (and peptides: see Section 4) has been developed by
Hegedus et al. ,[116] in which the photochemical activation of
aminocarbene Cr complexes leads to CO insertion products
with ketene-like reactivity; reaction with alkoxides affords a-
amino acid esters (Scheme 10). By using chiral auxiliaries,

Scheme 10. Synthesis of a-amino acid esters by photochemically induced
reaction of aminocarbene complexes with alcohols.

stereoselective reactions with high optical yields are possible;
optically active oxazolidines are particularly suitable. Amino-
carbene Cr complexes can also be used to synthesize C-
alkylidenamino ketimines, which yield a-amino acid amides
on hydrolysis.[117]

In 1971 Wakamatsu et al. reported the cobalt carbonyl
catalyzed amidocarbonylation of aldehydes under the con-
ditions of the oxo synthesis (H2, CO, [HCo(CO)4] as
catalyst).[118] This reaction, subsequently named Waka-
matsu reaction, leads to N-acyl a-amino acids
(Scheme 11),[119] and can be used in combination with other

Scheme 11. Postulated mechanism for the cobalt-catalyzed amidocarbo-
nylation of aldehydes.

catalytic reactions. Instead of the aldehyde, oxiranes and allyl
and homoallyl alcohols can also be used.[120] These substrates
rearrange to the corresponding aldehyde with involvement of
a cocatalyst. Because the amidocarbonylation conditions
correspond to those used in hydroformylation, olefins[121] or
benzyl chloride[122] can also be used. In a more recent variant
of the amidocarbonylation, Pd catalysts are used in combina-
tion with ionic halides.[123] This procedure can be carried out
under relatively mild conditions, does not require hydrogen,
and is characterized by its high efficiency. Another Pd-
catalyzed reaction, the homogeneously catalyzed hydrocarb-
alkoxylation of N-alkenyl amides, affords access to N-
protected a-amino acid esters.[124]

The intermediates in the amidocarbonylation are thought
to be aminomethyl and aminoacetyl complexes (Scheme 11).
Compounds of this type have been isolated and characterized.
Thus, N-phthaloylmethyl chloride and N-phthaloylglycyl
chloride yielded the complexes 133 ± 135 and 140 ± 141 on
reaction with carbonyl metalates,[125] and complexes 136 ± 139
by oxidative addition to Pd0 and Pt0 compounds.[126] In

agreement with the postulated mechanism the acetyl com-
pound 140 yields phthaloylglycine with water and dipeptides
with a-amino acid esters.[125b] The reaction of mixed anhy-
drides of N-protected a-amino acids or dipeptides with
[CpFe(CO)2]ÿ (Fpÿ) or [Cp*Fe(CO)2]ÿ (Fp*ÿ) affords the
iron acetyl complexes 143 and 144.[127] After removal of the N-
protecting group the relatively stable compounds 144 can be
reacted with activated amino acids to give dipeptides.[127b]

Oxidative cleavage of 143 and 144 yields aldehydes, with loss
of the amino and acyl groups.[127a]

The construction of the a-amino acid backbone by con-
necting a bond between the a-C atom and the carboxylate C
atom can also be achieved through reaction of the CO2

building block ethylene carbonate with zirconocene imine
complexes (Scheme 12).[128] Such an insertion is also possible

Scheme 12. Construction of a-amino acids at the metal center by reaction
of zirconocene imine complexes with the CO2 building block ethylene
carbonate.

with CO2 directly, though cleavage of the ligand from the
metal fragment has proven difficult here. With the use of
optically active bridged bicyclopentadienyl ligands this in-
sertion proceeds stereoselectively with over 96 % ee. A similar
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reaction, the coupling of ketimines with CO2, can be achieved
in the presence of ytterbium metal, yielding a-aminocarboxy-
late Yb complexes. [129] The free amino acid is then obtained
by HCl cleavage.

The addition of nucleophiles to the imino-C atom of a-
imino carboxylic acid derivatives is an often used method for
the synthesis of a-amino acids. In this reaction, nucleophilic
attack is promoted by electron-withdrawing groups. Alter-
natively, the imino group can be activated by coordination to
transition metals. These compounds are generally prepared by
the template-directed, metal-mediated condensation of
amines with 2-oxocarboxylates or by elimination reactions.
Reactions with nucleophiles lead to a-aminocarboxylate
complexes; the ligand can then be cleaved off by addition of
acid (Scheme 13). Optically active complexes merit particular
attention as they allow these C ± C couplings to be carried out
stereoselectively. In a kind of umpolung reaction, a-imino
esters undergo reaction with alkyl halides after coordination
to Fe(CO)4.[131]

Scheme 13. Synthesis of a-amino acids by reaction of a-iminocarboxylate
complexes with nucleophiles.

Iron carbonyl complexes have also been used to synthesize
b,b,b-trialkyl-a-amino acids: reaction of acetamidoacrylate ±
Fe(CO)3 complexes with two equivalents of methyllithium, a
tertiary alkyl chloride, and subsequent oxidative workup
affords the corresponding amino acid derivatives in good yield
(Scheme 14).[132]

Scheme 14. Synthesis of a-amino acids with sterically demanding side
chains using acetamidoacrylate ± Fe(CO)3 complexes.

Finally, reference should be made here in brief to some
other reactions in which organometallic complexes are
present solely as reactive intermediates. One of the best
studied methods for the asymmetric synthesis of a-amino
acids is the hydrogenation of prochiral dehydroamino acid
derivatives. The use of optically active diphosphane ± Rh and -
Ru complexes allows these reactions to be carried out
stereoselectively in excellent optical yield (up to
100 % ee).[133] Intermediates in this reaction are a-metalated
amino acid derivatives (see also 15, 105, 106).[133] Transition
metal catalyzed reactions have also been used to functionalize
amino acid side chains. With the use of a-amino acids with
stannylated or halogenated side chains, Pd0-catalyzed cross-
coupling and, thus, selective lengthening of the side chain is
possible.[134] Metathesis reactions with ruthenium carbene
complexes have been used to convert N-allyl-, C-allyl-, and C-
vinylalkyl-substituted amino acids or peptides into cyclic,

conformationally rigid compounds.[135] Simple homoallyl gly-
cine derivatives can also be modified through cross-meta-
thesis reactions.[136] Conformationally stable phenylalanine
derivatives have been obtained by Pd0-catalyzed intramole-
cular C ± C couplings.[137] Chiral ferrocenylphosphane ligands
allow b-hydroxy a-amino acids to be synthesized stereo-
selectively through AuI- or AgI-catalyzed aldol reactions of a-
isocyanomethyl esters with aldehydes.[138] If a planar-chiral
tricarbonylchromium benzaldehyde complex is used as the
aldehyde, the reaction yieldsÐeven without the addition of a
further chiral auxiliaryÐorganometallic oxazolines with high
diastereoselectivity, which can likewise be transformed into b-
hydroxy-a-amino acids.[139]

4. Synthesis of Peptides

The selective synthesis of peptides in the coordination
sphere of transition metals was first reported in 1967.[140] This
type of reaction, which has since been extensively studied, has
attained only secondary importance as a synthetic method,
though it has been proposed as a possible mechanism for the
formation of peptides under prebiotic conditions.[140e] Organo-
metallic complexes have so far been used relatively rarely for
the synthesis or modification of peptides. Nevertheless, there
are a number of noteworthy reactions, which are described
below.

Half-sandwich complexes of the elements Rh, Ir, and Ru
have been used to develop a sequence-specific peptide
synthesis,[47] in which N,N'-coordinated peptides undergo
selective chain lengthening at the N-terminus by reaction
with a-amino acid esters. The linking of the peptide bond
requires neither activating reagents nor protecting groups; the
peptide ester formed can then be cleaved from the metal
complex without racemization. Scheme 15 shows the postu-
lated reaction mechanism. This template-directed condensa-

Scheme 15. Sequence-specific peptide synthesis at chiral half-sandwich
complexes of the elements Rh, Ir, and Ru.

tion proceeds through nucleophilic attack of an amino anion
on the carbonyl group of the h1-N-coordinated amino acid
ester. In principle, the mechanism shown in Scheme 15
permits further chain-lengthening as desired; with repeated
addition of a-amino acid esters the coordinated peptide is
successively lengthened at the N-terminus, the half-sandwich
complex functioning solely as a catalyst (Scheme 16). Such a
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Scheme 16. Metal-catalyzed construction of peptides by successive reac-
tion of a-amino acid esters with coordinated peptide complexes.

reaction sequence has already been used to synthesize
peptides with chain lengths of up to nine amino acid residues
at the [(p-cymene)RuCl] fragment.[47d] Recently the Ni0-
catalyzed polymerization of a-amino acid-N-carboxyanhy-
drides (Leuchs anhydrides) was reported; it leads to block
copolypeptides with well-defined sequences.[141a, b] The palla-
dium copolymerization of imines with CO was suggested as a
way to polypeptides.[141c]

In Section 3 a method was described that allows a-amino
acid esters to be synthesized by the photochemically induced
alcoholysis of aminocarbene chromium complexes (see
Scheme 10). If, instead of the alcohol, the reaction partner is
an a-amino acid ester or a peptide with an unprotected N-
terminus, di- or oligopeptides are formed in good yield
(Scheme 17).[116] This process enables non-biogenic or labeled

Scheme 17. Diastereoselective incorporation of synthetic a-amino acids in
solid-phase peptide syntheses by reaction with chiral aminocarbene
complexes.

a-amino acids to be incorporated into peptides selectively.
Compared with alternative methods, a number of advantages
are apparent; with the appropriate choice of chiral auxiliary
the configuration of the incoming amino acid can be
determined. Furthermore, the coupling proceeds in good
yield even with sterically hindered amino acids and is
compatible with the conditions of solid-phase[142] or poly-
ethyleneglycol-supported[143] peptide syntheses.

Carboxylate complexes of the early d0-transition metals are
similar to activated esters in their reactivity, which means they
can be used as acylation reagents. The use of organometallic
{Cp2Ti}-N-acyl aminocarboxylate complexes in peptide syn-
theses was first reported in 1990.[54a] Reaction with methyl l-
alaninate under relatively drastic conditions (THF, reflux)
affords dipeptide esters in moderate yield. Considerably
higher reactivity is shown by carboxylate complexes of type
[Cp*TaCl3(O2CCHR1NHR2)],[144] which react with a-amino
acid esters even at low temperatures. The yield and degree of
racemization in this condensation reaction are comparable
with that of standard systems such as DCC/HOBt (HOBt�
hydroxybenzotriazole).

In the work described so far the organometallic complex
fragment was directly involved in the formation of the new
peptide bond. Another option, however, is to use it as chiral
auxiliary. In a series of publications Ugi et al. have described
the synthesis of peptides by means of stereoselective four-
component reactions,[145] in which an N-protected a-amino
acid, a chiral amine, an aldehyde, and an a-isocyanoacyl a-
amino acid derivative undergo condensation in a one-pot
reaction to give an N-substituted tetrapeptide (Scheme 18).
With the use of a-ferrocenylalkyl amines as the chiral
auxiliary, these Ugi reactions can be carried out almost
completely diastereoselectively.

Scheme 18. Ferrocenyl derivatives as chiral auxiliaries in Ugi four-
component reactions.

5. Use as Labeling Reagents

The ligands (CO, NO, unsaturated hydrocarbons) and the
metal atom offer means by which organometallic complexes
can be detected selectively even in small quantities. This has
led to the growing use of these compounds as markers in
biochemical or biological investigations. Areas of application
include immunological assays, X-ray crystallography or elec-
tron microscope studies, and the characterization of active
centers. Such compounds can also be used as radiopharma-
ceuticals, provided they are sufficiently stable under physio-
logical conditions and are able to undergo covalent coupling
with the appropriate biomolecule in the presence of a suitable
coupling reagent. The following section presents the various
classes of compound described together with their areas of
application.

One of the simplest ways of functionalizing peptides and
proteins is by acylation of free amine groups (e.g. lysine side
chains). Efficient reagents for this acylation have proven to be
succinimidyl esters. Through coupling of this reactive group
with transition metal complexes, a range of organometallic
markers have been synthesized, such as the cyclopentadienyl
complexes 145 ± 151,[146] the sandwich complexes 152 and
153,[147] the alkyne clusters 154 ± 156,[148] and the bimetallic Re
complex 157.[149] These compounds are prepared from the
corresponding acids by reaction with N-hydroxysuccinimide
in the presence of DCC. A measure of their reactivity can be
obtained from their reaction with a-amino acid esters.
Organometallic complex fragments can also be incorporated
into peptides by coordination to the p-structures of amino
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acid side chains, as demonstrated by Sheldrick et al. (see
Section 2.4).[58]

The IR spectra of the carbonyl complexes 145 ± 151 and 157
show extremely intense, characteristic absorption bands in the
region between 1900 and 2100 cmÿ1. Biological molecules, by
contrast, have a so-called spectroscopic window in this region,
which means that substrates labeled with these complexes can
be detected by Fourier transform infrared spectroscopy
(FTIR). The detection limit for this is in the picomole region
with modern FT spectrometers. This was used by the group of
Jaouen as the basis for the development of a carbonylmetal-
loimmunoassay (CMIA).[1 c, 150] By means of competitive
antigen-antibody reactions with an organometallic hapten,
hormones or other pharmacologically relevant substances can
be quantitatively detected. CMIA has a number of advantages
over classical immunoassays: firstly, no radioactive com-
pounds are necessary,[151] and secondly, with the use of
different markers, several immunoassays can be performed
in parallel.[152] This is possible because different carbonyl
complexes can be determined simultaneously by their char-
acteristic absorption bands.

Transition metal complexes of type 145 ± 156, the metal-
rich, and hence electron-rich clusters 154 ± 156 in particular,
are of interest not only for their potential CMIA applications,
but also as labels for X-ray or electron microscope studies.[153]

As a model system a globular protein (67 kDa) was labeled
with 154 ;[148a] here an average of 20 clusters per protein were
incorporated.

In addition to the above-mentioned complexes with active
ester groups, other electrophilic complexes with potential
applications as biomarkers have also been described. The
[CpFe(CO)2] complex 158 reacts with a-amino acids with
nucleophilic addition of NH- or SH-functions to the double
bond.[154] Coordination of the [CpFe(CO)2] fragment (Fp) to
tryptophan methyl ester can also be accomplished by direct
reaction with FpI under basic conditions.[155] Labeling with
carbonyl or ferrocenyl complexes can be achieved by the

reaction of free amino groups with the pyrilium salts 159 ±
161,[156] which yields pyridinium salts. The succinimidyl ester
and pyrilium complexes have two drawbacks: they are
relatively poorly soluble in water and secondly, this function-
alization of the free amino group changes the overall charge
on the corresponding protein. Therefore the water-soluble
metal carbonyl imido ester 162 was synthesized.[157] This
complex reacts with amino groups to form amidines, which
are positively charged under physiological conditions. A
disadvantage here, however, has proven to be the low stability
of the [CpCr(NO)(CO)2] fragment. a-Amino acids can also be
labeled with tricarbonylchromium complexes by h6-complex-
ation of Cr(CO)3 to N-benzoyl protecting groups.[35 a] The
oxazolinone complexes 163 and 164 can likewise be regarded
as activated esters;[70a, 158] they react with a-amino acid esters
under basic conditions to form transition metal-containing
dipeptides.[159]

Cationic iron carbonyl complexes of general formula [(h5-
RC6H6)Fe(CO)3]� react with nucleophiles to form neutral
diene complexes. In Section 2.4 it was described how this
reaction can be used to synthesize a-amino acids with unusual
side chains (see Scheme 6). Cationic iron complexes of this
type can, however, also be used as a way of selectively labeling
peptides and proteins;[160] a clear preference for cysteine and
histidine has been established. In addition to traditional
analysis techniques, electrospray mass spectrometry has now
emerged as a suitable method for characterizing these
adducts.[161] The functionalization of peptides and proteins
with ferrocenyl groups is of interest on account of the
electrochemical properties of these complexes,[162] and can
be accomplished by using various derivatives with activated
ester groups.

6. Use as Catalysts

The incorporation of a-amino acids or their derivatives into
catalytically active transition metal complexes affords a
simple and economical way of accessing chiral compounds
with potential applications in enantioselective catalysis.[163]

One such example is the heterogeneous hydrogenation of
prochiral olefins with RhI proline amide complexes linked to a
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modified zeolite through a spacer.[164] These compounds have
proven to be efficient and highly enantioselective catalysts
(Scheme 19). Comparable immobilized catalysts have also
been used in the hydrogenation of arenes,[165] in the addition
of diethylzinc to enones,[166] and in cyclopropanations.[167]

Scheme 19. Enantioselective hydrogenation of acetamidocinnamate esters
using immobilized proline-amide-RhI complexes.

Many homogeneous catalysis processes use electron-rich
complexes of the late transition metals, and phosphane
ligands have proven particularly useful. For this reason, a-
amino acids, particularly the relatively rigid proline, have
often been functionalized with phosphane groups.[163e] An
interesting more recent approach is the coupling of alkyl- or
arylphosphanes with a-amino acid side chains (165, 166),[168]

which allows the synthesis of peptides with defined binding
sites for catalytically active transition metals.[169] In solid-
phase peptide syntheses compounds of the type 167 have
proven useful,[169] since they can subsequently be reduced to
the corresponding phosphanes.

The application of the methods and concepts of combina-
torial chemistry in the search for new metal-containing
catalyst systems may yet lead to the kind of breakthrough in
this area seen in recent years in bioorganic and pharmaco-
logical chemistry.[170] Nevertheless, up to now there have been
only isolated successes. A first important step in this direction
is the assembly of catalyst libraries. An obvious line of
approach is the use of ligands with modular structures. a-
Amino acids are particularly attractive candidates as building
blocks for such ligands; not only are they optically active and
commercially available in both enantiomeric forms, they can
be used as the basis, using only few fragments, for assembling
libraries of great diversity. It is therefore not surprising that
many recently published studies on combinatorial catalysis
make use of this synthetic concept.[171]

In organometallic catalysis a-amino acids and peptides are
not only used as ligands, but are also the subject of numerous
studies in which they are the substrate. Particularly interesting
are metal complexes capable of cleaving peptides hydrolyti-
cally, and where possible, regioselectively. Such reagents
could find use as chemical alternatives to proteolytic enzymes
in analytical biochemistry. PtII and PdII aqua complexes in
particular have proven useful as synthetic metallopeptidas-
es.[172] These compounds coordinate to the heteroatom of side

chains and catalyze the regioselective hydrolysis of the
neighboring amide bond. Such cleavage can also be accom-
plished with organometallic complexes of type
[M(cod)(D2O)2]2� (M�Pd, Pt) (Scheme 20).[173]

Scheme 20. Regioselective hydrolysis of peptides.

Because of the long half-life of the hydrolysis of amide
bonds under neutral conditions, many studies employ acti-
vated esters initially. Thus, N-Boc-methionine p-nitrophenyl
ester has been shown to hydrolyze up to 535 times more
rapidly in the presence of orthometalated Pd and Pt
complexes than in control experiments without addition of
metal complexes.[174] In these reactions no turnover is
observed, as the complexes are coordinated irreversibly to
the sulfur-containing methionine side chain. Chloro-bridged
half-sandwich complexes of the elements Rh and Ir have
proven useful as catalysts for ester exchange reactions with a-
amino acid esters.[48 b] Transesterification can then be achieved
through nucleophilic attack by the alcohol on the likewise
coordinated carbonyl group or through a template reaction
with the coordinated alcohol.

For the generous support of our own work described in this
review article we would like to offer our sincere thanks to the
Deutsche Forschungsgemeinschaft, the Fonds der Chemischen
Industrie, Wacker-Chemie (Munich), and Degussa (Hanau).
W. B. is indebted to his cited co-workers for their inspired input
and their many creative and experimental contributions, and to
Prof. W. Steglich (Munich) and his co-workers for fruitful
collaboration. We would also like to thank Prof. M. Y.
Darensbourg (Texas A&M University), Prof. M. Beller (TU
Munich), and Prof. V. A. Maksakov (Novosibirsk) for the
submission of unpublished manuscripts and Frau R. Bobadilla
for assistance in the literature research.

Received: August 4, 1997 [A248 IE]
German version: Angew. Chem. 1998, 110, 1722 ± 1743

[1] Examples of organometallic complexes with other biologically
relevant ligands: a) Nucleoside bases: H. Chen, S. Ogo, R. H. Fish,
J. Am. Chem. Soc. 1996, 118, 4993 ± 5001; b) enzymes: A. D. Ryabov,
Angew. Chem. 1991, 103, 945 ± 955; Angew. Chem. Int. Ed. Engl.
1991, 30, 931; c) steroids: G. Jaouen, A. VessieÁres, I. S. Butler, Acc.
Chem. Res. 1993, 26, 361 ± 369; d) Sugars: S. Krawielitzki, W. Beck,
Chem. Ber. 1997, 130, 1659 ± 1662; K. H. Dötz, R. Ehlenz, Chem. Eur.
J. 1997, 3, 1751 ± 1756, and references therein.

[2] W. Hieber, H. Führling, Z. Anorg. Allg. Chem. 1971, 381, 235 ± 240.
The interaction of a-amino acids and peptides with paramagnetic
[Fe(NO)2]� complexes has been investigated by electron spin

Angew. Chem. Int. Ed. 1998, 37, 1634 ± 1654 1649



REVIEWS W. Beck et al.

resonance spectroscopy (ESR): J. C. Woolum, E. Tiezzi, B. Com-
moner, Biochim. Biophys. Acta 1968, 160, 311 ± 320.

[3] a) W. Cremer, Biochem. Z. 1929, 206, 208; b) M. P. Schubert, J. Am.
Chem. Soc. 1933, 55, 4563 ± 4570.

[4] a) A. Tomita, H. Hirai, S. Makishima, Inorg. Chem. 1967, 6, 1746 ±
1750; b) A. Tomita, H. Hirai, S. Makishima, Inorg. Nucl. Chem. Lett.
1968, 4, 715 ± 718.

[5] a) A. L. de Lacey, E. C. Hatcchikian, A. Volbeda, M. Frey, J. C.
Fontecilla-Camps, V. M. Fernandez, J. Am. Chem. Soc. 1997, 119,
7181 ± 7189; b) R. P. Happe, W. Roseboom, A. J. Pierik, S. P. J.
Albracht, K. A. Bagley, Nature 1997, 385, 126. Several compounds
have recently been synthesized as models for the active center of
these hydrogenases: c) D. J. Darensbourg, J. H. Reibenspies, C.-H.
Lai, W.-Z. Lee, M. Y. Darensbourg, J. Am. Chem. Soc. 1997, 119,
7903 ± 7904; d) W.-F. Liaw, Y.-C. Horng, D.-S. Ou, C.-Y. Ching, G.-H.
Lee, S.-M. Peng, ibid. 1997, 119, 9299 ± 9300.

[6] The following review summarizes all amino acid and peptide
complexes with CO ligands known up to 1985. Section 2.1 therefore
focuses on more recent work not covered therein. A. A. Ioganson,
Russ. Chem. Rev. 1985, 54, 277 ± 292.

[7] Yu. G. Kovalev, A. A. Ioganson, J. Gen. Chem. USSR 1985, 55,
1081 ± 1083.

[8] a) D. J. Darensbourg, E. V. Atnip, K. K. Klausmeyer, J. H. Reiben-
spies, Inorg. Chem. 1994, 33, 5230 ± 5237; b) D. J. Darensbourg, J. D.
Draper, J. H. Reibenspies, ibid. 1997, 36, 3648 ± 3656.

[9] T. Kerscher, Dissertation, University of Munich, 1995.
[10] a) W. Beck, W. Petri, H.-J. Meder, J. Organomet. Chem. 1980, 191,

73 ± 77; b) H.-J. Meder, W. Beck, Z. Naturforsch. B 1986, 41, 1247 ±
1254.

[11] R.-J. Lin, K.-S. Lin, I.-J. Chang, Inorg. Chim. Acta 1996, 242, 179 ±
183.

[12] Yu. G. Kovalev, A. A. Ioganson, J. Gen. Chem. USSR 1987, 57, 1736 ±
1739.

[13] V. A. Maksakov, V. A. Ershova, V. P. Kirin, Russ. J. Coord. Chem.
1996, 22, 399 ± 402, and references therein.

[14] G. Süss-Fink, T. Jenke, H. Heitz, M. A. Pellinghelli, A. Tiripicchio, J.
Organomet. Chem. 1989, 379, 311 ± 323.

[15] a) D. Mani, H.-T. Schacht, A. K. Powell, H. Vahrenkamp,
Chem. Ber. 1989, 122, 2245 ± 2251; b) Organometallics 1987, 6,
1360 ± 1361.

[16] K. Severin, K. Sünkel, W. Beck, Chem. Ber. 1994, 127, 615 ± 620.
[17] H. Werner, T. Daniel, O. Nürnberg, W. Knaup, U. Meyer, J.

Organomet. Chem. 1993, 445, 229 ± 235.
[18] Similar dihydridoiridium(iii) complexes of general formula

[IrH2(NH2CHRCO2)(PPh3)2] have been synthesized from a cationic
dihydridoiridium complex: K. Severin, W. Beck, Z. Naturforsch. B
1995, 50, 275 ± 279. For other a-aminocarboxylate hydrido complexes
see: C. P. Roy, J. S. Merola, 215th ACS Meeting, Dallas, TX, USA,
March 29 ± April 2, 1998, Abstract No. 420.

[19] E. Lippmann, R. Krämer, W. Beck, J. Organomet. Chem. 1994, 466,
167 ± 174.

[20] K. Severin, D. Koch, K. Polborn, W. Beck, Z. Anorg. Allg. Chem.
1996, 622, 562 ± 570.

[21] a) K. Severin, S. Mihan, W. Beck, Chem. Ber. 1995, 128, 1127 ± 1130;
b) T. Hauck, K. Sünkel, W. Beck, Inorg. Chim. Acta 1995, 235, 391 ±
396; c) Z. Nagy-Magos, P. Kvintovics, L. MarkoÂ , Transition Met.
Chem. 1980, 5, 186 ± 188; d) D. Dowerah, M. M. Singh, J. Indian
Chem. Soc. 1980, 57, 368 ± 371; e) J. Chem. Research (M) 1979, 255 ±
274; f) J. Chem. Research (S) 1979, 38 ± 38; g) Transition Met. Chem.
1976, 1, 294 ± 295.

[22] T. Theophanides, Inorg. Chim. Acta 1970, 4, 395 ± 398.
[23] a) A. J. Canty, R. Colton, A. D�Agostino, J. C. Traeger, Inorg. Chim.

Acta 1994, 223, 103 ± 107; b) A. P. Arnold, A. J. Canty, Can. J. Chem.
1983, 61, 1428 ± 1434; c) D. L. Rabenstein, R. Ozubko, S. Libich,
C. A. Evans, M. T. Fairhurst, C. Suvanprakorn, J. Coord. Chem. 1974,
3, 263 ± 271; d) D. L. Rabenstein, Acc. Chem. Res. 1978, 11, 100 ± 107,
and references therein.

[24] a) M.-C. Corbeil, A. Beauchamp, S. Alex, R. Savoie, Can. J. Chem.
1986, 64, 1876 ± 1884; b) N. W. Alcock, P. A. Lampe, P. Moore, J.
Chem. Soc. Dalton Trans. 1978, 1324 ± 1328; c) Y.-S. Wong, A. J.
Carty, P. C. Chieh, ibid. 1977, 1157 ± 1160; d) N. J. Taylor, Y. S. Wong,
P. C. Chieh, A. J. Carty, ibid. 1975, 438 ± 442; e) Y. S. Wong, N. J.

Taylor, P. C. Chieh, A. J. Carty, J. Chem. Soc. Chem. Commun. 1974,
625 ± 626.

[25] S. Alex, R. Savoie, M.-C. Corbeil, A. L. Beauchamp, Can. J. Chem.
1986, 64, 148 ± 157.

[26] R. S. Tobias, C. E. Rice, W. Beck, B. Purucker, K. Bartel, Inorg.
Chim. Acta 1979, 35, 11 ± 14.

[27] a) A. Iakovidis, N. Hadjiliadis, Coord. Chem. Rev. 1994, 135/136, 17 ±
63; b) W. Beck, Pure Appl. Chem. 1988, 60, 1357 ± 1362; c) T. G.
Appleton, Coord. Chem. Rev. 1997, 166, 313 ± 359.

[28] a) T. G. Appleton, J. R. Hall, T. G. Jones, J. A. Sinkinson, Polyhedron
1995, 14, 2613 ± 2622; b) T. G. Appleton, K. A. Byriel, J. R. Hall,
C. H. L. Kennard, D. E. Lynch, J. A. Sinkinson, G. Smith, Inorg.
Chem. 1994, 33, 444 ± 455; c) N. H. Agnew, T. G. Appleton, J. R. Hall,
Inorg. Chim. Acta 1981 50, 137 ± 140; d) N. H. Agnew, T. G.
Appleton, J. R. Hall, ibid. 1980, 41, 71 ± 83; e) N. H. Agnew, T. G.
Appleton, J. R. Hall, ibid. 1980, 41, 85 ± 94; f) T. G. Appleton, J. R.
Hall, T. G. Jones, ibid. 1979, 32, 127 ± 138; g) N. H. Agnew, T. G.
Appleton, J. R. Hall, ibid. 1978, 30, L343 ± L345; h) T. G. Appleton,
J. R. Hall, L. Lambert, ibid. 1978, 29, 89 ± 99.

[29] W. Ponikwar, W. Beck, unpublished results.
[30] C. Potvin, L. Davignon, G. Pannetier, Bull. Soc. Chim. Fr. 1975, 507 ±

511.
[31] a) W. S. Sheldrick, R. Exner, Inorg. Chim. Acta 1992, 195, 1 ± 9; b) J.

Organomet. Chem. 1990, 386, 375 ± 387; c) Inorg. Chim. Acta 1989,
166, 213 ± 219.

[32] a) Y. Zhou, B. Wagner, K. Polborn, K. Sünkel, W. Beck, Z.
Naturforsch. B 1994, 49, 1193 ± 1202; b) D. Schmidt, E. Gil-Av, J.
Organomet. Chem. 1986, 307, 377 ± 383; c) P. Cavoli, R Graziani, U.
Casellato, P. Uguagliati, Inorg. Chim. Acta 1986, 111, L35 ± L37;
d) L. E. Erickson, D. C. Brower, Inorg. Chem. 1982, 21, 838 ± 840;
e) L. E. Nance, H. G. Frye, J. Inorg. Nucl. Chem. 1976, 38, 637 ± 639;
f) G. Carturan, P. Uguagliati, U. Belluco, Inorg. Chem. 1974, 13, 542 ±
546; g) K. Konya, J. Fujita, K. Nakamoto, ibid. 1971, 10, 1699 ± 1702;
h) J. Fujita, K. Konya, K. Nakamoto, ibid. 1970, 9, 2794 ± 2796.

[33] a) K. F. Morris, L. E. Erickson, B. V. Panajotova, D. W. Jiang, F.
Ding, Inorg. Chem. 1997, 36, 601 ± 607; b) L. E. Erickson, P. Hayes,
J. J. Hopper, K. F. Morris, S. A. Newbrough, M. Van Os, P. Slangan,
ibid. 1997, 36, 284 ± 290; c) L. E. Erickson, G. S. Jones, J. L.
Blanchard, K. J. Ahmed, ibid. 1991, 30, 3147 ± 3155; d) K. Saito, K.
Kashiwabara, J. Organomet. Chem. 1987, 330, 291 ± 303; e) Y. Terai,
H. Kido, K. Kashiwabara, K. Saito, Bull. Chem. Soc. Jpn. 1978, 51,
3245 ± 3250; f) S. Shinoda, Y. Sudo, Y. Yamaguchi, T. Iwayanagi, Y.
Saito, J. Organomet. Chem. 1976, 121, 93 ± 112.

[34] K. Severin, S. Mihan, W. Beck, Chem. Ber. 1995, 128, 1117 ± 1125.
[35] a) E. Schuhmann, C. Robl, W. Beck, Z. Naturforsch. B 1994, 49,

1569 ± 1579; b) Y. Nakagawara, K. Kikukawa, M. Takagi, T. Matsuda,
Bull. Chem. Soc. Jpn. 1977, 50, 2748 ± 2750; c) E. Benedetti, G.
Maglio, R. Palumbo, C. Pedone, J. Organomet. Chem. 1973, 60, 189 ±
195.

[36] a) K. Hiroi, J. Abe, K. Suya, K. Sato, T. Koyama, J. Org. Chem. 1994,
59, 203 ± 213; b) K. Hiroi, T. Koyama, K. Anzai, Chem. Lett. 1990,
235 ± 238.

[37] M. L. H. Green, L. C. Mitchard, W. E. Silverthorn, J. Chem. Soc.
Dalton Trans. 1973, 1403 ± 1408.

[38] a) W. Petri, J. Meder, M. Girnth-Weller, K. Bartel, V. Bejenke, G.
Huttner, W. Beck, Chem. Ber. 1982, 115, 846 ± 859; b) H. Wanjek, U.
Nagel, W. Beck, ibid. 1988, 121, 1021 ± 1026; c) H. Brunner, W.
Nowak, D. K. Rastogi, Inorg. Chim. Acta 1979, 33, L115 ± L116.

[39] M. Maurus, B. Aechter, W. Hoffmüller, K. Polborn, W. Beck, Z.
Anorg. Allg. Chem. 1997, 623, 299 ± 303.

[40] a) R. Bergs, K. Sünkel, C. Robl, W. Beck, J. Organomet. Chem. 1997,
533, 247 ± 255; b) D. B. Grotjahn, C. Joubran, J. L. Hubbard,
Organometallics 1996, 15, 1230 ± 1235; c) W. S. Sheldrick, A.
Gleichmann, J. Organomet. Chem. 1994, 470, 183 ± 187; d) D.
Carmona, F. J. Lahoz, R. Atencio, L. A. Oro, M. P. Lamata, E. San
JoseÂ, Tetrahedron: Asymmetry 1993, 4, 1425 ± 1428; e) R. Krämer, K.
Polborn, W. Beck, Chem. Ber. 1991, 124, 2429 ± 2430; f) D. Carmona,
A. Mendoza, F. J. Lahoz, L. A. Oro, M. P. Lamata, E. San JoseÂ, J.
Organomet. Chem. 1990, 396, C17 ± C21; g) R. Krämer, K. Polborn,
H. Wanjek, I. Zahn, W. Beck, Chem. Ber. 1990, 123, 767 ± 778.

[41] a) G. Capper, D. L. Davies, J. Fawcett, D. R. Russell, Acta
Crystallogr. C 1995, 51, 578 ± 580; b) L. C. Carter, D. L. Davies,

1650 Angew. Chem. Int. Ed. 1998, 37, 1634 ± 1654



REVIEWSBioorganometallic Chemistry

K. T. Duffy, J. Fawcett, D. R. Russell, ibid. 1994, 50, 1559 ± 1561;
c) W. S. Sheldrick, S. Heeb, Inorg. Chim. Acta 1990, 168, 93 ± 100; d) J.
Organomet. Chem. 1989, 377, 357 ± 366; e) D. F. Dersnah, M. C.
Baird, ibid. 1977, 127, C55 ± C58.

[42] W. S. Sheldrick, E. Hauck, S. Korn, J. Organomet. Chem. 1994, 467,
283 ± 292.

[43] a) R. Bergs, K. Sünkel, W. Beck, Chem. Ber. 1993, 126, 2429 ± 2432;
b) R. Bergs, Dissertation, Universität München, 1994.

[44] a) S. Ogo, H. Chen, M. M. Olmstead, R. H. Fish, Organometallics
1996, 15, 2009 ± 2013; b) R. Krämer, K. Polborn, C. Robl, W. Beck,
Inorg. Chim. Acta 1992, 198 ± 200, 415 ± 420; c) W. Hoffmüller, K.
Sünkel, W. Beck, unpublished results; d) R. Bakhtiar, H. Chen, S.
Ogo, R. H. Fish, Chem. Commun. 1997, 2135 ± 2136. e) H. Chen, S.
Ogo, R. H. Fish, J. Am. Chem. Soc. 1996, 118, 4993 ± 5001.

[45] A. Fehn, S. Mihan, K. Polborn, W. Beck, Z. Anorg. Allg. Chem. 1997,
623, 665 ± 675.

[46] a) D. B. Grotjahn, C. Joubran, Tetrahedron: Asymmetry 1995,
6, 745 ± 752; b) D. B. Grotjahn, T. L. Groy, Organometallics 1995,
14, 3669 ± 3682; c) J. Am. Chem. Soc. 1994, 116, 6969 ± 6970;
d) U. Koelle, K. Bücken, U. Englert, Organometallics 1996, 15,
1376 ± 1383.

[47] a) R. Krämer, M. Maurus, K. Polborn, K. Sünkel, C. Robl, W. Beck,
Chem. Eur. J. 1996, 2, 1518 ± 1526; b) W. Beck, R. Krämer, Angew.
Chem. 1991, 103, 1492 ± 1493; Angew. Chem. Int. Ed. Engl. 1991, 30,
1467 ± 1468; c) R. Krämer, ibid. 1996, 108, 1287 ± 1289 and 1996, 35,
1197 ± 1199; d) W. Hoffmüller, M. Maurus, K. Severin, W. Beck, Eur.
J. Inorg. Chem. , in press.

[48] a) W. Hoffmüller, K. Polborn, J. Knizek, H. Nöth, W. Beck, Z. Anorg.
Allg. Chem. 1997, 623, 1903 ± 1911; b) R. Bergs, R. Krämer, M.
Maurus, B. Schreiner, R. Urban, C. Missling, K. Polborn, K. Sünkel,
W. Beck, Z. Naturforsch. B 1996, 51, 187 ± 200; c) R. Krämer, M.
Maurus, R. Bergs, K. Polborn, K. Sünkel, B. Wagner, W. Beck, Chem.
Ber. 1993, 126, 1969 ± 1980; d) Complexes with a deprotonated amino
acid amide as ligand represent the simplest models for coordination
of a peptide. This was recognized by Pfeiffer as early as 1941: P.
Pfeiffer, S. Saure, J. Prakt. Chem. 1941, 157, 97 ± 116.

[49] a) S. Kuwata, H. Watanabe, Bull. Chem. Soc. Jpn. 1965, 38, 676 ± 677,
and references therein; b) I. O. Hartwell, J. C. Bailar, Jr., J. Am.
Chem. Soc. 1970, 92, 1284 ± 1289.

[50] J. Chen, W. Beck, unpublished results.
[51] a) I. C. Tornieporth-Oetting, P. S. White, Organometallics 1995, 14,

1632 ± 1636; b) T. M. Klapötke, H. Köpf, I. C. Tornieporth-Oetting,
P. S. White, ibid. 1994, 13, 3628 ± 3633; c) T. M. Klapötke, H. Köpf,
I. C. Tornieporth-Oetting, P. S. White, Angew. Chem. 1994, 106,
1587 ± 1589; Angew. Chem. Int. Ed. Engl. 1994, 33, 1518 ± 1519.

[52] P. Köpf-Maier, I. C. Tornieporth-Oetting, BioMetals 1996, 9, 267 ±
271.

[53] M. M. Harding, M. Protigalidad, M. J. Lynch, J. Med. Chem. 1996, 39,
5012 ± 5016.

[54] a) J. Recht, B. I. Cohen, A. S. Goldman, J. Kohn, Tetrahedron Lett.
1990, 31, 7281 ± 7284; b) A. K. Saxena, S. Saxena, A. K. Rai, Indian J.
Chem. 1990, 29A, 255 ± 259; c) A. Schäfer, E. Karl, L. Zsolnai, G.
Huttner, H.-H. Brintzinger, J. Organomet. Chem. 1987, 328, 87 ± 99;
d) C. J. Cardin, A. Roy, Inorg. Chim. Acta 1985, 107, L33 ± L35.

[55] M. Oberhoff, G. Erker, R. Fröhlich, Chem. Eur. J. 1997, 3, 1521 ±
1525.

[56] a) H. Wautier, V. Daffe, M.-N. Smets, J. Fastrez, J. Chem. Soc. Dalton
Trans. 1981, 2479 ± 2483; b) E. S. Gore, M. L. H. Green, J. Chem. Soc.
A 1970, 2315 ± 2319.

[57] a) A. J. Gleichmann, J. M. Wolff, W. S. Sheldrick, J. Chem. Soc.
Dalton Trans. 1995, 1549 ± 1554; b) R. M. Moriarty, Y. Y. Ku, U. S.
Gill, J. Organomet. Chem. 1989, 362, 187 ± 191; c) R. M. Moriarty,
Y. Y. Ku, U. S. Gill, J. Chem. Soc. Chem. Commun. 1987, 1837 ± 1838.

[58] a) J. M. Wolff, W. S. Sheldrick, Chem. Ber. 1997, 130, 981 ± 988; b) J.
Organomet. Chem. 1997, 531, 141 ± 149.

[59] a) C. Sergheraert, J.-C. Brunet, A. Tartar, J. Chem. Soc. Chem.
Commun. 1982, 1417 ± 1418; b) C. Sergheraert, A. Tartar, J. Organo-
met. Chem. 1982, 240, 163 ± 168. Chromium complexes of type 86 can
also be obtained by the reaction of [(h6-C6H5X)Cr(CO)3] (X�Cl,
Br) with a nucleophilic alanine building block (see ref. [62 a]).

[60] J. C. Brunet, E. Cuingnet, H. Gras, P. Marcincal, A. Mocz, C.
Sergheraert, A, Tartar, J. Organomet. Chem. 1981, 216, 73 ± 77.

[61] K. Schlögl, Monatsh. Chem. 1957, 88, 601 ± 621.
[62] a) R. F. W. Jackson, D. Turner, M. H. Block, Synlett 1996, 862 ± 864;

b) J. M. Osgerby, P. L. Paulson, J. Chem. Soc. 1958, 656 ± 660.
[63] a) B. Basu, S. K. Chattopadhyay, A. RitzeÂn, T. Frejd, Tetrahedron:

Asymmetry 1997, 8, 1841 ± 1846; b) A.-S. Carlström, T. Frejd, J. Org.
Chem. 1990, 55, 4175 ± 4180; c) Synthesis 1989, 414 ± 418.

[64] H. Brunner, W. König, B. Nuber, Tetrahedron: Asymmetry 1993, 4,
699 ± 707.

[65] M. Kira, T. Matsubara, H. Shinohara, M. Sisido, Chem. Lett. 1997,
89 ± 90.

[66] a) A. Ricouart, P. Maes, T. Battmann, B. Kerdelhue, A. Tartar, C.
Sergheraert, Int. J. Pept. Protein Res. 1988, 32, 56 ± 63; b) P. Maes, A.
Ricouart, E. Escher, A. Tartar, C. Sergheraert, Collect. Czech. Chem.
Commun. 1988, 53, 2914 ± 2919; c) E. Cuingnet, M. Dautrevaux, C.
Sergheraert, A. Tartar, B. Attali, J. Cros, Eur. J. Med. Chem. Chim.
Ther. 1982, 17, 203 ± 206; d) R. Epton, G. Marr, G. A. Willmore, D.
Hudson, P. H. Snell, C. R. Snell, Int. J. Biol. Macromol. 1981, 3, 395 ±
396; e) E. Cuingnet, C. Sergheraert, A. Tartar, M. Dautrevaux, J.
Organomet. Chem. 1980, 195, 325 ± 329. The use of 89 in solution-
phase peptide syntheses has also been described: J. PospisÏek, SÏ.
Thoma, I. Fric, K. BlaÂha, Collect. Czech. Chem. Commun. 1980, 45,
435 ± 441.

[67] a) I. Zahn, K. Polborn, B. Wagner, W. Beck, Chem. Ber. 1991, 124,
1065 ± 1073; b) N. Steiner, U. Nagel, W. Beck, ibid. 1988, 121, 1759 ±
1765.

[68] I. Zahn, B. Wagner, K. Polborn, W. Beck, J. Organomet. Chem. 1990,
394, 601 ± 614; comparable reactions have been reported for the first
time by Krafft et al. : M. E. Krafft, X. Y. Yu, S. E. Milczanowski,
K. D. Donnelly, J. Am. Chem. Soc. 1992, 114, 9215 ± 9217, and
references therein.

[69] N. Sewald, K. Gaa, K. Burger, Heteroatom Chem. 1993, 4, 253 ± 258.
[70] a) S. Jaroch, T. Schwarz, W. Steglich, P. Zistler, Angew. Chem. 1993,

105, 1803 ± 1805; Angew. Chem. Int. Ed. Engl. 1993, 32, 1771; b) V. A.
Burgess, C. J. Easton, M. P. Hay, P. J. Steel, Aust. J. Chem. 1988, 41,
701 ± 710; c) G. Apitz, M. Jäger, S. Jaroch, S. Kratzel, L. Schäffeler,
W. Steglich, Tetrahedron 1993, 49, 8223 ± 8232; d) T. Bretschneider,
W. Miltz, P. Münster, W. Steglich, Tetrahedron 1988, 44, 5403 ± 5414;
e) P. Münster, W. Steglich, Synthesis 1987, 223 ± 225; f) R. Kober, K.
Papadopulos, W. Miltz, D. Enders, W. Steglich, ibid. 1985, 41, 1693 ±
1701; g) R. Kober, W. Steglich, Liebigs Ann. Chem. 1983, 599 ± 609;
h) D. Ben-Ishai, J. Altman, J. Bernstein, N. Peled, Tetrahedron 1978,
34, 467.

[71] a) B. Kayser, K. Polborn, W. Steglich, W. Beck, Chem. Ber. 1997, 130,
171 ± 177; b) O. Woisetschläger, W. Beck, unpublished results.

[72] A. Jenhi, J.-P. Lavergne, P. Viallefont, J. Organomet. Chem. 1991, 401,
C14 ± C16.

[73] a) B. Kayser, H. Nöth, M. Schmidt, W. Steglich, W. Beck, Chem. Ber.
1996, 129, 1617 ± 1620; b) B. Kayser, C. Missling, J. Knizek, H. Nöth,
W. Beck, Eur. J. Inorg. Chem. 1998, 375 ± 379; c) A. M. CastanÄ o,
A. M. Echavarren, Organometallics 1994, 13, 2262 ± 2268.

[74] N-ferrocenylmethyl amino acids can be synthesized by the con-
densation of ferrocenaldehyde with a-amino acids and subsequent
reduction. This condensation reaction was first reported in 1975:
A. M. Osman, M. A. El-Maghraby, Kh. M. Hassan, Bull. Chem. Soc.
Jpn 1975, 48, 2226.

[75] a) H. Eckert, B. Forster, C. Seidel, Z. Naturforsch. B 1991, 46, 339 ±
352; b) H. Eckert, C. Seidel, Angew. Chem. 1986, 98, 168 ± 170;
Angew. Chem. Int. Ed. Engl. 1986, 25, 159 ± 160. The Fem group has
also been used as an S-protecting group for cysteine: A. S. J. Stewart,
C. N. C. Drey, J. Chem. Soc. Perkin Trans. 1 1990, 1753 ± 1756. S-Fem-
cysteinate has been used as a multidentate ligand: ref.[1 c] and:
D. Freiesleben, T. Hauck, R. Lampeka, W. Beck, unpublished
results.

[76] a) L. A. P. Kane-Maguire, R. Kanitz, J. Organomet. Chem. 1988, 353,
C33 ± C34; b) S. Fu, J. A. Carver, L. A. P. Kane-Maguire, ibid. 1993,
454, C11 ± C12.

[77] a) K. Weiss, E. O. Fischer, Chem. Ber. 1976, 109, 1868 ± 1886; b) E. O.
Fischer, Angew. Chem. 1974, 86, 651 ± 682; c) K. Weiss, E. O. Fischer,
Chem. Ber. 1973, 106, 1277 ± 1284. Aminolysis of a cationic alkynyl-
methoxycarbene complex with a-amino acid esters has been used to
obtain analogous [Cp(CO)2Fe] complexes: K. Rück-Braun, J. Kühn,
D. Schollmeyer, ibid. 1996, 129, 937 ± 944. For diaminocarbene PdII

Angew. Chem. Int. Ed. 1998, 37, 1634 ± 1654 1651



REVIEWS W. Beck et al.

complexes with a-amino acid ester as amine component see: Y. Ito,
T. Mirao, T. Saegusa, J. Organomet. Chem. 1977, 131, 121 ± 131

[78] a) D. Afzal, C. M. Lukehart, Inorg. Chem. 1983, 22, 3954 ± 3956;
b) A. J. Baskar, C. M. Lukehart, K. Srinivasan, J. Am. Chem. Soc.
1981, 103, 1467 ± 1472.

[79] J. E. Hallgren, C. S. Eschbach, D. Seyferth, J. Am. Chem. Soc. 1972,
94, 2547 ± 2549.

[80] W. Beck, B. Purucker, J. Organomet. Chem. 1976, 112, 361 ± 368.
[81] a) R. Urban, Dissertation, Universität München, 1995 ; b) I. Zahn, K.

Polborn, W. Beck, J. Organomet. Chem. 1991, 412, 397 ± 405.
[82] a) R. Urban, R. Krämer, S. Mihan, K. Polborn, B. Wagner, W. Beck,

J. Organomet. Chem. 1996, 517, 191 ± 200; b) O. Cantín, C. Cativiela,
M. D. Díaz-de-Villegas, R. Navarro, E. P. Urriolabeitia, Tetrahedron:
Asymmetry 1996, 7, 2695 ± 2702; c) R. Navarro, J. García, E. P.
Urriolabeitia, C. Cativiela, M. D. Díaz-de-Villegas, J. Organomet.
Chem. 1995, 490, 35 ± 43; d) E. Ambach, W. Beck, Chem. Ber. 1985,
118, 2722 ± 2737.

[83] a) J. Spencer, F. Maassarani, M. Pfeffer, A. DeCian, J. Fischer,
Tetrahedron: Asymmetry 1994, 5, 321 ± 324; b) V. V. Dunina, E. B.
Golovan, E. I. Kazakova, G. P. Potapov, I. P. Beletskaya, Organo-
met. Chem. USSR 1991, 4, 692 ± 695; c) V. I. Sokolov, K. S.
Nechaeva, O. A. Reutov, Russ. J. Org. Chem. 1983, 19, 986 ±
987; d) J. Organomet. Chem. 1983, 253, C55 ± C58; e) T. Kamatsu,
M. Nonoyama, J. Fujita, Bull. Chem. Soc. Jpn. 1981, 54,
186 ± 189.

[84] A. Böhm, W. Beck, unpublished results. Determination of the
enantiomeric ratio of unprotected amino acids by NMR spectro-
scopy is also possible using PdII complexes with C2-chiral diamine
ligands: B. Staubach, J. Buddrus, Angew. Chem. 1996, 108, 1443 ±
1445; Angew. Chem. Int. Ed. Engl. 1996, 35, 1344 ± 1346.

[85] R. V. Parish, J. Mack, L. Hargreaves, J. P. Wright, R. G. Buckley,
A. M. Elsome, S. P. Fricker, B. R. C. Theobald, J. Chem. Soc. Dalton
Trans. 1996, 69 ± 74.

[86] L. Menabue, M. Saladini, Inorg. Chem. 1991, 30, 1651 ± 1655.
[87] a) A. Böhm, K. Polborn, K. Sünkel, W. Beck, Z. Naturforsch B 1998,

53, 448 ± 458; b) A. D. Ryabov, V. A. Polyakov, A. K. Yatsimirsky,
Inorg. Chim. Acta 1984, 91, 59 ± 65; c) A. D. Ryabov, V. A. Polyakov,
V. V. Ryzhova, A. K. Yatsimirskii, G. B. Sergeev, I. V. Berezin, Dokl.
Akad. Nauk. SSSR 1992, 266, 638 ± 642.

[88] a) L. F. Krylova, L. D. Dikanskaya, Sov. J. Coord. Chem. 1986, 12,
982 ± 987; b) L. F. Krylova, L. D. Dikanskaya, A. V. Podoplelov, ibid.
1982, 8, 830 ± 835.

[89] M. O�Donnell, Tetrahedron 1989, 44, 5389 ± 5401, and references
therein.

[90] Transition metal complexes with chiral glycine ester Schiff base
ligands are also used for the asymmetric synthesis of a-amino acids:
Y. N. Belokon�, Pure Appl. Chem. 1992, 64, 1917 ± 1924.

[91] B. Schreiner, M. Prem, W. Bauer, K. Polborn, W. Beck, Z.
Naturforsch. B, 1997, 52, 1199 ± 1202..

[92] a) A. Böhm, K. Sünkel, K. Polborn, W. Beck, J. Organomet. Chem.
1998, 552, 237 ± 246; b) B. Schreiner, Dissertation, University of
Munich, 1991; c) A. Böhm, B. Schreiner, N. Steiner, R. Urban, K.
Sünkel, K. Polborn, W. Beck, Z. Naturforsch. B, 1998, 53, 191 ± 205.

[93] D. Freiesleben, K. Polborn, C. Robl, K. Sünkel, W. Beck, Can. J.
Chem. 1995, 73, 1164 ± 1174.

[94] A. Fehn, O.Briel, W. Beck, Chem. Ber. 1997, 130, 1467 ± 1473.
[95] a) R. Grigg, J. Devlin, J. Chem. Soc. Chem. Commun 1986, 631 ± 632;

b) A. Zografidis, Dissertation, Universität München, 1993.
[96] A. Böhm, W. Beck, unpublished results. See also: W. Beck, B.

Niemer, M. Wieser, Angew. Chem. 1993, 105, 969 ± 996; Angew.
Chem. Int. Ed. Engl. 1993, 32, 923 ± 949.

[97] G. Trojandt, K. Polborn, W. Steglich, M. Schmidt, H. Nöth,
Tetrahedron Lett. 1995, 36, 857 ± 860; G. Trojandt, U. Herr, K.
Polborn, W. Steglich, Chem. Eur. J. 1997, 3, 1254 ± 1268.

[98] K. Severin, W. Beck, G. Trojandt, K. Polborn, W. Steglich, Angew.
Chem. 1995 107, 1570 ± 1572; Angew. Chem. Int. Ed. Engl. 1995, 34,
1449 ± 1451.

[99] R. S. Herrik, R. M. Jarret, T. P. Curran, D. R. Dragoli, M. B. Flaherty,
S. E. Lindyberg, R. A. Slate, L. C. Thornton, Tetrahedron Lett. 1996,
37, 5289 ± 5292.

[100] M. Oberhoff, L. Duda, J. Karl., R. Mohr, G. Erker, R. Fröhlich, M.
Grehl, Organometallics 1996, 15, 4005 ± 4011.

[101] G. R. Stephenson in Studies in Natural Products Chemistry, Vol. 16
(Ed.: Atta-ur-Rahman), Elsevier, Amsterdam, 1995.

[102] a) R. D. A. Hudson, S. A. Osborne, G. R. Stephenson, Synlett 1996,
845 ± 846; b) J.-P. Genet, R. D. A. Hudson, W.-D. Meng, E. Roberts,
G. R. Stephenson, S. Thorimbert, ibid. 1994, 631 ± 634; c) M. J. Dunn,
R. F. W. Jackson, G. R. Stephenson, ibid. 1992, 905 ± 906; d) T.
Ederer, Dissertation, Universität München, 1995 ; e) B. M. Trost, X.
Ariza, Angew. Chem. 1997, 109, 2749 ± 2751; Angew. Chem. Int. Ed.
Engl. 1997, 36, 2635 ± 2637.

[103] F. Rose-Munch, K. Aniss, Tetrahedron Lett. 1990, 31, 6351 ± 6354.
[104] a) M. J. Dunn, R. F. W. Jackson, Tetrahedron 1997, 53, 13905 ± 13914;

b) B. J. Dorgan, R. F. W. Jackson, Synlett 1996, 859 ± 860; c) M. J.
Dunn, S. Gomez, R. F. W. Jackson, J. Chem. Soc. Perkin Trans. 1
1995, 1639 ± 1643; d) J. L. Fraser, R. F. W. Jackson, B. Porter, Synlett
1995, 819 ± 820; e) M. J. Dunn, R. F. W. Jackson, J. Pietruszka, D.
Turner, J. Org. Chem. 1995, 60, 2210 ± 2215; f) M. J. Dunn, R. F. W.
Jackson, J. Pietruszka, N. Wishart, S. Ellis, M. J. Wythes, Synlett 1993,
499 ± 500; g) M. J. Dunn, R. F. W. Jackson, J. Chem. Soc. Chem.
Commun. 1992, 319 ± 320; h) R. F. W. Jackson, N. Wishart, A. Wood,
K. James, M. J. Wythes, J. Org. Chem. 1992, 57, 3397 ± 3404; i) R. F. W.
Jackson, A. Wood, M. J. Wythes, Synlett 1990, 735 ± 736; j) R. F. W.
Jackson, K. James, M. J. Wythes, A. Wood, J. Chem. Soc. Chem.
Commun. 1989, 644 ± 645; k) R. F. W. Jackson, M. J. Wythes, A.
Wood, Tetrahedron Lett. 1989, 30, 5941 ± 5944.

[105] a) R. M. G. Roberts, E. Johnson, J. Organomet. Chem. 1997, 544,
197 ± 205; b) M. Chaari, A. Jenhi, J.-P. Lavergne, P. Viallefont,
Tetrahedron 1991, 47, 4619 ± 4630; c) M. Chaari, A. Jenhi, J. P.
Lavergne, P. Viallefont, J. Organomet. Chem. 1991, 401, C10 ± C13;
d) F. Rose-Munch, K. Aniss, E. Rose, J. Vaisserman, ibid. 1991, 415,
223 ± 255; e) F. Rose-Munch, K. Aniss, E. Rose, ibid. 1990, 385, C1 ±
C3; f) M. Chaari, J. P. Lavergne, P. Viallefont, Synth. Commun. 1989,
19, 1211 ± 1216.

[106] a) A. J. Pearson, H. Shin, J. Org. Chem. 1994, 59, 2314 ± 2323; b) A. J.
Pearson, P. R. Bruhn, ibid. 1991, 56, 7092 ± 7097; c) A. J. Pearson,
P. R. Bruhn, F. Gouzoules, S.-H. Lee, J. Chem. Soc. Chem. Commun.
1989, 659 ± 661; d) A. J. Pearson, P. R. Bruhn, S.-Y. Hsu, J. Org.
Chem. 1986, 51, 2137 ± 2139.

[107] a) A. J. Pearson, G. Bignan, Tetrahedron Lett. 1996, 37, 735 ± 738;
b) A. J. Pearson, J. G. Park, P. Y. Zhu, J. Org. Chem. 1992, 57, 3583 ±
3589; c) A. J. Pearson, J. G. Park, S. H. Yang, Y.-H. Chuang, J. Chem.
Soc. Chem. Commun. 1989, 1363 ± 1364.

[108] a) J. W. Janetka, D. H. Rich, J. Am. Chem. Soc. 1997, 119, 6488 ± 6495;
b) A. J. Pearson, K. Lee, J. Org. Chem. 1994, 59, 2304 ± 2313; c) J. W.
Janetka, D. H. Rich, J. Am. Chem. Soc. 1995, 117, 10585 ± 10586;
d) A. J. Pearson, P. Zhang, K. Lee, J. Org. Chem. 1996, 61, 6581 ±
6586.

[109] a) A. J. Pearson, P. Zhang, G. Bignan, J. Org. Chem. 1997, 62, 4536 ±
4538; b) A. J. Pearson, G. Bignan, P. Zhang, M. Chelliah, ibid. 1996,
61, 3940 ± 3941.

[110] A. J. Pearson, K. Lee, J. Org. Chem. 1995, 60, 7153 ± 7160.
[111] A. J. Pearson, J. G. Park, J. Org. Chem. 1992, 57, 1744 ± 1752.
[112] a) P. Dorizon, J. Ollivier, J. Salaün, Synlett 1996, 1071 ± 1075; b) A.

Gaucher, P. Dorizon, J. Ollivier, J. Salaün, Tetrahedron Lett. 1995, 36,
2979 ± 2982; c) J.-P. Genet, S. Thorimbert, S. Mallart, N. Kardos,
Synthesis 1993, 321 ± 324; d) A. Stolle, J. Ollivier, P. P. Piras, J. Salaün,
A. de Meijere, J. Am. Chem. Soc. 1992, 114, 4051 ± 4067; e) J.-P.
Genet, S. Juge, I. Besnier, J. Uziel, D. Ferroud, N. Kardos, S. Achi, J.
Ruiz-Montes, S. Thorimbert, Bull. Soc. Chim. Fr. 1990, 127, 781 ± 786;
f) J.-P. Genet, S. Juge, J. R. Montzes, J. M. Gaudin, J. Chem. Soc.
Chem. Commun. 1988, 718 ± 719; g) J.-P. Genet, S. Juge, S. Achi, S.
Mallart, J. R. Montes, G. Levif, Tetrahedron 1988, 44, 5263 ± 5275;
h) B. Cazes, D. Djahanbini, J. GoreÂ, J.-P. Genet, J.-M. Gaudin,
Synthesis 1988, 983 ± 985; i) D. Ferroud, J.-P. Genet, R. Kiolle,
Tetrahedron Lett. 1986, 27, 23 ± 26.

[113] a) K. Voigt, A. Stolle, J. Salaün, A. de Meijere, Synlett 1995, 226 ±
228; b) J.-P. Genet, N. Kopola, S. Juge, J. Ruiz-Montes, O. A. C.
Antunes, S. Tanier, Tetrahedron Lett. 1990, 31, 3133 ± 3136; c) J. P.
Genet, D. Ferroud, S. Juge, J. R. Montes, ibid. 1986, 27, 4573 ± 4576.

[114] N. Kopola, B. Friess, B. Cazes, J. Gore, Tetrahedron Lett. 1989, 30,
3963 ± 3966.

[115] a) M. J. O�Donnell, N. Cheng, C. Zhou, A. Murray, C. P. Kubiak, F.
Yang, G. G. Stanley, J. Org. Chem. 1997, 62, 3962 ± 3975; b) M. J.

1652 Angew. Chem. Int. Ed. 1998, 37, 1634 ± 1654



REVIEWSBioorganometallic Chemistry

O�Donnell, C. Zhou, N. Chen, Tetrahedron: Asymmetry 1996, 7, 621 ±
624; c) M. J. O�Donnell, C. Zhou, A. Mi, N. Chen, J. A. Kyle,
Tetrahedron Lett. 1995, 36, 4205 ± 4208; d) M. J. O�Donnell, M. Li,
W. D. Bennett, T. Grote, ibid. 1994, 35, 9383 ± 9386; e) M. J.
O�Donnell, X. Yang, M. Li, ibid. 1990, 31, 5135 ± 5138.

[116] L. S. Hegedus, Acc. Chem. Res. 1995, 28, 299 ± 305, and references
therein.

[117] R. Aumann, H. Heinen, Chem. Ber. 1989, 122, 1139 ± 1145.
[118] H. Wakamatsu, J. Uda, N. Yamakami, J. Chem. Soc. Chem. Commun.

1971, 1540 ± 1540.
[119] a) J. F. Knifton in Applied Homogeneous Catalysis with Organo-

metallic Compounds, Vol. 1 (Eds.: B. Cornils, W. Herrmann), VCH,
Weinheim, 1996, p. 159; b) M. Beller, B. Cornils, C. D. Frohning,
C. W. Kohlpaintner; J. Mol. Cat. A 1995, 104, 17 ± 85; c) I. Ojima, Z.
Zhang, Organometallics 1990, 9, 3122 ± 3127; d) P. Magnus, M. Slater,
Tetrahedron Lett. 1987, 28, 2829 ± 2832; e) J.-J. Parnaud, G. Campari,
P. Pino, J. Mol. Cat. 1979, 6, 341 ± 350.

[120] a) I. Ojima, K. Hirai, M. Fujita, T. Fuchikami, J. Organomet. Chem.
1985, 279, 203 ± 214; b) K. Hirai, Y. Takahashi, I. Ojima, Tetrahedron.
Lett. 1982, 23, 2491 ± 2494.

[121] a) Y. Amino, K. Izawa, Bull. Chem. Soc. Jpn. 1991, 64, 613 ± 619;
b) J. J. Lin, J. F. Knifton, J. Organomet. Chem. 1991, 147, 99 ± 110; c) I.
Ojima, M. Okabe, K. Kato, H. B. Kwon, I. T. HorvaÂth, J. Am. Chem.
Soc. 1988, 110, 150 ± 157.

[122] J. G. de Vries, R. P. de Boer, M. Hogeweg, E. E. C. G. Gielens, J. Org.
Chem. 1996, 61, 1842 ± 1846.

[123] a) M. Beller, M. Eckert, F. Vollmüller, S. Bogdanovic, H. Geissler,
Angew. Chem. 1997, 109, 1534 ± 1536; Angew. Chem. Int. Ed. Engl.
1997, 36, 1494 ± 1496; b) G. Dyker, ibid. 1997, 109, 1777 ± 1779 and
1997, 36, 1700 ± 1703; c) E. Jäger, H.-P. Koll (Hoechst AG), EP-B
338.330, 1989 [Chem. Abstr. 1990, 112, 77951].

[124] a) G. Delogu, G. Faedda, S. Gladiali, J. Organomet. Chem. 1984, 268,
167 ± 174; b) G. Cavinato, L. Toniolo, C. Botteghi, S. Gladiali, ibid.
1982, 229, 93 ± 100; c) Y. Becker, A. Eisenstadt, J. K. Stille, J. Org.
Chem. 1980, 45, 2145 ± 2151.

[125] a) I. Nagy-Gergely, G. Szalontai, F. UngvaÂry, L. MarkoÂ , M. Moret, A.
Sironi, C. Zucchi, A. Sisak, C. M. Tschoerner, A. Martinelli, A.
Sorkau, G. PaÂ lyi, Organometallics 1997, 16, 2740 ± 2742; b) W. Petri,
W. Beck, Chem. Ber. 1984, 117, 3265 ± 3269; c) W. Beck, W. Petri, J.
Organomet. Chem. 1977, 127, C40 ± C44.

[126] A. Enzmann, M. Beller, M. Eckert, W. Beck, unpublished results.
[127] a) C. Amiens, G. Balavoine, F. GuibeÂ, J. Organomet. Chem. 1993, 443,

207 ± 219; b) R. W. Hungate, F. Miller, M. S. Goodman, Tetrahedron
Lett. 1988, 29, 4273 ± 4276.

[128] a) D. A. Gately, J. R. Norton, J. Am. Chem. Soc. 1996, 118, 3479 ±
3489; b) D. A. Gately, J. R. Norton, P. A. Goodson, ibid. 1995,
117, 986 ± 996. The photodecarboxylation of aminocarboxylate
complexes can be regarded as the formal reverse of this reac-
tion: c) V. I. Pavlovski, A. L. Poznyak, Z. Chem. 1989, 29, 6 ± 10;
d) A. L. Poznyak, V. I. Pavlovski, Angew. Chem. 1988, 100, 812 ± 819;
Angew. Chem. Int. Ed. Engl. 1988, 27, 789 ± 796, and references
therein.

[129] K. Takaki, S. Tanaka, Y. Fujiwara, Chem. Lett. 1991, 493 ± 494.
[130] a) K. Severin, R. Bergs, M. Maurus, S. Mihan, W. Beck, Z.

Naturforsch. B 1995, 50, 265 ± 274; b) R. Lampeka, R. Bergs, R.
Krämer, K. Polborn, W. Beck, ibid. 1994, 49, 225 ± 232; c) R. Bergs, R.
Lampeka, C. Robl, W. Beck, ibid. 1994, 49, 483 ± 488; d) R. Krämer,
H. Wanjek, K. Polborn, W. Beck, Chem. Ber. 1993, 126, 2421 ± 2427;
e) J. Meder, W. Petri, W. Beck, ibid. 1984, 117, 827 ± 832.

[131] a) J. Y. Chenard, D. Commereuc, Y. Chauvin, J. Chem. Soc. Chem.
Commun. 1972, 750 ± 751; b) J. Y. Chenard, D. Commereuc, Y.
Chauvin, J. Organomet. Chem. 1971, 33, C69 ± C72.

[132] a) J. Barker, S. L. Cook, M. E. Lasterra-SaÂnchez, S. E. Thomas,
Inorg. Chim. Acta 1994, 220, 137 ± 143; b) J. Chem. Soc. Chem.
Commun. 1992, 830 ± 832.

[133] a) I. Ojima, M. Eguchi, M. Tzamarioudaki, in Comprehensive
Organometallic Chemistry II, Vol 12 (Eds.: E. W. Abel, F. G. A.
Stone, G. Wilkinson), Pergamon, Oxford, 1995, pp. 14 ± 17;
b) Brunner, W. Zettlmeier, Handbook of Enantioselective Catalysis,
VCH, Weinheim, 1993 ; c) J. A. Wiles, S. H. Bergens, V. G. Young, J.
Am. Chem. Soc. 1997, 119, 2940 ± 2941; d) A. S. C. Chan, J. Halpern,
ibid. 1980, 102, 838 ± 840.

[134] a) B. Kayser, J. Altman, W. Beck, Tetrahedron 1997, 53, 2475 ± 2484;
b) E. Morera, G. Ortar, Synlett 1997, 1403 ± 1405; c) M. E. Jung, L. S.
Starkey, Tetrahedron 1997, 53, 8815 ± 8824; d) G. T. Crisp, P. T. Glink,
ibid. 1994, 50, 2623 ± 2640; e) ibid. 1994, 50, 3213 ± 3234.

[135] a) A. S. Ripka, R. S. Bohacek, D. H. Rich, Bioorg. Med. Chem. Lett.
1998, 8, 357 ± 360; b) J. Pernerstorfer, M. Schuster, S. Blechert, Chem.
Commun. 1997, 1949 ± 1950; c) K. Hammer, K. Undheim, Tetrahe-
dron 1997, 53, 5925 ± 5936; d) S. J. Miller, H. E. Blackwell, R. H.
Grubbs, J. Am. Chem. Soc. 1996, 118, 9606 ± 9614; e) J. H. van Maar-
seveen, J. A. J. den Hartog, V. Engelen, E. Finner, G. Visser, C. G.
Kruse, Tetrahedron Lett. 1996, 37, 8249 ± 8252; f) T. D. Clark, M. R.
Ghadiri, J. Am. Chem. Soc. 1995, 117, 12 364 ± 12 365; g) S. J. Miller,
R. H. Grubbs, ibid. 1995, 117, 5855 ± 5865.

[136] S. E. Gibson, V. C. Gibson, S. P. Keen, J. Chem. Soc. Chem. Commun.
1997, 1107 ± 1108.

[137] a) S. E. Gibson, N. Guillo, R. J. Middleton, A. Thuilliez, M. J. Tozer,
J. Chem. Soc. Perkin Trans. 1 1997, 447 ± 455; b) S. E. Gibson, N.
Guillo, M. J. Tozer, J. Chem. Soc. Chem. Commun. 1997, 637 ± 638;
c) S. E. Gibson, R. J. Middleton, ibid. 1995, 1743 ± 1744.

[138] a) T. Hayashi, M. Sawamura, Y. Ito, Tetrahedron 1992, 48, 1999 ±
2012; b) M. Sawamura, Y. Ito, T. Hayashi, Tetrahedron Lett. 1990, 31,
2723 ± 2726; c) Y. Ito, M. Sawamura, H. Hamashima, T. Emura, T.
Hayashi, ibid. 1989, 30, 4681 ± 4684; d) Y. Ito, M. Sawamura, E.
Shirakawa, K. Hayashizaki, T. Hayashi, ibid. 1988, 29, 235 ± 238; e) Y.
Ito, E. Shirakawa, K. Hayashizaki, T. Hayashi, ibid. 1988, 44, 5253 ±
5262; f) Y. Ito, M. Sawamura, T. Hayashi, ibid. 1987, 28, 6215 ±
6218; g) J. Am. Chem. Soc. 1986, 108, 6405 ± 6406.

[139] S. Colonna, A. Manfredi, A. SolladieÂ-Cavallo, S. Quazzotti, Tetrahe-
dron Lett. 1990, 31, 6185 ± 6188.

[140] a) D. A. Buckingham, L. G. Marzilli, A. M. Sargeson, J. Am. Chem.
Soc. 1967, 89, 2772 ± 2773; 4539 ± 4540; b) J. P. Collman, E. Kimura,
ibid. 1967, 89, 6096 ± 6103; c) P. A. Sutton, D. A. Buckingham, Acc.
Chem. Res. 1987, 20, 357 ± 364; d) S. Terashima, M. Wagatsuma, S.
Yamada, Tetrahedron 1973, 29, 1487 ± 1496, 1497 ± 1502; e) H. L. Son,
Y. Suwannachot, J. Bujdak, B. M. Rode, Inorg. Chim. Acta 1998, 272,
89 ± 94, and references therein.

[141] a) T. J. Deming, Nature 1997, 390, 386 ± 389; J. Am. Chem. Soc. 1998,
120, 4240 ± 4241. b) Pt complexes of unsaturated Leuchs anhydride
have been synthesized by: H. Wanjek, M. Steimann, W. Beck, Chem.
Ber. 1988, 121, 1417 ± 1420; c) R. D. Dghaym, K. J. Yaccato, B. A.
Arndtsen, Organometallics 1998, 17, 4 ± 6; S. Kacker, J. S. Kim, A.
Sen. Angew. Chem. 1998, 110, 1335 ± 1337, Angew. Chem. Int. Ed.
1998, 37, 1251 ± 1253.

[142] S. R. Pulley, L. S. Hegedus, J. Am. Chem. Soc. 1993, 115, 9037 ± 9047.
[143] J. Zhu, L. S. Hegedus, J. Org. Chem. 1995, 60, 5831 ± 5837.
[144] K. Joshi, J. Bao, A. S. Goldman, J. Kohn, J. Am. Chem. Soc. 1992, 114,

6649 ± 6652.
[145] a) I. Ugi, D. Marquarding, R. Urban in Chemistry and Biochemistry

of Amino Acids, Peptides and Proteins, Vol. 6 (Ed.: B. Weinstein),
Marcel Decker, New York, 1982, pp. 246 ± 289; b) R. Urban,
Tetrahedron 1979 35, 1841 ± 1843; c) R. Urban, D. Marquarding, I.
Ugi, Hoppe-Seyler�s Z. Physiol. Chem. 1978, 359, 1541 ± 1552; d) G.
Eberle, I. Ugi, Angew. Chem. 1976, 88, 509 ± 510; Angew. Chem. Int.
Ed. Engl. 1976, 15, 492 ± 493; e) R. Urban, G. Eberle, D. Marquard-
ing, D. Rehn, H. Rehn, I. Ugi, ibid. 1976, 88, 644 ± 646 and 1976, 15,
627 ± 628; f) R. Urban, I. Ugi, ibid. 1975, 87, 67 ± 69 and 1975, 14, 61 ±
62. For other four-component condensations with organometallic
fragments see: g) D. Rieger, S. D. Lotz, U. Kernbach, S. Schröder, C.
AndreÂ, W. P. Fehlhammer, Inorg. Chim. Acta 1994, 222, 275 ± 290;
h) W. P. Fehlhammer, M. Fritz, Chem. Rev. 1993, 93, 1243 ± 1280.

[146] a) A. Gorfti, M. Salmain, G. Jaouen, M. J. McGlinchey, A.
Bennouna, A. Mousser, Organometallics 1996, 15, 142 ± 151; b) H.
El Amouri, Y. Besace, J. Vaissermann, G. Jaouen, J. Organomet.
Chem. 1996, 515, 103 ± 107; c) B. El Mouatassim, H. El Amouri, J.
Vaissermann, G. Jaouen, Organometallics 1995, 14, 3296 ± 3303; d) B.
El Mouatassim, H. El Amouri, M. Salmain, G. Jaouen, J. Organomet.
Chem. 1994, 479, C18 ± C20; e) A. Gorfti, M. Salmain, G. Jaouen, J.
Chem. Soc. Chem. Commun. 1994, 433 ± 434; f) M. Salmain, M.
Gunn, A. Gorfti, S. Top, G. Jaouen, Bioconjugate Chem. 1993, 4,
425 ± 433.

[147] a) H. El Amouri, S. Canceil, Y. Besace, L. Ricard, Organometallics
1996, 15, 2303 ± 2307; b) J. Organomet. Chem. 1995, 485, 79 ± 84.

Angew. Chem. Int. Ed. 1998, 37, 1634 ± 1654 1653



REVIEWS W. Beck et al.

[148] a) D. Osella, M. Ravera, M. Vincenti, M. Salamain, G. Jaouen,
Organometallics 1996, 15, 3037 ± 3041, b) M. Savignac, A. Sasaki, P.
Potier, G. Jaouen, J. Chem. Soc. Chem. Commun. 1991, 615 ± 617;
c) N. A. Sasaki, P. Potier, M. Savignac, G. Jaouen, Tetrahedron Lett.
1988, 29, 5759 ± 5762; d) F. Le Borgne, J. P. Beaucourt, ibid. 1988, 29,
5649 ± 5652; e) G. Jaouen, M. Savignac, A. Sasaki, S. Top, PCT Int.
Appl. WEO 89 10 372 [Chem. Abstr. 1990, 112, 217 545].

[149] M. J. Schweiger, T. Ederer, K. Sünkel, W. Beck, J. Organomet. Chem.
1997, 545 ± 546, 17 ± 25.

[150] Immunoassays based on metallohaptens were first reported in 1977
by Cais: M. Cais, S. Dani, Y. Eden, O. Gandolfi, M. Horn, E. E.
Isaacs, Y. Josephy, Y. Saar, E. Slovin, L. Snarsky, Nature 1977, 270,
534 ± 535.

[151] Although ªcoldº, nonradioactive markers have obvious advantages,
the Re and Ru complexes 145, 150, 153, and 157 can be regarded as
model compounds for the introduction of the isotopes 186Re, 188Re,
97Ru, and 103Ru.

[152] A. Varenne, A. Vessieres, M. Salmain, S. Durand, P. Brossier, G.
Jaouen, Anal. Biochem. 1996, 242, 172 ± 179.

[153] Ir4(CO)11 clusters have been used to determine the length of organic
molecules by transmission electron microscopy: F. R. Furuya, L. M.
Miller, J. F. Hainfeld, W. C. Christopfel, P. W. Kenny, J. Am. Chem.
Soc. 1988, 110, 641 ± 643.

[154] B. Rudolf, J. Zakrzewski, J. Organomet. Chem. 1996, 522, 313 ± 315.
[155] A. Klys, J. Zakrzewski, C. Giannotti, J. Organomet. Chem. 1997, 531,

91 ± 94.
[156] K. L. Malisza, S. Top, J. Vaissermann, B. Caro, M.-C. SeÂneÂchal-

Tocquer, D. SeÂneÂchal, J.-Y. Saillard, S. Triki, S. Kahlal, J. F. Britten,
M. J. McGlinchey, G. Jaouen, Organometallics 1995, 14, 5273 ± 5280.

[157] S. Blanalt, M. Salamain, B. Malezieux, G. Jaouen, Tetrahedron Lett.
1996, 37, 6561 ± 6564.

[158] Markus Prem, Dissertation, Universität München, 1996.
[159] W. Bauer, M. Prem, K. Polborn, K. Sünkel, W. Steglich, W. Beck, Eur.

J. Inorg. Chem. 1998, 485 ± 493.
[160] a) L. A. P. Kane-Maguire, R. Kanitz, P. Jones, P. A. Williams, J.

Organomet. Chem. 1994, 464, 203 ± 213; b) C. E. Anson, C. S.
Creaser, O. Egyd, M. A. Fey, G. R. Stephenson, J. Chem. Soc. Chem.
Commun. 1994, 39 ± 40; c) J. A. Carver, B. Fates, L. P. Kane-Maguire,
ibid. 1993, 928 ± 929.

[161] K. L. Bennett, J. A. Carver, D. M. David, L. A. P. Kane-Maguire,
M. M. Sheil, J. Coord. Chem. 1995, 34, 351 ± 355.

[162] a) H.-B. Kraatz, J. Lusztyk, G. D. Enright, Inorg. Chem. 1997, 36,
2400 ± 2405; b) K. Di Gleria, H. A. O. Hill, L. L. Wong, FEBS Lett.
1996, 390, 142 ± 144; c) I. Lavastre, J. Besançon, C. Moïse, P. Brossier,
Bull. Soc. Chim. Fr. 1995, 132, 188 ± 195; d) H. Eckert, M. Koller, Z.
Naturforsch. B 1990, 45, 1709 ± 1714; e) A. M. Abeysekera, J.
Grimshaw, S. D. Perera, J. Chem. Soc. Chem. Commun. 1990,
1797 ± 1800.

[163] a) A. Mori, H. Abe, S. Inoue, Appl. Organomet. Chem. 1995, 9, 189 ±
197; b) K. Sharma, V. S. Darshane, P. T. Manoharan, S. Baduri, Chem.
Sci. 1992, 104, 535 ± 542 (Proc. Indian Acad. Sci.); c) P. Kvintovics,
B. R. James, B. Hail, J. Chem. Soc. Chem. Commun. 1986, 1810 ±
1811; d) H. Brunner, B. Reiter, G. Riepl, Chem. Ber. 1984, 117, 1130 ±
1354; e) K. Drauz, A. Kleemann, J. Martens, Angew. Chem. 1982, 94,
590 ± 613; Angew. Chem. Int. Ed. Engl. 1982, 21, 584 ± 608, and
references therein.

[164] a) A. Carmona, A. Corma, M. Iglesias, A. San JoseÂ, F. SaÂnchez, J.
Organomet. Chem. 1995, 492, 11 ± 21; b) A. Corma, M. Iglesias, C.
del Pino, F. SaÂnchez, ibid. 1992, 431, 233 ± 246; c) in New Frontiers in
Catalysis (Ed.: L. Guczi), Elsevier, Amsterdam, 1993, 2293 ± 2296;
d) F. SaÂnchez , M. Iglesias, A. Corma, C. del Pino, J. Mol. Catal. 1991,
70, 369 ± 379; e) A. Corma, M. Iglesias, C. del Pino, F. SaÂnchez, J.
Chem. Soc. Chem. Commun. 1991, 1253 ± 1255.

[165] A. Corma, M. Iglesias, F. SaÂnchez, Catal. Lett. 1995, 32, 313 ± 318.
[166] A. Corma, M. Iglesias, M. V. Martín, J. Rubio, F. SaÂnchez, Tetrahe-

dron: Asymmetry 1992, 3, 845 ± 848.
[167] A. Carmona, A. Corma, M. Iglesias, F. SaÂnchez, Inorg. Chim. Acta

1996, 244, 239 ± 245.
[168] a) S. R. Gilbertson, G. W. Starkey, J. Org. Chem. 1996, 61, 2922 ±

2923; b) M. Tepper, O. Stelzer, T. Häusler, W. S. Sheldrick,
Tetrahedron Lett. 1997, 38, 2257 ± 2258.

[169] S. R. Gilbertson, X. Wang, J. Org. Chem. 1996, 61, 434 ± 435; b) S. R.
Gilbertson, X. Wang, G. S. Hoge, C. A. Klug, J. Schaefer, Organo-
metallics 1996, 15, 4670 ± 4680; c) S. R. Gilbertson, G. Chen, M.
McLoughlin, J. Am. Chem. Soc. 1994, 116, 4481 ± 4482. Phosphoryl
proline derivatives have also been incorporated into peptides as a b-
turn-inducing structural element: S. R. Gilbertson, R. V. Pawlick,
Angew. Chem. 1996, 108, 963 ± 966; Angew. Chem. Int. Ed. Engl.
1996, 35, 902 ± 904.

[170] a) O. Reiser, Nachr. Chem. Tech. Lab. 1996, 44, 1182 ± 1188; b) F.
Balkenhohl, C. von dem Bussche-Hünnefeld, A. Lansky, C. Zechel,
Angew. Chem. 1996, 108, 2436 ± 2488; Angew. Chem. Int. Ed. Engl.
1996, 35, 2288 ± 2337.

[171] a) K. D. Shimizu, B. M. Cole, C. A. Crueger, K. W. Kuntz, M. L.
Snapper, A. H. Hoveyda, Angew. Chem. 1997, 109, 1782 ± 1785;
Angew. Chem. Int. Ed. Engl. 1997, 36, 1704 ± 1707; b) M. B. Francis,
N. S. Finney, E. N. Jacobsen, J. Am. Chem. Soc. 1996, 118, 8983 ±
8984; c) B. M. Cole, K. D. Shimizu, C. A. Krueger, J. P. A. Harrity,
M. L. Snapper, A. H. Hoveyda, Angew. Chem. 1996, 108, 1776 ±
1779; Angew. Chem. Int. Ed. Engl. 1996, 35, 1668 ± 1671; d) S. R.
Gilbertson, X. Wang, Tetrahedron Lett. 1996, 37, 6475 ± 6478.

[172] T. N. Parac, N. M. Kostic, J. Am. Chem. Soc. 1996, 118, 5946 ± 5951,
Inorg. Chem. 1998, 37, 2141 ± 2144, and references therein.

[173] E. N. Korneeva, M. V. Ovinnikov, N. M. Kostic, Inorg. Chim. Acta
1996, 243, 9 ± 13.

[174] E. V. Krooglyak, G. M. Kazankov, S. A. Kurzeev, V. A. Polyakov,
A. N. Semenov, A. D. Ryabov, Inorg. Chem. 1996, 35, 4804 ± 4806.

1654 Angew. Chem. Int. Ed. 1998, 37, 1634 ± 1654


