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Foreword
The present book, The Chemistry of Metal Enolates, is unique in ‘The Chemistry of Func-
tional Groups’ series (Editor-in-chief Zvi Rappoport), for various reasons: (i) the name of
the functional group may be a misnomer, as it points to metallorganic compounds derived
from deprotonated enols, but the actual structure may preferentially be organometallic,
derived from an α-ketocarbanion; (ii) it does not belong to the group of recently pub-
lished volumes The Chemistry of Organolithium Compounds, The Chemistry of Organozinc
Compounds and The Chemistry of Organomagnesium Compounds, because the scope of
the book covers both organic and inorganic chemistry subjects, related to metals over
the entire periodic table of the elements, rather than a single metal; (iii) the range of
applications focuses not mainly on organic synthesis, but extends to inorganic synthesis
and important aspects of modern technology such as catalysis, polymers, metal and oxide
deposition, luminescence, electronic and magnetic devices; and (iv) this is the first book
ever published dedicated to multiple aspects of the metal enolates. The literature coverage
is mostly up to 2007 and the beginning of 2008.

The two parts of the present volume contain seventeen chapters written by experts
from eleven countries. They cover computational chemistry, structural chemistry by spec-
troscopic methods, luminescence, thermochemistry, synthesis, various aspect of chemical
behavior such as application as synthons, acid-base properties, coordination chemistry,
redox behavior, electrochemistry, analytical chemistry and biological aspects of the metal
enolates. Chapters are devoted to special families of compounds, such as the metal ynolates
and 1,2-thiolenes and, besides their use as synthons in organic and inorganic chemistry,
chapters appear on applications of metal enolates in structural analysis as NMR shift
reagents, catalysis, polymerization, electronic devices and deposition of metals and their
oxides.

Abbreviations for ligands are used profusely in the field of metal enolates, in a style
depending on the author’s speciality and personal taste. For example, organic chemists
would write ‘THF’ for tetrahydrofuran, while coordination chemists would usually prefer
‘thf’; certain ligands have more than one abbreviation in use. No attempt was made to
have a uniform abbreviation style over the entire book, but in each chapter authors adhered
to a unique style. Furthermore, under the title ‘List of abbreviations used’, a few pages
below, appear the abbreviations for functional groups and chemical concepts in use in
‘The Chemistry of Functional Groups’ series, based mainly on IUPAC recommendations.
Several new abbreviations were introduced in the present volume, which are expected
to gain general acceptance, where ‘f’ is added at the end of the regular abbreviation to
denote a perfluorinated group; for example, Mef (CF3), Phf (C6F5) and Acf (CF3CO).

xi



xii Foreword

Regretfully, the planned chapters on supramolecular structure of metal enolates and
the magnetic properties of metal 1,2-enediolates were not delivered. I will be grateful to
readers who draw attention to mistakes or omissions in the present volume, and to new
topics which deserve to be included in a future volume on the metal enolates.

JACOB ZABICKY
Beer-Sheva, Israel, December 2008
Department of Chemical Engineering
Ben-Gurion University of the Negev



TheChemistryofFunctionalGroups
Preface to the series
The series ‘The Chemistry of Functional Groups’ was originally planned to cover in
each volume all aspects of the chemistry of one of the important functional groups in
organic chemistry. The emphasis is laid on the preparation, properties and reactions of the
functional group treated and on the effects which it exerts both in the immediate vicinity
of the group in question and in the whole molecule.

A voluntary restriction on the treatment of the various functional groups in these
volumes is that material included in easily and generally available secondary or ter-
tiary sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, various
‘Advances’ and ‘Progress’ series and in textbooks (i.e. in books which are usually found
in the chemical libraries of most universities and research institutes), should not, as a rule,
be repeated in detail, unless it is necessary for the balanced treatment of the topic. There-
fore each of the authors is asked not to give an encyclopaedic coverage of his subject,
but to concentrate on the most important recent developments and mainly on material that
has not been adequately covered by reviews or other secondary sources by the time of
writing of the chapter, and to address herself or himself to a reader who is assumed to be
at a fairly advanced postgraduate level.

It is realized that no plan can be devised for a volume that would give a complete cov-
erage of the field with no overlap between chapters, while at the same time preserving the
readability of the text. The Editors set themselves the goal of attaining reasonable coverage
with moderate overlap, with a minimum of cross-references between the chapters. In this
manner, sufficient freedom is given to the authors to produce readable quasi-monographic
chapters.

The general plan of each volume includes the following main sections:
(a) An introductory chapter deals with the general and theoretical aspects of the group.
(b) Chapters discuss the characterization and characteristics of the functional groups,

qualitative and quantitative methods of determination including chemical and physical
methods, MS, UV, IR, NMR, ESR and PES—as well as activating and directive effects
exerted by the group, and its basicity, acidity and complex-forming ability.

(c) One or more chapters deal with the formation of the functional group in question,
either from other groups already present in the molecule or by introducing the new group
directly or indirectly. This is usually followed by a description of the synthetic uses of
the group, including its reactions, transformations and rearrangements.

(e) Additional chapters deal with special topics such as electrochemistry, photochem-
istry, radiation chemistry, thermochemistry, syntheses and uses of isotopically labeled
compounds, as well as with biochemistry, pharmacology and toxicology. Whenever appli-
cable, unique chapters relevant only to single functional groups are also included (e.g.
‘Polyethers’, ‘Tetraaminoethylenes’ or ‘Siloxanes’).

xiii



xiv Preface to the series

This plan entails that the breadth, depth and thought-provoking nature of each chapter
will differ with the views and inclinations of the authors and the presentation will neces-
sarily be somewhat uneven. Moreover, a serious problem is caused by authors who deliver
their manuscript late or not at all. In order to overcome this problem at least to some
extent, some volumes may be published without giving consideration to the originally
planned logical order of the chapters.

Since the beginning of the Series in 1964, two main developments have occurred. The
first of these is the publication of supplementary volumes which contain material relating
to several kindred functional groups (Supplements A, B, C, D, E, F and S). The second
ramification is the publication of a series of ‘Updates’, which contain in each volume
selected and related chapters, reprinted in the original form in which they were published,
together with an extensive updating of the subjects, if possible, by the authors of the
original chapters. Unfortunately, the publication of the ‘Updates’ has been discontinued
for economic reasons.

Advice or criticism regarding the plan and execution of this series will be welcomed
by the Editors.

The publication of this series would never have been started, let alone continued,
without the support of many persons in Israel and overseas, including colleagues, friends
and family. The efficient and patient co-operation of staff-members of the Publisher also
rendered us invaluable aid. Our sincere thanks are due to all of them.

The Hebrew University SAUL PATAI

Jerusalem, Israel ZVI RAPPOPORT

Sadly, Saul Patai who founded ‘The Chemistry of Functional Groups’ series died in
1998, just after we started to work on the 100th volume of the series. As a long-term
collaborator and co-editor of many volumes of the series, I undertook the editorship and
I plan to continue editing the series along the same lines that served for the preceding
volumes. I hope that the continuing series will be a living memorial to its founder.

The Hebrew University ZVI RAPPOPORT

Jerusalem, Israel
May 2000
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List of abbreviations useda

Ac acetyl (MeCO)
acac acetylacetonate
Acf trifluoroacetyl (CF3CO, MefCO, Tfa)
Ad adamantyl
AIBN azoisobutyronitrile (aibn)
Alk alkyl
Alkf perfluoroalkyl
All allyl
Allf pentafluoroallyl
An anisylb

Ar aryl

Bn benzyl (PhCH2)
Bu butyl (C4H9)b

Buf nonafluorobutyl (C4F9)b

Bz benzoyl (PhCO, C6H5CO)

c- cyclo (-c)c

CD circular dichroism
CI chemical ionization
CNDO complete neglect of differential overlap
Cp η5-cyclopentadienyl anion (C5H5)
Cp* η5-pentamethylcyclopentadienyl anion (C5Me5)

DABCO 1,4-diazabicyclo[2.2.2]octane (dabco)
DBN 1,5-diazabicyclo[4.3.0]non-5-ene (dbn)
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene (dbu)
DIBAH diisobutylaluminum hydride (dibah)
DIBAlH diisobutylaluminum hydride (dibalh)
DME 1,2-dimethoxyethane (dme)
DMF N ,N -dimethylformamide (dmf)
DMSO dimethyl sulphoxide (dmso)
dr diastereomeric ratio
DTA differential thermal analysis
DTG differential thermogravimetric/thermogravimetry

xvii



xviii List of abbreviations used

E- entgegen
ee enantiomeric excess
EI electron impact
EPR electron paramagnetic resonance
ESCA electron spectroscopy for chemical analysis
ESR electron spin resonance
Et ethyl (C2H5)
Etf pentafluoroethyl (C2F5)
eV electron volt

Fc ferrocenyl (CpFeC5H4)
FD field desorption
FI field ionization
FT Fourier transform
Fu furyl (OC4H3)b

GLC gas liquid chromatography

Hex hexyl(C6H13)b

Hexf tridecafluorohexyl(C6F13)b

HMPA hexamethylphosphortriamide (hmpa)
HOMO highest occupied molecular orbital
HPLC high performance liquid chromatography

i- iso (-i)c

Ip ionization potential (IP)
IR infrared

LAH lithium aluminum hydride (LiAlH4, lah)
LC liquid chromatography
LCAO linear combination of atomic orbitals
LDA lithium diisopropylamide (i-Pr2NLi, lda)
LUMO lowest unoccupied molecular orbital

M metal
[M] metal with unspecified ligands, molecular species in MSd

M parent molecule
Me methyl (CH3)
Mef trifluoromethyl (CF3)
Mes mesityl (C6H2Me3-2,4,6)
MNDO modified neglect of diatomic overlap
MO molecular orbital
MS mass spectrum/spectrometry

n- normal (-n)c

Naph naphthyl (C10H7)b

NBS N -bromosuccinimide
NCS N -chlorosuccinimide
NIR near infrared
NMR nuclear magnetic resonance
NOESY nuclear Overhauser effect spectroscopy



List of abbreviations used xix

OTf triflate (TfO, O3SCF3, O3SMef)

Pen pentyl (C5H11)b

Penf undecafluoropentyl (C5F11)b

Ph phenyl (C6H5)
Phf pentafluorophenyl (C6F5)
Pi phosphoryl (H2O3P, PO3H2)
Pip piperidyl (C5H10N)b

ppb parts per billione

ppm parts per million
ppt parts per trillione

Pr propyl (C3H7)b

Prf heptafluoropropyl (C3F7)b

PTC phase transfer catalysis or phase transfer conditionsd

Py pyridine (C5H5N, py)
Pyr pyridyl (NC5H4, C5H4N)b

R any radical
Rf any perfluoro radical
r.t. room temperature (RT)
RT room temperature (r.t.)

s- secondary (-s)c

SAM self-assembled monolayer
SBH sodium boron hydride (NaBH4, sbh)
SET single electron transfer
SOMO singly occupied molecular orbital

t- tertiary (-t)c

TCNE tetracyanoethylene (tcne)
TFA trifluoroacetic acid (CF3CO2H, MefCO2H, AcfOH)
Tfa trifluoroacetyl (CF3CO, MefCO, Acf)
TfO triflate (OTf, CF3SO3, MefSO3)
TG thermogravimetric/thermogravimetry
TGA thermogravimetric analysis
THF tetrahydrofuran (thf)
Thi thienyl (SC4H3, C4H3S)b

TLC thin layer chromatography
TMEDA N ,N ,N ′,N ′-tetramethylethylenediamine (tmeda)
TMS trimethylsilyl or tetramethylsilaned

Tol tolyl (MeC6H4, C6H4Me)b

Tos tosyl (p-toluenesulphonyl, 4-TolSO2)
Ts tosyl (p-toluenesulphonyl, 4-TolSO2)
Trityl triphenylmethyl (Ph3C, CPh3)

UV-vis ultraviolet–visible

Vi vinyl (C2H3)
Vif trifluorovinyl (C2F3)



xx List of abbreviations used

XRD X-ray diffraction
XRF X-ray fluorescence
Xyl xylyl (Me2C6H3, C6H3Me2)b

Z- zusammen

aOther entries in the following sources can also be used in their unabbreviated or acronym forms, both in the
text and in formulae instead of explicitly drawn structures: ‘List of Radical Names’ in IUPAC Nomenclature
of Organic Chemistry, 1979 Edition, Pergamon Press, Oxford, 1979, p. 305–322; (http://www.acdlabs.com/iupac/
nomenclature/79/r79 1036.htm); ‘Acronyms and abbreviations’ in the general section of IUPAC Gold Book (http://
goldbook.iupac.org/list s.html).
bCan be modified by prefixed or suffixed letters or numbers to denote a specifc isomer.
cThis modifier can be used as prefix or suffix of functional groups in full text or abbreviated form.
dThis ambiguity should be dispelled by the context.
eU.S.A. style: 1 billion = 1 × 109, 1 trillion = 1 × 1012.
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I. GENERAL ASPECTS

The term enolate is applied to an anionic structure with two carbon atoms bound through
a double bond and one of them attached to a negatively charged oxygen atom through
a single bond, as in structure 1 in equation 1. This structure does not describe properly
the electronic distribution of the anion and a resonance hybrid is assumed between the
enolate 1 and carbanion 2, where the negative charge is located on the α-carbon atom.
In any case the enolate anion is accompanied by a cationic counterion, generally a metal
ion, and the compound can be referred to as a metal enolate.

O−

R1
R2

R3

M+ O

R1
R2

R3

(1) (2)

M+

−
(1)

Deprotonation at the α-carbon atom of a parent carbonylic compound by an adequate
base (equation 2) is the most general method, though not exclusive, for generation of
metal enolates, thus they frequently are presented as activated forms of their carbonylic
precursors.

+ +

O

R1

R3

R2

H

O−

R1
R2

R3

M+

BHBM (2)

Metal enolates have basic character, behaving as ambident nucleophiles, and most
synthetically valuable reactions of enolates take advantage of the fact that they frequently
react with electrophiles through their anionic carbon atom, rather than through the oxygen
atom. Selectivity depends both on the nature of the metal ion and the electrophile. Basicity,
nucleophilicity and redox potential all depend on both the structure of the enolate and
on the accompanying metal ion. Oxidizing reagents can remove one electron of enolates,
although synthetic applications of the generated radicals are less common. Regarding the
metal, Li(I), Na(I), K(I), Mg(II) and Zn(II) are met while others are rare. Some significant
substituent groups of 1 and 2 are shown in Table 1. Their accessibility depends on the
availability of their parent carbonyl compound and on the compatibility of their anionic
character with reactive sites in the molecule. Geometric E and Z isomers are possible,
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TABLE 1. Some significant groups attached to the enolate structure 1 and 2

Group type R1, R2 or R3

H H
C-substituents

non-π -delocalizing alkyl, allyl, propargyl, benzyl
π -delocalizing alkenyl (e.g. −CH=CH2), alkynyl (e.g. −C≡CH), aryl, hetaryl
π -electron-withdrawing acyl, alkoxycarbonyl, cyano, nitro

O-substituents anionic oxygen (−O−), alkoxy, acyloxy (−O2CR)
N-substituents alkylamino (−NR2), acylamino (−NRC(=O)R’), N -hetaryl onium

salt
P-substituents phosphino (e.g. −PPh2), phosphinium (e.g. −P+Ph3), phosphonate

(−P(=O)(OR)2)
X-substituents fluoro, chloro, bromo, iodo

whenever R2 and R3 are different and R1 cannot have a second anionic oxygen, as would
happen on double deprotonation of a carboxylic acid.

The presence of alkenyl or alkynyl groups at C1 are not relevant on the reactivity
of the enolate, while regioselectivity questions arise in reaction with electrophiles when
they are placed at C2. Similarly, electron-withdrawing groups located at C2 modify very
significantly both the basicity and the nucleophilicity of the enolate anion, while their
effect is less significant when they are placed at the C1. O-substituents usually are found
at the C1 center when the enolate derives from a carboxylic acid, ester or anhydride
and similarly N-substituents from amides. P-substituents at C2 are met in the Wittig and
related reactions, whereas the halo groups, most frequently chloro, are found at C2 in the
Darzens reaction.

The present chapter focuses on theoretical aspects of the metal enolates and the ref-
erences are up to the end of 2006. It is clear from the present review that theoretical
approaches based on semiempirical, ab initio or/and density functional theory (DFT)
methods contribute enormously in the study of structure and reactivity of metal enolates.
Combination of experimental data, such as spectroscopic and kinetic measurements, and
theoretical results allows an understanding of phenomena which in most cases is not feasi-
ble from experimental results alone. The chapter is organized into three sections intended
to be useful and timely points of entry to the literature of their particular subject Firstly,
some relevant theoretical studies devoted to the structure of the metal enolates in solu-
tion will be presented, including formation of aggregates. In the second part, theoretical
spectroscopic data obtained by calculations are confronted with the experimental data,
and they are used to characterize these species in solutions. Specifically, NMR shields are
sensitive to the chemical environments of an atom, and therefore, they are used to find
specific behaviors of a particular aggregate. Finally, the third part gathers the reactivity of
the metal enolates as bases or nucleophile species. The carbanionic character of the eno-
lates enables most of the reactions that experiment as nucleophiles, as addition reactions
and substitution reactions, to become one of the selected type of reactions which allow
the building of the carbon skeleton via a C−C bond formation. Some of these relevant
reactions are collected in the last section. Each section is written with the aim of being a
valuable and timely point of entry to the literature that is being covered.

II. STRUCTURE OF THE METAL ENOLATES

Metal enolates are widely used as building blocks in modern organic synthesis. A thorough
understanding of their structure and reactivity is important, particularly since many of these
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compounds exist as aggregates in solution and in the solid state. A number of fundamental
traits remain unclear, but various aspects of reactivity and regio- and stereoselectivity have
been attributed to aggregation. Structural details of metal enolates have been obtained from
X-ray crystallographic data. Moreover, the structure and aggregation of these species in
solution have been widely studied by using semiempirical and ab initio methods.

A. Lithium Enolates

Lithium salts of dianions of unsaturated carboxylic acids can adopt the structure of
lithium dienolates, 3 or 4 (equation 3), or lithium salts of oxycarbonyl substituted allyl
anions, 5 or 6 (equation 4). In any case these formulations provide an oversimplified
view of the structures, as these dianions are expected to form ion pairs and aggregates in
weakly polar solvents such as diethyl ether or thf1.

OLi

OLi

OLi

OLi

(3) s-trans (4) s-cis

(3)

O

O Li

O

O Li

Li

Li

(5) exo (6) endo

(4)

Bongini and coworkers2 performed an early ab initio (HF/STO-3G)3 study on the struc-
ture of the dienolate of 3-methyl-2-butenoic acid. They found that the 13C NMR spectrum
of the corresponding dianion was consistent with a delocalized π system. An endo struc-
ture (7), with a lithium atom placed above the molecular plane and coordinated to one of
the oxygen atoms and to both C2 and C4 carbon atoms, was found at the HF/STO-3G
computing level. Coordination of each lithium atom with two water molecules, as a model
of ether solvent, does not modify substantially the endo structure. However, Bongini’s
model was not capable of explaining the almost exclusive protonation or alkylation pro-
cesses of the dianion at the C2 center, as the HF/STO-3G calculations give higher negative
charge at the C4 center than at the C2 center. Previously, Kaneti, Schleyer and Kos4 stud-
ied the dilithium salt of acetic acid ‘dianion’ through HF/3-21G calculations and found
an ‘ate’ structure with a lithium atom placed above the molecular plane and coordinated
to one of the oxygen atoms and to the C2 center. Again lithium solvation with water did
not lead to any important structural change. All these structures showed a higher negative
charge at the C center coordinated to the lithium atom.

Li

O
Li

O
C

H

C1C2
C3

C4

(7)

Theoretical studies by Domingo, Mestres and coworkers5 using semiempirical PM36

and ab initio HF/3-21G methods confirmed that the dilithium salt of 3-methyl-2-butenoic
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‘dianion’ presents an endo conformation in agreement with previous calculations of
Bongini2 at the HF/STO-3G computing level. Further complexation of the lithium atoms
with a discrete number of water molecules afforded very similar results to those obtained
for the unsolvated species. However, coordination of each lithium atom with three dimethyl
ether molecules rendered a planar s-trans dienediolate structure (8), where each lithium
atom is coordinated to four oxygen atoms5. The results obtained at the semiempirical
PM3 computing level were confirmed by further HF/STO-3G and HF/3-21G ab initio
calculations5 of 8. The charge distribution obtained by the semiempirical PM3 calculations
was in agreement with that obtained from 13C NMR data for this lithium 1,3-diene-1,1-
diolate7. Similar results were obtained for the lithium dianion solvated with thf molecules.
A subsequent PM3 semiempirical study8 of similar methyl-substituted lithium dienedio-
lates, applying both the continuum and the implicit solvation models, emphasizes the
importance of including three ether molecules for each lithium atom to obtain structures
in good agreement with the experimental 13C NMR spectral data and chemical reactivity.

O O

O

O O

O

OO

1.393
1.427

1.339

1.302

1.320

1.743 1.794

(8)

Li

Li

Veya and coworkers9 found that for M = K the enolates [Ph2PCH=(Ph)−O]−M+ and
[Ph2PCH=C(OEt)−O]−M+ should be much less reactive toward electrophiles (e.g. CO2,
activated alkynes) than for M = Pd[(NMe2CHPh)−]. These authors performed ab initio
calculations on both free phosphine enolate anion and when M = Li or Na, to rationalize
their reactivity toward electrophiles as a function of their electronic properties.

Three possible geometries, 9–11, were investigated for the Li and Na complexes by
using the nonpolarized basis set9. Single point energy calculations using the polarized
basis set were also performed for the Li phosphine enolate complexes (see Table 2). The
computed geometry of 9 was in agreement with the X-ray crystal structure of the title
compound and of known Li enolate structure10 – 12. The Li−O bond, however, was longer
than the one obtained in similar calculations for the lithium enolate of acetaldehyde13,14.
The rationale lies in the above mentioned dual interaction of the lithium atom: in the
calculations of the lithium enolate of acetaldehyde there is also a lengthening of the Li−O
bond when Li has a bridging character. In 10, where the Li atom is bound only to the
oxygen atom, the Li−O bond distance decreases. This structure was considered to check
the effect of the conjugation between the phosphorus lone pair and the π system of the
enolate moiety (10′). The shortening of the Li−O bond and the almost linear arrangement

P
C

C

H

HO
M

H H

P
C

C

H

HO
M

H

H

P
C

C

H

HO
M

H

H

(9) (10) (11)
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TABLE 2. Relative energies (in kcal mol−1) of the three
optimized geometries of enolates [PH2CH=CH−O]− M+
(M = Li, Na)

M Basis set a 9 10 11

Li BS I 0 +9.7 +19.3
Li BS II 0 +13.9 +14.6
Na BS I 0 +ll.l +14.9

a BS I denotes the nonpolarized basis set and BS II the polarized
one.

of Li−O−C were attributed to the loss of the interaction between Li+ and the phosphorus
lone pair, which is one of the causes for destabilization of 10 (13.9 kcal mol−1 with
the polarized basis set). Another cause is the destabilization of the HOMO of the system,
which has considerable P−C antibonding character, 10′. Structure 11 allows the interaction
of the lithium 2s orbital with both the oxygen atom lone pairs and the π orbital of the
carbon–carbon bond. It was derived from a structure computed to be the most stable for
the LiOCH=CH2 system13. As seen in Table 2, 11 turned out to be much less stable than
9, due in part to the loss of interaction between the phosphine lone pair and the Li+
empty 2s orbital. The π-type orbitals were quite similar in the free enolate anion (which
is highly relevant to the experimental system where the cation has been complexed by a
crown ether), in the alkali metal complexes (in their ground state structure 9) and in the
Pd complex. More specifically, the HOMO (which corresponds to the nonbonding orbital
of an allylic system) is highly localized on the C2 atom, 9′.

Li

P

Li
np HOMO np HOMO

60%

11%

22%

22%

30%

17%

12%

(9′) (10′)

Williard and coworkers15 characterized aggregates of lithium halides with lithium
enolates by X-ray crystallography. Two compounds containing both lithium halide and
lithium enolate were identified as heterodimers. Using this information, they proposed a
reaction sequence for enolization and subsequent aldol addition reactions involving halide-
containing aggregates. An ab initio (HF/LANL1DZ) theoretical study of model systems
showed that solvated heterodimers between LiBr and either LiNH2 (12) or LiOCH=CH2
(13) are favored over the respective homodimers. Single-point MP2/LANL1DZ(POL)
energy calculations using the HF/LANL1DZ optimized structures indicate that 13 is
only 0.1 kcal mol−1 more stable than 12; in addition, formation of 12 is exothermic,
−12.4 kcal mol−1. These facts support the contention that both structures are involved in
the reaction sequence15. The N−Li bonds were larger in 12 than in the heterodimer 13,
whereas the Li–Br distances were similar: very long, 2.93 Å. This large value and the
Br−0.90 calculated natural charge at the HF/LANL1DZ(POL) computing level characterize
structure 12 as a bromide of the complex cation [Li(LiNH2)(NH3)4]+.

Abbotto, Streitwieser and Schleyer16 performed an exhaustive study, using the
B3LYP17,18/6-31+G*//PM3 calculation level, on the effect of dimethyl ether solvation
on aggregated forms of the lithium enolate of acetaldehyde (CH2=CHOLi)n(Me2O)x ,
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2.720

1.871

2.939 2.942

1.974 1.975
O
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N N
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N

H

(12) (13)

Li

Br

Li

Br

Li Li

n = 1–4, x = 0–4. The structures and energies of the aggregates were obtained and
the main factors controlling relative stabilities were discussed. Common crystal structure
motifs were well reproduced. These authors found that solvation plays a key role in the
equilibrium among the aggregated species and the relative stabilities of the tetrameric iso-
mers, but it is balanced by π-interactions between lithium and the enolate double bond.
Aggregation and successive solvation energies as well as entropy considerations indicate
that solution equilibria are dominated by solvated forms of both monomer 14 and tetramer
15. The disolvated monomer was remarkably stable; addition of a third solvent was far
less exothermic than the first two additions and may not suffice to compensate for the
corresponding entropy change. Among the tetramer structures, lithium was tetracoordi-
nated only in the cubic tetramer in its most stable solvated form (15). Natural population
analysis suggested that polarization rather than delocalization of charge from oxygen into
the enolate double bond is the main mechanism of charge distribution. These authors
concluded that solvation has a critical role in determining the relative energies of the
aggregated species. π-Interaction between Li and the enolate double bond is another fac-
tor that helps to determine the relative stabilities of isomers and the degree of solvation.
The cubic tetramer 15 is stable because of the electrostatic stabilization of aggregation,
but the monomeric species 14 is important in the equilibrium because of its high solvation
energies. In contrast, the dimer and, to a greater extent, the trimer are less important. The
tendency of lithium cation to reach tetracoordination is shown to be less significant than
is commonly believed.

O

Li

O
O

O
O Li

OLi

Li
O Li

O

O

O

O

O

1.350

1.304

1.689

2.191 2.164

2.065

2.067
2.048

1.337
1.346

2.090

(14) (15)

Sgamellotti and coworkers19 investigated the geometries and electronic structures of
lithioacetamide, lithioacetylphosphine, lithioacetophenone and lithiomethylphenylsulfox-
ide through ab initio calculations, including correlation at the MP2 computing level. The
different coordination modes, η1-O (16), η3 (17) and η1-C (18), of the lithium center
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Li
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Li R

H2C

O

Li

(16) (17) (18)

TABLE 3. Relative energies (in kcal mol−1) of lithium enolates relative to the most stable geometry
obtained at different calculation levels20

Compound & calculation level η1-O (16) η3 (17) η1-C (18)

Lithioacetamide (R−X = H2N−C)
SCF/SV 0.0 1.7 20.8
SCF/DZP 8.0 0.0 18.5
MP2/DZP 9.0 0.0 19.4
Lithioacetylphosphine (R−X = H2P−C)
SCF/SV 0.0 10.0 31.4
SCF/DZP 0.9 0.0 20.9
MP2/DZP 2.8 0.0 22.1
Lithioacetophenone (R−X = Ph−C)
SCF/SV 0.0 6.2 29.4
SCF/DZP 3.4 0.0 21.2
MP2/DZP 5.4 0.0 23.3
Lithiomethylphenylsulfoxide (R−X = Ph−S)
SCF/SV 14.4 0.0 26.6
SCF/DZP 22.3 0.0 24.3
MP2/DZP 19.6 0.0 21.6

were analyzed. In Table 3 are summarized the energies of three possible coordination
patterns of lithium enolates, calculated by various methods. In lithiomethylphenylsulfox-
ide there is a clear preference for η3 coordination of lithium with the enolate anion (17,
R−X = Ph−S), due to delocalization of the negative charge in the enolate fragment on
both nucleophilic C and O atoms. It is important to remark that in this anion the delocal-
ization of the negative charge towards the aromatic ring is precluded by the nonplanarity
of the sulfoxide group. The situation is different in lithioacetophenone, where the η1-O
(16, R−X = Ph−C) and η3 (17, R−X = Ph−C) structures are close in energy. More-
over, the η3 structure can be seen as a η1-O one with the lithium also slightly interacting
with the carbon center, suggesting that the oxygen is the main nucleophilic center in
this enolate anion. The η1-O (16) and η3 (17) coordinations are almost isoenergetic in
the lithioacetamide (R−X = H−C) and lithioacetylphosphine (R−X = H2P−C) systems,
where both coordination forms should be stabilized by interaction with the carbon center.
Therefore, in these enolate anions, the oxygen atom is the main nucleophilic center, at
least as far as the interaction with a lithium cation is concerned. In lithioacetamide the η3

structure is more stabilized than the η1-O, suggesting a reduced nucleophilic character of
the oxygen center.

Pugh and Streitwieser20 used semiempirical PM3, ab initio (HF/6-31+G(d) and MP2/6-
31+G(d)) and density functional calculations (using the perturbative Becke–Perdew model
pBP21,22 together with DN* 23 split valence basis set, both included in the Spartan 5.1
suite of programs) to investigate the rotational barrier of the C−N bond in a simple
enolate anion (lithioacetamide, 19), as shown in Figure 1. For comparison, the ami-
date anion, vinylamine, and a simulated dimer were also calculated. All the rotational
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FIGURE 1. Rotation function for the lone pair (LP) of 19 with Li–O–C constrained to 180◦ at
the HF/6-31G(d,s) level. The two barriers are 7.28 and 5.18 kcal mol−1. Reprinted with permission
from J. K. Pugh and A. Streitwieser, J. Org. Chem., 66, 1334. Copyright 2001 American Chemical
Society

barriers were less than 10 kcal mol−1, in agreement with the experimental result for N ,N-
dimethyldiphenylacetamide24. All the computing levels yielded the rotational barrier for
the lithium salt 19 somewhat higher than that of the corresponding free anion. The bar-
riers at the correlated levels were somewhat larger than the HF levels, while the PM3
barriers were much lower than the ab initio results and are clearly unreliable. Computed
geometries and structural changes on rotation were consistent with a model in which con-
jugation of the amino nitrogen with the double bond was comparable to that in vinylamine,
even though charge transfer to an anionic system would be expected to be inhibited and
polarization of the double bond is the important feature of the electronic structure.

Pratt and Streitwieser25 performed ab initio (HF/6-31G* and HF/6-311+G*) calcula-
tions to examine the formation of mixed dimer and trimer aggregates between the lithium
enolate of acetaldehyde (lithium vinyloxide, LiOVi) and lithium chloride, lithium bro-
mide and lithium amides. Gas-phase calculations showed that in the absence of solvation
effects, the mixed trimer (LiOVi)2žLiX (20) was the most favored species.

Li
Cl

LiO
Li

OC

C

C

C
H

H

128.1°

128.1°

(20)

Solvation of lithium enolates in ether solvents was modeled by a combination of spe-
cific coordination of dimethyl ether ligands on each lithium and ‘dielectric solvation’
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followed by immersion of each molecule in a cavity within a continuous dielectric hav-
ing the dielectric constant of thf at room temperature. Dielectric solvation energies were
lower for aggregates (reduced dipoles or quadrupoles) and coordinatively solvated species
than for monomers (dipoles). Both specific coordination and dielectric solvation lowered
the exothermicity of the aggregation process. In many cases, lithium salts were three-
rather than four-coordinate at room temperature. The strongly basic lithium amides pre-
ferred forming mixed aggregates with weaker bases instead of homoaggregates25. The
effects of lithium dialkylamide structure, mixed aggregate formation and solvation on
the stereoselectivity of ketone enolization were examined by Pratt and coworkers26 both
experimentally and theoretically using B3LYP/6-31+G* calculations. The results pointed
out that lithium tetramethylpiperidide (Litmp) in thf presents the best enolization selec-
tivity. The highest E/Z ratios were obtained with Litmp-butyllithium mixed aggregates
in thf, for example R = Bu in equation 5.

O OLi OLi

N
Li

R
Li

thf

thf

R = Et or Bu

(E) (Z)

+
(5)

Equations 6 and 7 show the species in equilibrium in methyl ether solutions containing
Litmp, EtLi and acetaldehyde or 3-pentanone, respectively. DFT calculations predicted
that such an lda or Litmp system would form mixed cyclic isomers in ether solvents. These
results also render that Litmp-alkyllithium mixed aggregates inhibit competitively the
formation of less stereoselective Litmp-lithium enolate mixed aggregates. The formation
of lithium dialkylamide mixed dimers with ethyllithium was favored by increasing the
steric bulk of the lithium amide and by ethereal solvents. The use of microsolvation
simulations appeared to be sufficient to represent the solvent effects, as little change
in the energies of mixed aggregate formation was found when bulk solvation effects
were included. The computational results were consistent with the 6Li–15N spin coupling
patterns26.
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B. Calcium and Magnesium Enolates

Oviedo and Sanz27 studied, at the ab initio (HF/TZP) level, the adsorption of acetone
and 2-propenol on a clean MgO(100) surface model and by means of the embedded-
cluster approach in which the environment was described by total ion potentials and
point charges. Optimized geometries for both acetone and 2-propenol adsorbed on the
surface, 21 and 22, respectively, were obtained using two basis sets and several cluster
models27. The adsorbate–surface interaction was found to be weak and electrostatic in
nature, although there is a relative stabilization of the enol tautomer. The effect of the
surface on the keto–enol equilibrium was analyzed and explained on the basis of this dif-
ferential adsorption. Surface reconstruction induced by the adsorbate was also considered.
While the surface relaxation effects were found to be negligible for acetone, they appear
to be larger for 2-propenol, and allowing the surface to relax changes the qualitative
description of the enolization process since in this case an enolate species was found to
be adsorbed on the surface.

(21)

O
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C
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Mg
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O

C
C

C

Mg
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The enol form of 3-acetoacetyl-7-methyl-2H ,5H -pyrano(4,3-b)pyran-2,5-dione was
studied by Fery-Forgues, Lavabre and Rochal28 both spectroscopically and theoretically
using semiempirical PM3 calculations. To analyze its interactions with alkali and alka-
line earth perchlorates in acetonitrile, absorption and fluorescence spectroscopies were
employed. The presence of salts provokes significant variations in the absorption spec-
trum and quenching of the fluorescence intensity. The spectrophotometric data, together
with NMR and mass spectrometry, showed that in the metal enolate the heterocyclic oxy-
gen atom as well as the two oxygen atoms of the side chain can participate in cation
binding, as suggested by semiempirical PM3 calculations of 23 and 24. The association
constants varied over many orders of magnitude, depending on the nature of the salt.
The calcium and magnesium complexes were more stable than those usually found for
crown-ether-based fluoroionophores in the same solvent.

O
O

O

OO

H O O O

O

O

H
H

H

Mg O
H

O

H H

H

Mg

H

HH
H

HH
H

H
H

H

1.80 1.79

1.30
1.29

1.84 1.85

1.84
1.26

1.461.40 1.37
1.37

1.33

(24)(23)

C. Aluminum Enolates

The reactions between trialkylaluminum, R3Al, and carbonyl-containing species have
been the subject of intensive study over many years29. These reactions may result in
adduct formation, alkylation, reduction or enolate formation, depending on the nature of
the ketone and also the alkyl group attached to aluminum (equation 8). Rather surprisingly,
there have been relatively few studies on mechanistic and structural aspects of enolization
mediated by organoaluminum compounds. In part, this is due to the reported difficulty in
the isolation and structural identification of aluminum enolates30.

Et3Al

O

+
adduct

formation

alkylation reduction

enolate
formation

OEt3Al

Et2AIO

Et2AIO

+ EtH

Et2AIO +
(8)

Henderson and coworkers31 studied the reaction of Me3Al with a series of aromatic
ketones (25, 27, 29) to yield the precipitation of either dimethylaluminum enolates or
alkoxides (see equations 9–11). In situ 1H NMR spectroscopic studies of the reaction
between Me3Al and acetophenone (29) revealed a complex mixture of products, whereas
under the same conditions 2,4,6-trimethylacetophenone (25) reacts cleanly to give the
corresponding enolate. The enolate compounds 26 and 28 were isolated and 26 as well
as the representative alkoxide 30 were characterized by X-ray crystallography. Both 26
and 30 form dimers with a central Al2O2 core. Ab initio calculations at the HF/6-31G*
level indicated that both 26 and 30 are the thermodynamic products of the reactions31.
Equation 12 shows the alkylation and enolization reactions for the ketones 25 and 29 and
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the relative energies involved for each transformation (dimeric aggregation was assumed
for the calculated organometallic species)32. Both the alkylation and enolization reactions
were highly exothermic for each ketone. However, the enolization route was preferred
by 4.70 kcal mol−1 for ketone 25, whereas alkylation was preferred by 25.39 kcal mol−1

for ketone 29. Therefore, the calculations indicated that both 31 and 33, the dimers of
26 and 30, were the thermodynamic products of their respective reactions, i.e. the out-
come of the reaction (alkylation or enolization) was not necessarily controlled by kinetic
factors. Significantly, there is also a large difference in the relative energies within each
type of reaction for the ketones. While the energy difference between the enolization
reactions was only 6.27 kcal mol−1, the alkylation reactions differed by 23.82 kcal mol−1.
The large difference in the relative energies of the alkylation reactions can be attributed
to the increased steric bulk of the alkoxide in 32 compared to that in 33. Steric crowding
around the quaternary carbon (OCMe2Ar) was significantly greater in 32 compared to
33, due to the presence of methyl groups in the 2- and 6-positions of the aromatic ring.
The difference between the energies of the enolization reactions can be attributed mainly
to the higher Bronsted acidity of 25 compared to 29. The energy required to deproto-
nate ketones 25 and 29 to form the corresponding enolate anions [MesC(O)=CH2]− and
[PhC(O)=CH2]− was calculated to be 389.06 and 392.98 kcal mol−1, respectively, i.e.
methylation of the aromatic ring increases the acidity of the ketone. The bond lengths
associated with the α-carbon (OC) decreased significantly comparing the alkoxides and
the enolates. As expected, formation of the olefinic bond shortens the C−C bond length
and, together with it, also the O–C and C–C(ipso) bonds shorten significantly. It is per-
tinent to note that this contraction is greater for the more substituted anion, i.e. the O–C
bonds shorten by 0.078 and 0.064 Å, and the C–C(ipso) bonds shorten by 0.063 and
0.045 Å for 31′ and 34′, respectively. These results support the assessment that steric
crowding induced by the ortho methyl groups is an important factor in determining the
stability of complexes 31 and 34. The olefinic group of the enolate in 31 sits almost per-
fectly in the same plane as the dimeric ring (with a torsion angle of 0.0◦ for Al−O−C−C
arrangement between the metal center and the enolate group). When enolate ligands are
orthogonal to the Al2O2 plane, no local minimum could be found; however, if the eno-
lates are in a pseudo-syn orientation with respect to each other, an energy minimum is
located, with essentially the same absolute energy as 31′ (with a torsion angle of 19.7◦
for Al−O−C−C). No minimum was located for an ‘in-plane’ orientation in 34. In this
case the ligands rotate to adopt staggered conformations with respect to the Al2O2 ring
(with a torsion angle of 59.5◦ for Al−O−C−C).

Mes

O

(25) (26)

OAlMe2

Mes
MeAl3 (9)

Me5C6

O

(27) (28)

OAlMe2

Me5C6

MeAl3
(10)

Ph

O

(29) (30)

OAlMe2

Ph
MeAl3

(11)



14 Luis R. Domingo and Juan Andrés

O
Al

O
Al

Mes

Mes

O
Al

O
Al

Mes

Mes

CH3

Al
H3C

Al

O
Al

O
Al

Ph

Ph

O
Al

O
Al

Ph

Ph

+  2MeH2MeH +

O

Mes

O

Mes

O

Ph

O

Ph

2

2 2

2

−86.70 −110.52

−85.13−91.40

(25) (29)

(31)
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1.318
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1.977
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(31′) (34′)

A1
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D. Copper and Titanium Enolates

Rosi, Sgamellotti and Floriani investigated by means of ab initio calculations the
electronic structure and geometry of the trifluorotitanio (TiF3

+)33 and phosphinecopper
(CuPH3

+)34 complexes with the enolate anions of acetamide (35), acetylphosphine (36),
acetophenone (37) and methylphenylsulfoxide (38). The different coordination modes,
η1-O, η3 and η1-C, of the TiF3

+ and CuPH3
+ cations were analyzed (see Scheme 1).

For titanium33, the η1-O coordination towards the enolate anion was preferred, although
in the acetamide enolate anion and the methylphenylsulphoxide enolate anion the η1-O
and η3 coordinations were almost isoenergetic. The η1-C coordination was destabilized in
all systems. A comparison between TiF3

+ and Li+ showed that TiF3
+ is more oxophilic

than Li+. For copper34, the η1-C coordination towards the enolate anion was preferred
for acetamide, while the η3 coordination was the lowest in energy for methylphenylsul-
foxide. For the acetylphosphine and the acetophenone enolate anions the η1-O and η1-C
coordinations were almost isoenergetic, while the η3 coordination is higher in energy. The
comparison between CuPH3

+ and TiF3
+ interacting with the same enolate anions showed

that copper(I) stabilizes the η1-C coordination, while titanium(IV) prefers the interaction
with the other nucleophilic center, i.e. the oxygen.
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SCHEME 1. Calculated structures of trifluorotitanium (TiF3
+)33 and phosphinecopper (CuPH3

+)34

acetophenonates

E. Cobalt Enolates

Babic-Samardzija and coworkers35 prepared four new cobalt(II) complexes of for-
mula [Co2(dam)(tpmc)](ClO4)3 (39a–d, tpmc = N ,N ′,N ′′,N ′′′-tetrakis(2-pyridylmethyl)-
1,4,8,11-tetraazacyclotetradecane, dam = diacylmethanoate), which were characterized by
elemental analyses, conductometric measurements, UV/VIS, IR, EPR and mass spec-
troscopy. Each cobalt(II) ion was coordinated with four nitrogen atoms in an exo arrange-
ment of tpmc groups while the additional β-diketone bridges metal-ion centers through
both enolate oxygens. The presence of different R-groups on the diketone influence the
ν(C-O) and ν(C-C) vibrations in the IR spectra. The corresponding values of these
frequencies decrease in the order: hfac (39c) > dibzac (39b) > acac (39a) > tmhd
(39d) ligands. Semiempirical PM3 and ZINDO/l36,37 calculations were used to charac-
terize the complex species. According to both methods, cobalt(II) ions are capable of
being bound with neighboring N atoms from pyridine and tertuary amine as well as
to the O atom of diketone moiety, forming an inner molecule complex with a trigo-
nal bipyramidal geometry. All molecules present high symmetry with typical coordina-
tion mode for tpmc along the macrocyclic moiety around cobalt(II) ions. The adjacent
oxygen atoms of the β-diketonato ligand were joined to two cobalt atoms occupying
cis positions.

These results showed that there is some variation in calculated bond lengths around
the cobalt (Co−N and Co−O) and the Rac skeleton (O–C and C–C). Slight elongation
of hexafluoro β-diketononato ring bonds in 39c as well as the Co–Ohfac coordination
bond was a result of the electron-withdrawing effect of the −CF3 groups that lower the
negative charge density on the oxygen donors, decreasing the basicity of β-diketone38.
An opposite effect was found with respect to the methyl substituent diketones in the
complexes 39a and 39d. The estimated distance between two diketonato oxygens was
longer than the experimental value for free β-diketone ligand39 as a consequence of
bridging O,O′-coordination toward both cobalt atoms in octaaza moiety. In complex
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     (b) R = Ph   (dam = dbzm) (see 39′′)
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39a with the corresponding acetylacetone this distance is 4.637 Å (Table 4 and 39′′).
This became longer with the bulky terc-butyl group and/or withheld the effect of −CF3
groups in the complexes 39d and 39c, while it is shorter in complex 39′′ due to the
presence of parallel benzene ring orientation. Consequently, the effect of the bridging
ligands on the Co-to-Co distances in these dicobalt compounds is in the same order
as well.

III. SPECTROSCOPY OF THE METAL ENOLATES

A. NMR Spectroscopy

Ester enolates can be used as molecular models of the active centers in the anionic
polymerization of acrylates and methacrylates. Thus, knowledge of the structure of these
models in polar and nonpolar solvents is important for the understanding of the polymer-
ization processes. Earlier 13C and 7Li NMR studies by Wang and coworkers40 of methyl
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TABLE 4. Selected bond distances and angles calculated for complexes 39a–d by the semiempir-
ical PM3 method

Complex 39a 39b 39c 39d

Etot (kcal mol−1) 204.2 232.6 262.6 224.2
Etot (kcal mol−1)a 294.4 337.2 388.2 324.1
Co−N (Å)b 1.85–2.10 1.90–1.92 1.92–2.01 1.92–1.99
Co−N (Å)a, b 2.05–2.23 2.06–2.16 2.05–2.15 2.04–2.38
Co−O (Å) 1.988 1.994 2.034 1.876
C18−O (Å) 1.396 1.397 1.398 1.386
C18−C19 (Å) 1.455 1.494 1.501 1.413
C18−C20 (Å) 1.504 1.518 1.525 1.520
O--- O (Å)c 4.637 4.595 4.683 4.750
Co--- Co (Å)c 5.760 5.431 6.146 6.453
� Co−O−C18(◦) 110.15 121.87 108.32 114.57
� O−C18−C19 (◦) 124.75 123.23 126.54 124.90
� O−C18−C20 (◦) 116.59 118.38 117.62 120.00
� C18−C19−C18 (◦) 124.96 116.73 127.90 121.38

a Calculated by the ZINDO/1 method.
b Range of Co−N1 to Co−N4 distances.
c Nonbonded interatomic distance.

α-lithioisobutyrate (mibLi) in thf solution revealed an equilibrium between these species
and its dimer. According to osmometry measurements the aggregation degree of mibLi in
thf at room temperature is about 3.541, therefore they concluded40 that the equilibrium was
between (mibLi)2 and (mibLi)4. Interpretation of the NMR data42 on aggregation of mibLi
in thf was aided by semiempirical MNDO43 calculations carried out by Dybal and Kriz44

of several possible dimeric, trimeric and tetrameric structures, both unsolvated and specif-
ically solvated with dimethyl ether (a model for thf). In this work the dimeric and trimeric
structures of ester-like units (CH3)2C(Li)CO2CH3 were more stable than the correspond-
ing aggregates of enolate-like units (CH3)2C=C(OLi)OCH3. However, it is important to
note the MNDO tendency to overestimate the strength of the C−Li bond45,46.

Weiss, Yakimansky and Müller47 performed ab initio calculations to obtain the equi-
librium geometries, energies and 13C NMR shifts of various monomeric, dimeric and
tetrameric aggregates of mibLi. The energy values were improved through single-point
MP2 calculations. These gas phase results should be compared to the data on the mibLi
or ethyl α-lithioisobutyrate (eibLi) state of aggregation in nonpolar solvents like toluene.
Both semiempirical MNDO and PM3 calculations of specific and nonspecific solvation
energies of mibLi aggregates solvated by thf were carried out and it was found that the
solvation effects decrease in the following order: monomer > dimer > tetramer. The
calculated total solvation energies for mibLi aggregates were used to estimate the sol-
vent effects on the ab initio relative energies of the aggregates. In all considered systems,
Weiss and coworkers found at least two stable structures for each aggregate. For monomer
and dimer structures, a planar and nonplanar arrangement of the C=C double bond and
the Li−O bond were obtained. In the nonplanar structures, there is a direct interaction
between the π-system and one lithium atom, whereas this direct (attractive) interaction is
missing in the planar systems.

Dybal and Kriz44 already presented ab initio calculations for the planar (40) and non-
planar (41) mibLi. Calculations at the MP2/SVD//MP2/SVD computing level render 41
as the more stable by 3.3 kcal mol−1, which is too small to allow predictions concerning
the stability in polar solvent at ambient temperatures. More pronounced differences were
found in the calculated 13C NMR shifts (Table 5). They found a high-field shift of the
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TABLE 5. Comparison of calculated (SCF/TZD//SCF/SVD level of theory) and experimental 13C
NMR chemical shifts (in ppm with respect to TMS) of mibLi aggregates

C type Oligomer Planara Nonplanara Experimentalb eibLic

C=O monomer 169.6 (40) 176.7(41) — —
dimer 164.1 (42) 164.5 (43) 158.9 163.9a,d

tetramer 161.9 (44) 162.3/162.4 (45) 160.5 158.5/159.2e

Cα monomer 50.8 (40) 44.5 (41) — —
dimer 66.8 (42) 58.3 (43) 65.8 67.2a,d

tetramer 78.8 (44) 77.9/78.1 (45) 72.5/73.5 76.5/78.5e

a Calculated at the SCF/TZD//SCF/SVD level of theory.
b In thf solution at −80 ◦C.
c Selected chemical shifts of ethyl α-lithioisobutyrate for comparison.
d For the planar form of eibLi.
e Experimental value in toluene solution at −60 ◦C.
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α-carbon (50.8 ppm) with a Mulliken charge of −0.49e for 40 compared to 44.5 ppm
and −0.66e for 41. These results point to the α-carbon of the nonplanar monomer 41 as
having a stronger carbanion character than that of the planar 40 and it is thus assumed to
have a higher activity in anionic polymerization.
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Geometric optimization of the dimeric mibLi systems yielded at the MP2/TZD//SCF/
SVP computing level a planar (42) and a nonplanar (43) structure, which were almost
isoenergetic (relative energy ca 1 kcal mol−1); in spite of the small calculated energy
difference, the authors44 proposed that the nonplanar structure 43 was the more stable at
the correlated level.

The stabilization energy for the dimer formation was �E ca −28.7 kcal mol−1 in the
gas phase. Similarly to the monomeric structures, the carbanionic character of the α-
carbon was stronger in the nonplanar structure 43 (charge: −0.57e) than in the planar
42 (charge: −0.47e). The corresponding calculated shifts lay at 66.8 ppm (planar) and
58.3 ppm (nonplanar) (see Table 6). The agreement between the calculated shift for the
planar structure 42 and the experimental value (65.8 ppm) found by Wang and coworkers40

was convincing. Thus, the shift of the dimer measured in thf solution belongs to the planar
structure.

In the case of the possible tetrameric structures, the concept of filling up the coordi-
nation sphere of the electron-deficient Li through electron-richer parts of mibLi becomes
more flexible. Weiss and coworkers47 found as the most stable aggregates a nearly flat
eight membered-ring structure (44) and a cubic structure (45). At the MP2/SVD//SCF/SVD
computing level 45 was significantly (ca 9.6 kcal mol−1) more stable than 44, in agree-
ment with the X-ray data for crystalline ester enolates13,14 and ab initio calculations48

of comparable systems (LiX4, X = OH, F), where cubic structures were found to be
the most stable. The stabilization energies for the tetramers are in the range of −43 to
−45 kcal mol−1, which means that at least in the gas phase or in nonpolar solvents like
toluene, the tetramers are more stable than the dimers and the monomers. This stabiliza-
tion of higher aggregates was in accord with experimental osmometry data42. Tetramers
show shifts at δ equal to ca 78 ppm and Mulliken charges of −0.41e and −0.42e. The
tetramer structures 44 and 45 have similar values of shifts (Table 6) and charges. The
calculated NMR shifts agreed well with those measured by Schlaad and coworkers49 for
eibLi in toluene. The effect of the alky group of the ester on the calculated shifts of the
planar mibLi and eibLi dimers was shown to be negligible. The charges on the α-carbon
and the NMR shifts (Table 6) clearly showed that the carbanion (or nucleophilic) char-
acter of the α-carbon decreases due to aggregation. This trend, observed on going from
the monomer through the dimer to the tetramer, was also reflected by the reactivity in
anionic polymerization.

Multinuclear 7Li and 13C NMR and quantum-chemical investigations by Müller and
coworkers50 showed that it is possible to determine the structure of active species in
methacrylate polymerization in the presence of triethylaluminum (AlEt3) in nonpolar sol-
vents, such as toluene. Reaction of eibLi and trialkylaluminum with methyl pivalate
(mpiv), in equimolar amounts, leads to an equilibrium of monomer 46 and dimer 47 com-
plexes (eibLižmpivžAlEt3)n (n = 1, 2), consistent with kinetic studies. Methyl pivalate was

TABLE 6. Calculated Cα-NMR shifts, Mulliken charges and C=C bond lengths for the most stable
SCF/SVD//SCF/SVD geometries of mibLi aggregates

Monomer Dimer Tetramer

40a 41b 42a 43b 44a 45b

Shift (ppm) 50.8 44.5 66.8 58.3 ca 78 ca 78
Charge (e) −0.49 −0.66 −0.47 −0.57 −0.41 −0.42
Bond length (Å) 1.356 1.387 1.342 1.36 1.335 1.335

a Planar structure.
b Nonplanar structure.
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able to fill up the coordination sphere of lithium, leading to highly stabilized active chain
ends without the tendency to associate with polymer ester groups, preventing formation
of a network. Although excess AlEt3 destroys these species, forming separate adducts of
each ester (eibLiž2AlEt3 and mpivžAlEt3), these authors concluded that this reaction was
not important in real polymerization systems, where the concentration of the ester groups
is much higher than that of AlEt3.
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Yakimansky and Müller51 performed a DFT study on structures of the mibLi in thf
solution, in the presence of tmeda, dimethoxyethane (dme), crown ether 12-crown-4
and cryptand-2,1,1, as electron donor ligands (α-ligands). Both specific solvation with
thf and/or ligand molecules, and nonspecific solvation by the solvent continuum were
taken into account. The possibility of ligand-separated ion-pair formation was analyzed
for each of the ligands, including thf alone. The theoretical results obtained by means
of DFT calculations, using a basis set similar to the 6-31G*, clearly demonstrated that
tmeda, dme and 12-crown-4-separated ion pairs of mibLi are not sufficiently stable in
thf solution to provoke an accelerating effect on the anionic polymerization of methyl
methacrylate (mma) by mibLi in the presence of these σ -ligands. This result agrees with
the experimental data for both tmeda52 and oligoether ligands53. In contrast, the for-
mation of the cryptand-2,1,1-separated triple ion pair of mibLi (48) was shown to be
energetically quite favorable in thf solution at all considered levels of theory, includ-
ing the B3LYP/TZVP+ level with diffuse s-functions. These data were in agreement
with the experimental 13C and 7Li NMR data reported by Wang and coworkers53. It is
important to emphasize that the structural features of the ion pair (C2-symmetry and
interionic separation) were in excellent agreement with those found experimentally for
2,1,1-cryptated lithium iodide54. In most cases peripherally solvated dimers were the most
stable species. Only in the presence of cryptand-2,1,1 was a ligand-separated triple ion
pair, [Li(2,1,1)1

+], [(mibLi)(mib)(thf)2]−, shown to be comparable in stability to the thf-
solvated dimer, (mibLi)2thf4. These results were in agreement with experimental NMR
data on the structure of mibLi in the presence of dme, 12-crown-4 and cryptand-2,1,1. An
upfield shift of the 13C NMR signal of the α-carbon of mibLi observed in the presence of
cryptand-2,1.1, originally attributed to a ligand-separated monomer, mibLi(2,1,1)+, was
well reproduced by HF-calculated NMR shifts for the predicted ligand-separated triple
ion pair.

A noticeable increase in rate was also observed in the polymerization of mma in
the presence of the Na+(2,2,2) countercation55. Wang and coworkers53 postulated that
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the counteranion within the ion pair formed in the presence of cryptand-2,1,1 was the
monomeric mib anion. However, the results reported by Yakimansky and Müller51 on the
calculated stabilities and 13C NMR chemical shifts of α-carbons for the 2,1,1-cryptated
complexes of mibLi pointed to the [Li(2,1,1)]+, [(mibLi)(mib)(thf)2]− triple ion pair
as the most probable one. Moreover, experimental X-ray data confirmed the ability of
organolithium compounds to form thf-separated ion pairs containing triple counteranions
with respect to the [Li(thf)4]+ cation56. As further arguments for triple anions, it could
also be added that solutions of phenyllithium have been postulated to contain Li+, Ph-
Li-Ph− ion pairs57, and those of 1:1 PhMPhLi adducts to contain ion pairs M+, Ph-
Li-Ph− (M = Na, K, Cs)58, and a crystalline complex with the suggested59 structure
of [Na(OEt2)]+, Ph-Li-Ph− was known58. Organolithium compounds are strong dipoles
which can form aggregates in solution60; for example, in coordinating solvents such as
ethers, they often present dimeric or tetrameric structures.

The presence of Lewis bases affects the reactivity of organolithium reagents in solution,
allowing noncovalently bonded auxiliaries to be used for asymmetric reactions61. To obtain
a rational design of such chiral additives, a detailed understanding of the thermodynamic
and kinetics of ligand exchange is necessary. However, the mechanism of this important
process is yet unclear. Hilmersson62 reported the fruitful combination of experimental and
computing methods (semiempirical PM3 and DFT B3LYP/6-31G*) to address this topic.
This author used calculated isotropic shielding constants (DFT B3PW9118,63/6-31G*) as
an additional source for correct assignment of NMR signals of organolithium compounds.
Calculations of isotropic shielding constants of 13C nuclei can provide additional sup-
port for assignment of a given structure, helping in the choice between closely related
structures. Calculation of chemical shifts can provide additional support to the correct
assignment. Gauge-invariant atomic orbital64 (GIAO) DFT calculations of the isotropic
shielding constants of 13C nuclei of various compounds have been reported. There are
many accurate calculations of 13C chemical shifts65.

Hilmersson reported several studies on 49 and its solvated and mixed complexes
with n-BuLi by various NMR spectroscopy methods (equation 13) 66. The geometries
of the structures (49)2ždee (dee = diethyl ether) and (49)2ž thf were optimized using
semiempirical PM3 methods. The distances between the lithium and the coordinating
oxygen of the ethereal ligands were 2.06 Å (dee) and 2.02 Å (thf). Single-point energy
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calculations of the relative solvation energies were performed at the B3LYP/6-31G(d)
level of theory for the process (49)2 + solvent ⇀↽ (49)2ž (solvent). Calculated solvation
energies for the equilibrium were �Esolv(dee) = −9.15 kcal mol−1 and �Esolv(thf) =
−10.94 kcal mol−1.
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O

N
Li

Li

solvent

O

N

O
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Li

Li

solvent

(49) dimer

(49) dimer complex
with solvent

+

(13)

The dissociation of dee solvent from (49)2ždee was modeled at the semiempirical PM3
level. The calculated Li–Odee distances go from 2.06 Å in the normal state of (49)2ždee to
3.119 Å in the corresponding transition state (50). Single-point energy calculations at the
B3LYP/6-31G(d)//PM3 level of theory gave an activation energy of 7.3 kcal mol−1, fairly
close to the experimentally determined activation enthalpy of 11.0 kcal mol−1. Similar
results were obtained for the dissociation the (49)2ž thf complex. The calculated activa-
tion energy of 9.5 kcal mol−1 was close to the 11.2 kcal mol−1 obtained by means of a
full bandshape analysis of the dynamic NMR spectra. Isotropic shielding values were
calculated by the GIAO method at the B3PW91/6-31G(d)//PM3 level of theory. The
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TABLE 7. Experimental (−90 ◦C) and calculateda 13C NMR chemical shifts for
selected carbon atoms of (49)2ždee and (49)2žthf

(49)2ždee (49)2žthf

Carbon atomb δexp δcalc δexp δcalc

2 77.8 c 78.4 c

6 27.1 29.4 27.2 29.7
3 57.6 55.4 57.5 55.9
5 61.8 64.4 61.0 64.9
1 64.4 67.7 64.8 68.1
4 147.4 142.0 147.3 143.0
7 153.7 148.0 153.4 147.1
Coordinated solvent (α-carbon) 60.0 60.5 68.4 69.2
Coordinated solvent (β-carbon) 11.9 13.1 24.5 25.9

a DFT-GIAO at the B3PW91/6-31G(d)//PM3 level of theory.
b The 13C NMR signals of the aromatic carbon atoms have not been fully assigned and are
therefore excluded.
c Reference for the 13C NMR spectrum.

corresponding chemical shifts are presented in Table 7. There is satisfactory agreement
between the experimental and the GIAO-DFT computational results and the largest dif-
ferences between experimental and calculated shifts were ±2 ppm: these results allowed
Hilmersson to propose that the GIAO-DFT method can become invaluable as an inde-
pendent parameter for resonance assignments of complicated structures and aggregates
involving organolithium compounds62.

Szczecinski and coworkers67 have recently performed 1H, 13C NMR and computational
DFT studies on the structure of 2-acylcyclohexane-1,3-diones and their lithium sodium
and potassium salt enolates (51a–c) in solution. Compound 51c (ntbc) is a life-saving
medicine applied in tyrosinemia type I68. The molecular structures of 51a–c in solutions
were obtained using DFT methods with B3LYP functional and 6-31G** and 6-311G(2d,p)
basis sets, while the theoretical values of the NMR parameters were calculated by the
GIAO-DFT B3LYP/6-311G(2d,p) method (see Table 8). The theoretical data67 for the
triketo compounds 51a–c supported the contention that the experimental NMR spectra
pointed to the endocyclic tautomer as the prevalent one in equilibrium. The differences in
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NMR spectra of the salts of 51a can be rationalized in terms of the size of the cation and
the degree of salt dissociation. It seems that in dmso solution the lithium salt exists mainly
as an ion pair stabilized by the chelation of a lithium cation with two oxygen atoms. The
free energy of activation for rotation of the formyl group for this salt was estimated to
be 12.3 kcal mol−1, suggesting that in these systems, including the free enolate ions, all
atoms directly bonded to the carbonyl carbons are on the same plane. Some observations
concerning the chemical shift changes could indicate strong solvation of the anion of 51a
by water molecules.

O
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O M
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O2N
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(51) (a) M = H, Li, Na, K, R = H
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CF3
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(c) M = H, R = 11

1213
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TABLE 8. Experimental and calculateda 13 C chemical shifts (ppm) for 51a–c in CDCl3 solution

Compound 51a Compound 51b Compound 51c

Carbon number δexp δcalc δexp δcalc δexp δcalc

1 195.1 194.4 193.9 192.7 194.1 192.7
2 113.8 112.1 112.8 111.4 112.7 111.5
3 195.6 196.8 195.6 197.3 195.8 197.4
4 31.2 30.8 31.8 32.3 31.6 31.9
5 19.3 20.5 19.1 20.2 19.1 20.1
6 36.5 36.5 37.5 37.2 37.3 36.6
7 191.3 191.8 197.7 198.4 196.3 196.7
8 136.6 138.9 139.7 141.8
9 145.5 144.8 145.5 144.9
10 123.6 123.7 121.1 122.8
11 129.6 127.1 132.0 130.8
12 134.1 135.0 130.8 131.0
13 126.7 125.2 127.7 125.3

a Theoretical absolute values of carbon atom shielding constants by the GIAO DFT B3LYP/6-311G(2d,p) PCM
method.
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B. UV Spectroscopy

Equation 14 shows the reaction of tetramethyl-1,3-cyclobutanedione (52) with with var-
ious organolithium compounds, opening the cyclobutanedione ring to give the correspond-
ing lithium β-diketonates (53a–d), which after aqueous work-up gave the corresponding
β-diketones (54a–d). Compounds 54a–c were the first known cases of a β-ketoacylsilane
or a β-ketoacylgermane69. The UV-visible spectra of the lithium enolates 53a–c exhibit
two new transitions: one absorption is ‘red’ shifted and the other is ‘blue’ shifted (each by
about 40–50 nm) relative to the absorptions of the corresponding β-ketoacylsilanes. Ab
initio (HF/6-31G*) molecular orbital calculations showed that the ‘red-shifted’ transitions
stem from a low-lying Rydberg-type antibonding O−Li orbital, while the ‘blue-shifted’
transition results from a weakening (due to Li+ complexation) of the destabilizing hyper-
conjugative interactions between the oxygen lone pair (nO) and the σC−Si orbital, which
leads to a lowering of the energy of the filled nO − σC−Si orbital relative to its energy in
the β-diketones, and thus to a higher (nO − σC−Si) → π(C-O)* excitation energy than in
the corresponding β-diketones.

O

O
R

O O

Li

R

O O

RLi

−78 °C, hexane

+H2O

(52) (53a–d)

(a) R = (Me3Si)3Si
(b) R = Et3Si
(c) R = Et3Ge
(d) R = Me

(54a–d)

(14)

C. IR Spectroscopy

Depending on the reaction conditions, n-BuLi may react as a base both with the reac-
tants and the solvent. Thus, it has been shown that the n-BuLi dimer reacts with thf
to give acetaldehyde lithium enolate (CH2=CHOLi). Castella-Ventura and coworkers70

applied the DFT approach at the B3LYP/6-31+G* level to determine the geometrical,
energetic and vibrational characteristics of the different aggregates of the acetaldehyde
lithium enolate involved in the cleavage of thf by n-BuLi. Calculations showed that two
types of anions may be distinguished in these aggregates, the O and π(CC)-Li bound
pyramidal structure (55) and the O-Li only bound linear structure (56). In parallel, IR
and FT-Raman spectroscopy allowed one to determine the vibrational properties of the
different enolate aggregates and to specify the mechanism of the thf cleavage. The very
good agreement between theory and experiment concerning the wavenumbers and the IR
intensities allowed one to characterize the structures of the different enolate aggregates.

(55) (56)

O

Li
Li

O

The mechanism of the addition of HLi, CH3Li and their dimers to aldehydes (formalde-
hyde, acetaldehyde) has been studied by ab initio methods71,72. For the thf cleavage,
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Castella-Ventura and coworkers70 proposed a similar mechanism (see equations 15–17).
The dimer of n-BuLi was solvated by four thf molecules (57). The oxygen lone pairs of
each thf species were coordinated to the Li cations in a plane perpendicular to the COC
group. The O−Li bond of one thf molecule rotates in this plane in order to allow the
interaction of thf with the butyl carbon bound to the Li cation72 and the cleavage of the
C−Li bond to form an open dimer71. Then, the abstraction from the thf molecule of an
α-hydrogen followed by a cycloreversion mechanism73 leads to an ethylene molecule and
a butane molecule. The acetaldehyde enolate anion in the CH2CHOLi mixed aggregate
with n-BuLi (58) (equation 15) probably interacts by its oxygen atom bound to the two
lithium cations. Its structure corresponds to a linear enolate anion. Mixed aggregate 58
was characterized by the 1612 cm−1 Raman band, and their larger stability was confirmed
by ab initio calculations74. In pure thf or in the presence of only small amounts of hexane,
a second thf molecule reacts and gives rise to the trans linear–linear enolate dimer 59
(equation 16), the formation of which was associated to the appearance of the 1619 cm−1

Raman and the 1608 cm−1 IR bands. As the concentration of 59 increases, it dimerizes
with desolvation (equation 17) forming tetramers (60), where each oxygen atom in the
enolate anions coordinates with up to three Li+ cations. The tetramers were characterized
by the 1624 cm−1 Raman band and the shoulder around 1616 cm−1 in the IR spectrum.
Hence, it is not surprising that the concentration of 59 goes through a maximum before
decreasing due to the formation of the more stable 6075.

H2C
Li

CH2

Li
C3H7 C3H7 O

Li
CH2

Li
HC C3H7

H2C

C2H4 C4H10

(57) (58)

thf thf thf thf

thfthfthfthf

thf
+ + (15)

O
Li

O
Li

HC

H2C

CH

CH2

C2H4 C4H10

(58)

thfthf

thf thf

thf

thf thf

thf

thf

O
Li

CH2

Li
HC C3H7

H2C

(59)

+ +
(16)

O

Li
Li

Li

O
O

O

Li

H
C

HC

CH

C
H

CH2

H2C

CH2

H2C
2 4 thf

(59) (60)

thf thf

thf thf

thf
thf

thf

thf

O
Li

O
Li

HC

H2C

CH
CH2

+
(17)

The adsorption of acetone on the surface of group 10 hydrogenation catalysts provides
a basic model system to study the adsorption and reaction of ketones. The insight provided
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by modeling can be used as a starting point for determining the most likely mechanism of
the reactive traits related to stereo- and regioselectivity in molecules containing more than
one multiple bond. Recently, Willock and coworkers76 presented a periodic DFT calcula-
tion with the generalized gradient approximation77 (GGA-DFT) for adsorption modes of
acetone on the (111) surface of Pt, in various orientations and in three possible isomeric
forms. In the gas phase, the ketone was considerably more stable than the enol or enolate,
thus any adsorption process will begin with the ketone interacting with the surface. The
keto isomer was found to be around 4.5 kcal mol−1 more strongly adsorbed in an end-on,
η1(O)configuration (61) than the alternative µ2(C2,O) adsorption parallel to the surface
(62). This energy difference is caused by the steric interaction between the methyl groups
and the surface and so is likely to be common to any substituted ketone adsorbed parallel
to the surface. The agreement between the calculated vibrational modes of 61 and experi-
mental electron energy loss spectroscopy (EELS) data was satisfactory for all the studied
skeletal modes of the molecule. Configuration 62 has a considerably longer C−O bond
than the gas phase ketone, with a correspondingly lowered C−O stretch frequency. This
makes it unlikely that the second species identified in the surface spectroscopy experi-
ments was a ketone adsorbed parallel to the surface. In addition, experimental thermal
desorption spectra data suggested that this second species is more strongly bound than
61, which was not supported by their or earlier calculations. Willock and coworkers76

concluded that the most likely explanation for the second species observed in the experi-
ments for acetone adsorbed on a Pt(111) surface has the enolate structure 63. This would
mean that deprotonation of acetone can take place on the clean Pt surface even at low
temperatures. This explanation seems reasonable since similar species have recently been
observed on the (111) surface of Ni78.

O

(61)

O

(62)

O

(63)

IV. REACTIVITY OF THE METAL ENOLATES
A. Metalation Reactions

During the last four decades, lithium dialkylamide bases have been the most employed
reagents for the formation of lithium enolates and related stabilized carbanions. A plethora
of empirical observations have been the basis of frequent mechanistic debates on these
types of formation processes. In 1990 Collum and coworkers79 initiated investigations of
the structures and reactivities of lithium dialkylamides in order to establish the lithium
dialkylamide structure–reactivity relationships underlying their role as strong Bronsted
bases. More recently, they began to employ semiempirical MNDO methods to study a
number of issues that could not be adequately addressed by spectroscopic and kinetic
works. In 1995 Romesberg and Collum80 studied the metalation mediated by the lithium
amide dimmer (64) of carbonyl compounds such as acetaldehyde, acetone and pinacolone
(AcBu-t), leading to complexes with the amide monomer (65) or with the amide open
dimer (66), applying semiempirical MNDO methods (see equations 18 and 19).
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The role of lithium amide, solvent and substrate substituents on the absolute and rela-
tive stabilities of the monomeric and open dimeric transition 67, the six-membered ring,
bears little resemblance to standard cyclohexane conformation. The ring of the unhin-
dered LiNH2/acetaldehyde/H2O transition structure displayed a puckering arrangement
along the axis between the lithium and the acidic carbon that was unique to the minimally
substituted system. The puckered structure resembled the unsolvated LiNH2/acetaldehyde
structure calculated with the ab initio method by McKee81. Inclusion of alkyl groups on
the lithium amide, substrate and solvent fragments caused flattening of the ring to near
planarity for lda-based transition structures (lda = lithium diisopropylamide) solvated by
the bulkier ethereal and amine solvents, for example in the case of 67, derived from pina-
colone and solvated with thf. Both C−O and C−C bond lengths differ only slightly from
those observed in the starting carbonyl substrates. The open dimeric transition structure
68 shared several geometrical characteristics with other open dimeric ground states82 and
bear little semblance to the standard carbocyclic eight-membered ring83. The ring forms
a smooth loop and the lone-pair-bearing nitrogen is close to the acidic proton. The fun-
damental geometry of the eight-membered ring varied only marginally with changes in
the lithium amide, substrate or solvent. The lithium amide N-alkyl groups showed some
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rotation away from being coplanar, presumably to avoid steric interactions. The two alkyl
substituents of the ketone substrate were generally free of spatial interactions with the
remainder of the transition structure. In the more hindered lda case, the solvent was
located away from the bulky N-alkyl groups. The relatively uncongested region about
the carbonyl oxygen allowed conformational relaxation to both the solvent and ketone
substituents. In general, relief of the high steric demands inherent to the disolvated cyclic
dimer reactant (64) upon proceeding to the transition states was the dominant factor
determining the values of the activation enthalpies. The results shed light on a num-
ber of issues central to lithium-amide-mediated metalations, such as: (i) the syn effect
observed in imine metalations, (ii) E/Z ketone enolization selectivities, (iii) the dramati-
cally reduced kinetic acidities of imines relative to ketones and (iv) the role of the chelate
effect in ligand-assisted imine metalations.

Calculated values of activation enthalpies for ketone enolizations via monomeric and
open dimeric transition structures are listed in Table 9. Analysis of the results points out
that increasing the lithium amide bulk reduces the activation enthalpies. This behavior
was consistent with the notion that relief of the high steric congestion in the lithium amide
dimers upon proceeding to the transition structure imparts the dialkylamide bases with
their high reactivity. Comparison of the activation enthalpies between acetone (AcMe)
and pinacolone (AcBu-t) indicates that the steric demands of the substrate bulk are not
important, a behavior prevalent with monomeric enolization transition structures that are
not very sterically congested. Solvent perturbations showed a significant influence on
the calculated barriers, with predicted metalation rates following the order: NMe3 >
hmpa > thf ≈ Me2O > H2O. Within this series Romesberg and Collum80 found an
interesting result: monomer-based metalations are predicted to be slower for thf than
for either the weakly coordinating NMe3 or strongly coordinating hmpa. NMe3 and
hmpa are both sterically demanding, yet have very different affinities for lithium ion;
hmpa imparts stabilization to the transition state that is greater than in the ground state.
In contrast, NMe3 was destabilizing in the ground state, yet less so in the transition
state. This is a recurrence of the following principle: the high reactivities of hindered
lithium dialkylamides stem from relief of steric demands. The open dimer-based eno-
lizations showed an enhanced sensitivity to amide steric bulk relative to the monomer
cases. The barriers were predicted to increase marginally with the increased ketone bulk

TABLE 9. Enthalpies of activation (�H �=) for cyclic monomeric- and open
dimeric-based transition structures (65 and 66) of ketone metalation

Amide/substrate/solvent �H
�=
monomeric �H

�=
open dimeric ��H �=a

LiNH2/AcH/H2O 34.5 35.2 0.7
LiNMe2/AcMe/H2O 37.8 39.7 1.9
LiNMe2/AcMe/Me2O 37.2 35.7 −1.5
lda/AcMe/H2O 34.2 34.2 0.0
lda/AcMe/Me2O 31.8 24.8 −7.0
lda/AcMe/thf 31.8 25.4 −6.4
lda/AcMe/NMe3 26.6 14.7 −11.9
lda/AcMe/hmpa 27.4 23.4 −4.0
lda/AcBu-t /H2O 34.8 36.9 2.1
lda/AcBu-t /Me2O 32.2 27.7 −4.5
lda/AcBu-t /thf 32.4 28.1 −4.3
lda/AcBu-t /NMe3 27.4 18.4 −9.0
lda/AcBu-t /hmpa 28.2 26.9 −1.3

a ��H �= = �H
�=
open dimeric − �H

�=
monomeric.
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(pinacolone vs. acetone) for the ethereal solvents, but increase markedly with substrate
bulk for the NMe3 solvation where destabilizing solvent–substrate interactions become
substantial. The open dimer-based enolization pathways were predicted to display the
same solvent-dependent rates as the monomer-based pathways. The open dimeric tran-
sition structures (66) were found to be more strongly stabilized by solvation than the
dimeric lda reactant (64, R = i-Pr), yet less dramatically than for the monomeric tran-
sition structures (65). Structures 66 appeared to be more sterically demanding than 65.
The increased bulk of pinacolone was destabilizing for bulky solvents. However, the
desolvation accompanying the open dimer-based metalations magnified the accelerat-
ing effects of the weakly coordinating NMe3 ligands, yet attenuated the acceleration
by hmpa.

B. Enolization and Tautomerization Reactions

Several studies have demonstrated the formation of the less stable E enolate under
kinetic control rather than the more stable Z enolate. Mixed aggregate formation between
alkyllithiums and lithium iodide was reported in 1968 by McKeever and coworkers84,
while Collum and coworkers85 demonstrated a remarkably high E/Z selectivity of 3-
pentanone enolization by lithium tetramethylpiperidide (Litmp) in the presence of lithium
halides in very dilute solutions, although this selectivity decreased with increasing concen-
tration. This high selectivity was attributed to the formation of various mixed aggregates86,
the synthetic importance of which was reported by Corey and Gross87 in a study of enoliza-
tion reactions in the presence of chlorotrimethylsilane, which generates lithium chloride
during the course of the reaction. Although the mixed aggregate formation was not yet
known, it was noted that the E/Z enolate selectivity was dependent upon the lithium
dialkylamide which was used. Litmp was also shown to form a 1:1 mixed aggregate with
ethyllithium and phenyllithium. The 7Li and 15N NMR spectra were consistent with either
a cyclic mixed dimer (69) or an open mixed dimer (70). Semiempirical molecular orbital
calculations showed that both mixed dimers are minima on the potential energy surface.
Regardless of the actual structure of the major species, the reactive aggregate could be
either a spectroscopically unobservable minor species or a small amount of the Litmp in
equilibrium with the mixed dimer.
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The stereoselective enolization of 3-pentanone by LiTMP mixed aggregates with butyl-
lithium was studied by Pratt and coworkers88. The mixed aggregate resulted in a slightly
higher stereoselectivity, which increased with decreasing amount of the lithium base.
Semiempirical PM3 calculations were used in an attempt to determine the mechanism
of ketone deprotonation by the mixed aggregate. Equations 20 and 21 show two alterna-
tive mechanisms for the formation of lithium acetone enolate in thf solution, involving
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either the cyclic mixed dimmer (71) of lithium dimethylamide (Lidma) and ethyllithium
or its open form (74). Formation of intermediate complexes (72 or 75) of acetone with
the mixed dimers is assumed, which pass through a transition state (73 or 76) of ketone
deprotonation by ethyllithium acting as a strong Lewis base. The activation enthalpies
were calculated at various levels of refinement, as shown in Table 10, and in all cases
there was a large energy difference in favor of transition structure 76, derived from the
open mixed dimer, over transition structure 73, derived from the cyclic mixed dimmer.
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TABLE 10. Calculated activation energies (in kcal mol−1) for acetone deprotona-
tion by the cyclic and open mixed dimer mechanisms (equations 20 and 21)

Transition state Calculation method

PM3 HF/3-21G HF/6-31G*//HF/3-21G

Mixed cyclic dimer (73) 15.2 18.4 25.2
Mixed open dimer (76) 3.0 10.6 16.7

Mechanisms involving both the mixed cyclic (equation 20) and open dimers (equ-
ation 21) were considered. Activation enthalpies were calculated for the acetone enolate
formation from the ethyllithium-lithium dimethylamide (LiDMA) cyclic and open dimers.
For comparison purposes, the semiempirical PM3 geometries were reoptimized by using
the HF/3-21G method, and single point energies were calculated at the HF/6-31G*//HF/3-
21G level. The results are shown in Table 10. The large difference in calculated energy
values indicates that the mixed open dimer pathway via the transition structure 76 is
favored over the mixed cyclic dimer mechanism along the transition structure 73.

Calculations were performed on the deprotonation of 3-pentanone by the mixed open
dimers of ethyllithium with both Lidma and Litmp systems. In both cases, the transition
structures leading to the E enolate were favored over the Z enolate formation. For com-
parison purposes, calculations were also performed on the ground and transition states
for the deprotonation of 3-pentanone by the open dimer of Litmp82,86. In the case of the
Lidma mixed aggregate, the calculated activation enthalpies for the formation of the E
and Z enolates were 2.95 and 3.89 kcal mol−1, respectively, while a theoretical E/Z ratio
of 11.7 was found at −78 ◦C. With the Litmp mixed aggregate the calculated activation
enthalpies were 3.09 and 4.40 kcal mol−1 for the E and Z enolates, respectively, and the
theoretical E/Z ratio was 27.9. For the Litmp open dimer (without mixed aggregation), the
calculated activation enthalpy for the E enolate formation was only 1.11 kcal mol−1, com-
pared to 5.16 kcal mol−1 for the Z enolate. These calculations predicted an E/Z ratio of
3.29 × 104, which was much larger than the highest E/Z ratio reported for Litmp in very
dilute solutions86. From the results obtained using these semiempirical and ab initio cal-
culations, Pratt and coworkers88 showed that the most likely mechanism involves a mixed
open dimer as either the ground state or a reactive intermediate, and that the reaction pro-
ceeds through an open dimer-like transition state. Calculations on the transition structures
were consistent with the observed stereoselectivity, and indicated that this selectivity can
be associated to greater steric hindrance in the transition state leading to the Z enolate.

2-Acylaryl complexes of Ni and Pd containing chelating diphosphines react with KOBu-
t to give metallacyclic enolate complexes. While C-coordination is preferred in the case
of Pd, the nickel O-enolate compounds are formed from the corresponding O-tautomers.
Slow equilibration between O- and C-enolate tautomers has been observed for the nickel
complex with an unsubstituted enolate function (M−O−C=CH2). To provide theoretical
support to the proposed molecular mechanism for the exchange between the tautomeric
enolate forms as well as to gain a better understanding of the properties of these complexes,
Cámpora and coworkers89 performed the DFT calculations summarized in Table 11, using
the BP86 functional and the numerical basis set DN*. As expected, the C-tautomeric
form was strongly favored for Pd. For Ni, the C-enolate was favored by only about
2 kcal mol−1. The presence of alkyl substituents on the P atoms of the phosphine ligand
does not significantly change the energy balance, although there seems to be a tendency to
favor the O-enolate form when electron-donor alkyl groups replace the hydrogen atoms.
Since the energy calculations did not take into account solvation effects, they concluded
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TABLE 11. Calculated energy differences and barriers for the tautomerization of
divalent metal enolates shown in equation 22

(a) (b) (c) (d)
Energy items M = Ni Pd Ni Ni
(kcal mol−1) R = H H Me i-Pr

�E = E(79) − E(77) 2.07 7.23 2.11 0.03
�E �= = E(78) − E(77) 25.2 — 25.4 25.4

that the calculations reasonably reproduce the thermoneutral character of the equilibrium
between the two tautomeric Ni enolates.
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(77) (a–d) O-enolate (78) (a–d) TS (79) (a–d) C-enolate

(22)

The experimental data suggested that for the Ni derivatives the equilibration of the
tautomers could involve an intermediate η3-enolate species. Accordingly, Cámpora and
coworkers89 located a transition structure (80) in which the Ni atom is interacting. simul-
taneously with the C and O atoms of the enolate fragment. The O−C−CH2 unit was
approximately perpendicular to the coordination plane (93.3◦), allowing a π-interaction
with the Ni atom. The lengths of the the Ni−O and Ni−C bonds suggested that the
interaction was not symmetrical, and can be considered closer to η2-C=O than a η3-
pseudoallylic interaction. The energy difference between 80 and the O−Ni enolate, ca
25.2 kcal mol−1 (see entry a in Table 11), is very similar to the experimental value
�G �= = 25.3 kcal mol−1, although it was somewhat higher than the activation enthalpy,
�H �= = 18.5 kcal mol−1. Introduction of Me or i-Pr substituents into the diphosphine did
not alter significantly the relative energy of the corresponding transition states. Therefore,
the origin of the relatively high barrier to the tautomeric exchange is not steric hindrance
caused by the diphosphine ligand, but distortion of the metallacyclic ring during the course
of the process. The aryl−CO bond has to bend noticeably (it is nearly perpendicular to the
aromatic ring), in order to maintain the M–enolate interaction. No such restriction exists
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in open chain enolates, where the interconversion is more easy. The presence of bulky
substituents on the diphosphine ligand seems to have a small influence on the equilibrium
constant or the exchange rate between the two tautomers.

C. Alquilation Reactions

Considerable attention was given to the stereochemistry for the alkylation of metal
enolates of γ -butyrolactones90,91 during the past 1980’s decade. It is well recognized that
electrophilic attack on the enolates of β-substituted γ -butyrolactones is controlled exclu-
sively by the β-substituent leading to the trans addition products92. However, Iwasaki
and coworkers93 reported the reverse diastereofacial differentiation in the alkylation of the
enolates of α,β-dibenzyl-γ -butyrolactones. These authors proposed that the factor con-
trolling the selectivity in this case was allylic strain. Also, γ -substituted γ -lactones give
stereoselective trans alkylation94.

Pellissier and coworkers95 studied the diastereoselective alkylation of the (±)-spiro-γ -
lactones 81 and 82, which are involved in steroid synthesis. Alkylation of enolate 83 with
iodobenzocyclobutene led to only one stereoisomer whose structure was confirmed by
X-ray crystal diffraction analysis of the resulting steroid. With the aim of understanding
the origin of the diastereofacial selectivity, Pellissier, Michellys and Santelli performed ab
initio calculations to determine the preferred geometry of the enol 84 and consequently
the probable attack mode of the corresponding electrophilic reagent96. The HF/4-31G
optimized geometry of 84 showed that both diastereotopic faces of the enolate (83) are
accessible. However, if the angle of attack of about 80◦ to the plane of 83 occurs, combined
with a displacement of the electrophile trajectory away from the oxygen linked to lithium,
the face containing the vinyl group anti to the lactone ring-oxygen is favored as depicted
in structure 83′. In contrast, attack on the face with the vinyl group syn to the lactone
ring oxygen should be preferred with an approach along an obtuse angle. HF/STO-3G
calculations were performed on enolate 85, where the lithium ion was encapsulated by
three molecules of water as ligands96. Calculations indicated that the HOMO coefficient
at O(1), −0.565, lies lower than that at O(2), −0.198. As depicted in transition structure
86, the out-of-phase overlap between the σ*-LUMO of the electrophile and the more
contributing oxygen in the HOMO (secondary orbital interaction) pushes the electrophile
closer to the cyclopentane ring and increases the π-facial selectivity for acute angles of
approach.

The diastereoselectivity associated to the alkylation process of the dianion 88 derived
from N ,N-bis(1(R)-phenylethyl)-3-(benzyloxycarbonylamino)propionamide (87) was
studied by Juaristi and coworkers97 (equation 23). Treatment of (R,R)-88 with various
alkyl halides afforded the monoalkylated product (89) in 24–85% yield and 65–86%
diastereoselectivity. Addition of LiCl or hmpa improved the reaction yields but had only
a negligible effect on the diastereoselectivity of the alkylation reaction. They performed
molecular modeling studies by means of semiempirical PM3 and ab initio (HF/3-21G) and
DFT (B3LYP/3-21+G(d)) calculations, to rationalize the observed stereoinduction by the
chiral bis(1(R)-phenylethyl)amino group in dianion (R,R)-88. A ‘folded’ conformation
in the β-aminopropionic segment of monoanion was even more strongly favored. Indeed,
compound 90, involving a six-membered chelate N−Li−O structure, was estimated to
be 22.3 kcal mol−1 more stable than the extended conformer 91. Conformer 90 was also
stabilized by π –π attraction98. Finally, (R,R)-88 could be folded into the lowest-energy
structure 92. Most interestingly, the ion triplet configuration99 of the dilithium salt 92
was estimated to be a remarkable 33.8 kcal mol−1 lower in energy than enolate 93. From
observation of the calculated lowest-energy conformation for (R,R)- 88 it can be appre-
ciated that enolate face Si is less hindered towards electrophilic approach (syn to methyl
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vis-a-vis phenyl groups on the α-phenethyl moieties) relative to the Re face, which is syn
to the phenyl rings. Indeed, predicted addition of the electrophile on the Si face should
lead to the preferred formation of the experimentally observed (S)-stereogenic center.

N N Ph
Cbz

H

O

Ph

CH3

N N Ph
Cbz

Li

OLi

Ph

CH3

N N Ph
Cbz

H Ph

CH3

R

(87) (R,R) (88) (R,R)

1. RX, −78 °C

2. H3O+

2.2 equiv lda/thf 
2.2 equiv n-BuLi

(89) C-alkylation

−78 °C

CH3 CH3

O

CH3

(23)



36 Luis R. Domingo and Juan Andrés

O

O

N

Li
O N

CH3
H

H
CH3

Ph

Ph O

O

N

Li

O

N

CH3

Ph

H

H
CH3

Ph

Ph O

O

N

Li

O

Li

N

CH3

Ph

H

H3C
PhH

Ph O

O

N

Li

O
Li

N

Ph CH3

H

H
CH3

Ph

(90) (π-π attraction and N–Li–O bond) (91) (four-membered N–Li–O ring)

(92) (93)

Fujii and coworkers examined the organocopper-mediated reduction–alkylation of γ -
acetoxy or α,β-unsaturated γ ,γ -difluoro-δ-lactams for the synthesis of (Z)-alkene- or (E)-
fluoroalkene-containing diketopiperazine mimetics100. Reduction of acetates 94a, 94b and
95 and difluorolactam 96 (equation 24) with higher-order cuprate reagents (Me3CuLi2žLiIž
3LiBr), followed by trapping the resulting metal dienolate with an electrophile in a one-pot
procedure, gave α-alkylated-β,γ -unsaturated-δ-lactams in good yields. Because of side-
chain steric repulsion, they found that alkylation using relatively large electrophiles such
as BnBr gave mostly 3,6-trans isomers (97) by kinetic trapping of metal enolates. On
the other hand, MeI-mediated alkylations predominantly provided the unexpected 3,6-cis
isomers (98) despite the presence of a bulky benzyl side chain.
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To determine whether the metal dienolate (Cu or Li enolate) played a critical role
in the reaction mechanism, Fujii and coworkers100 examined the alkylation of the Li
dienolate (equation 25). Deprotonation of 99a and 99b with lda was followed by elec-
trophilic trapping of the Li dienolate with MeI or BnBr101. In these reactions, similar trends
to those in the organocopper-mediated reduction–alkylation sequence (see equation 26)
were observed, where methylation proceeded with high cis selectivity (100a and 100b),
while benzylation gave predominantly trans isomers (100c and 100d). It was therefore
concluded100 that diastereoselectivity in the organocopper-mediated reduction–alkylation
was determined at the alkylation step of the metal dienolate (Cu or Li). Additionally,
because essentially no differences were observed in the alkylation diastereoselectivity
between Li and putative Cu dienolates, they performed DFT (B3LYP/6-31G(d)) calcu-
lations on the lithium dienolates to probe the mechanism leading to diastereoselectivity.
Reactions of the lithium dienolates from lactam 99a and fluorolactam 99b with MeBr
were chosen as model systems. First, they examined local energy minima structures of
lithium dienolates from lactam 99a. As a result, two oxa-π-allyllithium complexes 101a
and 102a were optimized as local minima. It was found that oxa-π-allyllithium com-
plexes 101a and 102b, having the lithium cation on the same face of the benzyl side
chain, were significantly more stable as compared to the complexes having the lithium
cation on the opposite face of the benzyl group (102a and 102b), respectively (energy
difference: Y = H, 7.76 kcal mol−1; Y = F, 6.78 kcal mol−1). Calculated charge distribu-
tions of the lithium atoms were estimated as follows: 101a (+0.26e) vs. 102a (+0.38e)
and 101b (+0.27e) vs. 102b (+0.39e), suggesting that the lithium cation interacts with
the π-electrons of the phenyl ring.
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Fujii and coworkers carried out DFT calculations on the complexes 101 and 102 fur-
ther coordinated with MeBr to give 103 and 104100. Local minima for these structures
were found and the relative energies were calculated at the B3LYP/6-31G(d) level. The
relative energies of complexes 103a and 103b, which were derived from the stable oxa-
π-allyllithium complexes 101a and 101b, were lower than those of complexes 104a and
104b (energy difference: Y = H, 4.27 kcal mol−1; Y = F, 3.30 kcal mol−1). From these
results they derived a plausible explanation for the observed diastereoselectivity in the
organocopper mediated reduction–alkylation system. After reduction of the lactams 94a
and 96 with Me3CuLi2žLiIž3LiBr, the thermodynamically stable oxa-π-allylmetal complex
105 exists as the preferred reaction intermediate. The coordination of MeI with 105 gives
complex 107, which is a precursor intermediate of the 3,6-cis isomers. Such a reactive
channel proceeds via thermodynamically more stable intermediates 105 and 107 leading
to the 3,6-cis isomers, rather than the reactive channel via the more energetic interme-
diates 106 and 108 leading to the 3,6-trans isomers. This reaction pathway is preferable
over alternative routes in the reaction of the resulting metal dienolate with MeI or D2O.
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In contrast, the approach of bulky alkyl halides from the same side of the benzyl side
chain would be difficult due to steric repulsion. Then, DFT calculations of complexes
coordinated with i-PrBr were performed and the results implied that complex derived from
the π-allyllithium intermediate 101a was thermodynamically more stable than complex
derived from 102a100. However, the subsequent alkylation step might be disturbed by
steric hindrance of the i-Pr group, implying that electrophilic trapping with bulky alkyl
halides such as i-Pr could be controlled in the final step of the alkylation to yield the
3,6-trans isomer as the main product.

Recent studies have suggested that coordination with a lithium cation may be respon-
sible for the stereochemical outcome in Meyers-type enolate alkylations102,103. In fact,
the hypothesis that the diastereofacial selectivity observed in these reactions might result
from specific interactions with a solvated lithium cation was already proposed in 1990104.
Nevertheless, the potential influence exerted by solvation and lithium cation coordination
was not supported by a series of experimental results reported by Romo and Meyers105,
who stated that ‘it would appear that neither the aggregation state of the enolate nor the
coordination sphere about lithium plays a major role in the observed selectivity’. This
contention is further supported by recent theoretical studies of Ando106, who carried out
a detailed analysis of the potential influence of solvated lithium cation on the stereose-
lective alkylation of enolates of γ -butyrolactones. The results showed conclusively that
complexation with lithium cation had a negligible effect on the relative stability of the
transition states leading to exo and endo addition. The stereochemical outcome in the
alkylation of γ -butyrolactones is determined by the different torsional strain in the endo
and exo TSs.

Bosch, Luque and coworkers107 studied the influence of the lithium cation coordination
on diastereoselective alkylation of enolates of oxazolopiperidone 109 (see equation 27).
The TSs corresponding to the addition of methyl chloride to the enolate of 109 coordinated
to a lithium cation solvated by two thf molecules were determined at the B3LYP/6-
31+G(d) level. The length of the C−C forming bond in the solvated exo TS (110,
2.371 Å) was 0.021 Å shorter than that in the endo TS (111, 2.350 Å), which agrees
with the geometrical difference found from B3LYP/6-31+G(d) geometry optimizations
for the attack of methyl chloride to the enolate of 109 (0.031 Å). Moreover, the inter-
molecular H· · · ·H distance between the hydrogen atoms bonded at the enolate Cγ atom
and the incoming methyl group amounts to 2.392 Å, as compared to the H· · · ·H distance
of 2.339 Å found in the absence of the solvated lithium cation. Finally, the endo TS
111 was destabilized by 1.2 kcal mol−1 relative to the exo TS 110, as compared to the
1.7 kcal mol−1 destabilization for the attack of methyl chloride to the enolate of 109.
The relative stability of the two TSs was indeed little affected upon addition of the free
energies of solvation, as determined from SCRF calculations in carbon tetrachloride, chlo-
roform, octanol and water solvents. Therefore, these findings suggested that coordination
of a solvated lithium cation to the enolate does not play a crucial role in modulating the
stereochemical outcome of the reaction.
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Recently, Pratt and coworkers108 calculated the gas-phase activation energies for three
reactions of lithium acetaldehyde enolate, namely the aldol reaction (equation 28), pro-
ton transfer (equation 29) and a bimolecular nucleophilic substitution (equation 30). The
purpose of this study was to determine which levels of theory can be used to obtain
accurate activation energies in the gas-phase using Hartree–Fock, DFT and MP2 meth-
ods. Although organolithium compounds are generally used in solution, solvation is a
complex issue and was not treated in this study. Rather, they focused on obtaining one
or more acceptable gas-phase methods that would be suitable to be used in conjunction
with solvent models in the future. This comparative study showed that the MP2 calcu-
lated activation barriers were generally in qualitative agreement with those calculated by
using the MP4 or QCISD methods. In contrast, the DFT calculations carried out using
B3LYP, MPW1PW91, MPW1K, MPW1B95 and MPW1BK functionals gave erratic acti-
vation barriers. Nevertheless, when the energy barriers of transition structures were in
reasonable agreement with MP2 estimates, the lengths of the forming or breaking bonds
were generally also in good agreement.
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Good energy estimates could be obtained from single-point MP2//B3LYP calculations,
as shown in Table 12, where the values for the barrier heights agree within 1 kcal mol−1,
except for the aldol reaction (equation 28), for which the results differed by about 1.8 kcal
mol−1. Geometry optimization at the MP2 level renders acceptable results, but it is a
very computationally demanding task for large molecules, especially those where solvent
ligands are included in the model systems to be optimized. Thus, Pratt and coworkers
concluded that a transition structure can be located and characterized by means of the
B3LYP method, while a reasonable estimation of lithium enolate activation barriers in the
gas phase can be obtained by single point calculations at the MP2//B3LYP level.

D. Addition Reactions

1. Lithium enolates

The carbonyl-carbon kinetic isotope effect (KIE) and the substituent effects for the
reaction of lithium pinacolone enolate (112) with benzaldehyde (equation 31) were ana-
lyzed by Yamataka, Mishima and coworkers109 and the results were compared with those
for other lithium reagents such as MeLi, PhLi and AllLi. Ab initio (HF/6-31+G*) calcu-
lations were carried out to estimate the equilibrium isotope effect (EIE) on the addition
to benzaldehyde. In general, a carbonyl addition reaction (equation 32) proceeds by way
of either a direct one-step polar nucleophilic attack (PL) or a two-step process involving
electron transfer (ET) and a radical ion intermediate. The carbonyl-carbon KIE was of
primary nature for the PL or the radical coupling (RC) rate-determining ET mechanism,
while it was considered to be less important for the ET rate-determining mechanism.
The reaction of 112 with benzaldehyde gave a small positive KIE (12k/13k = 1.019),
which is larger than the theoretical EIE (12k/13k = 1.006). Thus, there is a reaction-
coordinate contribution to the observed KIE. This was in sharp contrast to the absence of

TABLE 12. Comparison of �E �= and �G�= calculated at two levels of theory, for intermediates
derived from the lithium enolates of acetaldehyde in three reactions carried out at 298.15 K

�E �= (kcal mol−1) �G�= (kcal mol−1)

Equation Intermediate Level 1a Level 2b Level 1a Level 2b

27 (aldol) monomer 0.46 4.91 2.24 6.69
27 (aldol) dimer 6.72 11.0 5.78 10.0
28 (proton transfer) monomer 8.62 5.48 8.64 5.50
28 (proton transfer) dimer 17.8 13.5 18.1 13.8
29 (SN 2) monomer 26.4 29.3 26.9 29.8
29 (SN 2) dimer 24.3 27.0 23.9 26.7

a Single-point calculations at the MP2//B3LYP level of theory.
b Calculations at the MP2/6-31+G(d) and MP2/6-31+G(d)//B3LYP/6-31+G(d) level of theory.
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KIE (12k/14k = 1.000) measured previously for the MeLi addition. Dehalogenation and
enone-isomerization probe experiments showed no evidence for a single electron transfer
to occur during the course of the reaction. The primary carbonyl-carbon KIE together
with the substituent effect and chemical probe experiments led to the conclusion that
equation 31 proceeds via the polar mechanism.
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The mixed Tishchenko reaction involves the reaction of the aldol product 113 from one
aldehyde with another aldehyde having no α-hydrogens to yield an ester110. The products
were proposed to be formed through an aldol step (equation 33), followed by addition
of another aldehyde (equation 34) and an intramolecular hydride transfer (equation 35).
However, several aspects of this mechanism need to be clarified. As part of the continu-
ing mechanistic studies carried out by Streitwieser and coworkers on reactions of alkali
enolates111, it was found that the aldol–Tishchenko reaction between certain lithium eno-
lates and benzaldehyde proceeded cleanly in thf at room temperature112. Reaction of the
lithium enolate of isobutyrophenone (Liibp) with 1 equiv of benzaldehyde in thf at −65 ◦C
affords a convenient route to the normal aldol product 113 (R = R′′ = Ph, R′ = Me). At
room temperature, however, the only product observed after acid workup was the diol-
monoester 116, apparently derived from the corresponding lithium ester alcoholate (115,
R = R′′ = Ph, R′ = Me), which was quantitatively transformed into 116 after quenching.
As found in other systems113, only the anti diol-monoester diastereomer was formed.
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Although the energetics obtained from ab initio calculations on a model system consist-
ing of unsolvated formaldehyde and the lithium enolate of acetaldehyde (Lien) (R = Me,
R′ = H, in equation 33) as the reacting species is inadequate for describing the energetics
of the real reactions in solution, the computed isotope effects should still be useful, since
they often are rather insensitive to solvent and substituent effects. The computed reaction
barriers, energies as well as the isotope effects of the optimized geometries for equilib-
rium (117, 113) and transition structures (118, 120 and 121) for the sequence of reactions
in equations 33 to 35, are given in Table 13. The computed isotope effects derived only
from the zero point energy (ZPE) effects were in excellent agreement with experiment112.
In particular, the calculated EIE, KH/KD = 0.65, for addition to the carbonyl group of
formaldehyde compares well with the experimental value of 0.74. The computed isotope
effect for the rate-determining hydride transfer was normal and substantial, 3.22, in good
agreement with the experimental value of 2.9. This agreement indicates that the model
system was reasonable, that the proposed reaction mechanism was correct and especially
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TABLE 13. Computed reaction and activation energies (kcal mol−1) and corresponding kinetic
(KIE) and equilibrium (EIE) isotope effects a reaction sequence between lithium acetaldehyde enolate
(Lien) and formaldehyde

Reaction �Ea �ZPEb ��ZPEc Isotope effectd

LiEn + CH2O ⇀↽ 117 (complex-1) −18.4 1.625 0.122 EIEcomplex-1 = 0.92

LiEn + CH2O → 118 (TS1) −12.2 2.379 0.225 KIE1 = 0.84

LiEn + CH2O ⇀↽ 119 −26.8 4.138 0.256 EIE1 = 0.82

119 + CH2O ⇀↽ complex-2 −13.8 1.280 0.085 EIEcomplex-2 = 0.95

119+ CH2O → 120 (TS2) −11.1 2.205 0.225 KIE2 = 0.79

119 + CH2O ⇀↽ 114 −14.1 4.070 0.293 EIE2 = 0.77

114 → 120 (TS3) 25.1 −1.152 −0.654 KIE3 = 3.22

114 ⇀↽ 115 −3.0 0.315 −0.033 EIE3 = 1.05

a Energies are given in kcal mol−1 and corrected for �ZPE (scaled by a factor of 0.9).
b �ZPE = ZPEproduct − a(ZPE)reactants ; or ZPETS − a(ZPE)reactants (proteo species).
c ��ZPE = �ZPEH − �ZPED; �ZPED corresponds to the terms for the reactions of monodeuteriated aldehydes.
d Isotope effects were computed at 25 ◦C. The two hydrogens of formaldehyde cease to be equivalent in the
reaction products. Similar isotope effects are obtained when either of the two hydrogens is deuteriated.

that the computed transition structure 121 for the hydride transfer is a suitable model of
the chemical reaction.

O
H

O
Li

O
R′′

R′
R′

R

R′′

(121) (R = Me, R′ = R′′ = H)

The Horner–Wadsworth–Emmons (HWE) modification of the Wittig reaction is a
widely employed method in organic synthesis for the preparation of α,β-unsaturated esters.
The phosphonate anions are strongly nucleophilic and react readily with carbonyl com-
pounds under mild conditions to form olefins and water-soluble phosphate esters in high
yields. A characteristic feature of the general HWE reaction is the predominant formation
of thermodynamically favored trans-olefins. Especially high trans selectivity was found
in the presence of strongly coordinating counterions such as Li+114. To find the factors
which influence its stereochemistry, Ando115 studied the mechanism of the HWE reaction
of lithium enolate 122 derived from trimethyl phosphonoacetate with acetaldehyde, to
yield E- and Z-methyl 2-butenoate (123 and 124, respectively), as shown in equation 36.
Ab initio calculations indicated that the HWE reaction occurs with addition of the phos-
phonate enolate to the aldehyde, followed by oxaphosphetane formation, pseudorotation,
P−C bond cleavage and then O−C bond cleavage. Calculations by the RHF/6-31+G*
method showed that the oxaphosphetane formation is the rate-determining step, in which
the transition state 125 leading to an E-olefin is 2.16 kcal mol−1 lower in energy than the
transition state 126 leading to a Z-olefin. The electronic energy differences between 125
and 126 associated with oxaphosphetane formation were 2.20 and 2.23 kcal mol−1, at the
RHF/6-31+G* and B3LYP/6-31+G*//RHF/6-31+G* levels of calculation, respectively.
Thus, the usual preference for E-olefins in the HWE reaction of dialkylphosphono acetate
reagents was predicted by calculations.
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Ojea and coworkers116 investigated the syn,anti-selectivity of aldol additions of the
lithiated Schollkopf’s bislactim ether 127 to 1,3-dioxolane-4-carboxaldehydes such as 128
(equation 37). The reaction involves an initial coordination of the carbonyl oxygen to the
lithium atom to form the complex (129). Subsequently, reorganization of this intermedi-
ate through competing six-membered transition structures affords mixtures of the lithium
aldolates 130–133. The ONIOM method developed by Morokuma and coworkers117,
which has been proven to be a very valuable tool for the theoretical treatment of large
molecular systems, was applied for the study of the aldol reaction between 127 and 128.
Within this extrapolation method an ab initio semiempirical scheme operated for the
description of the system, as depicted in 134. The ab initio part was limited to an ‘inner
layer’ including the critical parts of the reacting system: the atoms directly involved in the
breaking and forming bonds and areas sensitive to electronic effects, such as the groups
directly bonded to the azaenolate moiety and to the α-position of the aldehyde as well as
the oxygen atoms of the solvent molecules coordinated to lithium. Thus, by replacing the
groups excluded from the inner layer with hydrogen atoms, the ab initio model 135 was
reduced to the interaction of a lithiated dihydropyrazinone and (2S)-hydroxypropanal in
the presence of water molecules, which were treated at the HF level using the 3-21G*
and 6-31G* basis sets116.

The semiempirical MNDO method has the capacity to calculate geometries of chem-
ically realistic reactants and transition structures bearing a full complement of alkyl
substituents and solvents, which has been clearly established for organolithium compounds
in general and for lithium amides and enolates in particular80. The MNDO method was
used for the low-level treatment of the entire system shown in equation 37, for which
the steric and electrostatic influence of the ‘outer layer’ was evaluated. In spite of its
well known shortcomings, MNDO has been shown to successfully reproduce Li–N and
Li–O interactions by comparisons with experimental results and ab initio calculations118.
Thus, ONIOM calculations were performed with the (HF/3-21G*:MNDO) method dur-
ing the initial conformational searches and with the (HF/6-31G*:MNDO) method for
the reoptimization of all located stationary points. These methods were referred to as
(I) and (II), respectively. Although the calculated MNDO energies were usually not as
accurate as the MNDO geometries, it has been shown that for lithium compounds the
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use of MNDO geometries followed by single point ab initio energy evaluations yields
a potential energy surface which reproduces all the qualitative features of the fully ab
initio surface81. Therefore, Ojea and coworkers116 also computed B3LYP/6-31+G* ener-
gies on the most significant ONIOM geometries. Initial lithium–carbonyl coordination
to form a disolvated complex such as 129, with an energy gain of 4.6–8.4 kcal mol−1,
was followed by the rate-determining reorganization to the aldolate products through six-
membered chair-like transition structures 136 to 139. The experimental stereoselectivities
of the aldol additions were adequately reproduced. According to the calculations, the most
stable transition structures 136 and 137 were characterized by a non-Anh conformation
of the aldehyde moiety. In addition, the β-methyl substituent of the aldehyde, trans to
the carbonyl group, was found to increase the energy barrier of the competitive pathways,
thus reinforcing the syn,anti-stereoselection of the aldol process.
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To assess the reliability of the particular ONIOM scheme employed in the analysis of
the aldol addition, Ojea and coworkers116 considered the difference between the activation
energies of the most stable transition structures 136 and 137 in the favored disolvated
reaction channel (130 and 131) as a convenient parameter for the S-value test proposed
by Morokuma119. In this manner the error of the ONIOM(I) and ONIOM(II) extrapola-
tions, with respect to their benchmark calculations at the B3LYP/6-31+G*//HF/6-31G*
level, were 0.86 and 0.60 kcal mol−1, respectively. When the geometry optimizations at
the ONIOM(II) level were followed by single-point energy evaluations at the B3LYP/6-
31+G* level, the error was reduced to less than 0.10 kcal mol−1.

Addition of lithium enolates derived from esters and ketones to epoxides has been the
object of some consideration, because it offers a direct route for the synthesis of γ -hydroxy
esters and γ -hydroxy ketones, very useful for difunctionalized organic compounds120. In
fact, more complex molecules can be synthesized by using these compounds as synthons
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for polysubstituted lactones and tetrahydrofuranes, or related bicyclic, carbocyclic and
heterocyclic compounds121.

Crotti, Favero and coworkers introduced synthetic methods based on the reaction of
lithium enolates of simple ketones with epoxides in the presence of LiClO4, lanthanide
salts or Sc(OTf)3

122,123. In equation 38 is shown the in situ preparation of litium enolate
140 of Z-configuration, derived from propiophenone on addition of lithium hexamethyl-
disilazane (lhmds). Addition of 140 to propene oxide (141) in the presence of Sc(OTf)3
as catalyst, in toluene/hexane solvent, afforded a mixture of syn- (142) and anti- (143) γ -
hydroxy ketones with a slight preference for anti (142:143 = 45:55)123. The reaction was
completely regioselective with an exclusive attack of the enolate on the less substituted
oxirane carbon. A rationalization of these experimental results is attained on assuming
transition structures such as 144, leading to the syn adduct 142, and 145, leading to the
anti adduct 143, where the [M] coordinated to the oxirane oxygen is a metal catalyst (Li,
Al, Sc) with its associated groups, similar to the analogous addition of aluminum eno-
lates of esters to epoxides124. Crotti, Favero and coworkers125 studied the geometry of the
TS involved in equation 38, using the B3LYP/6-31+G(d)//B3LYP/6-31+G(d) computing
level in vacuum and in the presence of the solvent, without and with participation of the
metal catalyst.
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The nucleophilic addition reactions of enolates to imines and related compounds (the
so-called Mannich-type reactions, equation 39) are important tools in organic synthesis126

and a variety of electrophiles have been used to obtain the resulting nitrogen-containing
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compounds. The syn –anti stereoselectivity of the lithium enolate–imine addition reac-
tion has been thoroughly investigated. The rule of thumb is that E-OLi enolates and
E-imines (usually the highly reactive trimethylsilylimines)127 react to form syn products,
whereas Z−OLi enolates and E-imines typically react to form mixtures of syn and anti
products128. This rule was contradicted by several important examples where E-OLi eno-
lates and E-trimethylsilylimines react to form anti products with high selectivity129. The
results have been rationalized using the chair- and boat-like transition structures shown
in equations 40 and 41, and the syn –anti preferences have been discussed examining the
steric bias of the imine substituents128 – 130.
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The reaction of a lithium ester enolate (146) with a nitrone (147) to yield a β-
hydroxylamino acid ester (149) has been recently investigated by Domingo, Merino and
coworkers131, using DFT (B3LYP/6-31G*) methods, to gain insight on the molecular
mechanism. The proposed transition structure (148) shown in equation 42 derives from
attack of the most nucleophilic center of enolate 146 on the most electrophilic center of
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nitrone 147. Along the reaction channel, the lithium atom was coordinated with two ether
molecules to complete a tetrahedral coordination sphere. The activation energy associated
with the C−C bond formation process was 1.0 kcal mol−1. Coordination of the lithium
atom to the nitrone and the enolate oxygen atoms favored the nucleophilic attack of the
enolate 146 on the nitrone 147 along the gauche reaction channel by an increase of the
electrophilicity of the nitrone; consequently, the lithium atom acts as a Lewis acid cata-
lyst favoring the nucleophilic addition. Formation of the adduct 149 was exothermic by
−13.4 kcal mol−1.
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2. Boron enolates

The Evans aldol reaction readily makes possible the asymmetric synthesis of biologi-
cally important compounds. In this reaction aldehyde reacts preferentially on the re face
of the double bond of boron enolate 150a to provide the ‘normal Evans’ 151 syn aldol
product (see equation 43)132. In some cases, alteration of the reaction conditions results in
reversal of π-face selectivity of 150a133. Several aldehydes containing fluoral (CF3CHO)
were previously shown to react on the si face of 150a and give the ‘non-Evans’ 153 syn
and 154 anti aldols134. The reversal of stereoselectivity with fluoral was discussed by
Makino and coworkers135 using semiempirical AM1 calculations to obtain the reaction
pathways for re- and si-face attacks.
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AM1 calculations were performed to locate the pathway for the re-face attack, using
the boron enolate 150b as a model compound for 150a in the gas phase and acetaldehyde.
In transition structure 155, the forming bond length was 2.19 Å and the heat of formation
was −179.6 kcal mol−1 (Figure 2). On rotating the oxazolidinone ring in 155 the forming
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FIGURE 2. AM1-calculated reaction path for the aldol reaction of acetaldehyde with propionalde-
hyde, using complex 150b as a model for the intermediate boron enolate complex 150a. Reproduced
from Y. Makino, K. Iseki, K. Fujii, S. Oishi, T. Hirano and Y. Kobayashi, Tetrahedron Lett., 36,
6527. Copyright 1995, courtesy of Elsevier

B−O bond was shortened and the heat of formation decreased to give a reactant complex
156 with a newly formed B−O bond (1.83 Å) and a value for the heat of formation
of −187.2 kcal mol−1. Subsequent calculation by approaching the carbonyl carbon of
acetaldehyde to the β-carbon of the enolate double bond provided the second maximal
point 157 and a product complex 151:BMe2. In the Zimmerman–Traxler chair transition
structure 157 the forming C−C bond length was 2.21 Å and the heat of formation was
−176.2 kcal mol−1. With fluoral, analogous calculations failed to locate the transition
structure corresponding to 155. Reaction with fluoral thus does not proceed via the closed
transition state required for re-face attack132 – 134.

Figure 3 summarizes pathways for si-face attack133,134, where a reaction coordinate cal-
culation with fluoral was carried out by approaching the carbonyl carbon of the aldehyde
to β-carbon of the enolate double bond of 150b to give a stationary point. From an open
transition structure, 158, with a value of the forming bond of 1.83 Å, may possibly lead to
the formation of a product complex, 154:BMe2. Another possible transition structure (an
open transition structure 159) was found by exchanging the hydrogen and oxygen of the
fluoral in 158. In 159, the forming bond length was 1.82 Å and the heat of formation was
−308.1 kcal mol−1. The transition structure 159 should lead to the formation of another
product complex, 153:BMe2. With acetaldehyde, analogous calculation failed to give an
open transition structure such as 158 or 159, indicating that the reaction with acetaldehyde
does not proceed via the open transition state required for si-face attack133,134.

Reversal of π-face selectivity of the enolate may be possibly due to the low Lewis
basicity and high electrophilicity of fluoral. In Table 14, fluoral has lower LUMO (higher
electrophilicity) and lower negative charge of the carbonyl oxygen (lower Lewis basicity)
than acetaldehyde, showing re-face attack. With fluoral the low Lewis basicity prevents
the coordination of carbonyl oxygen with boron, and the high electrophilicity promotes
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FIGURE 3. AMl-calculated reaction path coordinate for the aldol reaction of 150b with CF3CHO.
Reproduced from Y. Makino, K. Iseki, K. Fujii, S. Oishi, T. Hirano and Y. Kobayashi, Tetrahedron
Lett., 36, 6527. Copyright 1995, courtesy of Elsevier

TABLE 14. Ab initio calculations of carbonyl compounds with the HF/3-21G basis set

Carbonyl
compound

MO energy
levels (au)

Mulliken atomic
charges (e)

Stereoselectivities
(boron enolate 122a)

HOMO LUMO O C

CH3CHO −0.4145 0.1542 −0.519 +0.520 re (normal Evans)
CF3CHO −0.4937 0.0699 −0.431 +0.246 si (non-Evans)
EtO2CCHO −0.4239 0.0807 −0.476 +0.302 re:si = 21:79

the reaction via an open transition structure, even though the carbonyl does not coordinate
with a Lewis acid such as TiCl4133. Ethyl glyoxylate (EtO2CCHO), which reacts on either
face of the double bond of the boron enolate 150a (re:si = 21:79), shows a LUMO level
and a negative charge of the carbonyl oxygen intermediate between those of fluoral and
acetaldehyde. The semiempirical AM1 calculations reproduced the experimental results,
i.e. acetaldehyde and fluoral react preferentially on re and si faces of the double bond of
the boron enolate, respectively.

The stereochemical analysis of the metal enolate–imine reaction appears to be simpler
in the case of boron enolates: Z-OB enolates react with E-imines leading preferentially
to anti products136, while E-OB enolates can give either syn or anti products or syn –anti
mixtures, depending on the particular substrate136,137. The results were rationalized con-
sidering a chair-like TS for the Z-OB enolates136 and a chair-like vs. a boat-like TS for
the E-OB enolates (see equations 40 and 41)137.

Bernardi and coworkers138 performed an ab initio study at the HF/3-21G computing
level to gain a better understanding of the stereochemical factors controlling the aldol-type
addition of enolborinates to imines. Only two TSs, the chair (160) and the boat (161),
were located. In Table 15 are summarized the relative energies of the chair–boat pairs,
as a result of introducing a methyl group in the various positions of 160 and 161, to yield
the fourteen TS structures 162–175. The first interesting result was the negligible energy
gap (0.1 kcal mol−1) between the chair (160) and boat (161) conformations.
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In the aldol case the chair was 1.3 kcal mol−1 higher in energy than the boat139, and
one would naively expect that in the imine case this gap would increase because of the
presence of diaxial interactions of the N-substituent which are absent in the aldol chair.
However, these interactions were greater in the boat TS140.

The most striking effect among the TSs listed in Table 15 was the destabilization
imparted by the enolate Z-methyl group of the boat 163 (4.5 kcal mol−1) compared to the
corresponding chair 162 arrangement. Like in the aldol reaction, this fact was clearly due
to the interaction between the Z-methyl group and the substituent at the B heteroatom in
the boat TS, and it is likely to increase in real cases where the substituent at B is not H but
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TABLE 15. Relative energies of the conformers obtained after introduction of
one Me group in the TSs 156 and 157

Reagents TS relative energies (kcal mol−1)

Chair Boata

CH2=NH + H2BO−CH=CH−CH3 (Z) 158: 0.0 159: 4.5
CH2=NH + H2BO−CH=CH−CH3 (E) 160: 0.0 161: 1.0
CH2=NH + H2BO−C(CH3)=CH2 162: 0.0 163: 1.0
CH2=NH + H(CH3)BO−CH=CH2 164: 0.0b 165: 1.0c

CH3−CH=NH (Z) + H2BO−CH=CH2 166: 0.3 167: 0.0
CH3−CH=NH (E) + H2BO−CH=CH2 168: 0.1 169: 0.0
CH2=NH−CH3 + H2BO−CH=CH2 170: 0.3 171: 0.0

a With the B atom in the bow position.
b With the B-Me group in the axial position.
c With the B-Me group in the flagpole position.

a larger group. The effect was much reduced in the case of the corresponding E-enolate,
where the boat 167, although higher in energy (1.0 kcal mol−1), is still competitive with
the chair 166. Imine substitution, both at C and at N, had a minor effect on the boat/chair
balance: substituted imines stabilize the boats 171, 173, 175 only by 0.1–0.3 kcal mol−1,
over the corresponding chairs 170, 172, 174. Steric effects in disubstituted TSs, after intro-
ducing a second methyl substituent in those of Table 15, were found to be qualitatively
a combination. The following rules of thumb were devised from the above discussion:
(a) a Z-enolate proceeds only through a chair TS; (b) an E-enolate proceeds through
two competing TSs, the chair and the boat; (c) substituents on the enolate destabilize the
boat TS, while substituents on the imine stabilize the boat TS, as compared to the chair.
Therefore, Z-OB enolates react with E-imines via the chair TS shown in equation 40,
leading preferentially to anti products136. E-OB enolates give either syn or anti products
or syn –anti mixtures depending on the particular substrate136,137.

The influence of the protecting groups on the syn/anti stereoselectivity of boron aldol
additions with erythrulose derivatives 176 and 178 to aldehydes RCHO (R = Et, i-Pr, Ph,
4-ClC6H4; equations 44 and 45) was studied by Carda and coworkers141. It was found
that stereoselectivity depends on the type of protecting groups on the hydroxyl functions
at the C3 and C4 atoms. Thus, erythruloses benzylated at these hydroxyl groups gave
only syn aldols (177) while the corresponding benzoylated derivatives gave anti aldols
(179) under the same reaction conditions. The resident chirality of the enolate promoted
a complete internal 1,3-induction, which was syn in both aldol types.
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Carda and coworkers141 rationalized the experimental results of equations 44 and 45
performing ab initio (HF/3-21G) calculations on the system depicted in Scheme 2, where
180 with the protecting group PG = SiMe3 was selected as a model for the enolizing
ketone, while benzaldehyde was the reacting aldehyde and the cyclohexyl groups of
the enolization reagent were replaced by cyclopropyl groups. The study included the
E- and Z-configurations of the boron enolates, 181 and 182, and the four diastereoiso-
meric reactive channels for the aldol reactions, 183 to 186. Table 16 shows the calculated
energies of each molecular complex and of the respective transition structure, which
leads to the final aldolate. The energy barrier for the individual process is the difference
between these two energy contents. As shown, when boron enolate of Z configuration
(182) reacts with the aldehyde carbonyl, the calculations predicted that the lowest energy
barrier (19.8 kcal mol−1) is that leading to the syn–syn aldol, in complete agreement with
experimental results. For the corresponding transition structure 187, calculations predicted
a half-chair geometry (C=C· · · ·C=O dihedral angle, 70.8◦ vs. 60◦ in an ideal chair). The
other three transition structures consisted of another half-chair and two boats of the ‘boat
A’ type142. Calculations further predicted that the anti–anti aldol was thermodynamically
the most stable adduct. All these data confirmed the conclusion that the aldol additions
in equations 44 and 45 of ketones 176 and 178 are kinetically controlled processes which
yield syn–syn aldols via the corresponding Z boron enolates.
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SCHEME 2. Diastereomeric pathways for the aldol reaction of model ketone 180 with benzaldehyde,
mediated by c-Pr2BCl
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TABLE 16. Energies (in kcal mol−1) of the stationary points in the reaction between
the boron enolates 181 or 182 with benzaldehyde (Scheme 2), relative to these
reagents, by the HF/6-31G*//HF/3-21G method

Boron enolate Aldol
configuration

Molecular
complex

Transition
state

Product

181 (E) 183 (syn,syn) −6.2 +23.9 −19.3
184 (syn,anti) −10.3 +9.7 −21.2
185 (anti,syn) −15.4 +13.7 −27.0
186 (anti,anti) −9.2 +12.4 −35.3

182 (Z) 183 (syn,syn) −7.4 +12.4 −19.9
184 (syn,anti) −14.4 +13.0 −21.8
185 (anti,syn) −14.4 +14.4 −27.5
186 (anti,anti) −16.6 +17.5 −35.9

(187)

O
O

O
O

O

Si

B

(188)

O
B

O

O

Si

O

O

Aldol reactions of α-benzoyloxy ketone 178 afforded syn–anti aldols 179. This strongly
suggested the intermediacy of an E enolate and possibly a nonchair geometry for the key
TS. Table 16 shows that the lowest energy barrier leading to the syn–anti aldol is in
fact the E-boron enolate 181 (20 kcal mol−1). Furthermore, the corresponding transition
structure 188 adopts the ‘boat B’ type distorted geometry142. Three further high energy
boat-like TSs were found in the calculations but no chair-like TSs were located. A plausi-
ble explanation for a boat-like TS being energetically favored here was that it minimizes
the strain within the allylic moiety, as with the H atom at Cα which faces the enolate
OSiMe2Bu-t group (equation 46). The steric crowding which would exist in the chair TS
between the OBz moiety and one of the B-cyclohexyl groups in 189 is relieved by rota-
tion of the two B−O bonds and the subsequent spatial separation between these groups in
190. Apparently, these two favorable steric factors are quantitatively more important than
the less favorable, nonanticoplanar alignment of the C−OBz and C−OB dipoles, which
occurs in the boat B TS.

3. Titanium enolates

Metal enolates of carbonyl compounds are important nucleophiles in C−C bond-
forming reactions for the synthesis of nonfluorinated compounds. However, the metal
enolates of fluorinated carbonyl compounds have been severely limited to α-F metal eno-
lates, which can be stabilized by chelate structures containing the M−F moiety. In sharp



1. General and theoretical aspects of the metal enolates 57

contrast, α-CF3 metal enolates have generally been recognized as unstable and difficult
to prepare because of the rapid β-M−F elimination(equation 47)143.
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In general, the fluorine atom has been recognized to strongly coordinate with metals.
However, the interaction between the metal and F vary widely according to the nature
of the metal. α-Mef enolate precursors are, in principle, most effective synthons for
compounds containing a Mef group. Mikami and Itoh showed that these enolates can be
formed quantitatively by using TiCl4 and Et3N144. According to crystallographic data, Ti
rather than Li has a strong affinity for F. Therefore, it seems strange that Ti enolates
of α-Mef ketones could be formed without defluorination. To clarify this anomaly, the
structures of Ti and Li enolates of 4,4,4-trifluoro-2-butanone (191 and 192, respectively)
were optimized by B3LYP/631LAN at computing levels LANL2DZ for Ti and 6-31G*
for other atoms144. In the Li enolate 192 a strong interaction between Li and F was
clearly observed, and it can be easily understood that defluorination readily occurs. In
contrast, in the Ti enolate 191, the Ti−O−C angle is almost straight (170.2◦), and no
Ti–F interaction can be observed. The stability of the TiCl3 enolate of an α-Mef ketone
can be explained by the linearity of the Ti−O−C bond, which suppresses any Ti−F



58 Luis R. Domingo and Juan Andrés

interaction. The linearity of the Ti−O−C angle stems from the multiple bonding nature
of the Ti−O bond. Donation of the lone electron pair of the O to an empty d orbital of
the Ti causes multiple bonding144. This was supported by both the X-ray structure of Ti
complexes and computational studies145.

Ti enolate

3.38
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36

1.34 1.50

170.2

F
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O
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F
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It is well known that the aldol reaction of a titanium enolate of Z-configuration would
produce a syn-aldol via a cyclic transition structure146. However, titanium enolates of
Z-configuration relative to a Mef group undergo anomalous reaction with aldehydes
to yield anti-aldols with high stereoselectivity, as shown in Table 17 for the reaction
depicted in equation 48144. For example, upon addition of benzaldehyde (R = Ph) to the
in situ-generated 193, the aldol 194 was obtained in moderate yield (46%) but with high
diastereoselectivity (anti:syn > 99:1). Several Lewis acids were examined as an addi-
tive, and Ti(OPr-i)4was found to be very effective for raising the yield without affecting
the diastereoselectivity. Similar behavior regarding yields and diastereoselectivity was
observed for aliphatic aldehydes (R = i-Pr, PhCH2CH2); however, in the case of fluoral
(R = Mef) the presence of the Lewis acid lowered the yield because of significant poly-
merization. The anti-configuration of 194 was confirmed by XR or NMR analysis of its
acetonide.

TABLE 17. Reaction of the TiCl3 enolate of an α-Mef ketone
(193) with an aldehyde RCHO, to yield an anti-aldol (194)

R Yield % (dr)a Yield % (dr)b

Ph 46 (>99:1) 97 (99:1)
i-Pr 45 (98:2) 80 (99:1)
PhCH2CH2 42 (98:2) 74 (97:3)
Mef 83 (90:10) 75 (91:9)

a For the reaction as shown in equation 48.
b For the reaction in equation 48 in the presence of 1.2 equiv of Ti(OPr-i)4
as Lewis acid.

R

OHO

Mef

O

Mef

TiCl3

RH

O

CH2Cl2, −78 °C, 1 d

Ph Ph
+

(193) (194)

(48)
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The reaction of 2,2,2-trifluoroethyl t-butyl ketone with benzaldehyde, via the inter-
mediate trichlorotitanum enolate, was taken as a model to uncover the origin of the
anti-selective aldol reaction of α-Mef ketones. Transition structures 195 for the anti-aldol
and 196 for the syn-aldol reaction were optimized at the B3LYP/631LAN level. Energy
calculations of both transition structures were in good agreement with the experimental
results, that of 196 being 4.1 kcal mol−1 higher than that of 195. Surprisingly, an inter-
action between Ti and the Mef group, which was not present in the starting Ti enolate,
was observed in both 195 and 196. Owing to the Ti–F interaction, both 195 and 196 are
fixed in a boat conformation; the Mef group would be attracted by Ti, thus enhancing
the steric repulsion with the equatorial Ph group of 196. Along with this displacement of
the Mef group the t-Bu group would move away from the metal six-membered ring, thus
reducing the steric repulsion with the axial Ph group of 195; therefore, the transition struc-
ture leading to anti-aldol would be stabilized. To confirm the effect of Ti–F interaction
at the transition state, the reaction was carried out in the presence of hexamethylphos-
phoramide (HMPA) to preclude Ti–F coordination, leading to the usual syn-selectivity,
contrary to what was shown in Table 17 for the aldol reactions of an analogous titanium
enolate. Indeed, when HMPA was added to the reaction mixture, syn selectivity was
obtained (anti : syn = 20 : 80). Therefore, it could be concluded that the anti-selective
aldol reaction stems from Ti–F interaction at the aldol transition structure.

(195) (196)

2.24
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F F
F

Cl Cl

2.20
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F F

F
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Cl

Cl

O

Cl

4. Tin enolates

Highly coordinated organometallic reagents often show a change in their reactivity
and/or selectivity relative to the original noncoordinated species, partly because of the
change in the hybridization states of relevant metals. Organotin(IV) compounds could be
easily coordinated by an appropriate ligand, giving a highly coordinated species147. A
five-coordinated carbon, resembling the well-known transition state in SN2 reaction, lies
on the top of the potential energy surface. On the contrary, a five-coordinated organotin
entity 197, formed as TS in equation 49, could lie at the bottom of the energy surface
due to the contribution of their d-orbitals to be rehybridized to a hypercoordination state.
Then, the highly coordinated tin(IV) could be used as a unique reagent with far different
properties from those of the noncoordinated tin.

Baba and coworkers reported the unusual reactivity of highly coordinated tin com-
pounds such as organotin(IV) enolates148 – 151 or organotin(IV) hydrides152. NMR studies
disclose the existence of five-coordinated tin enolate arising from the addition of certain
ligands148,150. In particular, the coordination to tin enolates by a bromide anion (from
Bu4NBr) shows novel types of selective reactions148.
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(197)
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In general, four-coordinated organotin enolates readily add to aldehydes153 and are inert
to organic halides154. On the contrary, highly coordinated tin enolates can attain a marked
change in chemoselectivity and have higher nucleophilicity toward organic halides, show-
ing at the same time low reactivity toward carbonyl compounds148. Thus, the high coor-
dination approach accomplishes a significant change in chemoselectivity even in a com-
petitive reaction system which includes both carbonyl compounds and organic halides148.

Highly coordinated silyl enolates have been studied more than highly coordinated tin
enolates and they are reported to accelerate the reactions with both organic halides155 and
carbonyl compounds156. Compared to the silyl moiety, the system using highly coordinated
tin enolates has unique characteristics which can be applied to obtain chemoselective
reactions. Baba and coworkers157 reported a computational study of the difference between
uncoordinated and highly coordinated tin enolates and their reactivities toward organic
halides and carbonyl compounds.

a. Reaction with aldehydes. The calculated potential energy profiles for the reaction
of both four-coordinated 198 and five-coordinated 201 tin enolates with an aldehyde
(equations 50 and 51) are shown in Figure 4. Both reactions are exothermic; the activation
energy of equation 50, 18 kcal mol−1, is lower than that of equation 51, 27 kcal mol−1.
This result was explained by comparison of their transition structures 200 and 203. The
cyclic TS 200 established in the aldol reaction between tin enolates with aldehydes has
an appropriate Sn−O bond length of 2.24 Å158. The six-membered cyclic TS 200 has a
peculiar conformation, deviating from either chair or boat types, with five atoms other than
the methylene C on the same plane (sled-type), probably because of steric hindrance of the
trialkylstannyl group. The TS 203 showed an acyclic structure in which the Sn−O bond
length is too long, 4.54 Å. This open structure was associated to the bromide coordinated
tin which is reluctant to coordination by another ligand. In both cases, the synclinal
arrangement between the C=O group of the aldehyde and the C=C group of the enolate
was observed with dihedral angles of 58.6◦ for 200 and 35.8◦ for 203.

O
O

Ph

SnMe3
O OSnMe3

Ph

(198) (199 )

(50)

b. Reaction with halides. The energy diagrams for the reactions of four-coordinated
198 and five-coordinated 201 tin enolates with an organic halide (equations 52 and 53) are
shown in Figure 4. These reactions proceed through two steps involving alkylation along
an SN 2-type mechanism (through TS 207 or 211) and destannylation with formation of
bromostannane 206 (through TS 208 or 212). The system using a bromide coordinated tin
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O

Sn

O

2.052

(200)

enolate was favored both thermodynamically and kinetically, showing a higher stabiliza-
tion of the products and a lower activation energy than the system using four-coordinated
species. The significant stabilization of organotin bromide by high coordination allows
this thermodynamically favored feature. An analyis and comparison of the TSs 207 and
211 shows that the carbon atom at which the atom displacement occurs is more neutral in
the high coordination system (partial charge −0.03e for 211) than in the four coordination
system (−0.06e for 207). Furthermore, the positive charge on C of the C−O link in 211
(+0.57e) was closer to neutral than that in 207 (+0.62e). These neutralization effects
caused by an anionic ligand lead to stabilization of the transition structure.
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FIGURE 4. Potential energy profiles for the reaction of tin enolates with benzaldehyde according
to equations 50 and 51 (left) and with 1-bromopropane according to equations 52 and 53 (right).
Reprinted with permission from M. Yasuda, K. Chiba and A. Baba, J. Am. Chem. Soc., 122, 7549.
Copyright 2000 American Chemical Society
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This computational study revealed the mechanism of the reaction between trialkyltin
enolates and aldehydes or organic halides, both without and with coordinating ligands.
High coordination of trialkyltin enolates causes an increase of their nucleophilicity and
decrease of Lewis acidity of the tin center, which control the course of reaction159. In the
reaction of tin enolates with aldehydes, a noncoordinated tin enolate gives a cyclic TS in
sled conformation whereas an acyclic TS leading to deactivation of the process is shown
in the case of a highly coordinated enolate. Both theoretical and experimental results of
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the system involving trialkyltin enolates point to diminished Lewis acidity as being more
important than enhanced nucleophilicity in the reaction with aldehydes. This is probably
because the Lewis acidity is effectively reduced by high coordination with increase of
nucleophilicity160. In the reaction with organic halides, on the contrary, the system of
highly coordinated tin enolate was favored both kinetically and thermodynamically. The
bromide coordination to tin enolate increases the high nucleophilicity to promote the reac-
tion kinetically. Complexation of Br− with bromostannane strongly affects stabilization,
leading to a thermodynamically favored reaction course.

5. Paladium enolates

Poli and coworkers161 have recently reported on the regioselective and stereoselec-
tive build-up of γ -lactams via the intramolecular 5-exo interaction between a stabi-
lized acetamide enolate anion and a properly tethered η3-allyl-palladium appendage.
The palladium-catalyzed intramolecular allylic alkylations of unsaturated amides 213a–f
(equation 54), activated by electron-withdrawing groups (EWG) under phase-transfer con-
ditions or in the presence of a crown ether, took place at room temperature to give the
expected γ -lactams 214a–f in good yields162.
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[Pd(0)]

(a) EWG = CO2Me, R = Bn
(b) EWG = CO2Me, R = CH2C6H4OMe-p
(c) EWG = CN, R = Bn
(d) EWG = COMe, R = Bn
(e) EWG = SPh, R = Bn
(f) EWG = SO2Ph, R = Bn

(213) (214)

(54)

It was proposed that the remarkable efficacy of these reactions could be directly
related to the particular nature of the enolate counterion. Indeed, upon NaH deprotona-
tion, the malonamide substrates are expected to give rise to planar, resonance-stabilized,
Na-chelated enolates, which are at the same time conjugated with the intrinsically pla-
nar amide function. As a consequence, in the ground-state conformation of the reactive
intermediate 215 (equation 55), all twelve atoms making up the Na-chelated malonamide
enolate will roughly lie in the same α plane. On the other hand, in an ideal intermolecu-
lar enolate/η3-allyl-PdX interaction, optimal orbital overlap requires a parallel disposition
between the plane containing the enolate (α′) and that containing the allyl fragment
(β).Therefore, the transition state 216 of the cyclization process has to feature a signif-
icant loss of conjugation with respect to the Na-chelated ground-state conformation. As
a consequence, the remarkable reactivity of these new cyclization conditions is likely to
be due to generation of a highly reactive zwitterionic enolate/η-allyl intermediates, that
can be achieved either under biphasic phase transfer catalysis or under Na-sequestered
homogeneous conditions163.

To support the above contention, Poli, Norrby and coworkers162 performed a DFT
(B3LYP/LACVP*) computational study using 217 as a model system for the Pd-allyl
enolate intermediate. The solvent was simulated as a continuum using the PB-SCRF
model in the Jaguar program164 with parameters appropriate for dichloromethane. Eight
possible TSs were located and characterized. In all cases, the exo cyclization was favored
by more than 7.2 kcal mol−1 as compared to the endo cyclization pathways. The forming
bond at the most accessible exo TS 218 has a length of over 2.6 Å, as compared to ca
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2.4 Å when the Na+ counterion is included at the TS 219165. This indicated that the free
anion 217 is inherently more reactive than the chelated complex, as expected. Looking
more closely at the geometries of the transition states, it can be seen that exclusion of
the counterion also allows the nucleophile to deviate from planarity. There is substantial
strain induced in the planar amide in the transition state; in the absence of Na+, this strain
can be somewhat relieved by a rotation (ca 20–25◦) of the planar enolate with respect
to the amide, leading to a more facile ring closure. It should be noted that in the absence
of the chelating counterion, which enforces a (Z)-configuration on the enolate, the free
form can also exist as the (E)-isomer. It was found that, in all cases, the (E)-form has
a lower barrier to ring closure, by 3–4 kcal mol−1, corresponding to a rate increase of
2 to 3 orders of magnitude. The combination of these three effects fully rationalized the
observed rate increase upon exclusion of chelating counterions. The geometrical effects
observed may also have a bearing on other cases where strong counterion effects are
present166.
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6. Platinum enolates

Recently, Baiker and coworkers167 have found that in the Pt-catalyzed hydrogenation of
1,1,1-trifluoro-2,4-diketones (220, R1 = Mef, equation 56), the presence of trace amounts
of (R,R)-pantoyl(1-α-naphthylethyl)amine (221), cinchonidine (222a) or its methyl ether
(222b) induces up to 93% ee and enhances the chemoselectivity up to 100%. The high
chemo- and enantioselectivities were attributed to the formation of an ion pair involving
the protonated amine function of the chiral modifier and the enolate form of the substrate.
DFT calculations including the simulation of the interaction of a protonated amine with
the enolate adsorbed on a Pt31 cluster model revealed that only the C−O bond next to
the CF3 group of the substrate is in direct contact with Pt and can be hydrogenated.
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Adsorption of the diketone 223 and its enol forms 224 and 225 (equation 57) was
studied using a Pt31 cluster model to better understand the catalytic behavior. Structure
226 shows the adsorption mode of 223 in the diketo form, chemisorbed η2 via the activated
C=O adjacent to the CF3 group. This chemisorption mode of C=O double bonds is also
called di-σ to recall the double σ binding of the keto carbonyl moiety to the metal atoms.
The η1 adsorption modes are theoretically possible, but their adsorption energy is much
smaller than the η2 modes and, in particular, in such adsorption modes the carbonyl group
is distant from the surface and cannot reach the surface hydrogen, being therefore of less
interest to our discussion168.
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Energetically, 227 is the most favored adsorbed form for the enols, where the optimal
chemisorption of the carbonyl of 225 is attained167. The adsorbed enol forms do not
involve the expected η2 interaction of the carbonyl group in 224 with the metal, but
rather the formation of a σ -bond between the C adjacent to the CF3 group and a Pt atom.
Competition for surface sites is in favor of the carbonyl of 225 while that of 224 undergoes
no evident structural alteration induced by the metal. Both adsorbed enol forms are found
to be stabilized by an internal H-bond; however, while in adsorbed 224 the H-bond length
is 1.35 Å, it elongates to 1.71 Å in adsorbed 225, showing the stronger hydrogen-acceptor
character of the adsorbed activated carbonyl group. Structure 228 shows the adsorption
mode of the enolate, the deprotonated form of the enol, thus it corresponds to a charged
species. Unlike the enols, the enolate has a more symmetric adsorption mode where both
oxygen atoms are bound to a metal atom, and with a third σ binding site due to a C(3)
center that is also bound to a metal atom and rehybridized. The negative charge of the
enolate is delocalized on the metal upon adsorption.
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It was mentioned in the discussion of equation 56 that the presence of certain amines
leads to nearly perfect chemoselectivity in the hydrogenation of the C=O group adjacent
to a Mef group. It has also been shown that in solution the amine deprotonates the enol and
generates an ammonium cation and an enolate anion. This was modeled by the interaction
between the trimethylammonium ion and the enolate derived from 223 in the presence of
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a Pt surface167. A pictorial representation of the adsorbed species is shown in 229, starting
with the trimethylammonium ion positioned close to the adsorbed enolate ion (the H–O
distance is 2.5 Å for both N+ H· · · ·O− and N+ H· · · ·O=C). During minimization, the
ammonium ion moves toward the surface and comes closer to the C=O of the enolate
derived from 224 (H–O distance 1.8 Å) and farther from the C=O of that derived from
225 (H–O distance 2.3 Å). In this intermediate position, the hydrogen bond formed with
the nonactivated moiety was 1.8 Å, while that formed with the activated moiety was 2.3 Å.
As the optimization continues, this preferential coordination yields a displacement of the
C=O derived from 224 from the surface, and when convergence is reached the ammonium
ion coordinated to the C=O derived from 225 changes its adsorption mode to η2.
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E. Protonation Reactions

Asensio and coworkers studied the effects of solvent, temperature, presence of lithium
salts and proton acidity on the enantioselective protonation of enolates 230 to yield (R)-
2-methyl-1-tetralone (231, equation 58) with α-sulfinyl alcohols 232169 and 1,2-sulfinyl
thiols 233170. Stereoselectivity was generally enhanced when lithium bromide was present
in the medium during enolization and also with the use of methylene chloride solutions.

Me

OR

Me

OM

Me

O

R Tol-p
S

R Tol-p
S

SH OOH O

(230)

(232) (233)

MeLi

(231) (58)

A preliminary approach171 to understand the mechanism of the enantioselective proto-
nation and the role of lithium bromide, based on TSs containing one lithium atom, failed
to explain the selectivity enhancement by lithium bromide, and the calculated energies of
the TSs did not account for the experimentally observed selectivity. Asensio, Domingo
and coworkers studied the molecular process associated with the proton transfer at the
semiempirical PM3 level169. Based on literature data91, they defined the structure of a
mixed dimer enolate 234 consisting of a four-membered ring where the bromide anion
and the oxygen atom of the enolate were connected by two lithium cations. These bridging
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cations were in an approximately tetrahedral environment provided by two pairs of oxygen
atoms corresponding to two molecules of dimethyl ether, as a reduced model of diethyl
ether used experimentally. Subsequent substitution of two solvent molecules of one lithium
atom for the chiral alcohol 232 (R = Me) afforded two enolate complexes, which may be
considered precursors to the corresponding transition structures. These enolate complexes
can be converted into two chiral complexed ketones, via the TSs 235 and 236, containing
a six-membered ring with an OH group from which the proton transfer process takes place
via a favorable intramolecular pathway to yield ketone 231 of (R) or (S) configuration,
respectively. In contrast with the very similar energy values calculated for the monolithium
TSs, 235 was 3.9 kcal mol−1 less energetic than 236, in good agreement with the experi-
mental results. The breaking O−H (1.283 Å) and forming C−H (1.428 Å) bonds in 235
were larger than in 236 (1.273 and 1.419 Å, respectively). These geometrical values were
close to those in monolithium TSs, illustrating the invariance of the geometry relative to
the lithium aggregate state. Consequently, the lower activation energy of 235 relative to
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236 is responsible for the preferential protonation via the former. Despite the difficulty
in studying these chemical processes in solution, where different aggregates are assumed
to exist simultaneously, this work provided new insights on the general mechanism of
the enantioselective protonation, underpinning the role played by lithium bromide in the
formation of mixed dimers. Similar results were obtained for the protonation of enolates
230 with 1,2-sulfinyl thiols 232 at the semiempirical PM3 computational level170.

F. Polymerization Reactions
The polymerization of alkyl acrylates or methacrylates has industrial significance and,

therefore, has been the subject of intensive experimental investigations and practical
applications. Zirconocene complexes are used as catalyst or catalyst precursors for the
polymerization of methyl methacrylate172. Several investigations are based on a modi-
fication of dimethylzirconocene or derivatives thereof as catalyst precursors173 – 175. Of
particular interest are the generation of the actual catalyst and the nature of the propa-
gation step. Bridged and nonbridged zirconocene derivatives have been studied. Most of
these studies have in common that, in the initial preparation of the active catalyst, methyl
groups are eliminated from dimethylzirconocene complexes in order to provide a cationic
intermediate with a vacant ligand site which can be used by an acrylate molecule or,
in view of the catalytic activity, by an ester enolate molecule, which is presumed to be
formed in situ prior to polymerization.

Three mechanisms have been proposed on the basis of experimental studies, all involv-
ing a zirconium ester enolate subunit. The cationic mechanism is based on a positively
charged zircocene subunit 237173,174. Acrylate is attached to zirconium via the carbonyl
oxygen atom. The terminal C atom of acrylate forms a C−C bond with the β-C atom of the
enolate and in this arrangement the acrylate now becomes the new enolate unit. The cat-
alytic cycle is terminated by removing the methoxycarbonyl group, formerly the enolate,
from zirconium. The neutral mechanism is similar but incorporates a neutral zircocene
unit 238 bound to an enolate ligand174. The bimetallic mechanism is different insofar as
two dicyclopentadienyl methylzirconium units are involved, 239174, one bearing an ester

O
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O

O

O

Cp2Zr O

OCH3
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CH3
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O
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(237) cationic mechanism (238) neutral mechanism

(239) bimetallic mechanism
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enolate and the other an acrylate molecule. C−C bond formation is a bimolecular reaction.
During the process, the positively charged complex becomes neutral and vice versa.

A number of theoretical studies have been carried out on ethene or propene poly-
merization by metallocene complexes. In part, they are based on HF, DFT calculations
or even a hybrid method including force-field procedures176. The three possible cat-
alytic mechanisms were shown to be realistic alternatives by Sustmann and coworkers at
the B3LYP/3-21G and B3LYP/6-31G*-ECP(S)//B3LYP/3-21G computing levels177. The
cationic mechanism (237) was originally favored by several groups173,174, where the
cationic species [Cp2Zr(OC(OR)=CR2)]+ was assumed to add an acrylate molecule via
the TS 240. The drawback of the cationic mechanism was the breaking of a Zr−O bond,
a very energy-consuming process to start a new propagation step. The neutral mecha-
nism, starting with a mononuclear, neutral zirconocene complex formally derived from
[Cp2ZrMe]+ and an ester enolate, yielded the energetically slightly higher TS 241 for

(241)

Zr

O

O

OO

(240)

O

O

O

O

Zn
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C−C coupling than the cation mechanism, but separation of the newly generated car-
boxy group from zirconium proved to be exothermic and did not require assistance by an
acrylate molecule.

The ‘bimetallic’ mechanism 3 delineated from experiments by Collins’s group174 pre-
sumes that [Cp2ZrMe(OC(OR)=CR2)] reacts with [Cp2ZrMe(O=C(OR)CH=CH2)]+.
C−C coupling by this mechanism requires the lowest activation energy of the three cases
considered. A rationalization of the higher reactivity in terms of a Lewis acid function
of [Cp2ZrMe]+ on methyl acrylate was provided. To be competitive with the other two
catalytic cycles, the final step, that is the separation of [Cp2ZrMe]+ from the product
complex, must be assisted by acrylate. Both back-side and front-side attack of the car-
bonyl oxygen of acrylate on the zirconium fragment were found to be possible, although
back-side attack was slightly favored.

The influence of bridging by bivalent groups >SiH2, >CMe2 and −CH2CH2−on
the structure and reactivity of the ester–enolate complex in polymerization has been
also studied. A widening of the angle between the planes of the cyclopentadienyl units
from 50◦ to about 70◦ was observed, with enhanced accessibility of the metal cen-
ter. Reaction coordinate calculations provided evidence that the neutral mononuclear
mechanism profits from the increase in angle widening. Chlorine instead of methyl at
zirconium seems to have an activating effect. The bridged single-component zirconocene
[Zr{(Cp)(Ind)CMe2}(Me)(thf)](BPh4) (Ind = inden-1-yl) polymerizes methyl methacry-
late (MMA) selectively to isotactic poly(methyl methacrylate) (PMMA) with no cocata-
lysts or activators. To elucidate the stereoselective steps of the polymerization of MMA
by using this catalyst, Holscher and coworkers178 studied the propagation steps occurring
with the derivative [Zr{(Cp)(Ind)CH2}{−O−C(OMe)=C(Me)(Et)}(MMA)] by ab initio
(HF/3-21G) calculations (see Scheme 3). After the initiation step, which consumes the
first two MMA molecules, each new catalytic cycle begins with the stereoselective addi-
tion of a new MMA molecule at the indenyl side of the zirconocene fragment. At the
same time the enolate ring undergoes a stereoselective in-plane ring shift to the side
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O C
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L

L O

O

MMA
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Zr

O
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O C
L
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(243)

(244)

+

+

+

SCHEME 3. Simplified polymerization mechanism showing the stereoselective shift of the enolate
ring of 242 away from the indenyl ring (L) system upon addition of MMA to yield 243. An SN 2-type
reaction of 244 with MMA to yield 243 might also be possible
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opposite to the indenyl ring. These findings were used to postulate a mechanism for the
polymerization that explains the stereoselective synthesis of isotactic PMMA.

Recently, Tomasi and coworkers179 performed a DFT (BP86/STO) study to explore the
mechanism of the group transfer polymerization (GTP) of methyl acrylate (MA), catalyzed
by mononuclear Zr-based and Sm-based metallocenes (equations 59 and 60). From their
calculations, the process catalyzed by a neutral zirconocene appears to be slower than that
catalyzed by a cationic zirconocene. The mechanism of the neutral samarocene-catalyzed
GTP180 showed a close similarity to that catalyzed by the cationic zirconocene because
the two systems are isoelectronic. No energy barrier was encountered on the potential
energy surface in the C−C coupling reaction catalyzed by these two systems (Figure 5b),
whereas when a neutral zirconocene was involved, a moderate activation energy was found
(Figure 5a). Also, the products of the reaction were different, since in the GTP catalyzed
by a cationic zirconocene or by a neutral samarocene a very stable metallacycle (251)
was formed (equation 60), which is the resting state in the whole polymerization, while
in the GTP catalyzed by the neutral zirconocene the metallacycle was only a high-energy
intermediate. A dependence was found of stereoregularity on the relative disposition of the
acrylate and enolate ligands, as well as the direction of the incoming acrylate molecule.
The first transition state in the opening of the metallacycle resting state, assisted by an
incoming acrylate molecule, was the most important elementary step. On the basis of these
discoveries a kinetic model for the prediction of stereoregularity was developed, which
has been shown to be qualitatively in agreement with the experimental data available for
similar systems.

O

OMe
Zr

Cp

Cp MA

Me

Zr

O
Cp

OCp

MeO

OMe

Me

Zr

O
Cp

OCp

MeO

OMe

Me

Zr

O
Cp

OCp

MeO

OMe

Me

O

OMe
Zr

Cp

Cp

Me

OMe

O

(247)(245) (246)

(248)

(59)



74 Luis R. Domingo and Juan Andrés

Reactants Enolate Complex Metallacyc.

Reaction Coordinate Reaction Coordinate

Reactants Enolate Complex Metallacyc.

EE

(a) (b)
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247

245 246
248
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FIGURE 5. Energy profile for GTP catalyzed by (a) a neutral zirconocene, (b) a cationic zirconocene
and neutral samarocene. Reprinted with permission from S. Tomasi, H. Weiss and T. Ziegler,
Organometallics, 25, 3619. Copyright 2006 American Chemical Society
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Domingo-Calap who have read the initial drafts with patience, and helped us to prepare
the graphical material in the final version.



1. General and theoretical aspects of the metal enolates 75

VI. REFERENCES
1. (a) R. B. Bates, in Comprehensive Carbanion Chemistry, Part A, Chap. 1 (Eds E. Buncel and

T. Durst), Elsevier, Amsterdam, 1980.
(b) P. O’Brien, in Comprehensive Carbanion Chemistry, Part A, Chap. 6 (Eds E. Buncel and
T. Durst), Elsevier, Amsterdam, 1980.
(c) C. M. Thompson and D. L. C. Green, Tetrahedron, 47, 4223 (1991).
(d) L. M. Jackman and J. Bortiatynski, in Advances in Carbanion Chemistry, Vol. 1 (Ed.
V. Snieckus), JAI Press, Greenwich, 1992, pp. 45–87.

2. A. Bongini, M. Orena and S. J. Sandri, J. Chem. Soc., Chem. Commun., 50 (1986).
3. W. J. Hehre, L. Radom, P. v. R. Schleyer and J. A. Pople, in Ab Initio Molecular Orbital

Theory, John Wiley & Sons, Inc., New York, 1986.
4. J. Kaneti, P. v. R. Schleyer and A. J. Kos, J. Chem. Soc., Chem. Commun., 1014 (1985).
5. L. R. Domingo, S. Gil, R. Mestres and M. T. Picher, Tetrahedron, 51, 7207 (1995).
6. J. J. P. Stewart, J. Comput. Chem., 10, 209 (1989).
7. M. J. Aurell, S. Gil, R. Mestres, M. Parra and A. Tortajada, Tetrahedron, 50, 5109 (1994).
8. L. R. Domingo, S. Gil, R. Mestres and M. T. Picher, Tetrahedron, 52, 11105 (1996).
9. P. Veya, C. Floriani, A. Chiesivilla, C. Guastini, A. Dedieu, F. Ingold and P. Braunstein,

Organometallics, 12, 4359 (1993).
10. P. G. Williard and G. B. Carpenter, J. Am. Chem. Soc., 108, 462 (1986).
11. T. Maetzke, C. P. Hidber and D. Seebach, J. Am. Chem. Soc., 112, 8248 (1990).
12. D. Seebach, R. Amstutz, T. Laube, W. B. Schweizer and J. D. Dunitz, J. Am. Chem. Soc.,

107, 5403 (1985).
13. T. J. Lynch, M. Newcomb, D. E. Bergbreiter and M. B. Hall, J. Org. Chem., 45, 5005 (1980).
14. R. Leung-Toung and T. T. Tidwell, J. Am. Chem. Soc., 112, 1042 (1990).
15. K. W. Henderson, A. E. Dorigo, Q. Y. Liu, P. G. Williard, P. v. R. Schleyer and P. R.

Bernstein, J. Am. Chem. Soc., 118, 1339 (1996).
16. A. Abbotto, A. Streitwieser and P. v. R. Schleyer, J. Am. Chem. Soc., 119, 11255 (1997).
17. A. D. Becke, J. Chem. Phys., 98, 5648 (1993).
18. C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 37, 785 (1988).
19. M. Rosi, A. Sgamellotti and C. Floriani, Theochem—J. Mol. Struct., 431, 33 (1998).
20. J. K. Pugh and A. Streitwieser, J. Org. Chem., 66, 1334 (2001).
21. A. D. Becke, Phys. Rev. A, 38, 3089 (1988).
22. J. P. Perdew, Phys. Rev. B, 33, 8822 (1986).
23. W. J. Hehre and L. Lou, A Guide to Density Functional Calculations in Spartan, Wave-

function, Inc., Irvine, CA, 1997.
24. Y. J. Kim, A. Streitwieser, A. Chow and G. Fraenkel, Org. Lett., 1, 2069 (1999).
25. L. M. Pratt and A. Streitwieser, J. Org. Chem., 68, 2830 (2003).
26. L. M. Pratt, A. Newman, J. St Cyr, H. Johnson, B. Miles, A. Lattier, E. Austin, S. Henderson,

B. Hershey, M. Lin, Y. Balamraju, L. Sammonds, J. Cheramie, J. Karnes, E. Hymel,
B. Woodford and C. Carter, J. Org. Chem., 68, 6387 (2003).

27. J. Oviedo and J. F. Sanz, Surf. Sci., 397, 23 (1998).
28. S. Fery-Forgues, D. Lavabre and A. D. Rochal, New J. Chem., 22, 1531 (1998).
29. J. R. Zietz, G. C. Robinson and K. L. Lindsay, in Comprehensive Organometallic Chemistry,

Vol. 7, Chap. 46 (Eds G. Wilkinson, F. G. A. Stone and E. W. Abel), Pergamon, Oxford,
1983.

30. F. H. van der Steen, G. P. M. van Mier, A. L. Spek, J. Kroon and G. van Koten, J. Am. Chem.
Soc., 113, 5742 (1991).

31. J. F. Allan, W. Clegg, M. R. J. Elsegood, K. W. Henderson, A. E. McKeown, P. H. Moran
and I. M. Rakov, J. Organomet. Chem., 602, 15 (2000).

32. E. A. Jeffery, A. Meisters and T. Mole, J. Organomet. Chem., 74, 365 (1974).
33. M. Rosi, A. Sgamellotti and C. Floriani, Theochem—J. Mol. Struct., 459, 47 (1999).
34. M. Rosi, A. Sgamellotti and C. Floriani, Theochem—J. Mol. Struct., 459, 57 (1999).
35. K. Babic-Samardzija, S. P. Sovilj and N. Katsaros, J. Mol. Struct., 694, 165 (2004).
36. W. D. Edwards and M. C. Zerner, Theor. Chim. Acta, 72, 347 (1987).
37. W. P. Anderson, W. D. Edwards and M. C. Zerner, Inorg. Chem., 25, 2728 (1986).
38. S. J. Eng, R. J. Motekaitis and A. E. Martell, Inorg. Chim. Acta, 278, 170 (1998).
39. S. Umetani, Y. Kawase, Q. T. H. Le and M. Matsui, Inorg. Chim. Acta, 267, 201 (1998).



76 Luis R. Domingo and Juan Andrés

40. J. S. Wang, R. Jerôme, R. Warin and P. Teyssié, Macromolecules, 26, 1402, (1993).
41. V. Halaska and L. Lochmann, Collect. Czech. Chem. Commun., 38, 1780 (1973).
42. J. Kriz, J. Dybal, P. Vlcek and M. Janata, Macromol. Chem. Phys., 195, 3039 (1994).
43. M. J. S. Dewar and W. Thiel, J. Am Chem. Soc., 99, 4899 (1977).
44. J. Dybal and J. Kriz, Collect. Czech. Chem. Commun., 59, 1699 (1994).
45. E. Kaufmann, K. Raghavachari, A. E. Reed and S. P. v. R. Schleyer, Organometallics, 7,

1597 (1988).
46. W. N. Setzer and P. v. R. Schleyer, Adv. Organomet. Chem., 24, 353 (1985).
47. H. Weiss, A. V. Yakimansky and A. H. E. Müller, J. Am. Chem. Soc., 118, 8897 (1996).
48. A. M. Sapse, K. Raghavachari, P. v. R. Schleyer and E. Kaufmann, J. Am. Chem. Soc., 107,

6483 (1985).
49. H. Schlaad, H. Kolshorn and A. H. E. Müller, Macromol. Rapid Commun., 15, 517 (1994).
50. B. Schmitt, H. Schlaad, A. H. E. Müller, B. Mathiasch, S. Steiger and H. Weiss, Macromole-

cules, 32, 8340 (1999).
51. A. V. Yakimansky and A. H. E. Müller J. Am. Chem. Soc., 123, 4932 (2001).
52. D. Baskaran, A. H. E. Müller and S. Sivaram, Macromol. Chem. Phys., 201, 1901 (2000).
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I. ACRONYMS

acac acetylacetonate hfac hexafluoroacetylacetonate
bipy 2,2′-bipyridine ILCT intraligand charge transfer
bzac 1-phenylbutane-1,3-dionate LLCT ligand-to-ligand charge transfer
bzq benzoquinoline MLCT metal-to-ligand charge transfer
CFSE crystal field stabilization

energies
MOCVD metallorganic chemical vapor

deposition
CR charge reversed OLED organic light-emitting diode
CT charge transfer phen 1,10-phenanthroline
diam diamine Racac substituted acetylacetonate
dibzm 1,3-diphenyl-1,3- SCCO2 supercritical CO2

propanedionate tfac trifluoroacetylacetonate
dik β-diketonate thp 2-(2′-thienyl)pyridine
dpm dipivaloylmethanoate tmeda N ,N ,N ′ ,N ′-tetramethylethyl-
en ethylenediamine enediamine
GED gas electron diffraction tpy 2-(4-tolyl)pyridine

II. INTRODUCTION
Ligand properties such as coordination activity, bond length and orientation of donor
atoms are among the key functions in designing organic structures. β-Diketones and their
metal complexes are among the first groups studied. Numerous classes of various metal
complexes are the product of their versatility and flexibility to adopt different coordination
modes. They typically act in monoanionic form as bidentate oxygen donor in enol form
or in keto form as neutral molecule1. In that form ligand coordination can take place
through the carbon atom or as a monodentate oxygen donor in enol form, or as bridging
ligand donor.

Enolate ions are most important intermediates in synthetic organic chemistry. The
preferred reaction path of an enolate is influenced by the nature of the generating func-
tional group. Most of the aldehyde and ketone enolates react through oxygen while ester
enolates, amide enolates and enolates with electronegative substituents react preferen-
tially through carbon2. Ring size has a significant effect in bond selectivity; small-
ring enolates react preferably through carbon while large-ring enolates react through
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oxygen. Another parameter is the enthalpy of the keto–enol transformation, �HK−E,
which determines whether bonding will preferably take place through oxygen if its value
is low (10–15 kcal mol−1) or through carbon if its value is high (30–40 kcal mol−1).

Acetylacetone has been studied as a prototype molecule for keto–enol tautomerization.
In Scheme 1 are presented enolic and ketonic forms of acetylacetonate with structure
transition forms from C2v to Cs. It has been agreed that enol I and keto I forms are the
two of lowest energy while the other structures are expected to have higher energies3.
Complete agreement was found in data with a potential of the enolic proton exhibiting a
single symmetric minimum; thus the observed C2v species in the enol I structure are as
predicted with a global minimum energy.

O OH O O
H

O

O

H

Enol I (C2v) Enol IIa (Cs) Enol IIb (Cs)

O O

O

O

O
Keto I (C2) Keto II (Cs) Keto IIc (Cs)

H

O

SCHEME 1. Enolic and ketonic forms of acetylacetone. The enolic conformations shown are plau-
sible lowest-energy forms. Reprinted with permission from Reference 3. Copyright 2006 American
Chemical Society

Earlier studies have disclosed that the coordination mode of the enolate ligands exerts
a strong influence in its reactivity4,5. For instance, in contrast to O-enolates, coordination
through carbon atom often causes low enolate-like reactivity and a chemical behavior
more similar to that of alkylmetals, for example, toward migratory insertion6,7, although
some aldol-type additions of C-bonded enolates are known8,9. The active participation of
the O-bonded tautomer in these transformations cannot be ruled out, as the two forms may
have similar energies. Both O- and C-binding have been ascertained for late transition
metals10 – 12 but the latter is more common for the softer Lewis acids derived from the
heavier elements of these groups13,14. In some cases both tautomeric C- and O-enolate
forms have been detected12.

Preference of the enol or the keto tautomeric form depends strongly on the sub-
stituents. According to structural studies in the gas phase on compounds of general formula
XC(O)CH2C(O)Y the enol tautomer is present when X = Y = H, Me, i-Pr, Mef. On the
other hand, when X = Y = F, Cl, OMe, NH2 the diketo form prevails. There are two
enol and three possible conformers of the diketo tautomer of XC(O)CH2C(O)Y type
compounds. It was found by GED that methyl acetoacetate (MeC(O)CH2C(O)OMe) con-
taining Me and OMe substituents shows a mixture of 80 ± 7% enol and 20 ± 7% diketo
tautomers, while some theoretical predictions and calculations pointed to 92% or 87% of
enol tautomer or a strong preference for the diketo form15. Experiments and calculations
on acetoacetamide (MeC(O)CH2C(O)NH2) show a mixture of 63 ± 7% enol and 37 ∓ 7%
diketo forms at the gas phase. In the aqueous solution 90% of diketo tautomer is present,
probably due to stabilizing intermolecular interactions with water molecules.
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It is hard to predict tautomeric properties of dicarbonyl compounds, and an intuitive
way is based on the nature of the substituents and their electronegativity. For example,
substituents of group I with χBB < 2.88 (Boyd and Boyd χBB values) as H (2.10), Me
(2.55), i-Pr (2.55), CF3 (2.71) favor enol tautomer and Cl (3.00), NH2 (3.12), OMe (3.53)
and F (4.00) with χBB � 3.00 favor the diketo form15. An alternative consideration is
the presence or absence of a nonbonding electron. Alkyl groups do not contain a lone
pair and favor the enol tautomer, whereas the others possess nonbonding one, two or
three electron pairs. In disagreement with this aproach are substituents with lone pairs
and low electronegativity, such as −SH or −SCH3 group with χBB = 2.65. Quantum
chemical calculations predict a strong preference for the diketo tautomer but, based on
electronegativity, enol is the expected tautomer. Apparently, conjugation between a lone
pair of the substituent and the C=O π-bond, i.e. a resonance structure of the X+ = C−O−,
stabilizes the keto structure.

The chemistry of late transition metal enolates is a subject of considerable synthetic
interest due to the high levels of selectivity that such compounds introduce in many organic
reactions. A detailed study of these complexes is essential for the development of new
synthetic applications16. Thus, transition metal enolates have become crucial in a number
of valuable synthetic methodologies. Optimization of these methodologies demands a
deeper understanding of their mechanistic details.

III. VIBRATIONAL SPECTRA

IR spectra are the most important spectral technique for detecting the β-diketonate moiety
and type of bonding. The most characteristic peaks in the IR spectra of β-diketonates17

belong to the following groups: (i) The skeletal vibrations of acetylacetone derived from
the coupling of two acetone molecules linked by a common methylene group: for example,
the bands of Fe(acac)3 are found around 1272 and 1186 cm−1, 799 and 769 cm−1, and
548, 434 and 412 cm−1. (ii) The characteristic vibrations of the C−H bonds found at 1419,
1355, 1021 and 927 cm−1. (iii) The C=O group vibrations near 1575 and 1522 cm−1,
pointing to coordination through the enol form when both oxygen atoms are involved
in coordination. The first band assigned to C=O has reduced bond order. Appearance
of a band at 1385 cm−1 is characteristic for C−O increased bond order. Vibrations at
1522 cm−1 correspond to C=C reduced or perturbed bond due to the enol coordination17.
In case of absence of this band, coordination is probably realized through both carbonyl
groups. Therefore, absorption in the OH region is considered as evidence for the enol
form, since ν(O−H) is significantly weakened and broadened by intramolecular hydrogen
bonding. Absorptions in the 1700–400 cm−1 region are common to the spectra of most
metal acetylacetonates. Position and number of these bands depend on the nature of
the coordinated central metal ion. (iv) The band around 1425 cm−1 was found to be
present only in acac and metal complexes with basic acetylacetonate or other β-diketonates
containing the acetyl moiety. This band corresponds to methyl deformation vibrations,
together with a band near 800 cm−1, assigned either to out-of-plane C−H deformation
or π(C−H). (v) There are three bands around 3000 cm−1 in spectra of β-diketones and
their metal β-diketonates that are unaffected by the metal ion, corresponding to ν(C−H)
of the methylene group, as well as asymmetric and symmetric vibrations of the methyl
group, ν(C−H), at 2970 and 2870 cm−1.

IR data show that the metal–ligand bond is partially ionic since ν(C−O) is relatively
high (e.g. at 1593 cm−1 for Mn−O) and the fairly low value of the crystal field splitting
parameter (Dq) is also consistent with the ionic character of the Mn−O bond18. In the case
of Co(III), Dq is very high suggesting strong π-bonding and, consequently, the relatively
high stretching M−O and C−O frequencies. Acceptor π-bonding provides the major
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contribution to the total π-interaction, raising the d-orbital level and decreasing Dq. On
the other hand, donor π-bonding lowers the d-orbital level and increases Dq. For instance,
Ti(III) is a strong donor and weak acceptor thus resulting in the π-interaction being weak;
Cr(III) is moderate as donor and acceptor and total π-interaction is strong. Also, in case
of Co(III) ion, the strong donor role and absence of an acceptor contribution will produce
total strong π-interaction.

Substituents on β-diketonate have a considerable effect on spectral data. Fluorine is
known as the strongest electron-withdrawing element with three lone electron pairs and
the ability to form strong intramolecular hydrogen bonding is reflected in its capabilities19.

A. Metal–Oxygen Frequencies

1. Metal(III) diketonates

Theoretically, there are three IR active stretching modes for metal(III) acetylaceton-
ates17. Band assignments were investigated using the normal coordinate analysis, oxygen
18O labeling and metal labeling. There is a couple of sections within the 700–250 cm−1

region assigned to (i) ν(M−O) stretching + ring deformation, (ii) ν(M−O) stretching +
δ(C−CH3) in-plane bending, (iii) ν(M−O) stretching + ν(C−CH3) stretching, (iv) π , out-
of-plane bending, ring deformation and in-plane bending δ(O−M−O) and (v) ν(M−O)
stretching vibrations.

Crystal field stabilization energies (CFSE) of the complexes with trivalent metals follow
the sequence for metal–ligand (oxygen) bonds in the order Sc < V < Cr, followed by
Cr > Mn > Fe and Fe < Co. Metal–oxygen stretching bands, ν(M−O), are of similar
vibrational purity, but it is observed that CFSEs have an effect on these frequencies17.
This is the case of Mn(III), with high spin d4 configuration and intensive Jahn–Teller
distortion. It is clear that CFSEs can affect not only metal–ligands bonds but also C−O
bonds of Racac-type ligands.

Co(III) acetylacetonates show frequencies closer to the low spin d6-ion configuration
than to the high spin. Co(tfac)3 has an even lower ν(Co−O) band than calculated for low
spin, i.e. 445 vs. 451 cm−1, respectively17. Therefore, metal–ligand vibrations for a series
of octahedral metal complexes are in order Co(II) < Ni(II) and Zn(II) < Ni(II) within
the same ligand system. Fe(III) < Mn(III) < Cr(III) is observed, as expected from crystal
field theory17.

A series of tris(acetylacetonato)metal(III) complexes (Co, Cr, Ru and Rh) has revealed a
new aspect concerning the effect of the central metal ion on the vibrational energy levels
split by interligand interactions (Figure 1)20. Correlated vibrational motions of vicinal
ligands are affected by the d-electron configuration of a central metal ion. All IR spectra in
the 1700–1000 cm−1 range have a similar form. Differences seen in the 1500–1300 cm−1

range corresponds to C−O stretching vibrations. The two oppositely signed peaks in the
VCD spectra are caused by the splitting of the vibrational energy level due to interaction
of vicinal ligands. In the case of the �-enantiomer of Co and Rh complexes, the negative
peak appears at the higher frequency with the residual positive peak at the lower frequency,
whereas the Cr and Ru complexes have the opposite appearance. This behavior can be
attributed to the electronic configuration of the central metal ion. Co(III) and Rh(III) have
diamagnetic (e6

g) d-electron configuration, while Cr(III) and Ru(III) have paramagnetic
(e5

g) d-electron configuration. Accordingly, the diamagnetic configuration has a symmetric
distribution of d-electrons that stabilizes in-phase motion of vicinal ligands more than the
out-of-phase motion, and vice versa for the paramagnetic species.

Since the strength of the metal–ligand bond is directly related to the metal–ligand
stretching constant, it is expected that the ν(M−O) vibrations will be in the order Al, Ga,
In > alkali earth > alkali metals21. Correlations were found between the stability constants



86 Ksenija Babić-Samardžija, Sofija P. Sovilj and Vladislava M. Jovanović
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FIGURE 1. FT-IR (lower traces) and VCD (vibrational circular dichroism, upper traces) spectra of
M(acac)3 complexes: (a) M = Co, (b) M = Cr, (c) M = Ru and (d) M = Rh. In the VCD spectra
the solid and dotted curves correspond to the �- and �-enantiomers, respectively. Reproduced with
permission from Reference 20

and energetic parameters for molecular complexes, for example the force constant and the
frequency of the M−O stretching vibrations. The M−O normal vibrations of M(acac)3
show strong isotope effects for M = Al, Ga and In. Unfortunately, no satisfactory corre-
lation can be established for the metal isotopes between the experimental IR frequencies
and either the force constant of the M−O bond or the stability constants.

2. Metal(II) diketonates

M(dik)2 complexes are not as straightforward structurally as M(dik)3 complexes; most
of them are with polymeric structure (e.g. Ca, Mn, Fe, Co, Ni, Zn) but, interestingly,
Cu(dik)2 complexes are monomeric, square planar22.

An almost linear relationship is observed between the d-orbital population and the
ν(M−O) frequencies, from Mn (d5) toward Fe (d6), Co (d7), Ni (d8), Cu (d9) and Zn
(d10), increasing from ca 540 to 615 cm−1, respectively. The value for Cr (d4) is the
same as for the Ni (d8), while the Cu (d0) vibrations appear at lower frequencies than all
the d4 –d10 transition ions. The particularly high ν(Cu−O) frequency is a consequence of
a change to coordination number 4, producing strong Jahn–Teller distortion in the Cu(II)
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complexes23. The effect of the metal ion is related to the degree of ionic character in the
metal–ligand bond23. These complexes show low ν(M−O) and high ν(C−O) frequencies,
which will be reversed in the case of complexes with more covalent character of the
metal–ligand bond. In the case of transition metals this effect is usually associated with
crystal field and ion configuration: thus, large CFSE produce high ν(M−O) and low
ν(C−O) frequencies. Both effects are independent of ligand substituents.

B. Carbonyl Frequencies

Incorporation of electron-releasing substituents is related to the increase of metal–
oxygen bond frequency ν(M−O) and the decrease of ν(C−O) and ν(C−C) in the fol-
lowing order: hexafluoroacetylacetonates < trifluoroacetylacetonates < acetylacetonates
< pivaloylacetonates < dipivaloylmethanoates. The ligand substituent is associated with
field and resonance contributions, therefore electron-releasing or electron-withdrawing
substituents will have opposite effects on metal–ligand and other molecular frequencies17.

The ν(C=O) frequencies are dependent on the R groups attached to the carbonyl group,
i.e. methyl, phenyl, trifluoromethyl etc. The possible interaction of the C=O group with
adjacent π- or d-orbitals and the relative electron density over the σ bonds also depend on
the R substituents. Electronegative groups, such as trifluoromethyl and hexafluromethyl,
tend to raise the ν(C=O) frequencies while coordinated benzoylacetonates have frequen-
cies considerably lower than acetylacetonate. For example, in the case of Cu(bzac)2,
ν(C=O) is shifted by 19 cm−1 relative to acac (1561 vs. 1580 cm−1, respectively) while
with Cu(hfac)2 this frequency is moved up to 1655 cm−1. The ν(C=O) frequencies of
Cu(dik)2 depend on the R groups of the dik ligand, and are in the order: Cu(dibzm)2
< Cu(acac)2 < Cu(tfa)2 < Cu(hfac)2. Bands at 680, 654 and 455 cm−1 are assigned
to ν(Cu−O) stretching mode vibrations. For ν(M−O) vibrations in the 600–290 cm−1

region the order is Cu > Ni > Co > Zn. Metals capable of forming M(dik)2 and M(dik)3
complexes have the ν(M−O) vibrations at similar frequencies for both oxidation states.
The carbonyl group frequencies for these metal acetylacetonates are in a similar range
and follow CFSE order Co < Ni and Ni > Cu > Zn23.

Fluoro-containing ligands are expected to change the stability of coordinatively unsatu-
rated metal complexes. Combination of geometrically defined pyridine-containing organic
ligands and coordinatively unsaturated Cu(II)-hexafluoroacetylacetonate moieties leads
to formation of a porous metal–organic hybrid structure24. In main Cu(hfac)2 complex
primary frequencies from IR spectra correspond to: ν(C=O) at 1647 cm−1, ν(C=C) +
ν(C=O) at 1561 and 1535 cm−1; δ(CH) 1484–1468 cm−1; ν(C=C) 1257 cm−1; ν(CF3)
at 1345, 1229 and 1145 cm−1; δ(CF3) at 807 cm−1; δ(chelate ring) at 676 cm−1 and
δsym(CF3) at 594 cm−1. In saturated complexes24 frequencies that correspond to C−C
and C−O vibrations from the chelate ring are shifted to slightly higher wave numbers
while the CF3 group shows lower frequencies.

Not only the metal ion but also substituents in the ligands have a strong effect on the
characteristic frequencies. For example, the presence of the electron-withdrawing group
Mef in tfac or hfac yields the lowest M−O frequencies and highest C−O frequencies. On
the other hand, electron-releasing subsitituents such as Me or t-Bu lower the C−C bond
strength and will result in the highest M−O and the lowest C−C frequencies. In the case
of Cu(hfac)2

17, ν(M−O) is located at 427 cm−1, ν(C−O) at 1655 cm−1 and ν(C−C) at
1618 cm−1. For the Cu(acac)2 complex these frequencies are at 455, 1582 and 1536 cm−1,
respectively. For Cu(dpm)2 they are located at 496, 1571 and 1504 cm−1 while for
Cu(dibzm)2 they are shifted to 465, 1549 and 1535 cm−1. Similarly, the corresponding
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ν(M−O) frequencies of Fe(hfac)3
17 are shifted to 421 cm−1, ν(C−O) is at 1647 cm−1

and ν(C−C) at 1623 cm−1. For Fe(i-PrCOCHCOPr-i)3 the corresponding frequencies are
at 437, 1575 and 1530 cm−1, respectively, for Fe(dpm)3 479, 1563 and 1510 cm−1, while
with Fe(dibzm)3 they are located at 455, 1533 and 1528 cm−1.

C. Scandium and Yttrium Diketonates

β-Diketonates have received much attention because of their stability, volatility and
ability to serve as metal source in chemical vapor deposition under mild conditions. The
symmetry of Sc(dik)3 complexes25, dik = dpm, acac, hfac, is essentially D3 (Figure 2).
The six oxygen atoms surrounding the scandium atom are defined in distored anti-
prismatic coordination. Replacement of organic groups such as Me, t-Bu or Mef with
one another will not change the chelate ring structure but will affect the bond distances.
The electron-withdrawing Mef group weakens the metal–ligand bond and increases this
distance. In contrast, the t-Bu group could cause shortening of the M−O bond. It seems
that the MO6 polyhedron structure largely depends on the type of metal ion and also on
the presence of different substituent groups. Based on GED measurements, a 36.4(63)◦
rotation angle for the CH3 groups in Sc(acac)3 points to almost free rotation, whereas the
19.8(17)◦ value for the CF3 groups in Sc(hfac)3 indicates restricted rotation25.

Simultaneous electron diffraction and MS investigation of Sc(acac)3 saturated vapor
shows that the vapor contains only monomeric molecules25. The heaviest ion in mass
spectra is the molecular ion, [M]+ = [Sc(hfac)3]+. Also, [CF3]+ appears to be of high
intensity. While the geometrical parameters of the ligand agree fairly well, those of the
coordination polyhedron of the Sc(acac)3 molecule differ widely between the crystalline
state26 and the free molecules in the gaseous state27. Moreover, the structure of the
coordination polyhedron ScO6 conflicts with Kepert’s model28, based on the idea that
the stereochemical distribution of ligands around the central atom depends on mutual
repulsion between the central bonds of the ligands and the central atom. In this model,
the bidentate ligands are approximated by diatomic molecules with one parameter—the
normalized coordination size, b. For metal β-diketonates, b = r(O· · ·O)/r(M· · ·O).

q
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Ftrans
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Ct

Fgauche
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FIGURE 2. Structure of the Sc(hfac)3 molecule, showing definitions of some geometrical parame-
ters. Reproduced with permission from Reference 25
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The Sc(acac)3 molecule possesses D3 symmetry29. The barrier to internal rotation of
the Me groups (γ axis in Figure 2) estimated from the effective rotation angle is low at
the temperature of the GED experiment, V0 = 3.6 kJ mol−1, therefore the rotation may
be considered as virtually free.

The dipole moments of six scandium complexes Sc(RCOCHCOR′)3, R, R′ = Me, Mef,
increase from 4.34 to 6.18 D30 when Mef groups gradually replace Me groups. Introduc-
tion of Mef instead of Me lengthens the adjacent C−O bond and shortens the nearest
O−Sc bond (Figure 3). Shorter C−H bonds appear due to the shift of electron density as
the number of Mef groups increases in the complex.

The structure of Sc(mda)3
31 (mda = malondialdehyde) and Sc(acac)3

32 was determined
by ab initio methods. In both cases, the energy minimum corresponds to a D3 symmetry
configuration with a nearly octahedral surrounding of the central atom and a planar config-
uration of the chelate rings. It can be assumed that replacement of the substituent radical
in the chelate by bulky substituents such as t-Bu results in additional steric effects33.
The effect of bulky substituents on the structure of the complexes should weaken in the
series of Sc(dpm)3 –Y(dpm)3 –La(dpm)3 with an increase in the r(M−O) distance and the
distance between the t-Bu groups of neighboring ligands. Replacement of the substituent
is not accompanied by substantial structural changes in the MO6 coordination polyhedron
or internuclear distances in the ligand33.

Y(dpm)3 has been used as molecular precursor for deposition of high-temperature
superconducting YBa2Cu3O7−x films, due to its high volatility and thermal stability34.
The advantage of the anhydrous lanthanide β-diketonate and related elements is based
on a study where the lack of volatility is attributed to the fact that only hydrates decom-
pose at elevated temperatures, forming the polymeric compounds. In the monohydrate,
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Reproduced with permission from Reference 30
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Y(thd)3(H2O), hydrogen bonding between the water molecules and ketonic oxygen atoms
occurs. The IR spectrum of Y(dpm)3

34 explains the structure as a symmetrically O-
coordinated β-diketonate, for bands νsym(C−O) at 1597–1575 cm−1, νsym(C−C) at
1554 cm−1, νasym(C−O) at 1407 cm−1, δ(C−H) at 1189 cm−1, π(C−H) at 800 cm−1,
νasym(Y−O) at 614 cm−1, νsym(Y−O) at 491–475 cm−1, π(C−H) of t-Bu at 1378–
1359 cm−1 and νsym(C−C) at 1247–1229 cm−1.

In the monomeric structure of Y(dpm)3, all three dpm rings occupy a terminal chelating
positions. The reaction of Y(dpm)3 and Cu(dpm)2 with BaX2, X = t-BuO or Me2NCH2
CH(Me), gives mixed metal complexes35. The IR spectra show that ν(C=O) and ν(C=C)
vibrations differ in mixed complexes, e.g. [YBa3(OBu-t)6(thd)3] has two intense absorp-
tion bands at 1595 and 1578 cm−1 and two weaker ones at 1543 and 1538 cm−1. The
frequencies of the M−O vibrations with the dpm ligand are also different from those of
the starting complexes.

D. Titanium Diketonates

The nature of β-diketonates, with oxygen donors and substituents pulled back by the
chelate geometry, makes these systems very effective for electronic and steric obser-
vations. In the d0-orbital of Ti in Ti(Racac)2(OR)2 complexes36, each β-diketonate has
only the π-nonbonding HOMO to engage in effective π-donation. Monomeric titanium
complexes were investigated as possible antitumor agents. The anticancer activity of
budotitane, Ti(bzac)2(OEt)2, depends on the presence of the phenyl groups of bzac and
the spatial distribution of the ligands37. If these are replaced with methyl groups, activity
completely disappears. In any case, spatial arrangement of Ti complex and/or resulting
hydrolyzed species seems to be important for anticancer activity. Figure 4 presents the five
possible diastereomeric configurations (barring chirality) of complexes Ti(Racac)2X2

37, in
the particular case of Racac = bzac. The three cis-X2 diastereoisomers are chiral and the
trans-X2 ones are achiral. According to spectroscopy data, in CDCl3 solution the cis-cis-
trans configuration of budotitane with benzoylacetonate ligands in trans-position occurs
only to a 19% extent. According to NMR spectra and force field calculation, coordination
with the X-ligands in the trans-position is not expected. Only those benzoylacetonato com-
plexes with bulky hydrolyzable groups X− such as iodide or p-dimethylaminophenoxy
have trans-configuration38.

Titanium tetraalkoxides react with β-diketones to give products formulated as (dik)
Ti(OR)3 and (dik)2Ti(OR)2

39,40. Qualitatively, the cis-configurations are more strained but
are preferred due to electronic effects caused by pπ –dπ (t2g) bonding of the β-diketonato
ligand41,42. Complex [TiO(acac)2]2 is a cyclic dimer with the Ti centers linked by oxygen
atoms42. Positive electrospray MS of complexes indicate that, in solution, these deriva-
tives lose anionic ligands that immediately interact with H, Na and/or K ions, yielding
polynuclear monocharged species. The cis-stereoisomer of a mononuclear species can
have three conformers43.

E. Vanadium Diketonates

Vanadium(III) is reported to form neutral, cationic, anionic and oxo-bridged com-
plexes44. The vanadium ion is in a distorted octahedral environment with an O–V–O
bite angle in the acetylacetonate chelate ring moiety of 88.37(9)◦. The hexacoordinated
V(III) complexes with o-phenantroline and acetylacetonate show intense IR peaks at
1521 and 1526 cm−1 that correspond to the ν(CO) stretching vibration of planar acac
ligands. Substitution of the acac ligand with phenantroline or another slim ligand will
allow the approach of another atom for coordination with vanadium, which will become
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heptacoordinated. Counterions such as ClO4
− or BF4

− may interact with the acac group
through hydrogen bonding, which stabilizes solid-state structures.

Vanadyl β-diketonato complexes in a distorted square-pyramidal structure have a strong
V=O bond sticking out from the basal plane and four oxygen atoms from β-diketonato
anions forming a square plane. Consequently, there is a strong effect on the V=O and
V−O bonds by ligand subsituents. Bond lengths of 1.57 Å for V=O and 1.97 Å for V−O
in complexes45,46 point to very strong bonding, which can be probably associated with a
partial ionic contribution of the V−O bond47,48. The difference is seen by comparing the
coordinated acac, tfac and dpm in [(VO)L2] complexes: ν(V=O) and ν(V−O) are located
at 999, 611 and 488 cm−1 for L = acac, at 931, 602 and 449 cm−1 for L = tfac and 1006,
648 and 490 cm−1 for L = dpm. The last two values of every such triplet are ν(V−O)
frequencies. In the vanadyl series there is a partial ionic contribution to V−O bonds, and
an electron-releasing group will promote polarization of this bond and thereby a ν(V=O)
frequency increase. The presence of a trifluoromethyl group shifts the vanadium–oxygen
frequencies to lower wave numbers, whereas the electron-releasing t-butyl group has the
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opposite effect on these frequencies. On the other hand, the opposite effect is observed
for these groups on ν(C−O) and ν(C−C) bonds inside the chelate ring.

Complexes (VO)L2 with L = acac, 3,5-heptanedionate, dpm, bzac, dibzm and acac
NMe2 show a shift to the blue of the absorption band49 as the axial interaction increases.
Also, IR spectroscopy points to changes in strength of the V=O bond. For example, in
noncoordinating solvents (e.g. methylene chloride or chloroform) the absorption spectra
are the same as for the pentacoordinated VO(acac)2 complex (i.e. λmax = 676 nm and
ν(V=O) = 1003 cm−1), while in strongly or moderately coordinating solvent (e.g. diox-
ane or thf) the corresponding values are λmax = 731 nm and ν(V=O) = 991 cm−1. Very
strongly coordinating agents will have an even stronger effect on these bands relative
to a nonbonded one. Pyridine can be strongly attached to a square-pyramidal VO(acac)2
molecule probably at the sixth coordinating position, which is stable only in the solid
state. The cis-trans isomerism and solution chemistry of VO(dik)2 complexes is influ-
enced by factors such as the ligand strength, the size of the chelate structure, the type of
donor atoms and solvation effects.

M(acac)3 complexes, M = V, Ti, Mn and Co, were studied for ligand coordination,
Jahn–Teller distortion and bonding features in organometallic systems50, as shown in
Table 1 for M = V and Ti. The low-spin D3 structure is indeed a minimum energy for
both located high-spin D3 and C2 structures. In V(acac)3 the lowest energy corresponds
to a C2 structure that is accordance with the rule that a d-orbital (t2g parentage) shows
less Jahn–Teller distortion than an antibonding eg orbital. In IR spectra it is possible to
distinguish the difference between C2 and D3 symmetry: a new band around 280 cm−1

and a group of three bands instead of two for D3 symmetry at 400–500 cm−1.

F. Chromium and Molybdenum Diketonates

Two mechanisms have been proposed for the racemization of ��-binuclear species
in a homogeneous solvent51: one takes into account inversion of the coordination sphere
when a new metal-to-ligand bond is formed and the other includes conversion to its
opposite enantiomer by the pseudorotation. The second mechanism seems to be more
feasable in homogeneous systems such as hexane solutions or liquid crystals. In hexane,
enantiomeric [Cr(acac)3] undergoes recemization by photoisomerization, giving a mixture
of the �,�-, �,�- and �,�-isomers. Spectral assignments were followed by changes in
CD and UV-Vis spectra.

A new type of catalyst with high conversion, selectivity and reusability was designed
by grafting polyamine-functionalized polystyrene (PS) on zirconium oligo(styrenylphos-
phonate) hydrogen phosphate (ZrP) and subsequently coordinating with MoO2(acac)2

52, as
shown in Scheme 2. Intense symmetric and asymmetric stretching modes of Mo=O double
bonds were observed in IR spectra, but also peaks at 1680–1700 cm−1 due to carbonyl
absorption are an indication that parts of acac had not been replaced by polyamines.

G. Manganese Diketonates

The synergistic interaction between Mn(III) tris(acetylacetonate) with organic acid leads
to the ligand exchange and to the formation of mixed-ligand Mn(III) bis(acetylacetonate)–
carboxylate chelates53. These types of complexes increase catalytic activity due to chelate
electronic structure change. The unfilled d-orbitals in the d4 electron system cause in these
complexes a typical Jahn–Teller distortion, dark discoloration and magnetic moments in
the range of 4.76–4.9 µB.

Mn(CO)4(hfac) represents an interesting example of manganese(I) complex with two
equivalent ‘hard’ oxygen atoms in conjunction with ‘soft’ carbonyls54. IR spectra exhibit
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TABLE 1. Scaled quantum mechanical (SQM) force-field-calculated infrared frequencies (cm−1)

and intensities (km mol−1) for V(acac)3 and Ti(acac)3. Reproduced with permission from Refer-
ence 50

V(acac)3 Ti(acac)3

Int Calc Exp TED assignment Int Calc TED assignment

21 235 ν(M−O) 9 242 ν(M−O), δ(CH3−C=C),
δ(M−O=C)

64 304 ν(M−O), δ(O−M−O) 7 322 ν(M−O)
33 335 366 δ(O−M−O) 83 336 δ(O−M−O)

2 341 ν(M−O)
35 417 δ(CH3−C=C) 102 409 δ(CH3−C=C), ν(M−O),
3 418 δ(CH3−C=C), δ(O=C=C),

δ(M−O=C)
δ(O=C=C, δ(M−O=C)

11 421 δ(CH3−C=C), δ(O=C=C),
δ(M−O=C)

16 419 δ(CH3−C=C)

119 434 426 ν(M−O), δ(O−M−O) 140 430 ν(M−O)
13 446 465 ν(M−O), ν(C=C)
94 450 484 ν(M−O)
5 557 δ(CH3−C=O) 40 554 δ(CH3−C=O), ν(M−O)

15 562 563 Mixed 35 566 δ(CH3−C=O)
6 574 Mixed

25 577 Mixed
30 591 611 δ(CH3−C=O), ν(M−O), δ(M−O=C)}69 647 660 ν(C−CH3) 70 640 ν(C−CH3), δ(O=C=C)
40 660 ν(C−CH3)
2 665 ν(C−CH3)
2 670 πring 8 661 πring
4 674 πring 6 663 πring

23 676 686 πring
23 774 793 π(C−H) 8 778 π(C−H)
11 778 798 π(C−H) 9 778 π(C−H)}3 914 937 ν(C−CH3) 29 915 ν(C−CH3)
37 916 ν(C−CH3) 9 915 ν(C−CH3)
8 949 ν(C=C), δ(C=C=C) 4 952 ν(C=C), δ(C=C=C)

14 1021 999 ρr(CH3) 7 1017 ρr(CH3)


71 1027 1021 ρr(CH3) 9 1019 ρr(CH3), ν(C=O)
31 1029 ρr(CH3), ν(C=O), ν(C−CH3) 84 1027 ρr(CH3)
15 1036 ρr(CH3) 16 1036 ρr(CH3), πring
34 1037 ρr(CH3) 26 1036 ρr(CH3), πring}12 1193 1190 δ(C=CH)
2 1194 δ(C=CH) 6 1191 ν(C=O), δ(C=CH)

24 1196 δ(C−CH), ν(C−O) 25 1192 δ(C=CH)
289 1269 1288 ν(C=C), ν(C=CH3) 273 1270 ν(C=C), ν(C−CH3)}60 1365 1363 ν(C=O), δ(CH3) 23 1367 δ(CH3)

47 1366 δ(CH3) 67 1369 δ(CH3)
45 1367 δ(CH3)
5 1369 δ(CH3)
9 1370 δ(CH3)

181 1406 ν(C=O), ν(C=C) 220 1377 ν(C=O), ν(C=C)
485 1412 1419 ν(C=O) 475 1406 ν(C=O)

11 1441 δ(CH3)
19 1442 δ(CH3) 21 1442 δ(CH3)
12 1443 δ(CH3) 11 1443 δ(CH3)

210 1448 δ(CH3) 185 1446 δ(CH3)
4 1449 δ(CH3)
4 1458 δ(CH3), ρr(CH3) 40 1464 δ(CH3), ν(C=O)

22 1466 δ(CH3)
69 1466 Mixed

1522
1524

}
662 1535 ν(C=C), δ(C=CH) 319 1523 ν(C=C), δ(C=CH)
390 ν(C=C), δ(C=CH) 718 1525 ν(C=C), δ(C=CH)

(continued overleaf )
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TABLE 1. (continued)

V(acac)3 Ti(acac)3

Int Calc Exp TED assignment Int Calc TED assignment

1575
1583

}
628 1568 ν(C=O)
840 ν(C=O), nu(C=C) 875 1561 ν(C=O), ν(C=C)

23 1605 ν(C=O)
20 2927 ν(C−H) 21 2931 ν(C−H)
34 2928 ν(C−H) 36 2931 ν(C−H)
16 2984 ν(C−H) 5 2983 ν(C−H)
16 2985 ν(C−H) 17 2983 ν(C−H)
16 2986 ν(C−H) 26 2983 ν(C−H)

115 3016 3003 ν(C−H) 109 3015 ν(C−H)
14 3085 ν(C−H)
25 3086 ν(C−H) 44 3086 ν(C−H)

17.06 rms deviation
14.14 avg deviation
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SCHEME 2. Possible structure of a catalyst derived from MoO2(acac)2 supported on zirconium
oligo(styrenylphosphonate) hydrogen phosphate (ZrP) grafted with polyamine-functionalized poly-
styrene (PS). Reproduced with permission from Reference 52
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typical bands determined as hfac carbonyl stretch bands, different from metal carbonyl
stretches. In complexes of this type they are assigned to the 1616–1635 cm−1 region,
while others were present as two to three intense bands at higher wave numbers.

Manganese(I) carbonyl complexes55 with a tfac ligand show three strong and one weak
bands in the ν(C=O) region, similar to the spectrum in the presence of cis-tetracarbonyl
moiety. The IR bands at 1615 cm−1 and 1201 cm−1 correspond to the trifluoroacetylacet-
onate carbonyl stretching and C−H in-plane bending absorptions that support a bidentate,
oxygen-bonded structure. In 1H NMR spectra, resonances at 7.77 and 4.12 ppm assigned
to CH3 and ring CH protons are proposed as well as an O-bonded chelate structure.

In a substitution reaction the Mn(CO)4(tfac) complex in the presence of one monoden-
tate ligand, such as py, AsPh3 or PPh3, undergoes CO replacement and with two similar
ligands, e.g. P(n-Bu)3 or PPh3, gives trans-ligand octahedral complexes, while tfac in both
cases remains as cis-bonded bidentate ligand55. In the case when another bidentate ligand,
such as bipy, phen or two molecules of py, are bonded to a Mn–carbonyl complex, the sub-
stitution reaction with hfac proceeds to monodentate replacement and Mn−C coordination
or cis-Mn−O,O ′-tfac bidentate coordination, leaving only one molecule of pyridine when
this ligand was present. In all substituted tfac manganese complexes, carbonyl stretching
frequencies of β-diketonato ligand are found to be in the range of 1620–1610 cm−1. The
observed differences between tfac and hfac complexes may be ascribed to their different
degrees of fluoronation, in which more fluorinated ligand hfac is a poorer electron donor
to manganese. Also, the relative stability of carbonyl as a function of the bidentate ligand
is larger for hfac, due to its stronger electron-withdrawing ability and steric effects. It
appears that the above trend is directed by electronic factors. The solid-state structure
of [Mn(acac)2(bipy)]56 presents a trigonal-prismatic geometry (Figure 5) and bands in
the IR spectrum at ν(C−O) 1604, 1578 cm−1, ν(C−C) 1516 cm−1, ν(M−O) 647, 536,
415 cm−1 and ν(Mn−O) 403, 228 cm−1.

A manganese bis(acetylacetonato)–ethylenediamine complex57 was employed in the
preparation of supramolecular assemblies with an octahedral niobium cyanochloride clus-
ter, [Nb6Cl12(CN)6]4−. These assemblies range in size from 1.5 to 2.4 nm and their charge
varies between −3 and +2, depending on the number of Mn units per cluster.
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FIGURE 5. ORTEP plot of [Mn(acac)2(bpy)] (left) and its trigonal-prismatic geometry in detail
(right). Ellipsoids are shown at 50% probability. Hydrogen atoms are omitted for clarity. Reproduced
with permission from Reference 56
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Reaction of the alkoxo-containing niobium complexes [NbCl3(OR)2]2 (R = Me, Et,
i-Pr) with β-diketonates such as acac, dpm and dibzm, in a 1:2 molar ratio, afforded the
corresponding alkoxo–β-diketonato complexes58 [NbCl2(OR)2(O,O ′-R′COCHCOR′)]
(R = R′ = Me; R = Et, R′ = Me; R = i-Pr, R′ = Me; R = Me, R′ = t-Bu; R = Et, R′ =
t-Bu; R = i-Pr, R′ = t-Bu; R = Me, R′ = Ph; R = Et, R′ = Ph; R = i-Pr, R′ = Ph). The
complexes are described as a pseudooctahedral Nb(V) containing two trans-chloride lig-
ands in the axial positions; two cis-ethoxide ligands and a β-diketonate ligand are placed
in the equatorial plane. The β-diketonate group is coordinated to the Nb center through
both oxygen atoms, forming a six-membered ring. The metallacycle ring is reasonably
planar and the parameters within this ring suggest significant delocalization. As a result,
both C−O distances are intermediate between the single- and double-bond extremes.
Similarly, the C−C distances are intermediate between single- and double-bond distances
involving sp2 carbons. Chelate rings are displaced slightly on opposite sides of the met-
allacycle plane, thereby minimizing contacts between each other. Their IR spectra exhibit
characteristic bands that correspond to the ν(C−C) and ν(C−O) of a β-diketonate unit
coordinated in a bidentate fashion. 1H- and 13C{1H}-NMR spectra show only one set of
highly resolved resonances for the alkoxide groups, indicating that the units are equiva-
lent. In addition, one set of resonances is also present for the alkyl or aryl groups of the
β-diketonate ligand.

H. Ruthenium Diketonates

The chemistry of transition-metal allenylidene complexes has been the subject of spe-
cial attention in recent years due to their applications in stoichiometric59 and catalytic
reactions60. The diphenylallenylidene complex [Ru(=C=C=CPh2)(PPh3)2][PF6] (C9H7 =
indenyl anion) reacts regioselectively at the Cγ atom with the lithium enolate derived from
(1R)-(+)-camphor (C10H16O) to yield the σ -alkynyl derivative [Ru{C≡CCPh2(C10H15O)}
(PPh3)2]. Indeed, the unsaturated character of the M=C=C=C chain as well as its alter-
nating array of electrophilic/nucleophilic carbon sites61 makes allenylidene complexes
unique organometallic reagents for use in C−C and C-heteroatom coupling processes.

The dicyanamidobenzene-bridged diruthenium complex [{Ru(tpy)(dpm)}2(µ-dicyd)]
[PF6] (tpy = 2,2′:6′,2′′-terpyridine, dicyd = 1,4-dicyanamidobenzene) and its mononu-
clear counterpart were synthesized and characterized62. The average g value of 2.16 for a
low-spin d5-Ru(III) ion is a bit smaller than that obtained for a [Ru(tpy)(acac)(ipcyd)]+
complex (ipcd = 4-iodophenylcyanamide anion), which can be attributed to the stronger
donor character of dpm compared to the acac ligand.

I. Cobalt Diketonates

IR spectra of Co(III) β-diketonates with the Co(cyclam)Racac chromophore63

(cyclam = 1,4,8,11-tetraazacyclotetradecane) are characteristic in view of the Racac anion
being bonded to the metal through both oxygens64. The ν(CC) and ν(CO) bands of the
chelate β-diketonates are in the 1507–1627 cm−1 range and indicate charge delocaliza-
tion with resultant coordination via both oxygen atoms65. In the [Co(cyclam)dibzm]+2

complex, apparently a combination of negative inductive and positive resonance effects
of the phenyl group is present. The CF3 group of hfac much more affects the electronic
density decreasing due to its electron-withdrawing effect66, and consequently results in a
shift of ν(CC) and ν(CO) bands toward higher frequencies. On the other hand, because of
the positive inductive effect of the methyl group which increases the electronic density,
the complex with dpm causes a large displacement of these bands to lower wave numbers.
These frequencies of the coordinated β-diketonate are in the order hfac > dibzm > dpm.
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There are several regions in the IR spectra of considerable interest for Racac coordi-
nation. The 1556–1500 cm−1 region is associated primarily with vibrations attributed to
ν(CO) and ν(CC). Due to the keto–enolate ring, high electron density via the π-system
produces a greater double-bond character in complexes with bridged β-diketonate in bin-
uclear Co(II)67. This results in higher frequencies in comparison with free β-diketonate
ligands, but the electron-releasing ability of the β-diketonate R-group could produce an
additional effect. All these complexes exhibit ν(CO) bands in the 1529–1500 cm−1 range,
which lie between ν(C=O) and ν(C−O), and this confirms O,O ′-bridge coordination to
both Co(II) ions. Further evidence of such behavior in the 1556–1540 cm−1 range gives
the position of the C−C bond vibrations from the enolate ring, which have the same bond
character. The absorption frequencies of R groups, i.e. νasym(CH3), νsym(CH3), γ (CH3),
ν(CF3) and γ (CF3), are unchanged compared to the free ligands.

J. Iridium Diketonates
A group of iridium β-diketonate complexes with 1,3,4-oxadiazole and acetylacetonate

as ancillary ligands conforms to a 1H NMR signal at 5.27 ppm for CH and 2.47 ppm for
CH3. The complexes have a distorted octahedral coordination geometry at the iridium cen-
ter by three chelating ligands with cis-C−C and trans-N−N dispositions68. The similarity
of bond lengths indicates that the negative charge of the acac ligand is delocalized over
both oxygen atoms. This complex undergoes two reversible reduction processes at poten-
tials that correspond to the reduction of two oxadiazole ligands. The LUMO energy of
these complexes is little affected by the nature of the ancillary acac ligand. For example,
the dithiolate ligands with stronger ligand field strength than the ligand acac result in
higher oxidation potentials and lower HOMO energy levels of complexes than acac itself.

K. Nickel and Palladium Diketonates
The structure of some cobalt and nickel complexes clearly indicates the formation of

enolato complexes, where negative charge is delocalized over the chelate ring structure69.
Electron density is located mainly on electronegative oxygen atoms, causing an increase
of single-bond character of C−O moiety. Also, the C−O and C−C lengths in chelate rings
are between single-bond and double-bond lengths that are typical for an acetylacetonato
type of complex. This flexible structure of the six-membered ring should be favorable in
terms of energetic as well as entropic parameters.

Cyclic Pd-enolates stabilized by either PMe3 or i-Pr2PCH2CH2PPr-i2 (dippe) auxiliary
ligands can be arranged only as C-enolate tautomers16. Isolation of analogous Ni-enolates
has only been possible when the chelating diphosphine dippe is employed. The failure to
obtain Ni-enolates containing monodentate phosphine ligands could be due to the forma-
tion of binuclear O-bridged species with phosphine dissociation. While C-coordination is
favored for the Pd-enolate complex, the Ni complexes prefer O-coordination13. Nonethe-
less, for a compound which features primary alkyl coordination in the C-bonded form,
equilibrium mixtures of the two tautomers may be generated. Still, the O-enolate pre-
dominates. DFT calculations suggest that the tautomeric exchange is hindered by the
incorporation of the enolate functionality into a rigid metallacyclic fragment. The parent
O-enolate complex reacts with enolizable and nonenolizable aldehydes, giving products
that retain the enolate functionality. Interestingly, the C-enolate tautomer does not react
with aldehydes, illustrating the relationship between coordination mode and reactivity in
this class of compounds.

Adducts of Ni(II) square-planar complexes of general formula [Ni(dik)(tmeda)]+ (dik =
acac, bzac) with a series of bidentate ligands (tmeda, bipy, en, C2O4

2−) have been syn-
thesized and characterized by spectral, thermal and magnetic measurements70. In the
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IR spectra of the isolated adducts, the frequencies of the asymmetric stretching vibration
combination νasym(CO) + νasym(CC)71,72 have been shifted to higher frequencies than those
of their mother chelates. The enhanced π-interactions appeared within the adduct com-
plexes because of hyperconjugation, which result in an increased C−O bond strength. The
same reasons can be applied to the shift in lowering the stretching frequencies, ν(Ni−O),
compared to those assigned to the mother chelates.

Isolation and identification of surface-bonded acetone enolate on Ni(111) surfaces show
that metal enolate complexes are key intermediates in carbon–carbon bond-forming reac-
tions in both organometallic chemistry and heterogeneous catalysis73. Based on studies
on powdered samples of defined surface structure and composition, most of the results
were reported for acetone condensation over transition-metal oxide catalysts, as surface
intermediate in industrially important processes. With the exception of a preoxidized silver
surface, all other metal single-crystal surfaces have suggested that the main adsorption
occurs via oxygen lone-pair electrons or di-σ bonding of both the carbonyl C and O atoms.

Exposing acetone to a Ni(111) surface73 yields three absorption bands at 1260, 1353
and 1545 cm−1 that are assigned to ν(CC) stretching vibration, symmetric deformation
δ(CH3) and stretching vibration ν(CO), respectively. Acetone enolate can be synthesized
using the acetylacetonate as precursor molecule. Based on DFT frequency calculations
the other surface complexes can be effectively ruled out, i.e. a vibrational mode of
ν(CO) can be detected at 1638, 1670, 1665 and 1690 cm−1 on Pt(111), Pd(111), Rh(111)
and Ru(001) surfaces, respectively. In addition, this vibration mode was found to be
in the 1680–1694 cm−1 range for Mn, Fe, Co, Ni, Zn and Cu surfaces. These are all
η1(O) assignments, while η2(CO)-acetone was shifted to around 1200–1435 cm−1. In the
case of η1C-acetyl the calculated ν(CO) frequency is 1634 cm−1, and it is a very small
range for most of the metal single-crystal surfaces. The mechanism of adsorption is based
on the hydroxyl proton of the enol tautomer by Ni or basic oxygen atoms from a preox-
idized crystal surface which yield the enolate and H or OH, respectively. In the case of
acetylacetonate, C−C bond cleavage occurs to give acetone enolate and acetyl.

The reaction between Pd(acac)2 and lithium β-diketiminate, a nitrogen derivative of
acac, gives a mixed-ligand and homoleptic complex74. Interestingly, these complexes are
stable at ambient temperature, but in acetonitrile solution they decompose to elemental Pd
presumably due to reaction of Pd(II) and the acac ligand. Furthermore, in pentane or ether
solution the complex can isomerize into the thermodynamically stable form. Both isomers
are similar, but their NMR spectra are inequivalent due to an asymmetric structure with
nonrotating substituents. Since one of the imine groups is coordinated to the Pd ion, this
isomerization results in the formation of a chiral center at the coordinated C atom.

L. Copper Diketonates

Cu(acac)2 is unique among the metal complexes of acetylacetonate so far investigated75.
The bivalent metal complexes of M = Ca, Mn, Fe, Co, Ni and Zn are polymeric with
general formula [M(dik)2]n except for the square-planar monomeric copper(II) complex76.

In the case of complex [{Cu(acac)(phen)(ClO4)}{Cu(phen)(µ1,3-N3)2]2, the Cu(II) ions
are ferromagnetically coupled, as expected for the bridging mode of azido ligands. The
Cu(II) ion is in square-pyramidal coordination, achieved with chelating ligands and the
azido bridge to the other part of the molecule77. Significant π –π stacking interaction
occurs between these two units and the presence of extended π-systems like acac, phen
or bipy favors this interaction. The strongest interaction takes place between acac ligands.
The crystal structure of [{Cu(acac)(bipy)}2(µ1,3-N3)]3(ClO4)3ž3.75H2O can be described
as a 3D supramolecular structure consisting of parallel layers, which are formed by a
π –π stacking interaction between [Cu(acac)(bipy)] fragments of the trans-isomers and
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FIGURE 6. View of the cis (a) and trans (b) isomers of the binuclear complex [{Cu(acac)(bipy)}2
(µ1,3-N3)]+. Reproduced with permission from Reference 77

the [Cu(acac)(bipy)] fragments from one head of the cis-isomers (Figure 6). Basically,
each trans-isomer interacts with two cis-isomers through an acac ligand and each cis-
isomer interacts with another cis-isomer through the bipy ligand and one trans-isomer.
The magnetic properties of this type of complexes are devoid of any magnetic interaction
between copper ions. This behavior can be attributed to the dx2 −y2 orbital that prevents
intramolecular exchange interactions realized by the bridging ligands. The linear decrease
in magnetic moment with temperature can be ascribed to temperature-independent para-
magnetism.

Two other copper complexes78, mononuclear [Cu(acac)(phen)(H2O)]ClO4 and one-
dimensional polynuclear [Cu(acac)(bipy)(ClO4)]n, have square-pyramidal structure. The
latter complex has fragments bridged by perchlorate anions resulting in neutral polynu-
clear chains. The solid-state spectra exhibit a broad d–d band and intraligand π –π*
transitions. IR data show that C−O vibrations correspond to a very strong intensity band
at 1585 cm−1, as well as 1578 and 1525 cm−1.

For some planar Cu(II) β-diketonates, the HOMO energy is determined mainly by
the interaction of the metal atom with the oxygen atoms of the chelating ligands79. For
example, for Cu(hfac)2 it is 3.2 eV while for the other complexes with an additional
chelating ligand beside hfac, of structure similar to Cu(hfac)2L (L = imidazoline), it can
be as high as 5.4–5.7 eV. Structural changes should result in broadening of the X-ray
emission spectrum, involving the valence electrons and shorter wavelengths of the spec-
trum from the HOMO of these complexes. In case of the presence of a nitroxyl group
the multiple splitting (�E) obtained from experimental Cu3s X-ray photoelectron spec-
tra shows an increase, which indicates delocalization of odd electron density toward the
central metal ion.

Cu(hfac)2 chain polymer heterospin complexes with pyrazole-substituted nitronyl
nitroxides exhibit structural rearrangements with magnetic effects in the solid state at
reduced temperature80. The most important structural features of this type of complexes
are short Cu–O and Cu–N axial distances. As the temperature decreases, the Cu−Ohfac
distances along the Ohfac−Cu−Ohfac directions decrease and all Cu−Ohfac bond lengths
in the CuO6 core become equal at low temperatures. In case of an additional pyrazole
ligand, these distances are equal in the equatorial plane and donor atoms from other
ligands are in the axial plane. The ‘head-to-tail’ motif of the structure Cu(hfac)2L allows
this molecule to be an exchange-coupled cluster Cu(II)−−• ON< with net spin S = 1. In
this case the cluster will have S = 0 (antiferromagnetic exchange) or S = 1 (ferromagnetic
exchange), depending on the sign of the exchange interaction in the ground state. Thus
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magnetic resonance spectra indicate two types of structurally nonequivalent CuO5N-type
coordination units coexisting in Cu(hfac)2L over a range of temperature.

Monocondensation products of various diamines and benzoylacetonate are readily in-
volved in the basal–apical type of oxo-bridging complexes resulting in the formation of
trinuclear complexes with partial cubane structure81. However, replacing the acac by bzac
makes the ligand sterically more demanding, and as a result Cu−O−Cu angles become
significantly greater and axial Cu−O bonds weaker. Such complexes show antiferromag-
netic coupling, which corresponds to the assumption that the greatest coplanarity of the
three principal ligand planes and the lowest distance with a bridging ligand provides
stronger antiferromagnetic coupling.

The influence of fluorine substitution effects on the properties of Cu(dik)2 was seen in
the spectra82 when dik = acac, tfac and hfac. The presence of an OH stretching vibration
in IR spectra of the free ligands is an indication of strong enolization. It is interesting that
the presence of a CF3 group causes the shift of the OH band from 3550 cm−1 in acac to
3360 cm−1 in tfac. This correlates with the fact that the enol of tfac is more acidic than
that of acac. In the case of their complexes, absence of the OH band indicates coordination
of enolate. In the case of a carbonyl group, free ligands show normal carbonyl frequencies
of 1708 and 1725 cm−1 for acac, and shifted to 1775 and 1745 cm−1 for tfac or 1790 and
1765 cm−1 for hfac. For all three ligands there is a strong, broad band, approximately
70–90 cm−1 below the free carbonyl band, which is assigned to a conjugated hydrogen-
bonded carbonyl group characteristic for the enolic form of the β-diketone. Another band
at 1633 cm−1 for acac is assigned to C=C stretching frequencies. The lower wave number
bands at 1300–1500 cm−1 are due to CH3 deformation vibrations.

Cu-chelate spectra82 show the absorption bands of Cu(acac)2 at 1582 and 1530 cm−1

assigned to chelated carbonyl and C=C stretching, respectively. The first band is shifted
from 1582 cm−1 for acac to 1615 and 1643 cm−1 in case of coordinated tfac and hfac,
respectively. Increase in frequency means decrease in stability of the metal chelate with
fluorinated substituents. The effect on C=C stretching vibrations is lower, the frequency
increasing very slightly when a methyl group is replaced with trifluoromethyl.

The structure of Cu(acac)2 was determined by XRD83. The metal–oxygen distance of
about 1.93 Å is considerably shorter than 2.01 Å for [Ni(acac)2]3

84, 2.02 Å for Ni(acac)2ž
2H2O85, 2.03 Å for Zn(acac)2žH2O86 and 2.05 Å for Co(acac)2ž2H2O87,88. This contrac-
tion is attributed to the smaller repulsion between the copper and oxygen atoms in the
tetracoordinate square-planar structure than in the hexacoordinate octahedron.

The calculated frequencies and isotopic shifts are slightly higher than the observed
values for the majority of the normal modes75. Two factors may be responsible for such
discrepancy in the case of Cu(acac)2. The first is caused by the environment, and the
second by the fact that the experimental value relates to an anharmonic frequency while
the calculated value relates to a harmonic frequency. For Cu(acac)2 only three bands
were observed. According to theoretical calculations, the weak IR and Raman bands at
about 3000 and 2970 cm−1 are assigned to asymmetric CH3 stretching modes. The Raman
spectrum of Cu(acac)2 shows a strong band at about 2910 cm−1, which is assigned to
symmetric CH3 stretching modes89 – 92. It is expected that the stretching vibrational wave
numbers of the methine groups occur at higher frequency than those of the methyl groups.
Theoretical calculations suggest that the observed bands can be assigned to ν(CH) of the
methine group. In the 1700–1000 cm−1 region, in addition to the CH3 deformation,
rocking and −CH in-plane bending modes, one can expect to observe four bands due
to the C−O and C−C stretching. In the IR spectrum, three bands at 1578, 1554 and
1534 cm−1 appear and the Raman spectrum shows two bands at 1586 and 1566 cm−1,
which are inactive in the IR spectrum. The IR band at 1554 cm−1 and the Raman band at
1566 cm−1 are mainly due to asymmetric (C2−C3, C3−C4) stretching (49%), which are
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coupled to the −CHα in-plane bending mode (27%). The weakness of the Raman band
at 1566 cm−1 has been considered93,94 as a measure of delocalization of the π-system of
the chelate ring. The IR of Cu(acac)2 shows a medium band at 1415 cm−1 of asymmetric
C−O stretching (57%), which is coupled to the asymmetric CH3 deformation mode (21%).
The Raman spectrum shows a strong band at 1270 cm−1 due to the symmetric (C2−C3,
C3−C4) stretching (56%), which is slightly coupled to the symmetric CH3 deformation
mode (9%). This band is absent in the IR, but theoretical calculations predict a strong IR
band at 1275 cm−1. The IR and Raman spectra show two relatively strong bands at about
1190 and 1180 cm−1 of the CHα in-plane bending modes. In the IR of Cu(acac)2 only
two δ(CH3) vibrational modes could be identified at 1534 and 1356 cm−1. Theoretical
calculation predicts δa(CH3) (53%), which is coupled to δ(CHα) (17%). Two other bands at
1503 and 1497 cm−1 are assigned to δ(CH3) and the last band at 1356 cm−1 to δsym(CH3).
Below 1000 cm−1 one expects to observe C−CH3 and Cu−O stretching, −CH out-of-
plane bending and in-plane and out-of-plane ring deformation modes. For the Cu(acac)2
complex, two Raman bands at 942 and 928 cm−1 are observed; in the IR spectrum a band
at 937 cm−1 is assigned to C−CH3 stretching. The band at 782 cm−1 and the Raman band
at 769 cm−1 are assigned to γ (CHα). According to theoretical calculation, the infrared
band at 651 cm−1 is mainly due to in-plane ring deformation (51%), which is coupled to
δ(C−CH3) (25%).

The Raman spectrum of Cu(acac)2 shows two bands at 437 and 396 cm−1; the IR
spectrum shows two bands at 455 and 429 cm−1. The IR and Raman bands at 429 and
396 cm−1 are assigned to ν(Cu−O) coupled with ν(C−CH3). Pinchas and coworkers95,96

believed that the M−O stretching of metal acetylacetonate complexes appears in the
500–600 cm−1 region. A consideration of M−O in metal acetylacetonate complexes could
be used as a measure of complex stability, since in this vibrational mode the metal is not
moving, therefore its frequency depends on the M−O bond strength and not on the metal
ion.

The structural parameters, vibrational frequencies, IR and Raman intensities of the
vibrational bands were calculated by DFT. The predicted frequencies were compared
with experimental data in the solid state. The short M−O distance in Cu(acac)2 suggests
a strong metal–ligand bond.

M. Zinc, Cadmium and Mercury Diketonates

Interest in zinc enolates97, compared to alkaline or alkaline earth enolates, is growing
due to their ideal combination of reactivity and tolerance of many functional groups. The
form and structural motifs of complexes depend on the type of metal, solvents and bulk-
iness of the ligands. Generally, enolates of electropositive metals prefer O-coordination;
however, even C-coordinated metal enolates usually rearrange to O-bonded ones.

The main Zn2O2 core is symmetrical with respect to the four Zn−O bonds97, the
lengths of which vary slightly in a geometry that appears to minimize the steric repulsion
between the enolates and other parts of the molecule.

β-Diketonates and O2N2-type Schiff bases incorporated in bond formation with a Zn ion
are interesting for the study of enantiomerization processes. Intramolecular enantiomer-
ization of Zn(II) complexes occurs via a diagonal twist pathway in the gas phase98. On
going toward cadmium and mercury, the energy barrier decreases due to smaller overlap
populations of M−O and M−N bonds, which indicates weaker interactions between the
metal ions and the ligands, making the diagonal twist more easy. Similar trends were
observed in solution even though the energy barriers were significantly reduced.

Structurally, complexes of malonaldehyde and acetylacetonate with Zn(II) ion show
very similar Zn−O bond lengths99. The cadmium complexes have similar structures but
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they have longer Cd−O bonds. This structural change is due to the bigger size of the
Cd(II) ion in which the more diffuse electron cloud pushes away the ligands to alleviate the
large ring strain. The Hg(II) complexes, however, are very different. With malonaldehyde,
the molecular structure and symmetry are similar to those of the Cd(II) analog because of
the similar covalent radii. Besides, in HgL2 analogous linear arrangements of ligands are
a consequence of mixing the 5dz2 and 6s orbitals, resulting in the hybrid orbital oriented
along the z-axis and in the x − y plane. In order to minimize negative charge on oxygen,
the ligand adopts the planar geometry wherein two oxygen atoms are farthest apart. Thus
the metal–ligand (M−O) bond strength stands in the order Zn � Cd ≈ Hg.

N. Lanthanide Diketonates
Lanthanide(III) complexes demand special attention in view of the specific spec-

tra–structure relationship for biological applications, chiral catalysis, molecular mag-
netism and luminescence. One unique chiral stereochemistry is realized by the combi-
nation of labile Ln complexes and weak Na+-fluorocarbon interaction100, which show
intense CD (circular dichroism) with variation of Ln(III) and/or M(I) ions to chiroptical
spectra–structure relations and an important role in configurational chirality for chemical
sensors, NMR shift reagents or chiral catalysis. Trivalent lanthanides are also found to be
incorporated into heterobimetallic complexes101 showing intramolecular energy transfer
processes.

Newly prepared Ln(III) complexes with β-diketonate, such as 3-heptafluorobutyryl-(+)-
camphorate or tfac, give labile lanthanide complexes100. The proposed structure in a
solution of �-[Ln((+)-hfbc)4]Na shows a configuration of four bidentate chelates with
a trapped sodium ion as well as Na+-fluorocarbon interactions realized by three n-C3F7
groups of hfbc. By analyzing the bond lengths and angles, a decrease was found from La
to Er due to the lanthanide contraction. The data on the molecular structure show that these
types of complexes can be divided in two groups with respect to the metal ion present in
their Ln(dik)3 complexes. The first group demonstrates the La(dpm)3 type of complexes
with structurally triangular prismatic polyhedrons and chelate rings folded around the
O· · ·O axes. The other group includes La(dmp)3 and the M(hfac)3 (M = Al, Ga, In, Cr)
complexes. These molecules have the structure of triangular anti-prismatic polyhedrons
and planar chelate rings. The heaviest ion in the mass spectrum is [La(dmp)3]+ but the
ion of highest abundance is [La(dmp)2]+.

Most of the lanthanides form stable and volatile complexes with dipivaloymethane;
most of them were found to have C3 symmetry102. The special feature of their molecu-
lar structure is a folding of the chelate rings around the O· · ·O axes. Kepert’s model103

assumes a simple pairwise metal–bidentate interaction while ligand and the total interac-
tion energy between the ligands is minimal.

Acetylacetonate and substituted acac derivatives are attractive because of their versatil-
ity and stability under normal conditions, as well as their ability to deposit metals cleanly
under relatively mild conditions104. The dipivaloylmethanato (dpm) derivative from stable
and volatile lanthanide compounds, e.g. Lu(dpm)3, have in the gas phase D3 symmetry
of the coordination polyhedron. According to Kepert’s model, bidentate ligands can be
approximated by diatomic molecules and it is completely predictable for the structures of
these complexes in the gas phase, but the solid-state structures might be different.

Lanthanide tris-β-diketonates105 form stable 1:1 highly coordinated complexes with
amino alcohols with specific, largely enhanced fluorescence and intense induced circular
dichroism signals. Since these types of complexes exhibit versatile coordination modes,
which involve reorganization of β-diketonate chelate rings, often leading to fluorescence
and CD spectral changes and concentration-dependent behavior, they are not applicable
in practical sensing and probing systems.
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Volatile complexes M(dpm)n (M = Ce, Gd, Y, Zr; n = 3, 4) were synthesized106. These
chelates exhibit high volatility and air stability, so they can be used as precursors in
metallorganic chemical vapor deposition (MOCVD) of thin oxide films in electrochemical
devices. The highest volatility is attained with fluorinated β-diketonato ligands, but their
use is limited because of contamination of the deposited films and the production of toxic
gases. The volatility and thermal stability of this group of the dpm complexes are affected
by the radius of the metal ion, the number of ligands attached to it (3 or 4) and other
properties. The IR spectra of complexes M(dpm)n (M = Ce, Gd, Y, Zr; n = 3, 4) are
presented in Figure 7.

Zr and Ce complexes with four coordinated dpm molecules exhibit abnormal volatili-
ties. Their thermal stability is found to be in the order Zr > Ce coordinated with four dpm
and Gd > Y(dpm)3 for three. In these spectra, the three bands in the 1500–1600 cm−1

range belong to the stretching vibrational mode of C−O, C−C and the bending vibra-
tion of C−H in the ring structure, which contribute to the tautomeric keto–enol form of
β-diketonate. At 500–600 cm−1 two well-resolved bands are due to the stretching mode
of the M−O bond. The metal–oxygen distance in β-diketonate molecules passing from
the crystal to the gas phase is expected to be much shorter if the coordination num-
ber of the central atom changes29. For example, the Pr(dpm)3 complex in the crystal is
dimerized and r(Pr−O) = 2.41(2) ´̊A107. For the monomeric molecule in the gas phase,
r(Pr−O) decreases to 2.331(7) ´̊A108. For Er(dpm)3, which is monomeric in both phases,
this transition is not accompanied by any substantial change in the Er−O bond, namely
r(Er−O) = 2.212(45) ´̊A in the crystal109 and r(Er−O) = 2.218(5) ´̊A in the gas phase.
The Sc(acac)3 crystal is composed of monomeric molecules110 and transition into the gas
phase is not accompanied by changes of the coordination number of the central atom;
there are no substantial changes in the internuclear Sc−O distance. The γ angle of ligand

Gd (dpm)3

Ce (dpm)4

Y (dpm)3

Zr (dpm)4

4000 3200 1800 1600 1400 1200 1000 800 600 400

Wave number (cm−1)

FIGURE 7. IR spectra of freshly prepared M(dpm)n complexes. Reproduced with permission from
Reference 106
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rotation in the crystal may differ from that in free molecules because of internuclear
interaction forces. However, the unit cell dimensions of Sc(acac)3

27,111 are rather large
(compared to Er(dpm)3)109, meaning that the molecules are far from each other. Since the
coordination polyhedron in tris-complexes is strongly screened, one can expect that the
structure of the ScO6 fragment will not differ strongly between the crystal and the gas
phase.

Simultaneous electron diffraction and mass spectrometric studies of saturated vapor of
Er(dpm)3 showed that vapor consists solely of such molecules112. Two alternative models
(of C3 and D3 symmetry) may describe the electron diffraction data. Structural analysis
has established that a strong correlation between the dihedral and torsion angles, deter-
mining the structure of the coordination polyhedron and ligands, leads to the different
molecular models. The C3 model is characterized by a nearly prismatic structure of the
MO6 fragment. The D3 model has a planar structure of ligands and the coordination
polyhedron is shaped as an antiprism. Testing the D3 model with planar ligands led to
slightly better agreement between the experimental and theoretical functions. The struc-
tural parameters of the molecule in this model are comparable to the parameters of free
Sc113 and La102,114 dipivaloyilmethanate molecules, as well as to Al115, Ga and In116 hfac
complex molecules. The unit cell of Sc(acac)3 is significantly larger than that of Er(dpm)3,
although the volume of the individual Sc(acac)3 molecule is much smaller than that of
the Er(dpm)3 molecule, the latter having bulkier ligands and larger r(M−O).

O. Uranyl Diketonates
UO2(acac)2 is known as an ahydrous or monohydrate molecule. In the IR spectra the

main sharp intense band near 900 cm−1 corresponds to the asymmetric uranyl stretch-
ing frequency, νasym(U=O). The other assignment of ν(U−O) from acetylacetonate is
hardly determined, but it is expected to be at lower frequencies than for other metal ions
because of the greater mass and higher coordination number of the uranium atom117.
These frequencies are usually around 528, 555 and 606 cm−1, and the other region is
403, 413 and 430 cm−1 for coordinated acetylacetone, benzoylacetonate and dibenzoyl-
methanoate, respectively. In case of uranium complexes there is repulsion between the U
atom and two oxygens in the O=U=O bonds, leading to a decrease in ν(U=O) in the pres-
ence of electron-releasing substituents. Electron-withdrawing substituents will decrease the
donor ability of the carbonyl groups. This will affect U → O π-bonding and facilitate a
positive contribution to ν(U−O). Thus, the electron-releasing substituents will minimize
π-interaction and increase the ν(U−O) frequencies.

Corresponding ν(C−O) wave numbers for β-diketonates, i.e. acac, bzac and dibzm,
are in decreasing order, from 1565, 1552 to 1541 cm−1, respectively. The relevant IR
frequencies (Table 2) and NMR chemical shifts vary systematically for these ligands.
Other spectroscopy data117 show that vibrations which correspond to ν(C−C) and ν(C−O)
bands are in the same region for UO2-complexes, which implies that they are O-bonded
ligands. The most intense band at 1597 cm−1 corresponds to stretching vibrations of
the benzene ring from the benzoylacetonato ligand. Generally, in this type of system,
the uranium atom is surrounded by seven oxygen atoms, i.e. four from two bidentate
β-diketonates, one from an oxygen-containing ligand of another type and two uranyl
oxygen atoms.

Solvent–solvent and solvent–solute interactions were examined by measuring the
Raman spectrum of CO2 in neat SCCO2 and in solutions of β-diketones (acacH, tfacH
and hfacH) or the complex [UO2(hfac)2DMSO]118. It was found that the Raman bands
of SCCO2 containing β-diketones are shifted to lower wave numbers compared to neat
CO2 and no shift to lower wave numbers was observed for the uranyl complex solu-
tion. Acid–base interactions between the carbonyl oxygen atoms of diketonato ligand and
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TABLE 2. IR data for uranyl β-ketoenolates [UO2(dik)2]

dik ν(U=O)
(cm−1)

ν(U–O)
(cm−1)

ν(C–O)
(cm−1)

acac 928 528 403 1565
bzac 918 555 413 1552
dibzm 904 606 430 1541

the CO2 carbon, and hydrogen bonding between enolic OH and the CO2 oxygen occur
in SCCO2 containing β-diketones. It was suggested that an increase in concentration of
β-diketones in SCCO2 causes the increase in the number of carbonyl and OH groups
interacting with SCCO2. See further discussion on UO2−CO2 interactions in Section VIII.

P. Enolates of Miscellaneous Elements

Alkali metal enolates show varying reactivity, which has been attributed to structural
changes due to the metal. The stabilization energy of the enolate anion, 33 kcal mol−1 (vs.
OH−), is drastically reduced to 9–14 kcal mol−1 (vs. CH3OH) in the metal complexes119.
In bridged enolates, the negative charge on the oxygen is smaller, and larger on the carbon,
than in the linear isomers. The negative charge on the oxygen repels both σ and the π
electrons of the adjacent carbon and polarizes the double bond. Alkali metal M−O bonds
possess an ionic character.

The saturated vapors of β-diketonates of Group 2 elements120 – 122 contain a mixture
of [M(dik)2]n molecules with different degrees of oligomerization. The ratio between the
forms in vapor depends on the metal atom, the type of ligand, the vapor temperature and
the total pressure. It seems natural to start by investigating the structure of the monomeric
form, having created the necessary conditions for sample evaporation. As shown for
Ca(dpm)2 and Ba(dpm)2

121,122, when superheating increases, the composition contains
only the monomeric form.

It was established structurally that the chelate framework of the monomeric molecule
Ba(dpm)2 has D2d symmetry, the two equivalent ligands having a common twofold sym-
metry axis and the ligand planes being mutually perpendicular120. No pronounced folding
of ligands along the O· · ·O axis has been found. The t-Bu groups are rotated through an
angle γ = 38.4◦ arising from the hindered rotation of the Me groups. The r(Ba−O) dis-
tance was determinated in β-diketonate complexes involving a tetracoordinated Ba atom.
Structural analysis of Ba(dpm)2

123 – 125 shows that the unit cell of an anhydrous crystal
is a tetramer Ba4(dpm)8. It was stated that four Ba atoms form a rhombus, in which the
six O atoms of three β-diketonate ligands coordinate two of the Ba atoms and the other
two are heptacoordinated. The compound contains both Ba−O chelate bonds, which are
analogous to those in the monomeric molecule, and Ba−O bridging bonds, where one
oxygen atom is linked to two Ba atoms. The average length of the Ba−O bonds involving
the heptacoordinated Ba atom is 2.775 ´̊A, while that of the tetracoordinated one is only
2.535 ´̊A, which may be indicative of steric hindrances in the coordination sphere of BaO7
compared to BaO4 due to the great rigidity of the chelate rings. The molecular structure
of Ba4(dpm)8

123 – 125 contains chelate rings analogous to those found in the monomeric
molecule Ba(dpm)2.

It was established that the Sr(dpm)2 monomeric molecule as well as the Ca(dpm)2 and
Ba(dpm)2 molecules have D2d symmetry when the two equivalent planar ligand rings
are perpendicular to each other126. A comparison of structural parameters in the series
Ca(dpm)2 –Sr(dpm)2 –Ba(dpm)2 shows that r(M−O) is lengthened and the O−M−O angle
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decreases when the central alkaline earth metal is a large one. The geometrical structure of
the ligand does not change. In contrast to alkaline earth dipivaloylmethanates, Cu(dpm)2
has a planar structure of the bicyclic fragment, which is possibly provided by the participa-
tion of the d-atomic orbitals of the copper atom in the formation of a unified π-conjugate
system with the ligands127,128. This is also supported by the internuclear distances r(C−C)
and r(C−O), which are slightly shorter in Cu(dpm)2 than in Group 2 metal dipivaloyl-
methanates. When the π-system of the ligand is not conjugated to the central atom, the
ligands occupy a position with the four oxygen atoms lying at maximal distances from
each other.

Bidentate β-diketonates usually have symmetric structure, and many crystal structures
show sets of equal M−O, C−C and C−O bonds. Alkali metal enolate structures are
symmetric as well as those for the Pd, Rh and Al enolates. Few structures show unequal
M−O distances; these enolate complexes (M = Ge, Sn and Sb) are asymmetric as the
metal atom is not located at equal distances from the nearest oxygen atoms129.

Acetylacetone is usually coordinated in the enolate form and rarely as the neutral ketone
or enol molecules or via the γ -carbon atom of the acac ligand. MNDO calculations for
Pb(acac)2 indicate equal Pb−O bonds. In this case130 (Figure 8), differences in coordi-
nation number and Pb−O distances were observed in solution and the solid state, which
depend on different chemical states of acac ligand in these two systems. First, relatively
long and weak electrostatic bonds of lead(II) in the solvate raise the coordination number
to 10. On the contrary, the negatively charged acac ligands in Pb(acac)2 interact more
strongly, especially around the Pb−O bonds, making the 6s2 electron pair stereochemi-
cally active and lowering the coordination number to 4. Acetylacetone in solution shows
bands corresponding to asymmetric and symmetric carbonyl stretching vibrations in the
keto form, at 1730 and 1710 cm−1. The dominant band at 1613 cm−1 originates from
C=O and C=C vibrations of the enol form. In case of Pb(acac)2 in solution, the appear-
ance of this band is significantly lower, at 1559 cm−1, while for the solid compounds
only one band at 1584 cm−1 of coordinated enolate is distinguished.

The hfac ligand forms very stable and volatile complexes, therefore there is an oppor-
tunity for their use in separation and metal vapor deposition reactions. An analogous
reaction with PbO will lead to the formation of dimer complexes, which exist in the solid
state as a chiral enantiomer connected with the third diglyme oxygen of one unit oriented
toward the Pb center of the other unit131. Despite the dimer structure, this complex is
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FIGURE 8. Molecular structure of Pb(acac)2. Non-hydrogen atoms are shown as 30% probability
ellipsoids. Reproduced with permission from Reference 130
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volatile. In the complex with diglyme the Pb−O distances are longer than in the complex
with hfac. Reaction of K(hfac) with 18-crown-6 forms a new structure, which exists in
the solid state as a linear polymeric chain, interacting through the CF3 group with K
(Figure 9).

The versatility of the thallium ion, its coordination number and its geometry are respon-
sible for many properties and, in particular, for the use of Tl(I)–β-diketonato complexes as
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FIGURE 9. Ball-and-stick representation of the polymer chain of [(18-crown-6)K(hfac)]n. Thermal
ellipsoids are shown at 50% probability for the monomer [(18-crown-6)K(hfac)] with hydrogen
atoms omitted for clarity. Reproduced with permission from Reference 131



108 Ksenija Babić-Samardžija, Sofija P. Sovilj and Vladislava M. Jovanović

precursors in the synthesis of metallorganic liquid crystals132. The heteropolynuclear com-
plexes of stoichiometry [AuTl2(acac)(C6Cl5)2] or [AuTl3(acac)2(C6F5)2] consist of neutral
Tl2(acac)2 units acting as bridges between linear oligomeric chains of [AuTl((C6Cl5)2)2]n
or between [AuTl(C6F5)2] units, respectively. In both cases, strong ionic Au· · ·Tl interac-
tions and Tl(I)· · ·Tl(I) contacts are present, which are considered to be in part responsible
for luminescense. The chemical shifts at 5.0 (CH) and 1.72 (CH3) ppm are different from
those of a typical ionic derivative at 4.7 and 1.56 ppm. These two types of complexes
with gold are formed as infinite chains via unsupported Au· · ·Tl interactions and as a
double-chain one-dimensional polymer. Both complexes show luminescence in acetoni-
trile solution, with a single high-energy emission and virtually identical profiles. The
[Tl(acac)] complex itself is luminescent, showing a blue shift on decreasing the tempera-
ture, probably due to the rigidity or luminescent dichroism observed in its two-dimensional
structure in the solid state; the excitation profiles of the heteronuclear complexes originates
from the d10 − s2 interaction between gold(I) and thallium(I) centers. TD-DFT calcula-
tions point to Tl2(acac)2 units as responsible for the luminescent behavior of Tl(acac) and
the heteronuclear complexes in acetonitrile solution. A study of their molecular orbitals
shows HOMO contribution from acac ligand, with an important contribution of oxygen
atoms bonded to Tl(I) centers. The shape of the LUMO involves Tl centers. Transi-
tions responsible for the luminescent behavior arise from ligand-based acac orbitals while
thallium MOs have LMCT character.

The molecular structure of Sn(acac)2Cl2 was determinated by XRD crystallography133.
In the Raman spectrum, three coincident bands were correlated134 with the IR bands at
1554, 1535 and 1517 cm−1. For the rocking vibrations, only one infrared band centered at
1024 cm−1 could be assigned. The skeletal stretching vibrational modes ν(C=O), ν(C=C)
or ν(O−C−C), assuming a ‘benzenoid resonance’ structure of the ligands by coordina-
tion with SnCl2, can be considered as equivalent internal coordinates for the C−O and
C−C bonds. In the IR spectrum only two bands at 1620 and 1574 cm−1 are observed.
Deconvolution analysis also gives absorption bands at 1597, 1594 and 1581 cm−1; that
at 1597 cm−1, corresponding to the observed band at 1620 cm−1, can be assigned to the
coupled mode ν(C=C) + δ(CCH) + ν(CHmethine). The value at 1594 cm−1 was described
as the very complex mode ν(C=C) + δ(O=C−CH3) + β(H−CH).

For ν(C−CH3) stretching modes of Sn(acac)2Cl2 with two Raman bands at 986 and
939 cm−1, in the IR spectrum a band was observed at 938 cm−1 that can be assigned
as the coupled mode ν(C−CH3) + ν(O−C−C). Concerning this assignment, the DFT
calculations indicate two wave numbers at 963 and 960 cm−1. It is expected135,136 that the
ν(C−H) of methine groups will be at higher wave numbers than those of methyl groups.
The observed bands at 3108 cm−1 (IR, Raman) and at 3070 cm−1 (IR) are assigned to
ν(CHmethine).

The bending in-plane vibrations of the acac ligands of Sn(acac)2Cl2 are: α(O−Sn−O),
β(C−O−Sn or O−C−C), γ (O−C−CH3 or C−C−CH3), ε(C−C−H) and α(O−Sn−O).
The calculated wave numbers at 278 and 257 cm−1 for these vibrations can be correlated
with the experimental values found at 292 and 247 cm−1 (IR) or 288 and 238 cm−1

(Raman)135,136 and assigned as the coupled modes α(O−Sn−O)(63%) + ν(Sn−O)(23%)
and α(O−Sn−O) + δ(O−Sn−Cl)(27%).

IV. UV-VIS SPECTRA
The position of acac ion in the spectrochemical series involves weaker metal ligand
π-bonding (close to water) than the relatively high π –π* transition energies would
suggest18. This assessment is based on Hückel’s LCAO theory. In MO levels of the
acac ion the π3 orbital is occupied and the π4* unoccupied antibonding MO is energeti-
cally suitable for overlap with the metal d-orbital. The reason is that both donor–acceptor
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combinations, i.e. π*–M and π –M bonding, are possible. Coordination with metal ion
shows that π metal–ligand interaction increases splitting between the π3 and π4* levels
and thus moves up the π –π* transition energy. In these terms a bathochromic shift of
the π –π* bands through the series of transition metal ions was found to be in order
Co > Cr ≈ Fe > Mn ≈ V by stating that the total π-interaction increases with the d-
orbital population, except that it is particularly large on the Cr(III) and particularly small in
the Mn(III) complexes. The energy of the π –π* transition depends not only on the metal
ion but also on the substituent groups of the β-diketonato ligands: in case of M(acac)3 the
π –π* transition energy is high, and higher than in the case of using tfac, bzac or dibzm.
The relatively high π –π* transition energy implies that the donor π-bonding is strong.

The interpretation of photoelectron spectra of metal acetylacetonates, based on theo-
retical modeling, shows that oxygen n-orbitals make the usual contribution in the metal–
ligand covalent interaction137. Introduction of substituents in the ligands causes changes
in the transition energy: the presence of fluorine implies an electron-withdrawing effect
that increases π –π* transition energies, i.e. it displaces the σ -electron density toward
fluorine and the π-electron density toward carbon18. Generally, the π –π* band is more
sensitive, in particular it is more affected by the different substituents present and the
effect is more pronounced in the nontransition metal complexes. For example, compari-
son between benzyl and methyl substituent being replaced and introduced in the Mn(III)
coordination sphere, respectively, show a very high degree of subsitituent sensitivity or
shift in π –π* transition energy, which is consistent with the fact of some degree of
ionic character present in the Mn−O bond. Moreover, in the case of Co(III) minimum
sensitivity is observed, which is correlated with a maximum of the metal–ligand bond.

UV spectra of β-diketonate ligands are high-intensity bands arising from electronic
transitions in the conjugated system. The difference in spectra between acac, tfac and
hfac is noticeable82. The maximum of the intense absorption band of acac is shifted to
higher wavelengths and becomes intensified by the presence of an electron-withdrawing
CF3 group at one end of the conjugated system, which increases the preference for the
enolate tautomer over the α-keto carbanion form. In the case of hfac, frequency and
intensity are considerably decreased and the enolate form is 100%.

The square-planar [Ni(dik)(diam)]+ cationic complexes show a strong band near
490 nm assigned to a 1A1g → 1A2g transition138,139. This band was found in the spectra
of the adducts near 950 nm, indicating an octahedral Ni(II) complex. This band can be
assigned to a 3A2g → 3T2g that corresponds directly to a dxy → dx2−y2 transition. The
small absorption band observed for the octahedral complexes at 800 nm may be assigned
to a 1A2g → 1Eg transition. The d–d band positions and the corresponding molar absorp-
tions are shifted by a change in the concentration of the bidentate ligand as well as by a
change in the substituents at the β-diketonate or diamine moieties on the square-planar
chelate.

The meso-aryldipyrrylmethanoato (adpm) acetylacetonato Cu(II) complexes (1)140 show
in the UV-vis spectra the characteristic charge-transfer band at 494 nm141 of heteroleptic
[Cu(adpm)(acac)] complexes. For Cu(dik)2 type of complexes142 solid-state electronic
spectra show the intraligand π –π* transitions of the acac ligand in the 270–340 nm
region, whereas LMCT transitions appear in the 400–420 nm range.

The type 1:1 donor–acceptor complex between Co(acac)3 and iodine (σ -acceptor)
shows a strong absorption band at 360 nm, which has been assigned as a charge-transfer
band143. In IR spectra, compared to Co(acac)3, frequencies are slightly shifted in addition
to three new bands of triiodide ion that are not observed in the spectrum of the donor.

Cobalt(III) β-diketonato complexes63 (2), with the CoN4O2 chromophore, have similar
electron absorption spectra, indicating that the central ion and ligands are coordinated
in a similar mode. In the visible region they exhibit two maxima which correspond to
the spin-allowed d–d transitions, 1A1g → 1T1g and 1A1g → 1T2g. A third very intense
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band appearing in the near-ultraviolet region (230–240 nm) is thought to correspond to
an n → π* transition in the enolate ring144 and some degree of ‘benzenoid’ resonance in
addition to the enolate-type resonance in which the main π-delocalization occurs. Upon
introduction of phenyl groups, as in the case of the complex with dibzm, the bands at
305 and 269 nm correspond to π → π and π → π* transitions, respectively, which is
consistent with the possibility for enhanced delocalization of π-electrons. Since the metal
and ligand π-levels are mixed, these bands may have some charge-transfer character.
The large value of molar absorption coefficients supports the resonance form of the dik
structure, indicating its symmetric coordination. Generally, β-diketonate on chelation to
cobalt causes a bathochromic shift in the wavelength of maximum absorption145.

(3) R = Me, Mef, t-Bu, Ph
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The electronic absorption spectrum of the binuclear Co(II) complex ion [Co2(dik)
tpmc]3+ (3, dik = acac, dibzm, hfac, dpm; tpmc = 1,4,8,11-tetrakis(2-pyridylmethyl)-
1,4,8,11-tetraazacyclotetradecane)67 shows a single coordination mode with one well-
resolved band in the 522–540 nm range. In the 254–344 nm UV region these appear
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absorption maxima stemming from π-electrons and unpaired electron spins of the chro-
mophore groups, with very high molar absorption coefficients as a consequence of a
symmetric coordination mode of resonance of the β-diketonato ligand. The presence of
Mef substituents on the β-diketonato bridge destabilizes metal-ion levels relative to the
Me group while Ph substituents stabilize them. Absorption maxima at about 260 nm
belong to the n → π* transition and that at 344 nm comes from π → π and π → π*
intraligand transitions in the case of coordinated dibzm. Similarly, the hfac ligand gives a
maximum at 300 nm as a consequence of n → σ* transition146. Because of the mixed and
overlayed π-levels of the β-diketonato and cobalt atoms, these bands are charge-transfer
bands from the ligand to the metal ion.

Transition metals can form tris(acetylacetonato) complexes with strong metal–ligand
covalent bonds, which enhance molecular stability and support the sublimation process
without dissociation. These MO6 arrangement forms147 in an octahedral coordination
polyhedron are in the solid state usually in an α (orthorhombic, Pbca) or β (monoclinic,
P21/c) structure. The XRF spectrum of Fe(acac)3 powder and thin film show the appear-
ance of a FeKα signal that confirms the stability of the crystalline molecular structure
during sublimation at about 150 ◦C. The UV-vis absorption spectral assignments show
two distinguishable maxima at 355 nm and 435–440 nm, both due to the existence of a
Fe ion coordinated to an acac ligand, since the pure ligand will not show any of these
absorptions: d–d transitions in the case of d5-Fe3+ are spin-forbidden transitions, there-
fore intense absorption peaks are a result of LMCT transitions. This characteristic of the
Fe(dik)3 complex shows that films grown on p-Si display a low dielectric constant and
are promising materials for dielectric applications.

The molecular structure of some non-heme iron(III) complexes of general formula
[L(dik)Fe(µ-O)Fe(dik)L](ClO4)2 (dik = acac, bzac) was characterized as hexacoordinated
and O-bridged diiron complexes148. They are chemically and electrochemically very reac-
tive and can be oxidized to the Fe(IV) diamagnetic species [Fe(µ-O)Fe]6+. Complexes
with a diiron oxygen-bridged core were obtained from mononuclear Fe(II) species. Elec-
trochemically, it is possible to react and generate mixed-valence complexes as a product of
a one-electron reversible redox reaction. Its electronic spectrum shows three charge trans-
fer bands, and one at 365 nm assigned to acac-to-Fe CT or px ,py-(oxo) → dxz,dyz-Fe(III),
having two acac ligands coordinated independently to the two iron ions.

Iridium(III) β-diketonates68 show a relatively week absorption in the 350–400 nm
range, that can be ascribed to spin-allowed MLCT transitions. Electroluminescent spectra
(EL) show green light emission. In electronic spectra of Ir(III)), Pt(II), Ru(II) and Os(II)
β-diketonates149 weak absorption bands between 330 and 560 nm can be assigned to
singlet and triplet MLCT transitions. The π → π* transition from the complexes are
blue-shifted for about 20 nm compared with the free ligands.

The Ir(III) complex (4) was the first six-membered chelated iridium complex found
fit for application in organic light-emitting diode (OLED) devices150. The coordination
geometry of iridium is approximately octahedral, with two quinoline nitrogen atoms trans
to each other, whereas the two acetylacetonate oxygen atoms lie trans to the ligating
carbon atoms of the phenyl groups. The molecule has near-C2-symmetry. Notably, the
six-membered chelated iridium geometry is not coplanar and is close to a twisted boat
form150. These species show strong low-lying absorption bands with a mixed MLCT/π-
π* character, indicating an unusually strong spin–orbit coupling due to the heavy atom
(Ir) effect and, perhaps, the short six-membered coordinating distance. Complexes of this
type show deep red phosphorescent emission (650–680 nm) in deareated acetonitrile.

Ir(III) cyclometalated complexes, [Ir(C∧N)2acac], where C∧N is thp, tpy or bzq, show
low-energy absorptions at 450 and 500 nm of MLCT/ILCT character151, {[dz2 (Ir) + dx2−y2

(Ir) + π(C∧N)] → π∗(C∧N)}, while a complex with dbm shows an extra lower energy
weak absorption at 536 nm that can be attributed to {[dz2 (Ir) + dx2−y2 (Ir) + π(C∧N)] →
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π∗(dbm)}, of MLCT/LLCT character. The intense participation of a conjugated phenyl
group remarkably stabilizes the molecular orbital. Calculations of the isolated ligands
show that the intraligand π → π* transition occurs at λ < 300 nm, while coordination
between metal and ligands produces lower-energy absorptions due to the presence of the
metal and spin-forbidden singlet–triplet transitions. The lower lying absorption energies
are in opposite order from π-conjugation effect, but introducing the phenyl group enhances
the conjugation effect and significantly lowers the LUMO energy level, resulting in a
considerable decrease of the HOMO–LUMO energy gap (Figure 10). The LUMO energy
levels of the complexes are little disturbed by variation of the ancillary ligand, whereas
the HOMO energy levels can be tuned by interaction of ancillary ligands with iridium d-
orbitals. The stronger ligand field strength of the dithiolate ancillary ligands leads to lower
HOMO energy levels of complexes than acetylacetonate. Correspondingly, the energy gap
of the complexes increases when dithiolate ancillary ligands replace acetylacetonate, which
is correlated with the hypsochromic shift of the emitting wavelength of the complexes.
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FIGURE 10. Transitions contributing to the absorptions at 480, 462, 452 and 477 nm for the
iridium(III) complexes [Ir(C∧N)2(L)] (C∧N = benzoquinoline, L = acac, 1; C∧N = 2-Thi-Pyr-2,
L = acac, 2; C∧N = 4-Tol-Pyr-2, L = acac, 3; C∧N = benzoquinoline, L = dibzm, 4) in THF solu-
tion. Reproduced with permission from Reference 151
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Ir(III) complexes in photoluminescence spectra emit red light at 617 and 613 nm.
The presence of a Mef group on napy (2-(1-naphthyl)pyridine) to afford the 4-fnapy
(2-(1-naphthyl)-4-trifluoromethylpyridine) ligand changes the π –π conjugation on the
ligand, lowers the LUMO level of the complex and finally emits orange light at 595 nm.
HOMO and LUMO data show that the trifluoromethyl group lowers more efficiently the
LUMO than the HOMO energy levels. The crystal structure149 of (napy)2Ir(acac) and (4-
fnapy)2Ir(acac)žCH2Cl2 shows that the Ir−O bond lengths and the O−Ir−O bond angle in
the chelate are reduced to some degree on changing the other ligand from napy (2.130(4)
and 2.160(4) Å, 87.9(2)◦) to fnapy (2.129(2) and 2.142(2) Å, 87.55(8)◦).

The relatively simple structure of Cr(acac)3 was used as a model for electronic structure
evaluation152. This molecule has a high degree of photostability and opportunity for exci-
tation to both ligand-field and charge-transfer states. The lowest-energy state corresponds
to 2E. The 2E → 4A2 transition is responsible for the static emission line at 794 nm. The
ligand-field 4A2 → 4T2 transition shows a maximum at 560 nm, which involves a change
in orbital population, i.e. one electron from the nonbonding t2g orbital transfers to the
antibonding eg* orbital. Then, below 400 nm the absorption spectrum corresponds to CT
processes.

Electrogenerated chemiluminescence (ECL) involves the formation of excited states at
or near electrode surfaces. Recent reviews of 2,2′-bipyridine–ruthenium(II) complexes
have highlighted the use of metal chelate systems in ECL153. UV-vis spectra depend on
the nature of the β-diketonato ligand (Table 3), and show absorption intensities between
481 and 502 nm that are characteristic for ruthenium MLCT transitions. This absorption
is red-shifted relative to the (bipy)2Ru2+ complex without a dik ligand. In the presence of
β-diketonato ligands with electron-donating substituents, the absorption maxima appear
at lower energies. This observation correlates with another parameter, that the presence
of more electron-withdrawing substituents results in a larger HOMO–LUMO energy gap
and higher absorption energies.

The symmetrical binuclear diamagnetic [(bpy)2Ru(µ-H2L)Ru(bpy)2](ClO4)2 and para-
magnetic [(acac)2Ru(µ-H2L)Ru(acac)2]154 (L = 2,5-dioxido-1,4-benzoquinone diimine)
complexes show that electron transfer occurs largely at the bridging ligand. In contrast,
the higher oxidation states Ru(III) and Ru(IV) seem to be favored by the binuclear
bis(acetylacetonato)–ruthenium complexes, leading to more involved and ambivalent
oxidation-state combinations. Intense long-wavelength absorption bands point to mixed-
valent binuclear configurations.

The luminescent cyclometalated Pt(II) complexes 5155, with absorption maxima around
520 nm, exhibit similarly structured emission bands, independent of the nature of the
β-diketonato ligand. A representative complex of this type (R = H, R′ = Me) in a frozen
EPA (ether–isopentane–alcohol) glass at 77 K has two sets of vibrationally structured
bands (460–560 nm, 570–800 nm), due to the presence of two emitting isomeric species,

TABLE 3. Absorption spectra of [(bipy)2Ru(dik)](PF6) com-
plexes. Reproduced with permission from Reference 153

dika λmax (nm) ε (L mol−1 cm−1)

bzac 502 11000
dibzm 493 12000
ttfa 489 13000
tfpb 482 8400
tfac 481 16000

a ttfa = thenoyltrifluoroacetonate, tfpb = 1-phenyl-4,4,4-trifluoro-1,3-
butanedionate.
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(5) R = H, MeO, Et2N, O2N, R′ = Me, t-Bu
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which have significantly different triplet excited-state energies. The other acetylacetonates
(R′ = Me) studied show a similar behavior, but the low-energy emission bands are pro-
gressively red-shifted for the R group in the order H < OMe < NO2 < NEt2. The very
large red-shift compared to related unsubstituted complexes (e.g. [Pt(C∧N-ppy)(O∧O-
acac)2]) is the result of the extension of the π-conjugated system and the electronic
effects of the R substituent.

The reaction of tetramethyl-1,3-cyclobutanedione with LiSiR3 (R = SiMe3, Et) or
LiGeEt3 results in the opening of the cyclobutanedione ring to give β-ketoacylsilane
lithium enolates (6)156. The UV-visible spectra of these enolates exhibit two new transi-
tions: one absorption is red-shifted and the other is blue-shifted (each by about 40–50 nm)
relative to the absorptions of the corresponding β-ketoacylsilanes. Ab initio MO cal-
culations show that the red-shifted transitions result from the presence of a low-lying
Rydberg-type antibonding O−Li orbital. The blue-shifted transition, on the other hand,
results from a weakening due to Li+ complexation and destabilizing hyperconjugative
interactions between the oxygen lone pair and the σ -(C−Si) orbital. This leads to a
lowering of the energy of the filled n-O–σ -(C−Si) orbital, relative to its energy in the
acylsilanes, and thus to a higher n-O–σ -(C−Si) → π*-(C−O) excitation energy than in
the corresponding acylsilanes.

O O

X

Li

(6) X = Si(SiMe3)3, SiEt3, GeEt3

One of the most intriguing properties of acylsilanes is their color, showing absorption
around 370 nm. However, the lithium enolates exhibit two new interesting absorption
maxima: one near 335 nm and the other at 410 nm. Acylsilanes absorb at about 370 nm
whereas the corresponding n-O → π*-(C=O) transition in simple ketones is at about
280 nm157. This large drop in the excitation energy, when silyl groups are attached to the
carbonyl carbon, is because the excited state of acylsilanes is stabilized by participation
of d-orbitals on silicon and inductive destabilization of the oxygen lone pairs by the
electropositive silicon158. However, later photoelectron spectroscopy studies and CNDO/2
calculations159 have shown that the main reason for the observed shifts is strong mixing
between the in-plane lone-pair orbital on oxygen (n-O) and the σ -(C−Si) bond, which
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pushes the filled antibonding combination of these orbitals (i.e. n-O–σ -(C−Si)) to a higher
energy (hyperconjugative destabilization), reducing the gap with the empty π*-(C=O)
orbital159. More recent molecular orbital analysis suggested that other contributing factors
are the similarity of the vertical and the adiabatic excitation energies of acylsilanes160 and
the dative bonding between the R3Si and C=O groups.

A new class of ligands, the sila-β-diketones, 2,2,6,6-tetramethyl-2-sila-3,5-heptanedione
(tmshdH), has been developed. The UV spectra of the homoleptic Cu(II) complex, Cu
(tmshd)2

161,162, exhibits absorption at 276 nm that is slightly less intense than that for
nonsilylated β-diketonate analogs. The lack of the expected bathochromic shift or hyper-
chromic effect expected for an acylsilane is consistent with the predominant enolic
tautomer being on the silicon side161; the green complex coloration is generally due to a
broad, moderately intense CT band in the electronic spectrum that occurs at 360–370 nm
(ε ca 9000) tailing into the blue portion of the visible region, in combination with weak
d–d transitions at 520 (ε ca 100) and 655 nm (ε ca 50)162.

Ultrafast time-resolved spectroscopic methods have been used to probe the dynam-
ics associated with ligand-field excited states in Cr(III) and Fe(II) complexes. Cr(acac)3
serves as a prototype for studying the 4T2 → 2E conversion characteristic of Cr(III)
complexes163. The data reveal that formation of the 2E state occurs faster than the
instrumental time resolution, implying a rate constant for intersystem crossing of at least
1013 s−1. Slight changes observed in the differential absorption spectra were attributed
to vibrational cooling in the 2E state. The role of low-lying ligand-field states as highly
efficient deactivation pathways for higher-lying charge-transfer states was demonstrated in
low-spin Fe(II)–polypyridyl complexes. Following 1A1 → MLCT excitation, the ligand-
field manifold is accessed with a time constant of ca 100 fs. This pattern was observed for
several complexes, suggesting a general feature of this class of molecules. Subsequent to
populating the ligand-field states, dynamics ultimately leads, on the subpicosecond time
scale, to formation of the 5T2 state as the lowest-energy excited state. This observation
has important implications for the use of such complexes as sensitizers in photovoltaic
applications.

The presence of ligand-field states—electronic states that derive largely from the d-
orbitals—is a unique defining feature of the photophysics and photochemistry of transition
metal complexes164,165. Excited ligand-field states are responsible for a wide range of reac-
tivity, most notably photosubstitution and photoisomerization. Although charge-transfer
states are most commonly associated with excited-state electron transfer, ligand-field
states can also engage in photoredox chemistry166. The study of transition metal photo-
physics on the subpicosecond time scale is a rapidly developing area of physical inorganic
chemistry167,168 and holds considerable promise for advanced fundamental understanding
of excited-state electronic structure and reactivity. To date, the overwhelming majority
of work in this field has involved the study of CT chromophores and new developments
focus on the ligand-field excited states of coordination compounds163 such as Cr(acac)3.

V. NMR SPECTRA

NMR spectroscopy and DFT computations were employed to study the structure of 2-
acylcyclohexane-1,3-diones and their alkali metal salts in solution169. It was found that
these triketones prefer an endo-enol tautomer configuration. In 1H NMR spectra, separate
signals of protons attached to C1, C2, C3 and C4 indicate that no rotation takes place
around the C2−C7 bond and intermolecular hydroxyl proton exchange occurs despite
the existence of the strong intramolecular hydrogen bonding. At −90 ◦C the spectra gave
no evidence of restriction of cyclohexane ring inversion. Calculations show that enolic
protons exist and the calculated energy of the exo-enol is higher by 2.8 kJ mol−1 than
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that of the endo-enol, which favors the endo-form in solution. Experimental results and
calculation of the corresponding alkali metal enolates show that the 13C chemical shifts
of the salt or the free anion depend on the population of these two species169. Compared
with the Li salt, in the free anion sp2 carbon atoms are deshielded whereas sp3 atoms
are shielded; all three oxygen atoms are coplanar and, except for C5, the other C atoms
of the cyclohexane ring and the C of the exocyclic carbonyl group also lie on the same
plane. A strong interaction between water in the solvent and the carbonyl oxygens is
observed. Considering literature data about β-dicarbonyl and tricarbonyl compounds, no
simple differentiation between tautomers by NMR spectra should be expected because of
fast tautomerization.

NMR data (Table 4) show that the presence of different substituents on the β-deketonate
chelate ring has a high impact on the electronic effects in the ring and also affects the
chemical shift of the protons. With acac the >CH resonance is found at δ 5.85 ppm while
for tfac and dibzm it is at δ 6.28 and 7.24 ppm, respectively.

The 1H NMR spectrum of linear tetranuclear complex (7)170, bridged by enolato ligands
derived from mesityl metyl ketone and capped by bidentate tmeda molecules, displays
two sets of olefinic signals, one at δ 5.01 and 4.20 ppm, for enolato bridging two Mg
nucleii, which are downfield to the ones at δ 4.81 and 4.01 ppm, for enolato connecting
Na and Mg nucleii. The o-Me group signals are shifted downfield for the Mg−Mg enolate
bridge (δ 2.87 ppm) relative to those of Na−Mg bridges (δ 2.49 ppm). The p-Me group
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TABLE 4. IR and NMR spectraa of uranyl β-diketoenolates [UO2(dik)2(py)]a 17

dikb ν(U=O)c

(cm−1)
ν(U–O)d

(cm−1)
ν(C–O)
(cm−1)

δ(2-H)e

(ppm)
δ(3-H)e

(ppm)
δ(4-H)e

(ppm)
δ(>CH)
(ppm)

tfac 922 562 408 1621 9.20 7.75 8.12 6.28
eaa 918 571 423 1605 9.47 7.72 7.98 5.31
acac 913 403 1570 9.57 7.73 7.96 5.85
bzac 911 553 412 1555 — — — —
dibzm 909 605 453, 428 1539 9.63 7.73 7.88 7.24
pa 916 621 479, 416 1584 9.46 7.73 7.98 5.96
mac 907 653 541, 452 1582 9.59 7.73 7.95 —
dpm 917 607 479, 409 1560 9.36 7.73 8.00 6.11

a IR spectra of the solid complex; NMR spectra in DCCl3 solution, relative to TMS.
b eaa = ethyl acetylacetate enolate; mac = 3-methyl-1,3-pentanedionate.
c Of the uranyl ion.
d Of the chelate.
e Proton of the pyridine ring.
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signals are almost the same in both cases (δ 2.15 and 2.11 ppm, respectively). In the 13C
NMR spectra, the relative downfield–upfield relation of the enolate signals is not always
the same for Mg−Mg and Na−Mg bridges: δ(C−O) 161.23 and 163.12 ppm, δ(Cipso)
140.51 and 143.14 ppm and δ(=CH2) 89.74 and 87.04 ppm, respectively.

The 13C NMR spectrum of the homobinuclear Zn enolate 8 in CD2Cl2 solvent97 shows
resonances at δ 157.2 and 102.1 ppm, corresponding to Cα and Cβ, respectively, on
the main enolate chain M−O−Cα=Cβ. These resonances and analogous ones of similar
complexes (e.g. 9) are related to others reported for O-bonded enolates, such as δ 160.0
and 104.6 ppm for the Zn enolate 10 and δ 146.6 and 106.8 ppm for the heteronuclear
sodium zincate 11. Other features seen in NMR spectra are consistent with sp2-hybridized
vinylic C−H bonds: Two doublets at δ 4.46 and 3.57 ppm (2H each) are assigned to two
inequivalent vinylic hydrogen atoms of each enolate, which are in correlation with sp2-
hybridized vinylic bonds. Most notably, the difference between resonances assigned to Cα
and Cβ atoms were proposed to predict bonding, reactivity and the degree of polarization
of the C=C bond.
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The chemical shifts of chelated β-diketonato protons are due to the ‘aromatic’ nature
of the ring171 or to its magnetic anisotropy172 and others related to the nature of the
central atom and the orbitals if used in σ and π bonding to the ring171. The chemical
shift of the CH group depends mainly on the electrical symmetry of the complexes, and
in the case of cobalt(III) compounds63 it moves to the δ 6.50–6.21 ppm range relative to
the enolate form of the free dik anion. This effect may be a function of the symmetric
Racac coordination, suggesting that strong cobalt–oxygen bonding occurs173. The high
symmetry of the complexes is reflected in the 13C NMR spectra. The powerful efficacy
of the six fluor atoms of the hfac ligand moves chemical shifts strongly downfield in
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comparison with dibzm and dpm. Carbonyl carbons are under the strong influence of
electronic effects of the R-groups attached to them, with chemical shifts as ligands of
complexes in the order dpm > dibzm > hfac. A triple chelate complex of C1 symmetry,
such as [Co(acac)2(pdmp)]+, pdmp = H2NCH2CH2Ch2PMe2, shows in 1H NMR two
doublets for P -CH3 and four singlets (δ 1.90, 1.92, 1.93 ppm for each 3H , s, C-CH3),
and in 13C NMR two doublets (δ 23.09 and 26.29 ppm, d, C-CH3 and δ 26.51 and
26.89 ppm, s, C-CH3), coupled very weakly with the P nucleus174.

Reaction of the non-oxo V(IV) species [VCl2(dik)2] (dik = acac, bzac) with a chelate
nitrogen-donor ligand leads to reduction of V(IV) to V(III) compounds175. The diketonate
ligand of the V(IV) precursor is the more probable reducing agent in the preparations of
that type of complex. The two geometrical isomers of V(acac)3 and the three isomers of
V(bzac)3 are resolved in their 1H NMR spectra in CDCl3 or CD2Cl2 solution. Based
on the thermodynamic parameters, the greater stability of the cis-isomer is achieved
due to better solvation in polar solvents. The CH3 protons of the acac ligand in com-
plexes of HB(pz)3VO(acac) type (12)176 appear at δ 1.57 and 1.59 ppm. The signals of
the CH3 group of the acac ligand in 13C NMR spectra of the hexacoordinated V(III)
complexes44 with o-phenantroline and acetylacetonate, [V(acac)2(phen)]+, appear at δ
68.12 and 68.53 ppm, which is considerably downfield with respect to V(acac)3. The CH
shows up at δ 40.41 ppm.
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NMR spectra show a single average environment for Y(dpm)3 complexes34: 1H NMR in
CDCl3: δ 5.7 ppm (CH, 1H ) and δ 1.13 ppm (CH3, 18H); 13C NMR: δ 201.5 ppm (CO),
δ 91.6 ppm (CH) and 40.6 ppm (CH3 in t-Bu); 28.3 ppm (CH3); the 89Y NMR spectrum
in CD2Cl2 exhibits a single signal at δ 163 ppm, which indicates that the complex is
monomeric in solution. The electron-impact mass spectral (EIMS) data exhibit the parent
molecular ion and the base peak belongs to the fragment [M − dpm]+.

Consecutive nuclear Overhauser enhancement spectroscopy (NOESY) experiments
allowed one to calculate the distance between the enolate proton and other protons in
the octahedrally coordinated titanium enolate 13177. The H1 –H2 and H1 –H3 distances
calculated from NMR spectra are 0.2 Å longer or 0.5 Å shorter, respectively, than those
in the model structures. Using modeling studies, the same prediction can be observed,
indicating that one side of the Ti enolate complex is less sterically hindered than the other
side. This is due to the efficient diffusion pathway formed by the enolate H (H1), the
protons on the i-Pr group (H2, Me) and the protons on the selone heterocycle (H3, H4).
These distances confirm that the enolate oxygen atoms are cis to each other and their
orientation should promote a strong facial preference upon subsequent reaction with an
aldehyde or ketone.
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Application of triorganostannyl enolates178 to organic synthesis was investigated on O-
stannyl and C-stannyl enolates. 119Sn NMR spectra showed that tributylstannyl enolate is
a mixture of both enolate kinds at lower temperature. The O- to C-stannyl enolate ratio
is temperature-dependent and it was confirmed to be reversible.

VI. EPR SPECTRA

The average bite angle for the acac ligands (81.81◦) in [Mn(acac)2(bipy)]56 is among
the lowest found for 2,4-pentanedionate coordinated to Mn(II)179. The only other case
found in the literature where the pentanedionate ligand coordinated to Mn(II) has a bite
angle smaller than 82◦ is in the Mn(II) trinuclear complex [Mn{Mn(acac)3}2], in which
the two peripheral Mn(II) ions have a trigonal prismatic geometry180. The high spin
d5 Mn(II) ion has no ligand-field stabilization and no large degree of π-bonding, since
the magnetic data show both complexes to have a spin state of S = 5/2. This value
would be lower if π-bonding would take place to the extent found in rhenium dithiolene
complexes, for example181. The solid-state EPR spectra for the two complexes are of
quite different coordination symmetries, leading to a difference in the zero-field splitting
parameters. The symmetry of the trigonal prismatic complex is rhombic, which is the cause
of the large EPR signal at g = 3.25. The complex [Mn(acac)2(phen)] has a fairly regular
octahedral coordination environment, which gives small zero-field splitting parameters,
thus a resonance signal near the free electron value of g = 2 is observed182. Since the
rigidity of the dinitrogen diimine ligand does not seem to play a role and the energy
difference between different ligand environments for the complexes in vacuum is quite
small, packing effects in the crystal lattice must play an important role in determining the
solid-state structure.

A number of well-known Cu(II) complexes183, for which structural and spectroscopic
data are available, e.g. Cu(acac)2, [Cu(C2O4)2]2− and [Cu(py)4]2+, show the correlation
between calculated and observed g values to be satisfactory, given the complexity of the
task and the simplicity of the model. Moderate accuracy predictions can be afforded with
the INDO/S CI model, but it is clearly recognized that the g tensor is a quantity that is
difficult to model accurately by theoretical methods. It appears that the simple INDO/S
CI model places the metal and ligand orbitals at realistic relative energies and thereby
produces realistic metal–ligand covalent bonds. This is especially remarkable for sulfur-
containing ligands that have orbitals quite close to the metal orbitals and therefore very
strong covalent bonds, e.g. Cu(Me2NCS2)2. Well-resolved electron spin resonance spectra
of a series of stable dianion radicals are observed in solution184 when a variety of metal
β-diketonates, such as Fe(dik)3, Co(acac)2 and Mn(acac)3, are reduced with Grignard
reagents. The structure of acetylacetonate is related to a chelate model based on INDO
molecular orbital calculations by fitting the observed proton hyperfine splitting.

Isotropic EPR measurements of the VO(IV)–acac system in aqueous solution49 point to
an equilibrium between the cis- and trans-isomers. Anisotropic EPR analysis allows one
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to obtain information on the symmetry and coordination geometry of a complex and the
character of the ligands, and detecting the presence of minor species in solution. The solid
pentacoordinate compound VO(acac)2 can give rise to cis–trans isomerism in solution
because the metal has a free coordination place to react with a solvent molecule. The
experimental data indicate that only the trans-isomer is formed and that can be simply
confirmed using UV-vis and IR spectra. The energy of the e*π orbitals (dxz, dyz) is
sensitive to perturbations along the z-axis, which can be effected by coordination with
a solvent molecule. EPR spectra are defined by g and A values. Due to the splitting
of the dxz and dyz orbital energy, four transition bands can be resolved, associated with
the distortion of square-pyramidal to trigonal-bipyramidal geometry. Three bands can be
seen from electronic spectra, suggesting that the x–y anisotropy is small, as is the energy
difference between the dxz and dyz orbitals.

Vanadyl complexes185 coordinated by two pyrazole nitrogens and two oxygens from an
acac ligand show that every complex has the same N2O4 donor sphere dominated by the
axial oxo group, therefore the isotropic g0 and A0 values in EPR spectra are all similar.
The visible spectra contain three or less distinct bands in the range of 350–800 nm,
consistent with the Ballhausen and Gray assignments186.

The EPR spectra of binuclear Co(II) complexes67, e.g. [Co2(dik)tpmc](ClO4)3 (3 per-
chlorate, R = Me, Mef, t-Bu, Ph), show a symmetrical signal with no hyperfine splitting,
with insignificant differences of electron ge factors and band shapes. The antiferromag-
netic coupling between the Co(II) centers that occurs through the bridging system of
β-diketonato ligand is anticipated187. The decrease of the ge factors at higher temperature
suggests that magnetic interactions create weak intramolecular spin–spin and intermolec-
ular interactions. It can be seen that the bridging ligand significantly reduces the distance
between the two metal-ion centers and makes possible indirect spin exchange interaction
between the d7 electrons.

β-Diketonates exist in solution as metal chelates188,189 and it would certainly be
expected that the corresponding doubly charged anion radicals also exist in a similar
form. The review of Dessy190 demonstrated that generally the spin density in anion rad-
ical metal complexes could be largely localized on the ligand and the charge density on
the metal. EPR studies indicate high localization of unpaired spin density in an orbital of
predominantly ligand character191.

VII. MASS SPECTRA
Negative chemical ionization (NCI) is a useful technique for determination of the molec-
ular mass of compounds with distinct electron affinities yielding [M]−ž or of acidic
compounds yielding [M − H]−, usually as base peaks. A tandem combination of NCI
and CID (collision induced dissociation) mass spectrometry usually affords poor results
for structural analysis, because the main reaction is loss of an electron from the negative
ions and few fragments derived from them192. On the other hand, the charge-reversed CID
technique is a good method for assigning structures to nondecomposing negative ions.

Enolate ions are generated from carbonyl compounds by deprotonation with OH− in
a chemical ionization source producing the [M − H]− ions. Specific fragmentation of
enolates corresponds to the loss of CO or the alkyl substituents and remaining fragments
to produce ions of m/z 29 and 28. The main fragments in the CR spectrum of [M − H]−
are ions with m/z 43 [CH3CO]+ and 42 [C2H2O]+ž, obtained by α-cleavage of the ligand
and further deprotonation to the ketene radical cation, respectively. Generally, CR enolate
ions accommodate sufficient excess energy for extensive fragmentations. In case of open-
chain enolates, characteristic fragmentations are α-cleavages giving rise to acylium ions
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and ketene radical cations. These ions and the other fragments formed by loss of CO can
be used to establish the structure of the parent carbonyl compound from which the enolate
was derived.

Mass spectroscopy is widely used in the study of volatile metal β-diketonate complexes
and, in particular, the saturated vapors of Al, Ga and In complexes with acac and its fluo-
rinated derivatives193, while dipivaloymethanato complexes were studied less extensively
than the others. In case of Al(acac)3, the threshold temperature at which the base peak
attributed to Al(acac)2

+ begins to decrease is 290 ◦C. Some metal complexes of this type,
e.g. Y(dpm)2, can undergo thermolysis and form new molecular entities at temperatures
above 300 ◦C. The heaviest ion detected in saturated vapors of M(dpm)3 complexes is
M(dpm)3

+, thus discarding the possible presence of oligomeric species. Further super-
heating of the vapors results in a decrease in intensity of metal-containing species and an
increase of ion fragments of the organic ligand. The relative peak intensities for Ga and
Al complexes with dpm remain unchanged up to temperatures of total decomposition.

The mass spectra of sp-elements differ significantly from d-elements. Studies of Ca,
Sr, Ba, Y and Cu found that electron-induced fragmentation primarily results in the
formation of ions with the loss of one ligand in the case of sp-elements or the formation
of ions similar to the molecular ion for d-elements. This difference in mass spectra
reflects metal–ligand bond features. In the case of d-elements, participation of a d-orbital
in coordination results in more pronounced delocalization of electron density due to six
oxygen atom donors. Therefore, fragmentation requires higher energy consumption and
redistribution of electron density in the molecule. This process is less favorable compared
to elements such as Al, Ga and In, in which the metal does not form π-bonds and
ligands are easier to activate. Al(dpm)3 and Ga(dpm)3 complexes in the gas phase remain
unchanged to the thermal stability limits at ca 600 ◦C, whereas In(dpm)3 vapor at ca
550 ◦C shows an In(dpm) entity due to thermal decomposition. This tendency is consistent
with changes in chemical properties within a series of this group of compounds. Therefore,
one can detect temperature limits or the temperature at which metal-containing ions are
no longer observed in the superheated vapors.

A mass-spectral study performed on Sc(acac)3, Sc(dpm)3 and La(dpm)3 vapors194

shows that, due to volatility and thermal stability, this group of β-diketonates is suit-
able for low-temperature gas-phase transport of metals. The similarity of the mass spectra
of Sc, Y and La β-diketonates may point to a similarity of the processes involved in the
thermal destruction of the molecular species present in vapor. Within the framework of
crystal field theory, an unpaired electron of a central metal ion (Sc2+, Y2+ or La2+ with
the nd 1 configuration) occupies a dz2 orbital, which has the lowest energy in D2h sym-
metry. This results in stabilization of the ML2 radical and enhances the thermal stability
of the complex.

Mass fragmentation was followed in a series of Co(III)–amine–β-diketonato com-
plexes63. Fragmentation starts from bond cleavage α to the carbonyl group and the charge
remaining with the oxygenated fragment. Further fragmentation involves charge migration
through the ‘pseudoaromatic’ ring of the β-diketonate chelate, with simultaneous forma-
tion of a C=O bond. The presence of these peaks is conclusive evidence for β-diketonato
coordination through oxygen and seems to be a convincing approach to elucidation of the
molecular structure. Further steps include cleavage of the cobalt–oxygen bond leaving
a positive charge on the acyl fragment (RC=O)+. The most intense peaks in the mass
spectra of metal β-diketonates belong to β-diketonato fragments, i.e. R(CO)CH2(CO)R+,
R(CO)CH2(CO)+, R(CO)CH2

+ and R(CO)+. The relative instability of the β-diketonato
ion is due to weak C−R bonds, especially in the case of the electron-withdrawing
groups146,195.
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VIII. MOLECULAR CHARACTERISTICS AND APPLICATION PERSPECTIVES

The ability to control chemical and structural properties of surfaces is crucial for new
technologies. Direct implementation of transition-metal β-diketonates on some inorganic
surfaces, such as silica, alumina or zeolites, is a matter of great interest in catalysis and
interface processes196. On the other hand, SAMs (self-assembled monolayers) allow a large
variety of molecules to be attached by chemisorption to different types of surfaces. For
example, Ni(acac)2 can be attached to grafted carboxylate, which involves substitution
of one acac group with a CO2H group on the surface. Spectral regions show bands
characteristic for both environments. It was possible to control the surface density of the
Ni complex by modifying the surface concentration of the grafted carboxylate groups.
This is a promising perspective for controlled modification of substrates of technological
relevance.

Complexes of uranium with β-diketonates were extensively studied because of their
importance in the processes of solvent extraction and separation of uranium117. Uranyl(VI)
complexes are active materials of the uranium redox-flow battery, where high solubility
in an aprotic solvent is required197. UO2(dik)2dmso (dik = acac, tfac, hfac) complexes are
used for uranium extraction into a SCCO2 phase198. This group of ligands was found to
be the most efficient for extraction of uranyl and lanthanide ions from radioactive wastes.
The solubility of these compounds is related to the number of CO2 molecules associated
with metal chelate complexes and a temperature-dependent constant, C, in the correlation
ln S = klnρ + C, where S is the solubility (g L−1), k is the number of CO2 molecules
associated with the metal chelate ν and ρ is the density of SCCO2 (g L−1). The C values
are found for the UO2 complexes to be in the order acac > tfac > hfac, which is opposite
to the solubility of the corresponding complexes. Chemical shifts of CO2 in 13C NMR
spectra of SCCO2 containing a β-diketone are found to be displaced to lower fields relative
to neat SCCO2. The �δC values decrease in the order Htfac > Hhfac > Hacac, suggesting
that interaction with CO2 and β-diketonate decrease from tfac to acac. This is the main
interaction that characterizes the solubility of uranyl complexes. 1H and 19F NMR spectra
for CH, CH3 and CF3 groups of β-diketonato ligands show that shifting tendency is due
to the difference in strength of the van der Waals interaction between SCCO2 and specific
sites of the β-diketonate. This interaction is stronger for CF3 than for CH and CH3. It is
generally recommended to use the more soluble fluorine-containing UO2 complexes.

Novel Zr, Hf, Y and Cu 2,7,7-trimethyl-3,5-octanedionates (tod) were used as precur-
sors for the deposition of oxide films and compared with conventional dpm precursors199.
Monoclinic ZrO2, HfO2 and cubic yttria-stabilized HfO2 films were deposited by pulsed
liquid injection MOCVD on sapphire and silicon substrates. Films on sapphire lead to sig-
nificantly higher growth rates at lower temperatures and give smoother films containing
less carbon compared to the M(tod)4 type being more attractive for MOCVD applica-
tions. Higly fluorinated Cu(hfac)2 and Cu(tdf)2 (tdf = n-PrfC(O)CH=C(O−)Prf-n) have
been investigated as potential precursors for MOCVD of copper200 – 204 due to their high
volatility. The hfac ligand has become a common building block in MOCVD precur-
sor design, in spite of the limitations associated with its restricted functionality and the
potential for fluorine contamination of the thin film205.

Silicon-containing β-diketonate anions (14) provides an attractive, novel approach to
modification of the thermal stability and volatility of Cu(II) MOCVD precursors based on
β-diketonato ligands206. Multinuclear NMR studies suggest that the sila-β-diketons exist
as the enolic tautomer with a C=C−Si structure.

β-Diketonates are used as model systems for syntheses and calculations because of
their similarity to the active sites of metalloproteins, where metal ions are coordinated
to nitrogen, oxygen and sulfur atoms of amino acid residues207. Heavy metal complexes
are efficient phosphors in organic light-emitting diodes (OLEDs) and have attracted much
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        SiR3 = SiMe3, SiEt3, SiMe2Bu-t, SiMe2Hex-t, Si(Pr-i)3
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attention due to the strong spin–orbit coupling by the metal ions208. This results in effi-
cient intersystem crossing from the singlet to triplet excited states, enabling utilization
of both209. Especially, iridium(III) complexes with cyclometalated ligands show intense
phosphorescence at room temperature and this behavior is very promising for application
as phosphor dyes in OLEDs210. Ir(III), Pt(II), Ru(II) and Os(II) complexes are the major
triplet emitters that have been studied for application in OLEDs149. Ir(III) complexes were
found to be superior to the other metal complexes due to the relatively short lifetime of
their triplet state.

Homoleptic Ir(Fnppy)3 (15, n = 3, X = H; n = 4, X = F) and heteroleptic (Fnppy)2Ir
(acac) complexes (16, n = 3, X = H; n = 4, X = F) complexes211 were shown as the most
challenging materials for high emission and good stability for highly efficient OLEDS. Due
to the presence of fluoro substituents the HOMO energy is decreased and, consequently,
the HOMO–LUMO gap will shift the emission to a higher frequency. All complexes
exhibit broad emissions in the ‘light blue’ region. Replacement of one Fnppy ligand with
acac shifts the emission of the complexes bathochromically by ca 10 nm regardless of the
number of fluorine atoms. The triplet level of the acac ligand lies above the phenylpyridine
levels, therefore acac perturbs the HOMO or LUMO but it is not directly involved in the
luminescence. The disturbing nature of the acac ligand is due to shifting of the d-orbitals
of the metal ion. The decrease of oxidation potential of complexes 16 is due to the
lower back-bonding nature of the acac ligand vs. the fluorinated phenylpyridine carbanion
ligands.
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The novel luminescent metalapyrrole platinum(II) complexes 5212 (Section IV) have
coordinated acac and dpm beside styrylphenylpyridine carbanions and have found poten-
tial application in the conversion of light to chemical energy–artificial photosynthesis,
OLEDs and biological labels.

Metal(III) acetylacetonates can be used to assemble organic monolayers on the surface
of porous H-capped silicon (PS), that will generally improve its electric, optical and
magnetic characteristics and therefore increase its range of potential application213. The
proposed mechanism of adsorption consists of a couple of steps that include production
of an acetylacetonato free radical that attacks an Si−H bond, yielding a silicon free
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radical; in the second step, the silicon free radical is available to bind to a carbon of
M(acac)3 and an acetylacetonato free radical is regenerated to propagate the adsorption.
As an intermediate, a M(acac)O2 peroxide layer is formed which is unstable and easily
polymerizes to a structure with M(acac)−O units (Scheme 3). Domains of different sizes
were observed and show that the surfaces covered by Mn and Fe acetylacetonates are
crystal-like with sharp edges and are much larger than Co and Ni acetylacetonate surfaces.
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SCHEME 3. Proposed reaction mechanism for the chemisorption of Mn(acac)3 on H-end-capped
porous silicon (Si atoms on the surface carry an H). Reproduced with permission from Reference
213

Enolate ions are known as key intermediates in numerous transformations including
Michael and aldol additions, alkylation, protonation and acylation. A remarkable reactive
Mg enolate214 intermediate (17) of the aldol addition of methyl mesityl ketone has been
identified, containing four metal centers, eight enolato ligands of which six are bridging
and two are terminally bonded, as well as two unenolized ketones. The linearity of the
metal ions in the tetranuclear complex represents a new structural motif in Mg coordination
chemistry. The central Mg2O2 ring is planar, whereas the two terminal rings are buckled,
deviating from the main plane.

Homopolynuclear copper acetylacetonate complexes containing phen or bipy bridges77

play an important role in sustaining supramolecular solid-state architectures. A group of
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manganese(III) complexes with 1,5-bis(2-hydroxyanil)pentane-2,4-dionate was character-
ized as homogeneous and encapsulated into the nanocavity of the faujasite zeolites215.
One advantage of encapsulation is the absence of major irreversible catalyst deactivation.
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130 Ksenija Babić-Samardžija, Sofija P. Sovilj and Vladislava M. Jovanović
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I. ABBREVIATIONS

aap 4-aminoantipyrine
acac acetylacetonate
aind 2-acetyl-1,3-indandionate
Alq3 tris(8-hydroxyquinoline)aluminum
anl acetanilide
atfa 9-antroyltriflusoroacetonate
azt 3′-azidothymidine (zidovudine)
bath 4,7-diphenyl-1,10-phenanthroline (bathophenanthroline)
bbind 2-(4-bromobenzoyl)-1,3-indandionate
bbpo 2-(4-biphenyl)-5-(4-t-butylphenyl)-1,3,4-oxadiazole
bcp 2,9-dimethyl-4,7-diphenyl-1,10-phenylanthroline (bathocuproin)
bind 2-benzyl-1,3-indandionate
bipy 2,2-bipyridine
bt 2-(2-benzotiazolyl-κN3)phenyl-κC
bta bis(trimethylsilyl)acetylene
btfa benzoyltrifluoroacetonate
btfmp 2-benzo[b]thiophen-2-yl-5-trifluoromethyl-pyridine
btp 2-(2-benzo[b]thienyl)pyridinato
bza benzamide
bzac benzoylacetonate
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cbind 2-(4-chlorobenzoyl)-1,3-indandionate
cbp 4,4′-N ,N ′-dicarbazolylbiphenyl
CIE Commission International de l’Eclairage
Cupc copper phthalocyanine
dbm dibenzoylmethanate
dbq dibenzo[f ,h]-quinoxaline
dbso dibenzyl sulfoxide
dcm [2-[2-[4-(dimethylamino)phenyl]ethenyl]-4H -pyran-4-ylidene]

propanedinitrile
dfpp 2-(2,4-difluorophenyl)pyridine
dgeba diglycidyl ether of bisphenol-A
dia 4,5-diazafluoren-9-one
dmac N ,N-dimethylacetamide
dmbp 4,4′-dimethyl-2,2’-bipyridine
dmbpy 4,4′-dimethoxy-2,2’-bipyridine
dmbz N ,N-dimethylbenzamide
dmfa N ,N-dimethylformamide
dmpy dimethylpyridine
dmso dimethyl sulfoxide
dnm dinaphthoylmethanate
dpac N ,N-diphenylacetamide
dpfa diphenylformamide
dpi 1,4-diphenylimidazole
dpm dipivaloylmethanate
dpso diphenyl sulfoxide
DU600 diureasil organic–inorganic hybrid
EL electroluminescence
EP eletrophosphorescence
ET energy transfer
ETL electron transport layer
facam 3-(trifluoroacetyl)-d-camphor
fnapy4 4-trifluoromethyl-2-(1-naphthyl)pyridine
fnapy5 5-trifluoromethyl-2-(1-naphthyl)pyridine
fod 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedionato
hcpybm 9-[6-[2-(2-pyridinyl)-1H -benzimidazol-1-yl]hexyl]-9H -carbazole
hfa hexafluoroacetylacetonate
hfnh 4,4,5,5,6,6,6-heptafluoro-1-(2-naphthyl)hexane-1,3-dione
hfth 4,4,5,5,6,6,6-heptafluoro-1-(2-thienyl)-1,3-hexanedione
HTL hole transport layer
IC internal conversion
ISC intersystem crossing
isovind 2-i-valeryl-1,3-indandionate
ito indium tin oxide
LMCT ligand-to-metal charge transfer
mbind 2-(4-metylbenzoyl)-1,3-indandionate
mk 4,4′-bis(N ,N-dimethylaminobenzophenone)
mtcd 1-(3-methylphenyl)-1,2,3,4-tetrahydroquinoline-6-carboxyaldehyde

diphenylhydrazone
napy 2-(1-naphthyl)pyridine
nind 2- anthracyl-1,3-indandionate
nphen 5-nitro-1,10-phenanthroline
ntfa1 1-naphthoyltrifluoroacetone
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ntfa2 2-naphthoyltrifluoroacetone
OLED organic light emitting device
pbi 3-phenyl-4-benzoyl-5-i-oxazolone
pc polycarbonate
pCNmhp poly[2-(6-cyano-6-methyl-heptyloxy)-1,4-phenylene]
pedot 3,4-polyethylene-dioxythiophene-polystyrene sulfonate
pha N-phenylacetamide
phen 1,10-phenanthroline
phenNO 1,10-phenanthroline-N-oxide
PL photoluminescence
pmap 1-phenyl-3-methyl-4-acetyl-5-pyrazolone
pmbp 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone
pmip 1-phenyl-3-methyl-4-i-butyryl-5-pyrazolone
pmma poly(methyl methacrylate)
pmnp 1-phenyl-3-methyl-4-neovaleryl-5-pyrazolone
pmpp 1-phenyl-3-methyl-4-propionyl-5-pyrazolone
ppa 3-phenyl-2,4-pentanedionate
ppbtfa p-phenylbenzoyltrifluoroacetonate
ppy 2-phenylpyridine.
ppyF2MeO 2-(2,4-difluorophenyl)-4-metoxypyridine
ptfa phenantroyltrifluoroacetonate
ptso p-tolyl sulfoxide
pvk poly(N-vinylcarbazole)
pybm 2-(2-pyridyl)benzimidazole
pyNO pyridine N-oxide
pza pyrazinamide
qh 2,3-diphenylquinoxaline
qipr i-propyl-acylpyrazolone
SMLC/AM1 Sparkle Model for the Calculation of Lanthanide Complexes/

Austin Model 1
tatbp meso-tetraalkyltetrabenzoporphyrin
tfa trifluoroacetylacetonate
tfnb 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedionate
TL triboluminescence
tmpy trimethylpyridinium
tmspi 1-trimethylsilyl-4-phenylimidazole
topo trioctylphosphine oxide
tpbi 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene
tpd N ,N ′-diphenyl-N ,N ′-bis(3-methylphenyl)-1,10-biphenyl-4,40-

diamine
tpi 3-phenyl-4-(4toluoyl-)5-i-oxazolone
tpip (2-4′-triphenylamino)imidazo[4,5-f ]1,10-phenanthroline
tppo triphenylphosphine oxide
tta 1-(2-thienoyl)-3,3,3-trifluoroacetonate
VR vibrational relaxation
XRD X-ray diffraction

II. INTRODUCTION

The design of highly luminescence trivalent rare earth (RE3+) complexes containing eno-
lates as ligands, in particular, β-diketonates, is the most intensively investigated among



3. Luminescence phenomena involving metal enolates 135

the RE3+ coordination compounds1. The great interest in research on the luminescence
properties of rare-earth 1,3-diketonate complexes is mainly due to their potential practical
applications such as medical diagnosis2 – 4, electroluminescence5,6, triboluminescence7,8,
optical markers and even laser materials9,10. The importance of optical spectroscopy of
RE3+ ions is associated mainly with their narrow emission bands arising from the intracon-
figurational 4f–4f transitions and long lifetimes, which make these ions unique among
the luminescent coordination compounds11. Laporte’s rule is slightly relaxed for these
transitions due to the mixing of opposite parity electronic configurations, produced by the
odd components of a non-centrosymmetric ligand field. Moreover, the ligand polarization
effects have been shown to be of considerable importance for the f–f transitions. Because
of the great importance of RE3+ β-diketonate complexes as luminescent materials, a large
part of this chapter is devoted to their luminescent properties.

Luminescence originating from intraconfigurational d–d transitions is quite different
from that of the 4f–4f ones. The spectra of d metals are much poorer in the number of
observed pure zero-phonon transitions, since dN configurations have less microstates by
far than the 4fN ones. The vibronic interaction is much stronger than in the case of 4f–4f
transitions. Besides, for d transition elements, the ligand field interaction is at least one
order of magnitude great, due to the non-screened and more extended d radial distribution.
These facts produce very broad d–d bands. Transition metal complexes have usually lower
coordination numbers (4 and 6) than the f elements. In the case of four-fold tetrahedral
coordination d–p mixing relaxes Laporte’s rule allowing the d–d transitions, while in
the case of octahedral coordination Laporte’s rule is not relaxed, except for the vibronic
interaction that instantaneously breaks down the center of inversion and allows the d–d
transitions, with much weaker intensities than in the tetrahedral case12. Ligand polarization
effects on the d–d transitions, to our knowledge, have not yet been investigated.

The luminescence phenomenon is an emission process of ultraviolet, visible or infrared
photons from an electronically excited species. The term luminescence was introduced
by Eilhardt Wiedemann in 1888—‘all those phenomena of light which are not solely
conditioned by the rise in temperature’13. Therefore, luminescence is cold light while
incandescence is hot light. There are several types of luminescence which depend on
the mode of excitation (given in parenthesis): (i) Photoluminescence (absorption of pho-
tons)—fluorescence and phosphorescence are particular cases; (ii) radioluminescence
(ionizing radiation X-, α-, β- and γ -rays); (iii) cathodoluminescence (cathode rays–
electron beams); (iv) electroluminescence (electric field); (v) thermoluminescence (heat-
ing after prior storage of energy); (vi) chemiluminescence (chemical process); (vii) bio-
luminescence (biochemical process); (viii) triboluminescence (frictional and electrostatic
forces) and (ix) sonoluminescence (ultrasound).

In this chapter we focused on the investigation of photoluminescence, electrolumines-
cence and triboluminescence phenomena involving metal enolates14.

III. METAL ENOLATES
A. The Chemistry of Metal β-Diketonate Complexes

In the last decades there has been a growing interest in coordination compounds with
diketonate ligands. These systems have attracted the interest of both the organic and
inorganic chemical communities1,15. Here we very briefly describe the chemistry of β-
diketone ligands which are capable of keto–enol tautomerism (Scheme 1).

The hydrogen atom on the α-carbon is activated by the C=O groups, and a conjugate
system is formed. Under appropriate conditions the enolic hydrogen atom of β-diketone
can be replaced by a metal ion (Mn+) to produce a six membered chelate ring (1) thereby
shifting the keto–enol equilibrium favoring the enol form.
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It is observed that in most β-diketones the substituents on the α-carbon are hydrogen
atoms. Consequently, only very few examples of luminescent rare-earth α-substituted β-
diketonate complexes are known. The β-diketonates are good chelating ligands forming
highly stable RE3+ complexes.

Rare earth β-diketonate complexes15 usually are synthesized using the RE3+ chloride
and ammonium or sodium β-diketonate in water or ethanol solvent. Rare earth chlorides
are preferred over nitrate or acetates due to the lower coordination power of chloride
anion. Binnemans1, Mehrotra15, Thompson16, Joshi17 and Mañas18 give an overview of
the synthesis of rare earth ion complexes with β-diketonate ligands including different
RE3+-(1,3-diketonate) coordination compounds.

1. Ligand luminescence

Molecular radiative decay is a process in which a molecule releases its excitation energy
as a photon. A more common process is the non-radiative decay, in which the excess
energy is transferred to vibration, rotation and translation of the surrounding molecules19.
The relaxation pathways for molecules are shown in Figure 1. Assume that a molecule
has been excited, by absorption of a photon or by other means, to a high vibrational
state belonging to an excited electronic singlet state such as S2. In a time interval of the
order of 10−12 s the molecule will drop to the lowest vibrational state by non-radiative
processes that are mediated by molecular collisions. Quite often there is considerable
overlap between excited vibrational states of S2 and S1 singlets. This occurs when the
potential energy surfaces of S2 and S1 intersect. This is known as internal conversion
(IC) which is defined as a non-radiative transition between electronic states of the same
multiplicity. The rate constant associated to this process is typically 109 –1010 s−1, which
is several orders of magnitude larger than the rate constant for photon emission from S2
to a lower singlet state (S1). The molecule, having crossed over from S2 and S1 states,
undergoes further vibrational relaxation and may continue by IC to the ground state S0
which is also assumed to be a singlet14.

Considering that S1 is the first excited singlet state, well separated from the ground S0
state, and that IC, together with vibrational relaxation (VR), have brought the molecule
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S0
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T1
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ISC (108–109 s−1)

IC (109–1010 s−1)

VR (1012s−1)

Absorption

F (108 s−1) P (1–106 s−1)

FIGURE 1. Jablonski diagram for the relative positions of the electronic energy levels of a molecule,
where F = fluorescence rate, P = phosphorescence rate and VR = vibrational relaxation

to the vibrational ground state of S1, two pathways are considered: (i) a singlet–singlet
transition (S1 → S0) with emission of photons, called fluorescence, the spontaneous emis-
sion taking place without change in spin, typically within 10−8 s after the exciting radiation
is extinguished, and (ii) the non-radiative transition from singlet to triplet states (S1 → T1)
known as intersystem crossing (ISC).

If the radiative transition occurs from the first excited triplet to the singlet ground
state (T1 → S0, a spin-forbidden transition �S �= 0), the phenomenon is called phospho-
rescence. The spontaneous emission may persist for long periods, even hours, but the
lifetimes usually last milliseconds to seconds.

2. Ligand electronic properties based on Gd3+ complexes

The luminescence properties of rare-earth enolate complexes are largely dependent
on the position of the excited electronic states (singlet and triplet) of the ligands. The
experimental S states are usually obtained from the electronic absorption spectra of the
metal complex in solution15. On the other hand, the phosphorescence spectra of solid state
Gd3+ complexes, obtained from the broad emission bands assigned to T1 → S0 transitions,
give information about the triplet state position of the enolate ligands (Figure 2).

As the ligand phosphorescence is, in general, completely quenched at room temperature,
for these coordination compounds20, it is necessary to record the spectra at low temper-
ature (77 K), otherwise the T states are deactivated by non-radiative processes. In this
case, trivalent gadolinium complexes are generally used due to the intrinsic spectroscopic
characteristics of the Gd3+ ion (Figure 2).

Since there is a large energy gap (ca 32000 cm−1) between the 8S7/2 ground state
and the first 6P7/2 excited state of the Gd3+ ion23, it cannot be widened by energy
from the lower-laying first excited T1 state of the β-diketonate ligands via intramolec-
ular ligand-to-metal energy transfer (Figure 2)24. Furthermore, the paramagnetic RE3+
ions, and in particular the Gd3+ ion that has the 4f7 configuration, induce an increase in
the intersystem crossing from the singlet state to the triplet state owing to the increase
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FIGURE 2. Phosphorescence spectra of Gd3+ β-diketonate complexes in the solid state, under exci-
tation at around 375 nm, at 77 K: (a) [Gd(tta)3(H2O)2]21 and (b) [Gd(dbm)3(dpso)2]22. (a) Repro-
duced with permission from Reference 21, Copyright 2003 Taylor & Francis, and (b) reproduced
with permission from Reference 22, Copyright 2005 Elsevier

in the S and T mixing (heavy ion effect)25. Table 1 presents the molecular structures
and triplet state energies of some Gd3+ β-diketonate complexes. de Sá and coworkers20

used phosphorescence spectroscopy to obtain the energy values of the T state of several
Gd3+ β-diketonate compounds, allowing for the test of the accuracy of their theoretically
calculated energies.

B. Experimental and Theoretical Structures of RE3+ β-Diketonates

The structural information of the rare-earth β-diketonates is of crucial importance in
the evaluation of their luminescence properties. More than two hundred crystal structures
of RE3+ β-diketonates determined by single crystal X-ray diffraction (XRD) have been
reported in the literature and deposited in the database of the Cambridge Crystallographic
Data Center1. In addition, theoretical methods have been used to predict the structures
of diketonate compounds. Among them, the SMLC/AM1 method20,31 – 34 has been suc-
cessfully used in the determination of coordination geometries from calculations on the
isolated single RE3+ diketonate complex35.

The existence of RE3+ diketonate complexes with large coordination number is due
to the large size, steric factors and ionic bond character of these systems. Although six-,
seven- and eight-coordination are known, each of these complexes with higher coordina-
tion number depends critically on the size of the RE3+ ion as well as the nature of the
ligands16. The number of six-coordination complexes determined by XRD is small, for
example tris-bidentate complexes2, [Er(dpm)3]. There is a significant number of RE3+ β-
diketonate complexes with seven-coordination number with the basic formulation [RE3+
(β-diketonate)3(unidentate)], showing three-coordination polyhedra: mono-capped octahe-
dron—[Ho(dbm)3(H2O)], mono-capped trigonal prism—[Yb(acac)3(H2O)] and pentago-
nal bipyramid—[Eu(dpm)3(dmso)], where dmso acts as a monodentate ligand16.
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TABLE 1. Excitation energy of the T1 triplet state of
Gd3+ enolate complexes

Complex T (cm−1) a Reference

Gd(atfa)3 13600 26
Gd(pmbp)3

b 18180 27
Gd(pmnp)3

c 19340 27
Gd(ntfa1)3 19400 26
Gd(ntfa2)3 19600 26
Gd(ptfa3)3 19800 26
Gd(tta)3 20300 26
Gd(pmip)3

d 20370 27
Gd(ppbtfa)3 20400 26
Gd(pmap)e3 20580 27
Gd(ptfa)3 20600 26
Gd(dbm)3 20660 28
Gd(pmpp)3

f 20750 27
Gd(btfa)3 21400 26
Gd(bzac)3 21460 28
Gd(hfa)3 22000 28
Gd(pbi)3

g 22220 30
Gd(tpi)3

h 22620 30
Gd(fod)3 22711 29
Gd(tfa)3 23000 28
Gd(dpm)3 23530 29
Gd(acac)3 26000 28

a Energy in increasing order; 10000 cm−1 = 1.23984 eV =
119.62656 kJ mol−1.
b Structure 2, R = Ph.
c Structure 2, R = n-Bu.
d Structure 2, R = i-Pr.
e Structure 2, R = Me.
f Structure 2, R = Et.
g Structure 3, R = Ph.
h Structure 3, R = 4-Tol.

OO

R N
N

Ph
−

OO

R O
N

Ph

−

(2) (3)

The most common coordination numbers shown by RE3+ β-diketonate complexes
is eight, where the two most frequent chemical formulae are [RE(β-diketonate)4]− and
[RE(β-diketonate)3(unidentate)2] corresponding to dodecahedron and square antiprism
polyhedra, respectively. It is noted that the number of crystal structures presented for
the tetrakis complexes is very low compared with the tris complexes. The majority
of the tetrakis complexes have square antiprism polyhedron structure2,16 [Ce(acac)4]. On
the other hand, a number of rare earth β-diketonate complexes has the dodecahedral
coordination polyhedron.

If a RE3+ ion occupies a symmetry site with a center of inversion, its intraconfigura-
tional 4f transitions are rigorously forbidden by the electric dipole mechanism (Laporte’s
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FIGURE 3. Emission spectrum and eight-fold coordination polyhedron of [Eu(tta)2(NO3)(tppo)2]38.
Reproduced with permission from Reference 38, Copyright 2008 Elsevier

rule). However, if there is no center of inversion at the symmetry site of these ions, the
4f–4f transitions are allowed by the forced electric dipole mechanism and absorption
and emission bands appear in the spectra36,37, from which structural information may be
extracted. For example, when the Eu3+ ion displays the 5D0 → 7F2 transition with a much
higher emission intensity than the 5D0 → 7F1 transition (allowed by the magnetic dipole
mechanism), one may conclude that the symmetry of the chemical environment around
the Eu3+ ion is very low. In this case, the degeneracies of the energy level manifolds
are totally raised by the ligand field. Consequently, good correlations between spectral
and structural data can be made. Figure 3 shows the emission spectrum and experimental
eight-coordination polyhedron of [Eu(tta)2(NO3)(tppo)2], which can be described by a
distorted dodecahedron with point symmetry close to D2d

38.
Quantum chemical calculations on RE3+ β-diketonate complexes are presently restrict-

ed to two approaches: the effective core potential (ECP) and the SMLC/AM1 method31 – 35.
The SMLC/AM1 method is a very powerful addition to the semi-empirical molecular
orbital method AM1 in that it allows the prediction of geometric parameters of rare-earth
β-diketonate complexes of very difficult experimental determination. In this method the
RE3+ ion is a sparkle represented by a +3e charge in the center of a repulsive spherical
potential of the form exp(−αr). Recently, ab initio effective core potential calculations
have also succeeded in reproducing the coordination polyhedron geometries of RE3+
β-diketonate complexes with high accuracy39.

The structural data determined by the SMLC/AM1 method for [Eu(tta)2(NO3)(tppo)2]
are in agreement with the experimental data (Figure 4). In addition, comparisons between
crystallographic and calculated coordination polyhedron geometries are consistent with a
very low symmetry of the chemical environment around the Eu3+ ion, described by a
distorted dodecahedron with symmetry close to D2d, showing an unsigned minor error
(UME)38 of 0.0583.
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Experimental
(X-ray diffraction)

Theoretical
(SMLC/AM1 method)

FIGURE 4. Experimental and theoretical structures of [Eu(tta)2(NO3)(tppo)2]38. Reproduced with
permission from Reference 38, Copyright 2008 Elsevier

IV. LUMINESCENCE OF RARE-EARTH ENOLATES
A. General Considerations

The ionic radii of RE3+ ions are large (Table 2), with the exception of the value for
Sc3+, denoting that the charge-to-radius ratio is relatively low, resulting in a very low
polarizability which reflects the rather ionic nature of the metal ligand bonds. The large
ionic radii lead to RE3+ complexes with coordination numbers higher than six, which is
common for d-transition metals. Although the Y3+ ion has no 4f electrons, it presents
coordination chemistry similar that of the Ln3+ ions, because yttrium has ionic radius
between those of the Ho3+ and Er3+ ions2,16,40. The electronic configurations of the
RE3+ ions together with their ground-state spectroscopic terms are shown in Table 2. The
more common oxidation states are +3, +2 and +4. However, the +3 oxidation state
is characteristic for all rare-earth ions that present a 4fN configuration (N = number of
electrons).

The most important attribute that characterizes the RE3+ ions is the small radial exten-
sion of the 4f sub-shell and their electronic energy levels which are only little affected
by their chemical environments (e.g. diketonates), due to the effective shielding of the 4f
electrons from the external filled 5s and 5p sub-shells. In particular, the solid state spectra
of RE3+ ions retain more or less their atomic character, which can act as local structural
probes, presenting usually quite narrow absorption and emission bands, in contrast to the
case of d-transition metal ions41.

The 4fN configuration of the RE3+ ions give rise to several spectroscopic terms whose
energy components are in the following order: central field (105 cm−1) > interelectronic
repulsion (104 cm−1) > spin–orbit coupling (103 cm−1) > ligand field (102 cm−1). The
ligand field interaction removes the 2S+1LJ levels degeneracy of the free ion into a number
of ligand field sublevels (Stark levels) which depend on the symmetry around the RE3+
ion42. The 4f–4f transitions are parity forbidden by Laporte’s rule and their emission
and absorption spectra exhibit weak intensity under excitation monitored on the 2S+1LJ

levels of the RE3+ ion, with molar absorption coefficients around 1.0 M−1 cm−1. How-
ever, some organic ligands in coordination compounds can act as an ‘antenna’, absorbing
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TABLE 2. Properties of trivalent rare earths. Adapted by permission from Refer-
ence 2, Copyright 2005 the Royal Society of Chemistry

Element Configuration
(spectroscopic

terms)

RE3+
radius

(Å)

Luminescence λemission
(nm)

21Sc [Ar]3d0 (1S0) 0.68 — —
39Y [Kr]4d0 (1S0) 0.88 — —
57La [Xe]4f0 (1S0) 1.06 — —
58Ce [Xe]4f1 (2F5/2) 1.03 — —
59Pr [Xe]4f2 (3H4) 1.01 3P0 → 3H6 610

1D2 → 3F4 1060
1G4 → 3H5 1300

60Nd [Xe]4f3 (4I9/2) 0.99 4F3/2 → 4I9/2 1060
61Pm [Xe]4f4 (5I4) 0.98 5F1 → 5IJ
62Sm [Xe]4f5 (6H5/2) 0.96 4G5/2 → 6H9/2 590
63Eu [Xe]4f6 (7F0) 0.95 5D0 → 7F2 615
64Gd [Xe]4f7 (8S7/2) 0.94 6P7/2 → 8S0 311
65Tb [Xe]4f8 (7F6) 0.92 5D4 → 7F5 550
66Dy [Xe]4f9 (6H15/2) 0.91 4F9/2 → 6H13/2 570
67Ho [Xe]4f10 (5I8) 0.89 5F5 → 5I7,6 970,1450

5S2 → 5I8 550
68Er [Xe]4f11 (4I15/2) 0.88 4S3/2 → 4I15/2 545

4I13/2 → 4I15/2 1500
69Tm [Xe]4f12 (3H6) 0.87 1G4 → 3H6 480
70Yb [Xe]4f13 (2F7/2) 0.86 3F5/2 → 2F7/2 980
71Lu [Xe]4f14 (1S0) 0.85 — —

and transferring energy efficiently to the rare-earth ion and consequently increasing their
luminescence quantum yield11. Figure 5 shows the typical energy level diagram for the
RE3+ ions and the first excited triplet state for some diketonate ligands.

From the point of view of 4f–4f luminescence the RE3+ ions can be divided into four
groups depending on their optical characteristics2,41,43: (i) Sc3+ (3d0), Y3+ (4d0), La3+
(4f0) and Lu3+ (4f14), which exhibit no luminescence because they contain no optically
active electrons. (ii) Gd3+ (4f7) ion is a special case, since there is a large energy gap
between the 8S7/2 ground state and first 6P7/2 excited state (ca 32000 cm−1). As a result
this ion emits in the ultraviolet region. In general, it cannot accept energy from the
lower line excited states of the organic ligands (diketonates) via intramolecular ligand-to-
metal energy transfer. (iii) Sm3+ (4f5), Eu3+ (4f6), Tb3+ (4f8) and Dy3+ (4f9) ions have
relatively large energy gaps between their excited and ground states. Complexes of these
ions generally show strong luminescence because the excited energy levels of the ion lie
just below that of the ligand triplet state. (iv) Ce3+ (4f1), Pr3+ (4f2), Nd3+ (4f3), Ho3+
(4f10), Er3+ (4f11), Tm3+ (4f12) and Yb3+ (4f13), the complexes of which usually show
only weak 4f–4f luminescence, as a consequence of the small energy gap between their
emitting and lower energy levels; this increases the probability of non-radiative transitions
through coupling with vibrational modes in the ligands.

B. Photoluminescence of Rare-earth β-Diketonates

1. Energy transfer between organic ligands and rare earth ions

Investigation of rare earth β-diketonate photoluminescence began in 1942 with Weiss-
man’s work44, which was the first observation of the indirect excitation arising from the
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FIGURE 5. Partial energy level diagram of RE3+ ions. Some triplet states of diketonate ligands are
shown on the left. Arrows indicate emitting levels. Reproduced with permission from Reference 42,
Copyright 1989 American Institute of Physics

organic moiety (chromophores) in certain RE3+ complexes, resulting in narrow emission
bands characteristic of the intraconfigurational 4f–4f transitions of the metal ion.

Interest in the photoluminescence properties of rare-earth β-diketonates has grown
considerably since they can be seen as UV-visible light conversion molecular systems,
where the ligand acts as a sensitizer. The term ‘antenna effect’11 has been used to denote
the efficient absorption by the ligands, intramolecular energy transfer and emission by the
metal ion, thus overcoming the typically very small absorption coefficients of the RE3+
ions (Figure 6). The luminescence quantum yield is given by a balance between radiative
and non-radiative transition and transfer rates in the complex, including intramolecular
energy transfer.

After the initial strong absorption by the ligand, three pathways, shown schematically
in Figure 7, have been considered by which the excitation energy can be transferred to
the rare-earth ion41,45 – 47: (i) The donor |S1〉 state transfers energy to a higher excited 4f
state |4〉 which then decays non-radiatively, finally populating the state |2〉. (ii) State |4〉
transfers energy back to a lower ligand triplet state |T1〉 which then transfers energy to
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RE3+

hn

hn hn

RE3+RE3+

Efficient
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Efficient Energy 
Transfer

Efficient Emission

FIGURE 6. The antenna effect in the luminescence of rare-earth complexes. Reproduced by per-
mission from Reference 2, Copyright 2005 the Royal Society of Chemistry
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| 3〉

| 2〉

| 1〉

FIGURE 7. Schematic energy level diagram showing the possible energy transfer processes in a
rare-earth ion coordination compound. Dashed arrows indicate energy transfer and wavy arrows
indicate non-radiative decays. Reproduced with permission from Reference 20, Copyright 2000
Elsevier

the lower 4f states |3〉 or |2〉. (iii) State |S1〉 decays non-radiatively to the state |T1〉 which
then transfers energy to the states |3〉 or |2〉. In the case of Eu3+ and Tb3+ ions there is
experimental and theoretical evidence that process (iii) is dominant41,44,48,49, although in
some cases direct energy transfer from singlet state |S1〉 (process i) is of importance50.

Luminescence decay curves of the RE3+ β-diketonates are usually fitted by a single
exponential decay curve I (t) = I (0) exp(−t/τ ), where I (t) is the radiation intensity at
time t after the excitation source is extinguished and τ is the luminescence lifetime.
Generally, the shorter lifetime of the 5D0 level in hydrated rare-earth β-diketonates are
associated to the non-radiative decay channel due to vibronic coupling with the vibrations
of the water molecules (Table 3). Luminescence decay times (τ ) of selected transitions
of [RE(tta)3(phen)] complexes attached to a Merrifield resin with RE3+ = Nd3+, Sm3+,
Eu3+, Tb3+, Er3+ and Yb3+ ions are 0.4, 75, 500, 800, 1.4 and 10 µs, respectively, at
room temperature51. The lifetimes of the green broad-band emission arising from the Gd3+
β-diketonate complexes, recorded at 77 K, are consistent with emission from a state with
strong triplet character and indicate that intersystem crossing to the singlet ground state
is reduced at low temperature25.
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TABLE 3. Lifetime values (τ , in ms) of emitting levels of Sm3+,
Eu3+ and Gd3+ complexes52

RE3+ β-diketonate Sm3+ Eu3+ Ligand (T ) a

[RE(tta)3(H2O)2] 0.030 0.260 1.520
[RE(tta)3(pha)2] 0.068 0.507 4.736
[RE(tta)3(bza)2] 0.054 0.676 3.278
[RE(tta)3(pza)2] 0.052 0.409 1.533
[RE(tta)3(dmac)2] 0.048 0.558 2.328
[RE(tta)3(dmfa)(H2O)] 0.049 0.643 3.374
[RE(tta)3(dmbz)2] 0.062 0.489 2.584
[RE(tta)3(dpac)2] 0.089 0.736 1.860
[RE(tta)3(dpfa)2] 0.099 0.656 3.055
[RE(dbm)3(H2O)] 0.083 0.351 0.694
[RE(dbm)3(dmac)] 0.054 0.344 1.002
[RE(tta)3(dmfa)] 0.021 0.410 0.862

a Triplet state of diketonate ligand, RE = Gd.

2. Europium intraconfigurational transition intensities and emission quantum yields

The narrow absorption and emission bands of rare-earth β-diketonates in the visible,
near ultra-violet and near infra-red is attributed to 4f–4f transitions. These transitions
are electric dipole forbidden to first order, but are allowed by the electric quadrupole,
vibronic, magnetic dipole and forced electric dipole mechanisms53. The magnetic dipole
character of the 5D0 → 7F1 transition of the Eu3+ ion was demonstrated in 1939 by
Deutschbein54. Most of the intraconfigurational 4f transitions in the RE3+ ions, however,
cannot be accounted for by the magnetic dipole mechanism, not only because the predicted
oscillator strengths are in general smaller than 10−6, but also due to the restrictive selection
rules on the total angular momentum J , |�J | = 0, 1 (0 ↔ 0 excluded), as far as J is
considered to be a good quantum number.

In the standard theory the integrated coefficient of spontaneous emission (AJJ ′ ) of
a transition between two manifolds J and J ′ is given by equation 136,37, where ω is
the angular frequency of the transition, e is the electron charge, c is the velocity of
light, h is Planck’s constant divided by 2π and n is the refractive index of the medium.
The electric and magnetic dipole strengths, respectively, SED and SMD (in units of e2),
are given by equations 2 and 3, where the quantities 
λ are the so-called Judd–Ofelt
intensity parameters36,37, m is the electron mass, J is the total angular momentum quantum
number of the rare-earth ion and α stands for the 4f spectroscopic term. The quantity
〈α′J ′||U(λ)||αJ 〉 is the reduced matrix element, in the intermediate coupling scheme, of
the unit irreducible tensor operator57 U(λ), and the angular momentum operators L and S
are in units of h. The corresponding expression for the oscillator strength (PJ ′J ) is given
by equation 4.

AJJ ′ = 4e2ω3

3h̄c3

[
n(n + 2)2

9
SED + n3SMD

]
(1)

SED = 1

2J + 1

∑
λ=2,4,6


λ〈α′J ′||U(λ)||αJ 〉2 (2)

SMD = h̄2

4mc2
〈α′J ′||L + 2S||αJ 〉2 (3)
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PJ ′J = 2J + 1

2J ′ + 1

mc2

2ω2e2n2
AJJ ′ (4)

Among the rare-earth β-diketonate complexes that present characteristic 4f–4f intra-
configurational narrow lines, those of Eu3+ exhibit strong red monochromatic emission
color (ca 615 nm) and a reasonably large gap between the main emitting level and the
lower energy, separated by at least 12000 cm−1 (Figure 2). They also have been amply
used as an efficient luminescent probe due to the following characteristics55: (i) the emit-
ting 5D0 and the ground 7F0 levels are non-degenerate and, therefore, the 5D0 → 7F0
transition displays a single peak when the Eu3+ ion occupies only one site of Cs, Cn or
Cnv symmetry; (ii) long luminescence decay time for the emitting 5D0 level (milliseconds);
(iii) exceptionally large Stokes shift when the emission spectra are obtained through direct
excitation of the 5L6 level (ca 394 nm); (iv) the radiative rate of the 5D0 → 7F1 transition,
allowed by the magnetic dipole, is formally insensitive to the ligand field environment
and consequently can be used as a reference transition56. Besides, from the emission and
excitation spectra of the compounds containing europium ions, a larger amount of infor-
mation about ligand field splitting, energy transfer processes and quantum efficiencies of
the emitting levels can be obtained. In the case of other rare-earth chelates, it has not
been possible to establish the presence of more than one crystallographic; phase from the
spectroscopic data because of absence of the appropriate energy level structures.

a. Experimental intensity parameters for Eu3+ β-diketonates. From the emission spec-
tra of Eu3+ β-diketonates experimental intensity parameters 
2 and 
4 may be estimated
using the 5D0 → 7F2 and 5D0 → 7F4 transitions, respectively, and expressing the emis-
sion intensity in terms of the area under the emission curve. The 
6 intensity parameter is
not included in this study since the 5D0 → 7F6 transition is usually not observed for these
complexes. The emission intensity is defined as I = h̄ωAN , where h̄ω is the transition
energy, N is the population of the emitting level (5D0) and the coefficient of spontaneous
emission, A, is given by equation 5, where χ = n (n + 2)2/9 is the Lorentz local field
correction and n is the index of refraction of the medium. An average index of refrac-
tion equal to 1.5 has been used for these complexes. The quantities 〈7FJ ||U(λ)||5DJ 〉2

are the square reduced matrix elements and are equal to 0.0032 and 0.0023 for J = 2
and 4, respectively57. Since the intensity of the magnetic dipole transition 5D0 → 7F1 is
relatively insensitive to the chemical environment of the Eu3+ ion, it may be used as the
internal standard (reference transition) to avoid the difficulties in the experimental mea-
surement of absolute emission intensities. The experimental coefficients of spontaneous
emission (A) to be used in equation 5 are then obtained according to equation 6, where
B01 and B0J are the integrated areas under the emission curves of the 5D0 → 7F1 and
5D0 → 7FJ transitions (J = 2 and 4) with ν01 and ν0J being their energy baricenters,
respectively. The coefficient of spontaneous emission, A01, in equation 6 is given by the
expression20 A01 = 0.31 × 10−11n3ν3

01, and its value is estimated to be around 50 s−1 for
the index of refraction n = 1.5.

A = 4e2ω3

3h̄c3
χ

∑
λ


λ〈7FJ ||U(λ)||5D0〉2 (5)

A0J = A01

(
B0J

B01

)(
ν01

ν0J

)
(6)

From all the A0J , it is possible to calculate the total spontaneous emission for the
emitting 5D0 level, in this case given by Arad = ∑

A0J = A00 + A01 + A02 + A03 + A04.
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Moreover, it is possible to determine the emission efficiency η = Arad/Anrad of the 5D0
emitting level, where the total decay rate is Atot = 1/τ = Arad + Anrad, and where the
non-radiative component Anrad depends on the vibronic coupling between the Eu3+ ion
and its chemical environment and τ is the lifetime of the 5D0 emitting level. It may
be determined from lifetime measurements and the experimentally determined radiative
component Arad. The hydrated Eu3+ β-diketonates tend to present lower values of emission
quantum efficiencies, and emission quantum yields, in agreement with the well known
effect of luminescence quenching due to the vibrational modes of the water molecule.

Values of experimental intensity parameters 
λ (λ = 2 and 4), radiative rates (A0J)
for the 5D0 → 7F2 and 5D0 → 7F4 transitions and emission efficiencies (η) for Eu3+
β-diketonate complexes are presented in Table 4. The high values of the intensity 
2
parameter (� 1 · 10−20 cm2) might be interpreted as a consequence of two concurrent fac-
tors. The first one is the very low symmetry around the Eu3+ ion, allowing the appearance
of all odd-rank components in the sums-over-ligands as discussed in Section IV.B.2.b.
The second factor is related to the hypersensitive behavior of the 5D0 → 7F2 transition20,
suggesting that the dynamic coupling mechanism is operative and that the chemical envi-
ronment around metal ion is highly polarizable, possibly due to the strong delocalization
of the enolate oxygen charge.

b. Theoretical intensity parameters. The intensity parameters 
λ depend on both
the chemical environment and the rare-earth ion, and theoretically they are given by
equation 720. The quantities Bλtp, which have been described in detail elsewhere69,70, are
known as the intensity parameters of individual transitions between Stark levels and are
calculated according to equation 8, where �E is the energy difference between the bari-
centers of the excited 4f55d and ground 4f6 configurations, 〈rλ〉 is a radial expectation
value, θ(t, λ) is a numerical factor, σλ is a shielding factor and C(λ) is a Racah tensor
operator of rank λ. The first term in the right-hand side of equation 8 corresponds to
the forced electric dipole mechanism, as expressed by the average energy denominator
method, and the dynamic coupling mechanism within the point dipole isotropic ligand
polarizability approximation. From the experimental 
λ intensity parameters one cannot
distinguish between these two mechanisms. This is one of the reasons that justify the
efforts invested in the theoretical calculations of these quantities.


λ = (2λ + 1)
∑
t,p

|Bλtp|2
(2t + 1)

(7)

Bλtp = 2

�E
〈rt+1〉θ(t, λ)γ t

p

−
[

(λ + 1)(2λ + 3)

(2λ + 1)

]1/2

〈rλ〉(1 − σλ)〈3||C(λ)||3〉�t
pδt,λ+1 (8)

The sums-over-ligands γ t
p and �t

p are ligand field parameters and contain the depen-
dence on the coordination geometry and on the nature of the chemical environment around
the rare-earth ion. The latter is given by equation 9, where αj is the isotropic polarizability
of the j -th ligand atom, or group of atoms, at position Rj and Y t

p is a spherical harmonic
of rank t , where the asterisk denotes a complex conjugate. The ligand field parameters,
γ t

p , are those given by equation 10, according to the simple overlap model (SOM)71,
where ρ is the magnitude of the total overlap between 4f and ligand wavefunctions,
βj = 1/(1 + ρj ) and γ t

p (P.C.,j ), calculated according to equation 11, is the ligand field
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parameter due to the j -th ligand with charge −gj as given by the point charge (P.C.) elec-
trostatic model. Equation 10 should be interpreted as a ligand field parameter produced by
effective charges −ρjgj e located close to the midpoints of the rare-earth–ligand chemi-
cal bonds. In this way the charge factors gj are more appropriately treated as parameters
which no longer have to be given by the valencies of the ligand atoms. It has been assumed
that the overlap ρj varies ρj varies as ρj = ρ0(R0/Rj )

n, where R0 is the smallest among
the Rj ’s, ρ0 = 0.05 and n = 3.572.

�t
p =

(
4π

2t + 1

)1/2 ∑
j

αj

Rt+1
j

Y t∗
p (
j ) (9)

γ t
p =

∑
j

ρj (2βj )
t+1γ t

p (P.C.,j) (10)

γ t
p (P.C.,j) =

(
4π

2t + 1

)1/2
gj e

2

Rt+1
j

Y t∗
p (
j ) (11)

In order to investigate the nature of the chemical environment around the RE3+ ion,
the intensity parameters 
λ were calculated using the coordination geometry (in spherical
coordinates) obtained from the DRX structure or sparkle model20. The isotropic polar-
izability (αj ) and the charge factor (gj ) of the j -th donor atom, at position Rj , have
been treated as freely varying parameters within ranges of physically acceptable values
by assuming two types of oxygen donor atoms from β-diketonates and ligand L. The
ligand field parameters have been obtained from the simple overlap model (SOM)71. The
values of the intensity parameters together with the values obtained for g1(diketonates),
g2(L), α1(diketonates) and α2(L) are presented in Table 5.

Table 5 also gives the contributions from the forced electric dipole mechanism (
e.d.
λ ,

αj = 0) and dynamic coupling mechanism (
d.c.
λ , gj = 0). The values of 
d.c.

2 and 
d.c.
4

parameters are higher than 
e.d.
2 and 
e.d.

4 , suggesting that the dynamic coupling is by far
the dominant mechanism to the radiative transitions in the Eu3+ β-diketonates. Since in
this mechanism the intensity of the hypersensitive transitions is related explicitly to the
polarizabilities of the ligands, the 
d.c.

2 values of Eu3+ β-diketonates give evidence of a
highly polarizable chemical environment around the Eu3+ centers in complexes containing
β-diketonate ligands (Table 5).

c. Diketonate ligand–rare-earth ion energy transfer rates. Rates of intramolecular
energy transfer in RE3+ coordination compounds have been estimated experimentally to be
in the range from 105 to 1012 s−1. The experimental procedure adopted is in general based
on lifetime and/or luminescence quenching measurements. Theoretically, the transfer rates
may be determined from Fermi’s golden rule and the Born–Oppenheimer approximation
according to the general equation 12, where ψ and φ′ are the initial electronic states of the
rare-earth ion and of the ligand, respectively. After the energy transfer takes place these
species are found in the electronic states ψ ′ and φ. The temperature-dependent factor F
contains a sum over Franck–Condon factors and the appropriate energy mismatch condi-
tion for the transfer process, which is mediated by the interaction hamiltonian H between
the electronic clouds of the RE3+ ion and the β-diketonate ligand. The hamiltonian H
can be split into two parts, one corresponding to the direct Coulomb interaction and the
other to the exchange interaction. The first part leads to the lowest-order contributions
to the transfer rates, as shown in equation 13, which corresponds to the dipole-2λ –pole
mechanism, with λ = 2, 4 and 6, and equation 14, corresponding to the dipole–dipole
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mechanism, also with λ = 2, 4 and 6; G is the degeneracy of the ligand initial state,
SL is the dipole strength associated with the φ → φ′ transition in the ligand and RL is
the distance from the rare-earth ion to the region of the ligand molecule in which the
ligand donor (or acceptor) state is localized. The 
e.d.

λ quantities are the electric dipole
contribution to the so-called intensity parameters which appear in the theory of 4f–4f
intensities53, and the γλ’s are given by equation 15, where 〈rλ〉 is the radial expectation
value of rλ for 4f electrons, 〈3||C(λ)||3〉 is a reduced matrix element of the Racah tensor
operator74 C(λ) and the σλ’s are screening factors due to the 5s and 5p filled sub-shells of
the rare earth ion. The second part of the hamiltonian H (the exchange interaction) leads
to the lowest-order contribution to the transfer rates shown in equation 16, where S is
the total spin operator of the rare-earth ion, µz is the z component of the electric dipole
operator and sm (m = 0, ±1) is a spherical component of the spin operator, both for the
ligand electrons; σ0 is also a screening factor of the same nature as those which appear
in equation 15, and it has been estimated to be �0.9.

WET = 2π

h̄
|〈ψ ′φ|H |ψφ′〉|2F (12)

WET = 2π

h̄

e2SL

(2J + 1)G
F

∑
λ

γλ〈α′J ′||U(λ)||αJ 〉2 (13)

WET = 2π

h̄

e2SL

(2J + 1)GR6
L

F
∑

λ


e.d.
λ 〈α′J ′||U(λ)||αJ 〉2 (14)

γλ = (λ + 1)
〈rλ〉2

(Rλ+2
L )2

〈3||C(λ)||3〉2(1 − σλ)
2 (15)

WET = 8π

3h̄

e2(1 − σ0)
2

(2J + 1)R4
L

F 〈α′J ′||S||αJ 〉2
∑
m

|〈φ|
∑

k

µz(k)sm(k)|φ′〉|2 (16)

An approximate expression for the F factor appearing above is given by equation 17,
where γL is the ligand state band width at half-height and � is the difference between
the donor and acceptor transition energies involved in the transfer process20.

F = 1

h̄γL

√
ln 2

π
exp

[
−

(
�

h̄γL

)2

ln 2

]
(17)

From the rare-earth-ion side the selection rules for the transfer process may be derived
from the reduced matrix elements of the tensor operator U(λ), appearing in equations 13
and 14, expressing the multipolar mechanism and the spin operator S appearing in
equation 16, expressing the exchange mechanism. The selection rules are J + J ′ � λ �
|J − J ′| (J = J ′ = 0 excluded) for the former mechanism and �J = 0, ±1 for the latter.
These rules are, therefore, complementary and are operative as long as the total angular
momentum J can be taken as a good quantum number. From the diketone ligand side the
selection rules are derived from the dipole strength SL, for the multipolar mechanism, and
from the matrix element involving the coupled dipole and spin operators in equation 16
for the exchange mechanism. These quantities, as well as the distance RL, may be cal-
culated by quantum chemical methods as, for example, the method based on the sparkle
model for rare-earth compounds recently introduced in the literature31. Calculated values
of transfer rates49 are consistent with the range of experimental estimates.
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The influence of ligand-to-metal charge transfer (LMCT) states on the intramolecular
energy transfer processes in rare-earth coordination compounds has been analyzed75,76.
It has been shown that, depending on the relative energy position of the LMCT state,
important luminescence quenching effects may be operative. The quenching process may
occur through intramolecular energy transfer channels either from ligand excited states
or from excited 4f states to the LMCT state, or both channels simultaneously. Low-lying
energy (near UV-visible) LMCT states occur when the metal ion has a high electron
affinity and the ligand has a low ionization potential. Reports on the observation of
charge transfer bands in rare-earth β-diketonates are rather scarce. However, evidence of
luminescence quenching through LMCT states in some of these compounds may be found
in the literature77 – 79.

d. Experimental emission quantum yield (qexp) measurements. The emission quantum
yield can be defined for all practical purposes as the ratio between the number of photons
emitted by the rare-earth ions and the number of photons absorbed by the ligand80.
Bril and coworkers81 – 84 used the qexp values for a given solid state sample which can
be determined by comparison with standard phosphors. This method provides absolute
yields while avoiding absolute measurements, which are in general complicated. The
experimental quantum yield qexp of a sample is thus determined as shown in equation 18,
where rst and rx are the amount of exciting radiation reflected by the standard and by the
sample, respectively, and qst is the quantum yield of the standard phosphor. The terms
�φx and �φst give the integrated photon flux (photon s−1 cm−2) for the sample and the
standard phosphor, respectively. The values of rst, rx, �φx and �φst must be obtained
for the same excitation wavelength, geometry and instrumental conditions. The values of
�φx and �φst are determined by integrating the emission intensity over the total spectral
range in the emission spectra, plotted as quanta per wavelength interval (photon s−1 nm−1)
versus wavelength (nm). The reflection coefficients (r) are established by scanning the
emission monochromator through the excitation wavelength region, and integrating the
intensities of the spectra thus obtained. In order to have absolute r values, MgO is used
as a reflectance standard81 (r = 0.91).

qexp = (1 − rst)

(1 − rx)

(�φx)

(�φrst)
qst (18)

Sodium salicylate has been used as a standard emission quantum yield, exhibiting
a broad emission band around 450 nm and qst = 60% at room temperature83. de Mello
Donegá and coworkers85 – 88 have reported some commercial phosphors as standards, such
as Y2O3 doped with 3% Eu (Philips YOX-U719, λemiss = 610 nm, q = 99%) for Eu3+
samples and GdMgB5O10 doped with Tb and Ce (Philips CBTU734, λemiss = 542 nm,
q = 95%) for Tb3+ samples. However, sodium salicilate is better suited as a standard,
since it is readily available and presents a nearly constant quantum yield for excitation
wavelengths around 380 nm, with accuracy to within 10%82.

e. Theoretical emission quantum yield (qtheo). The emission quantum yield (q value)
can be defined either as the ratio between the intensities (in units of power) of emitted and
absorbed light or the ratio between the numbers of emitted and absorbed photons. In the
latter case, for the diagram shown in Figure 7, the theoretical quantum yield is given by
equation 1920,49, where N2 and A are the population and total radiative rate of emission
from level |2〉, respectively, and NS0 and � are the population and absorption rate from
level |S0〉, respectively. The level populations are obtained from a set of appropriate rate
equations of the type shown in equation 20, where Pij represents a transition or energy
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transfer rate starting from state |j〉 and Pji represents a transition or transfer rate ending
in this state. In the steady state regime all dNj/dt = 0. The level populations must also
satisfy the condition

∑
Nj = N , where N is the total number of emitting species. The

rate equations could also be established in terms of the so-called normalized populations
(η) defined by Ni = Nηi .

qtheo = AN2

�NS0

= number of emitted photons

number of absorbed photons
(19)

dNj

dt
= −


∑

i �=j

Pij


Nj +

∑
i �=j

PjiNi (20)

Efficient light-conversion molecular systems can thus be designed on the basis of the
electronic structures of the rare-earth ion and the ligands, and the rather weak interac-
tion between them, which allow control of the parameters governing the intramolecular
energy transfer process and the absorption and decay rates in the compound. For this
purpose different classes of molecules, as for example β-diketones, have been shown to
be promising as efficient ligands, though in the case of macrocyclic ligands the emission
quantum yield tends to be smaller than in the case of β-diketone ligands, possibly due to
the presence of low-lying LMCT states.

Table 6 presents calculated transfer rates and theoretical emission quantum yields of
Eu3+ β-diketonates, which are in agreement with rough estimates based on experimental
values, as mentioned at the beginning of Section IV.B.2.e. The transfer rates to the 5D0
and 5D1 levels are dominated by the exchange mechanism, while those to the 5D4 level
are dominated by the multipolar mechanism. In the case of the 5D0 level, the thermal
population of the 7F1 manifold is required; otherwise a smaller contribution from the
multipolar mechanism may be operative through J -mixing effects with the 7F2 level.
Details of the calculations may be found elsewhere20,49. The calculated values of energy
differences, intramolecular energy transfer and back transfer rates and theoretical quantum
yield of several Eu3+ diketonate complexes (tpi62, tta60, pbi89, fod90, hfc91) have been
reported.

3. Terbium

The luminescence spectra of Tb3+ β-diketonates (4f8 configuration) generally exhibit
bands arising from the 5D4 → 7FJ transitions (J = 0–6) in the metal ion assigned
as: 5D4 → 7F0 (682 nm), 5D4 → 7F1 (669 nm), 5D4 → 7F2 (653 nm), 5D4 → 7F3
(621 nm), 5D4 → 7F4 (587 nm), 5D4 → 7F5 (545 nm) and 5D4 → 7F6 (490 nm) with
the 5D4 → 7F5 hypersensitive transition as the dominant one. The large gaps between the
emitting 5D4 levels and final 7FJ levels are around 15000 cm−1 (Figure 8). Consequently,
Tb3+ compounds generally exhibit a green color in the presence of UV radiation. In
contrast to the Eu3+ ion, detailed analyses of energy level structure and symmetry site
around the Tb3+ ion are complicated since the 5D4 emitting level is nine-fold degenerate55.
The hypersensitive 5D4 → 7F5 transition is the best luminescence probe for the terbium
ion92. In the case of the acac ligand, for example, the spectral data do not exhibit a broad
band from the triplet state of the ligand in the range of 370–550 nm, showing an efficient
energy transfer from the ligand to the emitting 5D4 level of the terbium ion. Generally,
the sensitization pathway in luminescent Tb3+ complexes is similar to those of Eu3+
complexes. However, the triplet state of the β-diketonate ligands has to be above or in
resonance with the excited 5D4 level (ca 20400 cm−1)55.
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TABLE 6. Calculated values of energy differences, intramolecular energy transfer rates and theo-
retical and experimental quantum yields of Eu3+ β-diketonate complexes

Eu3+ β-diketonate Transition �E Transfer rate qtheo qexp

complex (cm−1) (s−1) (%) (%) Reference

[Eu(dbm)3(H2O)] S → 5D4 2118 8.2 · 106 52
T → 5D1 1464 2.1 · 1010 25 1
T → 5D0 3334 1.0 · 1010

[Eu(dbm)3(dmac)] S → 5D4 2118 8.2 · 106 52
T → 5D1 2116 1.8 · 1010 59 45
T → 5D0 3986 7.2 · 109

[Eu(dbm)3(dmfa)] S → 5D4 2162 8.7 · 106 52
T → 5D1 2116 1.8 · 1010 61 43
T → 5D0 3986 7.2 · 109

[Eu(tta)3(H2O)2] S → 5D4 1898 9.2 · 106 52
T → 5D1 1255 2.2 · 1010 29 23
T → 5D0 3125 1.2 · 1010

[Eu(tta)3(bza)2] S → 5D4 2162 8.3 · 106 52
T → 5D1 1872 1.9 · 1010 62 54
T → 5D0 3742 8.3 · 109

[Eu(tta)3(pza)] S → 5D4 2430 7.6 · 106 52
T → 5D1 1173 2.3 · 1010 24 26
T → 5D0 3043 1.2 · 1010

[Eu(tta)3(dmac)2] S → 5D4 1640 9.6 · 106 52
T → 5D1 1851 1.9 · 1010 72 78
T → 5D0 3721 8.4 · 109

[Eu(tta)3(dmfa)(H2O)] S → 5D4 1898 9.0 · 106 52
T → 5D1 1677 2.0 · 1010 58 45
T → 5D0 3547 9.3 · 109

[Eu(tta)3(dmbz)2] S → 5D4 1683 9.5 · 106 52
T → 5D1 1763 2.0 · 1010 82 81
T → 5D0 3633 8.9 · 109

[Eu(tta)3(dpac)2] S → 5D4 729 1.1 · 107 52
T → 5D1 1591 2.1 · 1010 42 —
T → 5D0 3461 9.7 · 109

[Eu(tta)3(dpfa)2] S → 5D4 1726 9.4 · 106 52
T → 5D1 930 2.3 · 1010 28 40
T → 5D0 2800 1.3 · 1010

[Eu(bzac)3(bipy)] S → 5D4 4847 2.3 · 107 35
T → 5D1 3138 1.2 · 1011 41 30
T → 5D0 5008 3.7 · 1010

[Eu(btfa)3(bipy)] S → 5D4 4456 3.4 · 106 35
T → 5D1 2472 1.1 · 1011 58 43
T → 5D0 4342 6.3 · 109

(continued overleaf )
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TABLE 6. (continued)

Eu3+ β-diketonate Transition �E Transfer rate qtheo qexp

complex (cm−1) (s−1) (%) (%) Reference

[Eu(bzac)3(phen)] S → 5D4 3924 1.1 · 107 35
T → 5D1 3157 3.3 · 1010 28 18
T → 5D0 5027 9.9 · 109

[Eu(btfa)3(phen)] S → 5D4 3852 5.6 · 106 35
T → 5D1 2553 1.2 · 1011 50 50
T → 5D0 4287 6.7 · 109

[Eu(btfa)3(H2O)2] S → 5D4 5490 1.9 · 106 35
T → 5D1 1221 3.4 · 1010 24 24
T → 5D0 3091 1.8 · 1010

[Eu(bzac)3(H2O)2] S → 5D4 5574 1.4 · 106 35
T → 5D1 2401 2.1 · 1010 21 21
T → 5D0 4271 7.7 · 109
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FIGURE 8. Emission spectrum (a) and energy level diagram (b) of epoxy:10% Tb(acac)3. Repro-
duced with permission from Reference 92, Copyright 2004 John Wiley & Sons, Ltd

According to Reinhoudt’s empirical rule93 the intersystem crossing process will be
effective when the energy gap between S and T states of the ligands, �E [S(1ππ) −
T (3ππ)], is around 5000 cm−1. In addition, Latva and coworkers94 reported that the
best intramolecular energy transfer from a ligand to Tb3+ occurs when the energy gap
between the T state of the ligand and the first emitting 5D4 level of the Tb3+ is higher than
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2000 cm−1. Biju and coworkers30 observed that �E for pbi and tpi diketonate ligands
is 5180 and 5160 cm−1, respectively. The energy transfer process for [Tb(tpi)3(H2O)2]
has �E [T (3ππ) −5 D4 = 22620 − 20400 = 2220 cm−1], indicating an efficient energy
transfer from the tpi ligand to the Tb3+ ion. However, the value �E [T (3ππ) −5 D4] =
1880 cm−1 for [Tb(pbi)3(H2O)2] indicates that the T state (22220 cm−1) of pbi is close
to the emitting 5D4 level (20400 cm−1) of Tb3+, suggesting an energy back transfer from
the metal ion to the pbi ligand (5D4 → T )30.

[Tb(acac)3], [Tb(4,4′-F2dbm)3] and [Tb(tfa)3] show high luminescence intensity95, the
first one being the strongest96,97. Other luminescent Tb3+ aromatic β-diketonates are those
with 1-indoleacetylacetonate and 3-indoleacetylacetonate ligands98 – 100. In this case, the T
state of the indole group has a higher energy than the T state of the phenyl group, leading
to a better energy transfer from the ligand to the Tb3+ ion. In addition, the presence
of a rigid planar structure in the complex favors a higher luminescence intensity96,97.
For determination of the luminescence quantum yield for Tb3+ complexes in solution,
quinine sulfate (54.6%, in 0.5 M aqueous H2SO4) and 9,10-diphenylanthracene (90% in
cyclohexane) can be used as standard101; Tb3+ tris(dipicolinate) complex has also been
used as secondary standard101,102. The dendritic Tb3+ complexes with 1-phenyl-3-[G-
n]-4-phenylacetyl-5-pyrazolone (n = 0–3), where G stands for polyaryl ether, showed
luminescence quantum yields increasing from 0.1 to 2.26% with an increase of the den-
dritic generation from 0 to 3, which is associated with an energy transfer from the ligand
to Tb3+ and is due to both an ‘antenna effect’ and a ‘shell effect’103.

The energy transfer from Tb3+ to Eu3+ ion in the [Eu/Tb(tfa)3(tppo)2] pure chelate
and the in situ chelate doped in gel glass indicates that the Dexter exchange mechanism
is operative in the energy transfer process between ions104. Pettinari and coworkers105,106

showed terbium 4-acylpyrazol-5-onate and its derivatives are luminescent materials, also
pointing to the importance of properties such as hydrophobicity, solubility in non-polar
solvents and large size of the molecule.

Zhou and coworkers107 studied a series of 4-acylpyrazolone terbium complexes, [Tb(β-
diketonate)3(H2O)2]. The triplet states of pmap (20580 cm−1), pmpp (20750 cm−1) and
pmip (20370 cm−1) are slightly higher or close to the emitting 5D4 level (20400 cm−1) of
Tb3+, thereby increasing the efficiency of energy transfer and yielding a strong lumines-
cence. On the other hand, the triplet states of pmnp (19300 cm−1) and pmbp (18180 cm−1)
are lower than the first emitting excited 5D4 level, and thus the energy transfer cannot be
operative. The first absorption band of a series of 1-phenyl-3-methyl-4-RCO-5-pyrazolone
compounds gradually shifts toward the shorter wavelength region as the R group changes
from an electron acceptor to an electron donor. In the same way, the photoluminescence
quantum efficiency of the terbium complexes increases108.

A novel bis-β-diketone 2,6-bis(3-phenyl-3-ketopropionyl)pyridine with Eu, Tb, Sm and
Gd ions is luminescent. All these rare-earth ions could be sensitized to some extent by
the ligand. In particular, the Tb3+ complex is an excellent green emitter and may find
application in organic light-emitting devices (OLEDs) and medical diagnosis109.

The complex of N-(2-pyridinyl)-3-ketobutyramide with Tb3+ in methanol solution can
emit the intrinsic fluorescence of Tb3+. When Et3N and Zn2+ are added to the solution,
the fluorescence (λex = 329 nm, λfl = 546 nm) is significantly enhanced. This sensitive
fluorescence enhancement system can be used for the determination of terbium ion110.

4. Samarium

Sm3+ β-diketonates show intense luminescence of orange color57. Sm3+ has an odd-
electron configuration (4f5) and it is labeled, therefore, as a Kramer ion due to its electronic
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states that are at least doubly degenerated in any ligand field111. The maximum number
of the Stark components for Kramer ions with 2S+1LJ state is J+1/2 for any symmetry
lower than cubic112. Detailed analyses of the energy levels of Sm3+ in several hosts
have been reported113,114. The emitting 4G5/2 state of the Sm3+ ion (ca 18021 cm−1)
is resonant with a great number of triplet states of several β-diketonate ligands, which
allows an efficient energy transfer from the ligand to the rare earth ion (T → Sm3+). The
sharp bands in the luminescence spectra of samarium complexes consists of transitions
from the 4G5/2 excited state to the lower energy levels 6HJ (J = 5/2, 7/2, 9/2, 11/2,
13/2 and 15/2) and 6FJ (J = 1/2 and 3/2). The 4G5/2 → 6H9/2 transition (ca 642 nm) is
the hypersensitive and intermediate gaps between the emitting 4G5/2 level and final 6HJ

levels are around 7500 cm−1. Because of the Kramer degeneracy, the low temperature
emission pattern should consist of 3, 4, 5, 6, 7, 8, 1 and 2 lines, respectively, for each
aforementioned manifold, when Sm3+ ions occupy a site of low symmetry in the ligand
field115.

In a recent PL study, Sm3+ β-diketonates with sulfoxide, phosphine oxide and amide
ligands showed the characteristic orange emission color of the Sm3+ ion116. The emission
spectra of these complexes present narrow bands arising from the 4G5/2 → 6HJ (J = 5/2,
7/2, 9/2, 11/2) transitions with the hypersensitive 4G5/2 → 6H9/2 transition as a prominent
group. An efficient intramolecular energy transfer from the T state of the tta ligand to
the emitting 4G5/2 state of Sm3+ has been observed (Figure 9). The lifetimes (τ ) of the
emitting level 4G5/2 of the Sm complexes are approximately ten times longer than in the
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FIGURE 9. Emission spectrum (a) and energy level diagram (b) of the [Sm(tta)3(H2O)2] complex.
Reproduced with permission from Reference 116, Copyright 2002 Elsevier
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precursor hydrate [Sm(tta)3(H2O)2], indicating that radiative processes are operative in all
the compounds due to the absence of multiphonon relaxation by coupling with the OH
oscillators. The transition 4G5/2 → 6H5/2 (ca 560 nm) is taken as the reference due to its
predominant magnetic dipole character (�J = 0). On the other hand, the 4G5/2 → 6H9/2
transition is magnetic-dipole forbidden and electric-dipole allowed. From this transition
the intensity parameter (ηSm) has been determined for [Sm(tta)3(L)2] complexes, where
L = dbso, ptso, tppo and pha; ηSm is the ratio between the intensities of the 4G5/2 → 6H9/2

and 4G5/2 → 6H5/2 transitions, pointing to the highly polarizable chemical environment
around Sm3+ in the complexes116.

Fabrication of luminescent polymeric nanoparticles doped with a Sm3+ β-diketonate
compound by self-organized particle precipitation methods has been recently reported by
Tamaki and coworkers117. They point to the importance of miscibility of the lanthanide
complex dopant with the polymeric matrix to the particle luminescence. Polystyrene
nanoparticles doped with a lanthanide β-diketonate complex possessing phenyl groups
present highly uniform luminescence under UV irradiation. The increase of the emission
intensities of uncured and cured [Sm(tta)3(phen)]/nitrite rubber composites with increase
of the complex content has been recently observed. Given the same complex content, the
cured composites were found to have higher luminescence intensity. This was attributed to
the cross-linking network helping to stabilize the coordination environment of the central
Sm3+ and improving the energy transfer efficiency to it118. The PL and EL properties of
a pmma film doped with the newly synthesized [Sm(hfa)3(phen)2(MeOH)] were studied.
The film shows peaks around 564, 598, 645 and 710 nm, characteristic of Sm3+. Due to
its good PL properties this composite has been tested for OLED devices119.

An innovative near-infrared-luminescent mesoporous material has been prepared by
linking trivalent rare-earth ion complexes (RE3+ = Pr3+, Nd3+, Sm3+, Er3+ and Yb3+)
to the ordered mesoporous MCM-41 through 5-(N ,N-bis-(3-(triethoxysilyl)propyl)ureyl)-
1,10-phenanthroline. These materials have the characteristic NIR luminescence of the
corresponding RE3+ ions, by sensitization from the organic ligands moiety, upon excitation
at the absorption wavelengths of the organic ligands. Their good luminescence perfor-
mance makes them of potential application in optical amplification (operating at 1300 or
1500 nm), laser systems and medical diagnosis120. [RE(hfnh)3(phen)] complexes, where
RE = Eu and Sm, exhibit bright PL due to the characteristic emission from the Eu3+ and
Sm3+ ions. Devices using the two complexes as emitting layers have been fabricated121.

Organized molecular films of [RE(β-diketonate)3(phen)] complexes have been fabri-
cated by the Langmuir–Blodgett films (LB) technology, where RE3+ = Sm, Eu and Tb,
and β-diketonate = acac, tfa, hfa and tta122. The luminescence lifetimes of these com-
plexes were measured by the laser-induced luminescence decay and it was observed
that the lifetimes of the complexes in LB films were longer than that in solution and
solid powder122. A new methodology for the rapid optimization of the luminescence con-
ditions of the thin-film sample in arrays of microwells has been used. The results have
shown that a multi-parallel approach is a valid possibility for luminescence measurements
and represents a tool to rapidly optimize the luminescence conditions. The intramolec-
ular and intermolecular energy transfer processes in aggregates of [Sm(dbm)3phen] and
[RE(dbm)3phen] (RE = La, Gd, Tb, Y) co-doped pmma films make the cofluorescence
effect operative123.

5. Dysprosium

The PL spectrum of the recently synthesized [Dy(pm)3(tppo)2] shows the characteristic
yellow emission band at 572 nm and blue emission band at 480 nm, corresponding to the
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4F9/2 → 6H13/2 and 4F9/2 → 6H15/2 transitions of Dy3+, respectively. The antenna effect
was adduced to discuss the energy transfer mechanism between the ligand and the central
Dy3+ ion124.

The luminescence of [Dy(acac)3tatbp] was investigated, where the alkyl substituents on
the tatpb porphyrin ligand ranged from C6H13 to C18H37

125. Quantum yields of the S1 →
S0 fluorescence are in the range 0.26–0.28 and the fluorescence lifetimes are in the range
0.013–0.019 ms at room temperature. The phosphorescence bands of the complex at 77 K
appear at 714 nm. The phosphorescence of the ligand at low and room temperature did
not appear in the spectra. These materials are of potential application in extremely high-
density optical recording, frequency domain optical storage, optical frequency conversion,
superconductivity, information processing and transmission.

6. Thulium

The photophysical analysis of the excitation and absorption spectra of [Tm(ppa)3
(H2O)2], an α-substituted β-diketonate investigated by Serra and coworkers126,127, showed
a broad band centered around 335 nm, which is ascribed to the complex, since the ppa
absorbance maximum is centered at 296 nm. The emission spectra (λexc = 335 nm) pre-
sented the characteristic bands of Tm3+ due to the 1G4 → 3H6 (478 nm), 1G4 → 3F4
(650 nm), 1G4 → 3H5 (770 nm) and 3H4 → 3H6 (790 nm) transitions. The PL spectrum
of [Gd(ppa)3(H2O)2] shows the triplet state of the ppa transition at 19200 cm−1.

The spectral hole-burning properties of Tm3+ β-diketonates blended in a pmma matrix
has been reported. Persistent spectral hole burning was observed for the 3H4(1) → 3H6(1)
transition of Tm3+ near 795 nm in these materials. The holewidth was found to be in the
range 180–360 MHz and the hole lifetime is longer than 10 h at 1.4 K. A complex hole
profile which is best described by the superposition of two Lorentzians has been observed.
Temperature cycling experiments have been performed. The maximum annealing temper-
ature was determined for the complexes, and its correlation with the size of the side
groups has been established. Spectroscopic results indicate glass-like properties for these
materials, i.e. a high degree of disorder in the Tm3+ coordination surroundings. The mate-
rials have large inhomogeneous broadening, and certainly deserve further investigation for
possible hole-burning frequency- and time-domain storage and other applications128.

C. Electroluminescence of RE3+ β-Diketonates

Electroluminescence (EL) is defined as a non-thermal generation of light resulting
from the application of an electric field to a substance129. This phenomenon was first
observed by Destriau in 1936 when a large electric field was applied to ZnS130. Since the
work of Tang and VanSlyke131 in 1987 and Burroughes and coworkers132 in 1990, EL
was observed in a multilayer device containing an organic compound as emitting layer
(OLED); this field has rapidly established itself as a new branch of applied science. The
first organic light-emitting device containing RE3+ β-diketonate complexes was reported
by Kido and coworkers5 using the Tb3+-acac as emitting layer5.

The simplest OLED is a device consisting of a single organic layer sandwiched between
the anode and the cathode. For a compound to be used in a single-layer device it must
have high PL quantum efficiency and good bipolar charge-transport properties of holes and
electrons through the organic layer. However, to improve the charge transport and injection
in devices additional layers are generally necessary of a hole and/or of an electron-transport
material131,133, leading to the two-layer or three-layer OLED (Figure 10). It is important
to mention that the hole transport layer (HTL) can also help to block the migration
of excitons from the emitting layer. The most extensively used molecules as electron
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FIGURE 10. [Eu(tta)3(tppo)2] complex used as the emitter in a three-layer OLED cell structure,
sandwiched between an ito cathode and an aluminum anode134. Reproduced with permission from
Reference 134, Copyright 2002 Sociedade Brasileira de Fı́sica

transport materials in OLEDs are bbpo and Alq3. However, pvk, mtcd and tpd have been
also used as hole-transport materials.

The fabrication and characterization of red emitting triple-layer electroluminescent
organic devices using vacuum deposited [Eu(tta)3(tppo)2] as emitting layer has been
described134. Figures 11a and 11b shown a comparison between the EL spectrum of
the ito/mtcd/[Eu(tta)3(tppo)2]/Alq3/Al OLED device and the PL spectrum taken from a
[Eu(tta)3(tppo)2] thermally deposited thin film, under excitation at 350 nm. These spectra
recorded at room temperature are similar. Moreover, the typical Alq3 wide emission band,
peaked at 520 nm, is absent in the PL spectrum, indicating that the energy transfer process
from the triplet of tta ligand to the Eu3+ ion is quite efficient.

Although several methods may be used to fabricate the organic layers in OLEDs, such
as thermal evaporation, Langmuir–Blodget deposition or spin coating from solutions,
RE3+ β-diketonates usually are deposited by thermal evaporation techniques, under high
vacuum (ca 10−5 Pa); thus, volatility and thermal stability of the diketonates are required5.

The operating mechanism in OLEDs is described as the injection of electrons from
the cathode (usually a low-work-function metal such as Al or an alloy such as Mg:Ag),
which are transported into the organic layer via the LUMO, whereas holes from the anode
(usually ito) are injected and transported via the HOMO. Electrons and holes recombine
within the organic emitting layer. In these devices the energy gap and ionization potential
of RE3+ compounds are generally estimated by optical and electrochemical techniques, as
described by Hümmelgen and coworkers135. Based on these results it has been possible to
construct the energy level diagrams of HOMO and LUMO states for device components,
which were correlated to useful quantities such as the Al and ito electrode work functions.
The energy diagram is important for further understanding and optimization of the device
performance.

OLEDs are nowadays the most important type of light source for artificial lighting,
making them potential candidates in the development of full-color flat panel display
devices. Challenging problems to be addressed are emission color, emission efficiency
and device lifetime. The emission color problem results from the broad emission bands
exhibited by electroluminescent devices containing organic emitting layers, since pure
and sharp emission bands from these materials, a requisite for display applications, are
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FIGURE 11. (a) EL spectrum of a Eu3+ complex as emitting layer in the ito/mtcd/[Eu(tta)3(tppo)2]/
Alq/Al OLED device with bias voltage of 22 V and (b) PL spectrum of the [Eu(tta)3(tppo)2] complex
thin film. Reproduced with permission from Reference 134, Copyright 2002 Sociedade Brasileira de
Fı́sica

difficult to obtain, and consequently, OLEDs based on these materials usually exhibit
no pure emission colors. To overcome this problem, OLEDs using RE3+ compounds as
the emitting layer have been extensively investigated5. As discussed in Section IV.B.1,
the most important emission bands in RE3+ ions arise from intraconfigurational tran-
sitions which are extremely sharp, leading to almost monochromatic light emission20.
Besides, RE3+ β-diketonates provide a significant improvement in the internal quan-
tum efficiencies. In OLEDs using fluorescent organic compounds as emitting layers,
the energy of the excited T states usually are completely degraded by thermal deac-
tivation without light emission, limiting the internal quantum efficiency. On the other
hand, for devices using RE3+ β-diketonates as emitting layer, the theoretical quan-
tum efficiencies may be extremely high because the T states of the ligand may be
closely matched to or slightly above the RE3+ emitting levels (Figure 7). These excited
ligand states that are generated by carrier recombination may transfer their energy effi-
ciently to the central RE3+ ion, which undergoes the characteristic radiative emitting
process26. In this case, the diketonate ligands may act as an ‘antenna’ sensitizing the
luminescence of the RE3+ ions. These properties make RE3+ β-diketonates promising
candidates for full color flat-panel displays, which require pure red, green and blue
emissions.

The biggest challenge today for the EL devices containing RE3+ β-diketonates is the
increase of efficiency and stability of the devices. Double layer devices, such as ito/tpd/[Eu
β-diketonate]/Al, have demonstrated the ability of the RE3+ β-diketonates to act also as
electron transporters, despite the large electron energy barrier between the Al electrode
Fermi level and the RE3+ β-diketonate LUMO level.
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In RE3+ β-diketonates certain neutral Lewis base ligands coordinated to the central
metal ions act as synergic agents, which not only saturate the first coordination sphere of
the RE3+ ions but also improve the fluorescence intensity, volatility and stability of the
rare-earth complex. For EL applications these ligands also improve the charge mobility
of the RE3+ complexes in the devices. For example, in EL devices of Tb3+ acylpyra-
zolonates having a neutral ligand, the EL spectra exhibit both the light-emitting layer
and the hole-transport layer, while the EL devices without a neutral ligand display a
pure green color, coming solely from the light-emitting layer, thus demonstrating the
higher electron-transport ability of the compounds with neutral Lewis bases136. Zhang
and coworkers137 fabricated a novel OLED containing a complex functionalized by a
carbazole fragment, [Eu(dbm)3(hcpybm)], showing improved hole transporting ability as
compared to a device based on the unfunctionalized complex [Eu(dbm)3pybm]. This
demonstrates that chemical modification of the neutral ligand may improve the bal-
ancing injection, transport and recombination of charge carriers in OLEDs containing
RE3+ β-diketonates as emitting layers. The most frequently used neutral ligands are tppo,
bipy, phen and their derivatives. New β-diketones and neutral ligands are being synthe-
sized, to fabricate high performance OLEDs. Recently, 1-(4′-(5-(4-tolyl)-1,3,4-oxadiazol-
2-yl)biphenyl-4-yl)-4,4,4-trifluorobutane-1,3-dione (mpbdtfa) with an electro-transporting
oxadiazole group has been prepared. Its europium complex exhibits high yield and high
thermal stability, which makes it a potential candidate for fabrication of red-emitting
OLEDs138.

Bian and coworkers139 reported the fabrication of a four-layer device by using the
vacuum deposited film of the Eu3+ complex as the emitting layer, Alq3 as electron-
transporting layer, bcp as hole-blocking layer and tpd as a hole-transporting layer. This
device, with a luminance of ca 230 cd m−2, was more efficient than the more common
ones containing two or three layers.

Thermal evaporation is one of the most efficient methods for the preparation of diketo-
nate complexe layers. However, many of these compounds are thermally unstable at high
temperature and require an alternative method. Milder conditions are attained on incorpo-
rating such compounds into polymer host materials, followed by thin film deposition by
the spin coating method. In these cases, the luminance of OLED devices is comparable
to those measured for devices fabricated using small molecules and polymer blends.

Other advantages in using RE3+ β-diketonates doped into polymers are: (i) the poly-
mer matrices generally form better films than the small molecules; (ii) some polymers
can act as charge transporters, improving the EL phenomenon—for example, poly(N-
vinylcarbazole) (pvk) acts as a hole transporter exhibiting a mobility comparable to the
hole mobilities of small molecule materials such as tpd139; and (iii) the polymer-RE3+
energy transfer may be observed when there is an overlap between the emission spec-
trum of the polymer used as matrix and the absorption spectrum of the antenna ligand
coordinated to the RE3+ ion. It is important to mention that the electron mobility of pvk
is negligible and, consequently, it is also employed as an electron blocking layer140. In
contrast, the higher electron mobility of Alq3 makes OLED devices fabricated with small
molecules often exhibiting higher performance than using polymers.

The most popular among the polymer matrices used for RE3+ diketonate doping in
EL devices is pvk140 – 143. An efficient energy transfer from the pvk host to the Eu3+
ion in the [Eu(fod)3mk] complex, leading to high intensity electroluminescence, has been
reported by Wang and Samuel142 . This behavior reflects the spectral overlap between pvk
and the mk ligand. Acylpyrazolones are an interesting class of β-diketones, containing a
pyrazole ring fused to a chelating arm136. A bilayer OLED, using the blue-fluorescent
[Y(qipr)3(bipy)] complex as emitting material and pvk as hole-transporting material,
emits bright green light instead of blue light, which has been attributed to the exciplex



164 H. F. Brito, O. M. L. Malta, M. C. F. C. Felinto and E. E. S. Teotonio

formation at the solid interface between the pvk matrix and [Y(qipr)3(bipy)] dopant136,140.
O’Riordan and coworkers144 reported on fabrication of devices presenting the configura-
tion ito/pedot/pvk/Al and ito/pedot/pvk:[Eu(dbm)3(phen)]/Ca/Al using polymer solution
spin coating techniques. The benefits caused by pedot are planarization of the ito layer
and reduction in the hole injection barrier at the pvk/anode interface. When polymers are
used as host, the concentration of doping RE3+ compounds is usually required to be low
for both EL and PL processes due to the interaction between molecules that cause lumi-
nescence quenching59,65,145. Furthermore, in some cases the rare-earth emission overlaps
with the emission from the host polymer, leading to a broadened band.

Some devices using RE3+ diketonate doping in the hole or electron transporter layers of
small molecular materials have also been fabricated146. However, in contrast to polymer
doped devices, the organic layers are sequentially deposited under high vacuum. OLEDs
containing RE3+ diketonates doped in the bcp layer have been fabricated to take advantage
of the wide energy gap in cbp which supports bipolar carrier transport. Only a few studies
of dinuclear luminescent compounds as emitting layer in OLEDs have been reported,
probably due to the close proximity between RE3+ centers in the complexes which leads
to cross-relaxation luminescence quenching141.

One of the most interesting features observed in OLEDs based on RE3+ diketonate
complexes is the presence of electrophosphorescence (EP). This phenomenon occurs in
electroluminescent devices when the emission arises from a T state147. It is noted that the
emitted color by this device depends on the ratio between the rare-earth EL sharp peaks
and the EP broad emission band from the T → S transition of the tta ligand. An advantage
of this system is that it can be used to obtain different colors by simply changing the
applied voltage.

OLEDs have been fabricated based on the RE3+ tetrakis(β-diketonate) anionic com-
plexes as emitting layers (e.g. Li[Eu(tta)4], Na[Eu(tta)4], K[Eu(tta)4] and (pyH)+[Eu
(tta)4])148,149. Most EL investigations in RE3+ β-diketonates are centered on Eu3+, Tb3+
and Sm3+ compounds with acac, dbm or tta as ligands, whereas works reporting the fab-
rication of OLEDs based on Nd3+, Er3+, Tm3+, Pr3+ and Yb3+ ions are rather scarce1.
OLEDs based on Nd3+ and Er3+ β-diketonates as emitting layers exhibit infrared emis-
sion at 1340 and 1530 nm, respectively, that are assigned to the intraconfigurational
4F3/2 → 4I11/2 and 4I13/2 → 4I15/2 transitions150,151. Of particular importance is the emis-
sion at 1530 nm of Er3+ due to its high relevance to optical-fiber communication.

[Dy(acac)3(phen)] and [Dy(pm)3(tppo)2], where pm = 1-phenyl-3-methyl-4-i-butyryl-
5-pyrazolone, have been used as emitting layer in OLEDs151,152. The EL spectra of
these devices consist of a yellow emission band at 572 nm and a blue one at 480 nm,
corresponding to the 4F9/2 → 6H13/2 and 4F9/2 → 6H15/2 transition of the Dy3+ ion,
respectively. An appropriate tuning of the blue/yellow intensity ratio can presumably
accomplish a white luminescence.

A significant step in the development of highly efficient OLEDs consists of the addition
of phosphorescent dopants to generate both the singlet and triplet excitons as pho-
tons137 – 140. This innovation has led to near-quantitative internal emission efficiencies
in OLEDs that are based on small organic molecules.

Bazan and coworkers153 incorporated Eu3+ β-diketonates (acac, dbmim, dmn and bzac)
into conjugated polymers. Pure red-emitting LEDs with a quantum efficiency of 1.1% have
been made by doping pCNmhp with [Eu(dnm)3phen]. Blue- and green-emitting LEDs
have also been made using pCNmhp doped and doped with coumarin 6, respectively. The
research could lead to the fabrication of high quality full color displays. Furthermore, RE3+
polymer blends could be quite useful as a source of monochromatic emission in photonic
crystals. Kuzmina and Eliseeva154 designed OLEDs based on Eu3+, Tb3+ and Tm3+
ions with various β-diketonate ligands and noted that the electroluminescence efficency
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TABLE 7. Some OLED configurations and their luminance under optimal conditions

OLED configurationa Maximum
luminance
(cd m−2)

Reference

ito/tpd/cbp:dcjtb:[Eu(tta)3tmphen]1:0.2:5%/bcp/Li:bcp(2%)/V2O5/
tpd/cbp:dcjtb:[Eu(tta)3tmphen](1:0.2:5%)/bcpAlq3/LiF/Al

3000 155

ito/tpd/[Tb(pmip)3(tppo)2]/Alq3/LiF/Al 2500 156
ito/tpd/dcjtb:[Eu(dbm)3tmphen]:cbp(0.2%,5%:1)/bcpAlq3/LiF/Al 2300 155
ito/tapc/[Eu(dbm)3]:bcp(1:1)/bcp/Alq3/ Mg:Ag(10:1)/Ag 2123 157
ito/npb/[Eu(tta)3(dppz)]:cbp (2%)/bcp/Alq3/ Mg0.9:Ag0.1 2046 158
ito/tpd/[Eu(dbm)3(Bath)]:dcm(0.8 wt%)/Mg0.9:Ag0.1 2000 159
ito/tpd/[Eu(dbm)3(tpip)]/bcp/Alq3/ Mg0.9:Ag0.1/Ag 1305 160
ito/tpd/[Eu(hfnh)3(phen)]:cbp(10%)/bcp/Alq3/LiF/Al 1132 146
ito/tpd/cbp:[Eu(tta)3tmphen](1%:1)/bcp/Li:bcp(2%)/V2O5/

tpd/cbp:[Eu(tta)3tmphen](1%:1)/bcpAlq3/LiF/Al
1005 155

ito/tpd/[Eu(dbm)3tmphen]:cbp(5%:1)/bcpAlq3/LiF/Al 930 155
ito/tpd/[Tb(pmip)3(tppo)2]/Alq3/Al 920 161
ito/tpd/cpb:[Eu(tta)3nphen]/bcp/Alq3/LiF/Al 800 162
ito/Cupc/[Dy(pm)3(tppo)2]/bcp/Alq3/LiF/Al 524 163
ito/tpd/[Eu(dbm)3phen]:pbd/Alq3/ Mg:Ag. 460 5
ito/tpd/[Eu(dbm)3(bath)]/oxd7/Alb 460 133
ito/tpd/[Eu(dtp)3(bath)]/Alq3/Al:Li 450 164
ito/pvk:pbd:[Eu(tta)3(Phen)](0.7 mol%)/bcp/Ca:Al 417 165
ito/tpd/Eu(tta)3 Eu(pyNO)2 Eu(tta)3:cbp/bcp/(Alq3/LiF/Al 340 166
ito/tpd/[Eu(dbm)3(oxd-pybm)]/LiF/Alc 322 167
ito/tpd/[Eu(dbm)3L]/bcp/Alq3/ Mg:Ag/Ag 230 139
ito/tpd/[Eu(dbm)3car–pybm]/tpbi/LiF/Al 200 137
ito/pvk/[Tb(mtp)3phen]/Alq3/Al. 152 5
ito/pedot/pvk:[Eu(dbm)3phen/Ca/Al 130 144
ito/[Eu(tta)3phen]:pvk/Mg:In 100 5
ito/[Tb(acac)3(Cl-phen)]/Be(bq)2/Al:Li/Al 95 168
ito/tpd/[Tb(acac)3(bath)]/Alq3/Al 77 169
ito/pvk/pvk:pbd:[Eu(tfa)3(Phen)](10:6:6)/pbd/Al 68 170
ito/tpd/pvk:pbd:[Eu(tfa)3(Phen)](10:6:5)/pbd/Al 63 171
ito/pedot/pvk:[Eu(dbm)3phen)]/Al 62 144
ito/pvk/pvk:pbd:[Tb(tfa)3phen]/pbd/Al 58 172
ito/tpd/[Tb(acac)3(aap)]/Alq3/Al 56 173
ito/pvk:Na[Eu(tta)4](5wt%)/oxd7/Alq3/Alb 37 174

a Layers are ordered from the cathode to the anode and are separated by a solidus; the components of a mixed
layer are separated by a colon.
b oxd7 = 1,3-bis[4-(t-butylphenyl)-1,3,4-oxadiazolyl]benzene.
c oxd = 2-(2-pyridyl)benzimidazole.

depends on factors such as the structure of new highly luminescent RE3+ compounds, the
OLED architecture (ETL, HTL, cathode, layer quality and thickness) and the chemical,
thermal and electrochemical stability of all the materials used in the EL devices. In Table 7
are listed diverse OLED configurations and their luminance under optimal conditions.

D. Triboluminescence of RE3+ β-Diketonate Complexes

Triboluminescence (TL) is the phenomenon of light emission during the application of a
mechanical stress or by fracture of crystals in a solid sample175. The materials presenting
this behavior are promising for application in real-time structural damage sensors176.
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However, up to now, no fully clear mechanism by which TL occurs has been presented.
Some works suggest that TL is a consequence of a recombination of charges separated
during fracture of a crystal belonging to a non-centrosymmetric space group177. On the
other hand, Cotton and coworkers7,178 showed that centric compounds can exhibit TL,
and they pointed to two non-centric compounds, at least, which show no TL at room
temperature. However, TL in centrosymmetric compounds have been generally assigned
to impurities or disorder of some atoms in the molecular structure1,8,179.

Most TL studies are centered on enolate compounds, in particular, rare-earth β-dike-
tonates. Present evidence points to morpholinium tetrakis(dibenzoylmethanato)europate
(III) and triethylammonium tetrakis(dibenzoylmethanato)europate(III) as the first and sec-
ond most efficient triboluminescent compounds, respectively1. In these cases the coex-
istence of disorder in the chelating ring and the non-centrosymmetric crystal structures
may contribute to major charge separation upon cleavage and, consequently, to higher
luminescence intensity.

Generally, TL spectra of diketonate complexes are characterized by the metal ion-
centered transitions, which exhibit similar position and spectral profiles as those photolu-
minescent ones180. The TL spectra of trivalent europium diketonates usually display only
those intraconfigurational 5D0 → 7FJ (J = 0–4) transitions which are dominated by the
hypersensitive 5D0 → 7F2 transition. In general, the PL is stronger than the TL and as a
consequence only the high intensity transitions are observed in the TL spectra.
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FIGURE 12. Triboluminescence spectra recorded for the sample in solid state, at ca 298 K: (a) TL
spectra of [Eu(tta)2(tppo)2)] and [Eu(tta)2(tppo)2(NO3)], and (b) TL spectrum of [Gd(tta)2(tppo)2
(NO3)]. Reproduced with permission from Reference 38, Copyright 2008 Elsevier
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TL phenomena in RE3+ β-diketonates have been explained as a result of
intramolecular energy transfer from the ligand excited states to the RE3+ ion during
the fracture process (Section IV.A). However, only recently Teotonio and coworkers38

have presented experimental data that confirm this mechanism. The TL spectrum of
[Gd(tta)2(tppo)2(NO3)] is the first reported tribophosphorescence (TP) spectrum of a
diketonate complex (Figure 12). According to the experimental evidence presented by
the Gd3+ complex, TL for europium complexes may be occurring by the following
processes: (i) breakage of crystals, (ii) ligand excitation, (iii) energy transfer from the
ligand to the europium ion and (iv) emission from the Eu3+ ion. Tribophosphorescence
from the [Gd(tta)2(tppo)2(NO3)] complex also suggests that, at least for the similar
[Eu(tta)2(tppo)2(NO3)] complex, the energy transfer from the ligand to the Eu3+ ion
is primarily involving the tta triplet state and one excited 2S+1LJ level of the Eu3+ ion
as energy donor and acceptor, respectively. However, the excitation process of diketonate
ligands in the Eu3+ complexes is not fully clear. One proposed mechanism suggests that
the voltage developed during the fracture is sufficient to promote a gas discharge that
is followed by the emission of light, exciting β-diketonate ligands coordinated to the
Eu3+ ion181. Table 8 summarizes some triboluminescent rare-earth diketonates reported
in the literature. It is worth mentioning that most of these works deal with TL of Eu3+
β-diketonates emitting red light when fractured. In fact, TL studies of other complexes,
such as the green-emitting Tb3+ enolates and the orange-emitting Sm3+ enolates, are
rather scarce.

TABLE 8. Triboluminescent RE3+ diketonates

RE3+ diketonatea TL emission transition
(λmax, nm)

Reference

(dmpy)+ [Sm(tta)4]− 4G5/2 → 6H9/2 (645.4) 182
(tmpy)+ [Sm(tta)4]− 4G5/2 → 6H9/2 (645.5) 182
(Et3NH)+ [Eu(dbm)4]− 5D0 → 7F2 (613.0) 183
(HOCH2CH2)2NH2)+ [Eu(dbm)4]− 5D0 → 7F2 (613.0) 184
(Me)2NH)+ [Eu(dbm)4]− 5D0 → 7F2 (614.0) 184
(BnMe2NH)+ [Eu(dbm)4]− 5D0 → 7F2 (613.0) 184
(C4H8NH2)+ [Eu(dbm)4]− 5D0 → 7F2 (616.0) 184
(imdz)+ [Eu(dbm)4]− 5D0 → 7F2 (612.9) 185
(dmpy)+ [Eu(tta)4]− 5D0 → 7F2 (612.7) 186
(4-mpy)+ [Eu(tta)4]− 5D0 → 7F2 (612.5) 186
(miq)+ [Eu(tta)4]− 5D0 → 7F2 (612.6) 186
(1,2,6tmpy)+ [Eu(tta)4]− 5D0 → 7F2 (611.7) 186
(morph)+ [Eu(tta)4]− 5D0 → 7F2 (614.0) 187
[Eu(acac)3(H2O)] 5D0 → 7F2 (613.0) 181
[Eu(tta)3bipy] 5D0 → 7F2 (611.2) 188
[Eu(tta)3dia] 5D0 → 7F2 (611.2) 188
[Eu(tta)3(5-phenyl-phen)] 5D0 → 7F2 (611.1) 189
[Eu(tta)3(tppo)2] 5D0 → 7F2 (616.0) 38
[Eu(tta)2(tppo)2(NO3)] 5D0 → 7F2 (618.0) 38
[Gd(tta)2(tppo)2(NO3)] T1 → S0 (510.0) 38
[Tb(acac)3(H2O)] 5D4 → 7F5 (545.0) 181
[Tb(btfa)2(tppo)2(NO3)] 5D4 → 7F5 (552.0) 190

a C4H8NH2 = pyrrolidinium; dia = 4,5-diazafluoren-9-one; dmpy = 1,2-dimethylpyridinium;
imdz = imidazolium; miq = N-methylisoquinolinium; morph = morpholinium; mpy = 1-
methylpyridinium; tmpy = 1,2,6-trimethylpyridinium.
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Rare-earth diketonates incorporated into polymers that result in new triboluminescent
materials have been investigated by Takada and coworkers189. Although some RE3+ com-
pounds exhibit no TL in powder form, the TL phenomenon has been observed when
these compounds are dispersed in a polymer matrix and the TL mechanism is adduced
to electron impact caused by discharge due to a high electric field arising from frictional
electrification between the film and the substrate.

V. LUMINESCENCE INVOLVING s, p AND d METAL BLOCK ENOLATES

A. d-Transition Metal Compounds

1. Photoluminescence of d-transition metal enolates

The luminescence spectral data of d-transition elements are very different from those
of the RE3+ ions. Ligand field interactions have typically the following magnitudes: 3dN

(ca 15000 cm−1), 4dN (ca 20000 cm−1) and 5dN (ca 25000 cm−1), while for RE3+ ions
ca 200 cm−1 is the typical value. Vibronic interactions are also considerably larger in
compounds with these elements, usually leading to a strong coupling regime. These facts
produce considerable homogeneous broadening of d–d absorption and emission bands. On
the other hand, the spin–orbit interaction is rather small, mainly in the first-row transition
metal ions, meaning that the total spin and orbital angular momentum quantum numbers
S and L, respectively, behave as good quantum numbers. Therefore, in the presence of a
spin-independent ligand field, the usual electric dipole selection rule on the multiplicity
applies.

The transition d-metal β-diketonates present absorption bands in the UV-visible region
assigned to the following electronic transitions (Figure 13): (i) d–d transitions arising
from ligand field interactions, (ii) intraligand transition (π → π*) arising from molecular
orbitals localized on the β-diketonate ligand and (iii) charge transfer transitions (LMCT
or MLCT) involving an electron transition from the ligand to the metal ion or from the
metal ion to the ligand, respectively191,192.

The transition d-metal enolate complexes generally exhibit no luminescence, and as
a consequence there are few studies reported in the literature about the photolumines-
cence properties of these compounds. Indeed, the d-metal β-diketonate complexes are
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FIGURE 13. Typical energy level diagram of the main excited states of a d-metal complex192.
Reproduced with permission from Reference 192, Copyright 1997 Elsevier
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characterized by different types of electronic states and by inefficient radiative processes.
The excited state of a complex populated by direct excitation or by a sensitization process
can be deactivated by an efficient non-radiative process or by a photochemical reaction.
Nevertheless, the use of β-diketonate chelates as luminescent sensitizers for the rare-
earth complexes that have been extensively studied1 has encouraged the investigation of
the photoluminescence and electroluminescence properties of the d-metal β-diketonate
complexes.

The emission spectra of chromium acetylacetonate and several derivatives in dilute
crystals have been obtained at 4 K. Intramolecular vibrations of energies 270, 360, 459
and 630 cm−1 have been identified. Evidence for the absence of thermal equilibrium in the
2E state has been presented193. Room and low temperature magnetic circular dichroism
in the intraligand spin-forbidden singlet–triplet π –π* transition for the coordinated dike-
tonate ligands were observed for the Ni2+β-diketonate with a chelated imino or nitronyl
nitroxide radical, but not for the Ni2+β-diketonate without the radical ligands. This is
elucidated by the borrowing mechanism from the singlet–singlet π –π* transition through
the hypothetical interligand β-diketonate-to-radical charge transfer (LLCT) in contrast to
the Cr3+ complexes194 – 196.

The last decade has seen great interest in the study of RE3+ β-diketones which show
luminescence in the near-infrared (NIR) region197. Recently, Ward198 presented a review
on the PL properties of d–f heteronuclear assemblies in which a strong light absorbing
d-block chromophore is used as an antenna group to generate sensitized luminescence
from NIR emitting Yb3+, Nd3+ and Er3+ ions following d → f photoinduced energy
transfer. The ability of strongly absorbing d-block chromophores to sensitize low-energy
4f–4f transitions of NIR emitting RE3+ ions has been well established and important
criteria for optimizing the energy-transfer process have been established. Major goals now
include (i) using the tricks that have been developed for dramatically extending the NIR
luminescence lifetime in other situations, and (ii) making water-stable d–f systems which
allow long-wavelength excitation (700 nm or longer) to be used to generate long-lived
NIR luminescence for biological imaging.

Kunkely and Vogler199 reported on the excited state properties of [Cu(hfa)bta], with
the absorption at 324 nm assigned to a spin-allowed Cu+ → π* bta MLCT transition.
The solid state complex shows a broad emission band at 601 nm arising from MLCT.
Besides, the photochemical behavior of this complex is in accordance with MLCT instead
of LMCT.

In the last decade, several compounds based on heavy metal ions, such as Ir3+, have
attracted attention due to their potential applications as dopant in OLEDs200, producing
blue emission with relatively short excited-state lifetime, high PL efficiency and tunable
emission wavelengths. In particular, there is a current effort to synthesize blue-emitting
Ir3+-based complexes. Among these compounds, those containing the acac ligand are
notable examples for blue-emitting materials with potential application as emitting layer
in OLEDs. Ir3+ β-diketonates play an important role as a layer in the development of
highly efficient OLEDs due to the possibility of harvesting both the singlet and triplet
excitons as light emission201. However, for fabrication of efficient electrophosphorescence
devices the T state of the phosphorescent heavy metal ions guest should be below the
one of the conjugated polymer host202.

The excited state properties of [Ir(CO)2acac] have also been studied in dilute solutions
that absorbs only in the UV region, exhibiting a greenish luminescence (ca 480 nm)
which arises from the intraligand T state of the acac ligand. At 77 K these solutions turn
blue owing to the presence of oligomers which are characterized by strong metal–metal
interactions and display a red emission at 662 nm (fluorescence) and 815 nm (phosphores-
cence)203.
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Recently Zhao and coworkers204 investigated a series of new Ir3+ complexes based
on quinoline derivatives and different β-diketonate ligands. It has been observed that
the PL efficiency is improved on replacing acac with pmip. This behavior has also been
observed for the electrophosphorescence properties. The explanation is that the T state of
pmip (ca 23000 cm−1) is higher than the one for acac (ca 22200 cm−1). Consequently,
for Ir3+ complexes containing the pmip ligand the emission is dominated by MLCT
dπ(Ir)–π*(C∧N), where (C∧N) represents the quinoline derivatives.

Rho and Ha205 synthesized a series of Ir3+ complexes with a variety of imidazole-
based ligands (L = dpi, tmspi). The [Ir(acac)(L)2] complexes do not exhibit emission.
DFT calculations show that the LUMO energy levels of dpi and tmspi are similar to that
of acac in these complexes, leading to an ET process involving the dpi and tmspi ligands
and landing on a non-radiative channel that quenches the emission.

A DFT study was carried out206 on the ground and low-lying excited states of blue phos-
phorescent cyclometalated Ir3+ complexes [fac-Ir(dfpp)3], [Ir(acac)(dfpp)2] and [Ir(pic)
(F)], where fac is facial and pic is picolinic acid. Nearly all of the low-lying calculated
excitations have been categorized as MLCT transitions because the HOMOs are strongly
mixed between the p orbital of the dfpp ligand and the d orbital of the central Ir atom.

Relaxation processes in the triplet state T1 of Ir(acac)(btp)2 doped in pc and cbp flu-
orescent materials have been investigated by Tsuboi and Aljaroudi207. They found good
agreement between the calculated and observed temperature dependence of the PL lifetime
and intensity for these doped materials.

Chou and Chi208 studied the Os2+ complexes with dbm, quinolinate, diazene and C-
linked pyridyl azolates and reported the spectroscopic and dynamic measurements, in
combination with theoretical analyses. This work has provided the electronically excited
state properties of these complexes, such as the energy gap and nature of the lower lying
states, the rate of intersystem crossing, and the efficiency of corresponding radiative decay
and non-radiative deactivation processes.

2. Electroluminescence of the d-transition metal enolates

Evans and coworkers6 carried out a systematic analysis of main-group, d-transition
metal and rare-earth complexes exhibiting room temperature phosphorescence from the T
state as emitting level in OLEDs. Phosphorescence at room temperature is not common
for first-row transition metal complexes, due to the weak spin–orbit coupling. However,
it is more frequent for complexes of the second- and third-row transitions metals, due to
strong spin–orbit coupling induced by the heavy atoms, leading to an efficient T1 → S0
radiative transition and resulting in high phosphorescence quantum yields. A large num-
ber of second- and third-row transition metal ions (d6, d8 and d10 configurations) exhibit
luminenscence. The heavy metal (Pt2+, Os2+ and Ir3+) complexes209 have been widely
employed as emitters in EL devices. Among these materials, iridium complexes seem the
most effective. For example, a highly efficient green device using [Ir(acac)(ppy)2] as the
emitting layer has been reported. Devices with emission in other regions of the visible
spectrum have also been prepared, for example [Ir(bt)2(acac)] and [Ir(btp)2(acac)] used
as emitting layers in OLED devices exhibit yellow and red emissions, respectively210,211.
Laskar and coworkers prepared three EL devices using [Ir(F2MeOppy)2(acac)] as a dopant
in three different hole blockers cbp, ([1,1′-biphenyl]-4-olato)bis(2-methyl-8-quinolinato-
κN1, κO8)aluminum (bAlq) and N ,N ′-dicarbazolyl-3,5-benzene (mcp) hosts. Blue emis-
sion at 472 nm and a luminance of 133 and 327 cd m−2 at 20 mA cm−2 have been reached
for the devices ito/CHF3/npb/Host+7% [Ir(acac)(F2MeOppy)2]/bAlq/Alq3/LiF/Al, where
Host = cbp or mcp, respectively200.
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The nature of Dexter triplet energy transfer between bonded systems of a red phos-
phorescent Ir3+ complex and a conjugated polymer, polyfluorene, has been investigated
in electrophosphorescence OLEDs202. Red-emitting phosphorescence has been described
based on the [Ir(btp)2(acac)] fragment attached either directly (spacerless) or through
a −(CH2)8− chain (octamethylene-tethered) at the 9-position of a 9-octylfluorene host.
Xu and coworkers212 reported that an efficient red EP with CIE chromaticity coordinates
x = 0.69, y = 0.29, independent on current density, was obtained from [Ir(acac)(btfmp)2]
doped devices. The EL spectrum has a maximum at 648 nm. A maximum external quan-
tum efficiency of 9.6%, at current density of 0.125 mA cm−2, and a maximum luminance
of 4200 cd m−2, at J = 552 mA cm−2, have been obtained.

The ultimately pure red elephosphorescence diode using new compound [(qh)2Ir(acac)]
is described elsewhere213. The EP peak wavelength has been reported at 680 nm, with full
width at half maximum of 89 nm by doping [(qh)2Ir(acac)] into a light-emitting electron
transport layer composed of 3-(4-biphenylyl)-4phenyl-5-(4-t-butylphenyl)-1,2,4-triazole.
A bright red EP with CIE chromaticity coordinates better than x = 0.70 and y = 0.28.
This is the closest to the ultimate limit of pure red among reported OLEDs, and holds
even in luminance brighter than 600 cd m−2. A very high maximum external EP quantum
efficiency of 10.2% has also been obtained.

Three iridium complexes of formula [Ir(acac)(L)2] have been synthesized, [Ir(dpp)2
(acac)], [Ir(bpp)2(acac)] and [Ir(fpp)2(acac)], where L is a substituted arylpyridine (dpp =
2,4-diphenylpyridine; bpp = 2-(4-t-butylphenyl)-4-phenylpyridine; fpp = 2-(4-fluoroph-
enyl)-4-phenylpyridine). The OLEDs based on these materials, with structure ito/Ir com-
plex:pvk/F-tbb/Alq3/LiF/Al (F-tbb = 1,3,5-tris(4-fluorobiphenyl-4′-yl)benzene), showed
maximum luminances of 8776, 8838 and 14180 cd m−2, and maximum external effi-
ciencies of 11.5, 12.9 and 17.0 cd A−1, repectively209.

Iridium complexes with a series of trifluoromethyl-substituted 1-naphthylpyridine lig-
ands have been synthesized and, upon excitation at 470 nm, [Ir(acac)(fnapy4)2] and
[Ir(acac)(fnapy5)2] emit red photoluminescence at 617 and 613 nm, respectively. Com-
pared to [Ir(acac)(napy)2], the incorporation of trifluoromethyl substituents resulted in a
significant bathochromic shift caused by a lowering of the LUMO levels. It has been
proposed that the bathochromic effect of the nitrogen atom in the pyridine ring should
be much weaker than expected. For a blend of cbp with 6 wt% of [Ir(acac)(fnapy5)2],
a brightness of 8600 cd m−2 at 10.5 V is reached with CIE chromaticity coordinates of
x = 0.65 and y = 0.35214.

Polymer light-emitting devices (PLEDs) have attracted considerable interest because of
their potential use in portable electronic devices. PLEDs have improved the performance
of devices by increasing the device stability and efficiency. Chang and coworkers215

fabricated an efficient PLED using [Ir(acac)(dbq)2] as the phosphorescent dopant of a pvk
matrix layer and bbpo as the electron transport material. Trapping of charge carriers at
the [Ir(acac)(dbq)2] dopant sites dominates the EL of the device. This is the first PLED
that emits red electrophosphorescence centered at 610 nm, exclusively from the dopant
and an EL efficiency of 8.5 cd A−1 (luminance 1287 cd m−2) biased at 14.5 mA cm−2.

B. Alkali, Alkaline Earth and Main Group Compounds

Extensive research has been carried out on the luminescence of the Alq3 complex which
is used as an electron transport emitting layer in OLEDs, with strong green emission at
532 nm and phosphorescence quantum efficiency around 32%5,6,216,217.

Heavy main group metal ions with s2 electronic configuration, such as Tl+, Pb2+ and
Bi3+, may enhance spin–orbit coupling in the ligands. The intraligand phosphorescence
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from several Pb2+ diketonates (4a–4e) show a weak emission in the spectral range from
400 to 500 nm, in the solid state at room and low temperatures, which is related to
the 3ππ* state of the β-diketonate ligand as a consequence of the ‘heavy atom effect’.
Depending on the substituent groups in the ligands, the phosphorescence emission band
shifts from the blue to the green region218. Comparison between the spectral profiles of
these complexes shows that [Pb(acac)2] exhibits a typical intraligand phosphorescence
spectrum from vibronic structure. Also [Tl(hfa)] and [Bi(hfa)3] exhibit phosphorescence
at ambient conditions with emission maxima at 477 and 472 nm, respectively219.

It has been reported that the heteropolynuclear complexes [AuTl(L)2]n, with L =
C6Cl5, C6F5 react with [Tl(acac)] in 1:1 or 1:2 molar ratios, leading to products of
[AuTl2(acac)(C6Cl5)2] (5) and [AuTl3(acac)2(C6F5)2] (6) stoichiometry. These new com-
plexes display Tl2(acac)2 units acting as bridges between linear chains of [AuTl(C6Cl5)2]n
in 5 or between [AuTl(C6F5)2] units in 6. In both structures, in addition to Au–Tl inter-
actions, Tl(I)–Tl(I) contacts also exist, which are considered to be responsible in part for
the luminescence behavior. Comparison between the properties of 5 and 6 in solution with
those of [Tl(acac)] point to the presence of Tl(I)–Tl(I) interactions also in solution. Time-
dependent DFT calculations show that the Tl2(acac)2 units would affect the luminescence
behavior of [Tl(acac)], 5 and 6 in acetonitrile solution220.

Energy transfer and light yield properties of a new highly loaded In3+ β-diketonate
organic scintillator system with 2-(4-biphenylyl)-5-phenyloxazole (bpo) and 2,5-diphenyl-
oxazole (ppo) fluor systems have been reported by Buck and coworkers221,222. A notable
luminescence light yield using [In(acac)3]-doped organic liquid scintillator systems, even
at reasonably high loadings of In, has been achieved.

Highly efficient orange emitting OLEDs based on phosphorescence Pt2+ acac com-
plexes, employing a series of 2-phenylbenzothiazolato ligands, have been studied. The EL
devices have been fabricated by doping Pt2+ acac complexes (5, 7 and 9%) in the host
cbp. The EL performance of two of these complexes was exceptionally high (luminances
10550 and 11320 cd m−2)223.

VI. APPLICATIONS

A. Time-resolved Detection of Luminescence for Bioassays

Luminescent RE3+ chelates have been successfully developed as labels and probes for
highly sensitive and selective bioassays in the past two decades. Time-resolved lumines-
cence detection224,225 has been widely applied in fluoroimmunoassay, DNA hybridization
assay, enzyme assay, cell activity assay and fluorescence imaging microscopy226.

The intrinsic advantages of luminescent RE ions, and especially Eu3+ β-diketon-
ates, have led to the development of time-resolved luminescence immunoassay tech-
niques4,227 – 231. Among the advantages one counts (i) high oxidation potential, (ii) almost
total compound-independent narrow emission lines, (iii) large Stokes shift upon ligand
excitation, (iv) high emission quantum yields obtained upon ligand sensitization in certain
complexes and (v) long lifetime of the emitting state (Figure 14).
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FIGURE 14. Principle of the time-resolved (gated) luminescence assay. Reproduced with permission
from Reference 2, Copyright 2005 the Royal Society of Chemistry

Immunoassays are based on the immunoreaction between an antibody that is used as the
immunoreagent and the antigen that has to be analyzed. In the dissociation-enhanced rare-
earth fluoroimmunoassay (DELFIA), the immunoreagent is labeled for immunoreactions
with an isothiocyanatophenyl-EDTA-RE3+ or N1-(p-isothiocyanatobenzyl)diethylene-
triamine-N1,N2,N3,N4-tetraacetate-RE3+ by binding to an amino group of the antibody.
After the immunoreaction and separation of the labeled immunocomplex, the RE3+ ions
are released from the complex by lowering the pH (2–3). By treatment of the RE3+-
containing solution with a mixture of ntfa2H, topo and their Triton X-100 or nonaoxyethy-
lene dodecylether (BL-9EX), the strongly luminescent [RE(ntfa2)3(topo)2] is formed. The
function of the non-ionic surfactants Triton X-100 or BL-9EX is to disperse the hardly
soluble Eu3+ complex in a micellar phase. The function of topo is to shield the RE3+
from water molecules by occupying the vacant coordination sites in the β-diketonate com-
plex. The luminescence is measured in a time-resolved mode, discarding the background
fluorescence of the organic compounds present in solution232,233.

Research is going on to improve the DELFIA system234,235, because of drawbacks such
as the time-consuming conversion of the non-fluorescent RE3+ label into a luminescent
complex, or the system vulnerability to contamination by RE3+ due to the excess of the
reagents ntfa and topo. An alternative is the use of a β-diketone that can be covalently
bonded to proteins such as 5-(4,4,4-trifluoro-1,3-dioxobutyl)-2-thiophenesulfonyl chloride
(ctta)96,97,236,237. Since the stability of the RE3+ complexes formed by this ligand is quite
low, a large excess of RE3+ has to be used to shift the equilibrium to the rare-earth
complex. More stable europium complexes can be obtained by the use of tetradentate β-
diketonates, such as 7a–7d, anchored on a functionalized o-terphenyl skeleton, or 8a–8c,
anchored on a biperfluorobutadiene skeleton238 – 242.

Addition of tta anions to a Eu3+-containing Schiff’s base macrocycle increases the
luminescence intensity markedly243. The tta anion coordinates to the europium macrocycle
without disrupting the macrocyclic structure. A protocol for the use of these systems as
luminescent markers for cytological imaging has been developed. A new β-diketone that
can be used to determine estrogens was developed by Matsumoto and coworkers244 and
had detection limits between 0.60 and 0.65 ng mL−1.

Lanthanide chelates can be also packed inside a nanoscale polymer shell to produce
a particulate fluorescent label. Commercially available Eu3+ chelate dyed nanoparticles



174 H. F. Brito, O. M. L. Malta, M. C. F. C. Felinto and E. E. S. Teotonio

R1

O

R2

O

O

R2

O

(7) (a)   R1 = SO2Cl,  R2 = CF3 (btbct)

     (b)   R1 = SO2Cl,  R2 = C2F5 (bppct)

     (c)   R1 = SO2Cl,  R2 = C3F7 (bhhct)

    (d)   R1 =
, R2 = C3F7 (bhhst)N

O

O

OON
S

O

O

H

(Seradyn Inc., Indianapolis, IN) contain several thousands of different Eu3-β-diketone
chelates inside a single polystyrene shell245. Also, particles dyed with Tb3+, Sm3+ and
Dy3+ chelates have been used as immunoassay labels246. The shell produces a hydropho-
bic environment protecting the chelates from the quenching effect of water molecules. The
carboxy groups on the surface of the particle enable covalent conjugation of proteins, e.g.
antibodies or streptavidin245. Eu3+ chelate dyed nanoparticles have been used success-
fully as labels in both heterogeneous and homogeneous immunoassays. In heterogeneous
immunoassay the use of nanoparticle labels increases the sensitivity of clinical247 – 249 and
food250 analyses.

In homogeneous immunoassays based on fluorescence resonance energy transfer
(FRET), the Eu3+ chelate dyed nanoparticles have been used as donor labels with a
short-lifetime near-infrared fluorophore acting as an acceptor label. When the donor
and the acceptor are in close proximity, the emission of the donor label can excite the
acceptor label and sensitized emission is generated. Because the donor label has slow
luminescence decay, the sensitized emission can also be measured using time-resolved
detection. Homogeneous assays using nanoparticles as donors (see Figure 15) include both
sandwich-type non-competitive assays for proteins251 and competitive assays for haptens,
and were applied in automated high-throughput screening of novel drugs252,253.

B. Laser Materials
In the early 1960s the possibility to use rare-earth β-diketonate complexes for the

design of lasers gave a strong impulse to the spectroscopic study of these compounds.
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FIGURE 15. Luminescence energy transfer from Eu3+ complex doped in polystyrene particle to
TFS particles240 (PSA = prostatic specific antigen, TFS = transfluosphereTM). Reproduced with per-
mission from Reference 240, Copyright 2006 Elsevier

In 1962, it was pointed out that europium complexes dissolved in organic solvents or
in a polymer matrix have optical properties that make them potential candidates for
laser materials254. At the same time, Whan and Crosby47 and Filipescu and coworkers255

have also suggested the potential application of rare-earth chelates in lasers. Lempicki
and Samelson256 in 1963 were the first researchers to obtain stimulated emission at



176 H. F. Brito, O. M. L. Malta, M. C. F. C. Felinto and E. E. S. Teotonio

613.1 nm (5D0 → 7F2 transition) from an alcohol solution of europium benzoylacetonate
by pumping this solution with a xenon flash lamp with threshold energy between 1790
and 1920 J. This threshold is the amount of energy that must be delivered to the laser
device to bring it to the point at which the onset of laser action is observed. Samelson and
coworkers257 have observed a room temperature operation of a Eu3+-chelate laser. Sub-
sequently, a significant number of studies on laser action of Eu3+ and Tb3+ β-diketonates
in frozen organic solutions and in polymeric matrix were reported256,258 – 281. Among the
enolate ligands, the β-diketones like bzac, dbm, tfa, tta and btfa have been the most
frequently used. It has been shown that the active components in most successful laser
systems are the RE3+ tetrakis(β-diketonate) anionic complexes282. Although in most stud-
ies on laser chelates, Eu3+ has been chosen as the emitting ion, some studies report on
laser action of Tb3+ complexes257,268,272,283, whereas observation of laser action by Nd3+
in a tetrakis(tta) complex, prepared from a didymium salt (mixture of Pr and Nd salts),
has been reported284.

Strong light absorption by the β-diketonate ligands is an advantage for sensitizing the
luminescence of lanthanide ions by the antenna effect, but this property limits the useful-
ness of these complexes as laser materials. To achieve uniform excitation of the solutions
containing the rare-earth chelate at the concentration required for laser action (ca 0.01 M),
only thin samples (ca 1–6 mm) could be used259,280. Therefore, most studies about liquid
lasers have been performed on laser solutions in a capillary tube or on rare-earth doped
polymers drawn to fibers. Another problem with the chelate lasers is the low photostabil-
ity of the rare-earth β-diketonate complexes under UV irradiation, severely limiting the
lifetime of the laser systems. Furthermore, the lasing thresholds are high for these chelate
lasers at room temperature (1000–3000 J), causing excessive heating of the laser solu-
tions. Circulation of the liquid through the cell and cooling with an external heat exchanger
have been proposed to solve this problem263. Finally, the energy output of the rare-earth
chelate lasers is low, because of the efficient pathways of the radiationless deactivation
of the excited states. The most commonly used solvents for the study of the laser action
are a 2:1:1 mixture of 3-ethoxypropionitrile, 2-ethoxyethanol and acetonitrile (EAA), a
1:1:1 mixture of proprionitrile, butyronitrile and isobutyronitrile (‘nitrile solvent’), a 3:1
ethanol–methanol mixture, a 3:1 ethanol–DMF mixture and acetonitrile. Some of the
mixed solvent systems remain liquid to temperatures as low as −150 ◦C. However, the β-
diketonate complexes are not always stable for a long time in such solutions, for instance
Eu3+ β-diketonates degrade in the 3:1 ethanol:methanol mixture262. Fry and Pirie285 have
found that in this alcohol mixture [Eu(bzac)3(H2O)] decomposes upon heating the solu-
tion to 70 ◦C or upon UV irradiation. The main decomposition products are ethyl acetate
and acetophenone, which indicates that benzoylacetonate undergoes a reverse Claisen
condensation. Brecher and coworkers283 have discussed the dissociation in solution of
the tetrakis complexes into mixtures of non-lasing tris complexes and free β-diketonate
anions. For a long time after 1970, no research was conducted on rare-earth chelate
lasers. In 1995, Taniguchi and coworkers286 demonstrated ultra-low threshold lasing due
to morphology-dependent resonances from [Eu(dbm)3(phen)] dissolved in liquid micro-
droplets of ca 90 µm diameter. These microdroplets consist of a viscous ethanol–glycerol
mixture. The same year, authors from the same research group287 described a solid chelate
laser based on [Eu(dbm)3(phen)] dispersed into polystyrene spheres, which is free of the
solvent effects encountered with the liquid chelate laser.

C. Miscellaneous
New near-infrared-luminescent mesoporous materials have been prepared by linking

ternary rare-earth (Er3+, Nd3+, Yb3+, Sm3+, Pr3+) complexes to the ordered meso-
porous MCM-41 functionalized with a phen derivative group. The resulting materials
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have been denoted as RE(hfth)3phen–M41 and RE(tfnb)3phen–M41. Upon excitation at
the absorption wavelengths of the organic ligands, all these materials show the charac-
teristic NIR luminescence of the corresponding rare-earth ions by sensitization from the
organic ligands. The good luminescent performances enable these NIR-luminescent meso-
porous materials to have possible applications in optical amplification (operating at 1.3
or 1.5 µm), laser systems and medical diagnosis288.
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and R. H. A. Santos, J. Lumin., 128, 190 (2008).
39. R. O. Freire, G. B. Rocha and A. M. Simas, J. Mol. Model., 12, 373 (2006).
40. F. A. Hart, in Comprehensive Coordination Chemistry, Vol. 3 (Eds G. Wilkinson, R. D.

Guillard and J. A. McClevert), Pergamon, Oxford, 1987, pp. 1059–1127.
41. G. E. Buono-Core, H. Li and B. Marciniak, Coord. Chem. Rev., 99, 55 (1990).
42. W. T. Carnall, G. L. Goodman, K. Rajnak and R. S. Rana, J. Chem. Phys., 90, 3443 (1989).
43. J. H. Forsberger, Coord. Chem. Rev., 10, 195 (1973).
44. S. I. Weissman, J. Chem. Phys. 10, 214 (1942).
45. G. A. Crosby and M. Kasha, Spectrochim. Acta, 10, 377 (1958).
46. G. A. Crosby, R. E. Whan and R. M. Alire, J. Chem. Phys., 34, 743 (1961).
47. R. E. Whan and G. A. Crosby, J. Mol. Spectrosc., 8, 315 (1962).
48. G. A. Crosby, Mol. Cryst., 1, 37 (1966).
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and A. V. M. Andrade, J. Lumin., 75, 255 (1997).
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77. G. D. R. Napier, J. D. Neilson and T. M. Shepherd, Chem. Phys. Lett., 31, 328 (1975).
78. P. Gawryszewska, J. Sokolnicki and J. Legendziewicz, Coord. Chem. Rev., 249, 2489 (2005).
79. B. N. Nelson, A. G. Caster and M. T. Berry, Chem. Phys. Lett., 396, 256 (2004).
80. O. L. Malta, H. F. Brito, J. F. S. Menezes, F. R. Gonçalves e Silva, C. de Mello Donegá and
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I. INTRODUCTION
Data for enthalpies of formation and combustion for most classes of metal enolates are
scant in the literature. It is only for β-diketonates and related complexes (e.g.
2-ketiminoenolates, β-thiodiketonates) that these thermochemical data are extensively
available1 – 5. This precludes taking the approach of other chapters of ours on organic
thermochemistry in the Patai–Rappoport series6,7. In the present chapter we will make
thermochemical inferences from the available data, hoping to gain new qualitative under-
standing for a wide variety of species, as well as to encourage more experimental deter-
minations.

This chapter deals with metal enolates of the type RR1C=C(R2)−O−M or their iso-
meric α-metalloketones RR1C(M)C(O)R2, where R, R1 and R2 are hydrogen, alkyl and/or
aryl groups. The enolates of carboxylic esters (e.g. the zinc derivatives involved in the
Reformatzky reaction) are outside our scope. Other modes of coordination of the metal to
the C−C−O framework that define enolates, such as enediolates, oxocarbons, semidiones,
tropolonates, ynolates and related species, will also be discussed. We will generally ignore
β-diketonates (derivatives of acetylacetone and the like). Unlike all other classes of metal
enolates discussed in this chapter, enthalpy of combustion and/or reaction measurements
and derived enthalpies of formation for this class of compounds are numerous: desired
data for them are found and they have been reviewed before8,9. The organization scheme
for the chapter follows the periodic table, first through the main group elements and then
through the transition elements. Following thermochemical convention, the energy unit is
kJ mol−1 (4.184 kJ ≡ 1 kcal). The standard symbol ηn (n � 2) is used to designate the
number of sites on any ligand that are bonding to the metal. For the Cp and Cp* ligands,
η5 will be implicitly assumed.

II. GROUP 1: LITHIUM, SODIUM, POTASSIUM, RUBIDIUM AND CESIUM

Lithium enolates have been actively investigated, including reaction rates and equilibria.
Sodium enolates, more ionic than their lithium analogs, more covalent than their heavier
alkali metal counterparts, have been studied less while potassium appears frequently.
Rubidium enolates have been almost totally ignored. Cesium and lithium enolate chemistry
are often compared. We know of no francium enolate chemistry.

It was found10 from calculations that alkali metal cation-acetaldehyde enolate ion pairs
are less stable compared to the free anions by about 30–60 kJ mol−1: the metal cations,
all with charges of nearly +1, comparably increase localization of negative charge on
the enolate oxygen. The cations also influence the geometry and reaction energies of the
anions. The enthalpies of the exothermic acid/base reaction (equation 1) for Li, Na, K,
Rb and Cs are −34, −51, −56, −60 and −47 kJ mol−1, respectively. Except for lithium,
these values do not differ much from each other. The isomerization reaction (equation 2)
favors the bridged η3 species on the right over the singly oxygen-attached isomer by a
nearly constant 8 kJ mol−1 for all the alkali elements.

CH2 CHOH + MOH CH2CHOM + H2O (1)

OM
O

M
(2)
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Elemental lithium, sodium and potassium react11 with CO to form the isomeric ynedi-
olate (MOC≡COM) and ketenolate (MOC(M)=C=O) of unknown relative stability.

A combined theoretical and experimental study12 showed that solid complexes of Li,
Na, K and Rb with the squarate ion (1) are neither isostructural nor similarly hydrated. As
the size of the cation increases, the C−C bond lengths tend to equalize, which was inter-
preted by the original authors as an enhancement of aromatic delocalization. Croconates
(2) appear more stable than rhodizonates (3)13.

O O

−O O−

O

O

O

O

2−

O

OO

−O O−

O

OO

O O

2−

O O

O

O−−O

O

O O

O

OO

O 2−

(1)

(2)

(3)

KH is exceptionally reactive compared to LiH and NaH in the formation of enolates
from acyclic ketones in ether14. The IR absorption stretching frequency for the enolate
O−M bond suggests a tighter coordination for the Li+ than for the K+ enolate.

A systematic study15 of some monosubstituted solvent-separated cyclopentadienide
salts of Group 1 cations (Li, Na, K, Cs) in DMSO revealed the bonding preferences for the
fulvenoid (4) over the cyclopentadienyl isomer (5). Three of the substituents contained an
α-carbonyl group: formyl, acetyl and benzoyl. From the viewpoint of the anions, there is
a conflict between the inherent greater stability of oxyanions over carbanions and the aro-
maticity associated with the 6 π-electron carbocyclic system. The authors demonstrated
that the fulvenoid interaction is favored by strong electron-accepting substituents and

O−M+−THF

R

M+

R

O
−

(4) (5)

THF
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hard Lewis acid cations; conversely, the cyclopentadienyl interaction is favored by weak
electron-accepting substituents and soft Lewis acid cations. The alkali cation-carbonyl
substituent pairs were generally equally distributed between forms 4 and 5, except for K+
[BzC5H4]− which favors 5. A study16 of Na+ [AcC5H4]− shows some structural ambiva-
lence in the solid (as the THF monosolvate) where the Na is bonded to the acyl group
oxygen, the THF oxygen and the five carbons of the cyclopentadienide ring. In solution,
K+[AcC5H4]− undergoes rapid equilibrium between diverse ion pair structures16.

Relatedly, there is the temperature-dependent equilibration in THF of the sodium salt
of 1-methylnonafulvene-1-oxide or acetyl-[9]-annulenide (equation 3)17. As the temper-
ature is lowered to −52 ◦C, equilibrium shifts to the right and the sodium cation in
the contact ion pair acquires another solvent molecule to form a solvent-separated ion
pair. At −52 ◦C, the rate constant of the reaction from left to right is �330 s−1 with
�G �= � 43 kJ mol−1 and �H = −29 kJ mol−1. Analysis of the species involved in the
base-catalyzed rearrangement of equation 3 would be most informative since data for 1-
methylheptafulvene-1-oxide may point to enhanced stability over the tropenide, with its
antiaromatic 8-π-electrons carbocyclic system18 – 21.

C

O−

CH3

+

THF

THF

THF − C

CH3

O

+

THF

THF

THFTHF
Na+

Na+

(3)

2,4,6-Trimethylacetophenone forms a dimeric sodium enolate with two chelating
TMEDA ligands (6). There is significant π-electron interaction of the metal ion with
the olefinic carbons but no evidence of π-bonding with the aromatic rings22.

O
Na

Mes

Na
N

N O

Mes

(6)

N

N

Acyclic semidiones (RC(O)=C(O−) R) and their metal complexes exhibit rapid E − Z
equilibration23 where the E/Z ratio is determined by the extent of ion pairing. The E/Z
ratio changes directly with the alkali metal cation radius or the solvent dielectric constant.
Both K+ and Rb+ dimethylsemidione prefer the (E)-conformation. The free energy of
the (E) rubidium species is lower by ca 2 kJ mol−1 than that of the potassium species.
As the size of the R group increases, the proportion of E increases24. In DMSO in the
presence of potassium ion, the (E)-dimethylsemidione is more stable than the (Z)-isomer
by 10.5 kJ mol−1. For comparison, dimethylethylene (i.e. 2-butene) is more stable25 as
the (E)-form by 4.3 kJ mol−1.

The enolates of the largest and smallest alkali metals of 6-phenyl-1-tetralone (7)
have been found26 to have comparable monomer–tetramer equilibration constants in
THF (KCs

1,4 = 2.3 × 1011, KLi
1,4 = 4.7 × 1010 M−3). By contrast, the pK values of the

monomers differ by a bit more than 109 (pKmonomerCs = 23.39, pKmonomerLi = 14.22). The
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O− Μ+

(7)

original authors state that the pK values are not pKa’s, but are referred to an arbitrary
(but convenient) standard26. The comparable equilibration constants are presumably a
balance between the ion pair aggregation which is reduced for the larger cesium ion and
the stabilization of the monomer by solvation which is more important for the smaller
lithium. We would like to compare these results with corresponding ones for the enolates
of 2-tetralone and ring-varied20,27,28 benzocyclobutenone, indanones and benzosuberones.
However, we are thwarted in doing so because no association data are available for any
metal enolates of these last ketones, and indeed, even the simpler comparison of the
basicity of the enolates themselves is frustrated because the studies referred to were done
in different media.

In the lithium and cesium enolates of o-methoxyacetophenone, the methoxy oxygen
coordinates with the smaller lithium cation but not with the cesium cation29. Other
examples of lithium enolate chemistry include a thermochemical analysis of the aldol
reaction of lithiopinacolonate with pivalaldehyde30 and a comparison of the proton affini-
ties and aggregation states of lithium alkoxides, phenolates, enolates, β-dicarbonyl eno-
lates, carboxylates and amidates31. Although the lithium enolate of cyclopropanone itself
remains unknown, derivatives (accompanied by their allenoxide isomer) have been impli-
cated in the reaction of α-(trimethylsilyl) vinyl lithium with CO32. That both species are
seemingly formed is surprising because cyclopropanone enolate is expected to be much
less stable than its acyclic isomer: cyclopropene is less stable25 than allene by almost
90 kJ mol−1.

Another relevant phenomenon is the reaction of carbon monoxide with the lithium
trimethylsilyldiazomethanide (Me3SiCN2Li) to form either an ynolate (Me3SiC≡COLi)
or a ketenide (Me3SiC(Li)=C=O) derivative33. The corresponding neutral species Me3
SiCHN2 reacts with CO, in the presence of Co2(CO)8, to form Me3SiCH=C=O34. Neither
reaction was studied calorimetrically. Accordingly, they cannot be compared with the
energetics of the reaction of HCN2

− with CO to form HCCO− and N2, a quantity indirectly
obtainable from the deprotonation enthalpies of diazomethane35,36 and ketene37.

We note the reaction38 of in situ generated, suitably activated, LiH with the lithium
alkynolate PhCH2C≡COLi, to form the (Z)-α,O-dilithioenolate, PhCH2C(Li)=CHOLi.
The addition is stereospecific with Li and OLi cis to each other, thus suggesting stabiliza-
tion from Li· · ·O bonding. Also known as α-keto dianions, these dilithioenolates seem
surprisingly stable as they are also formed39 by chlorine–lithium exchange of lithium
α-chloroenolates with t-BuLi. It would be interesting to vary the α-halogen and the
alkyl group of the organolithium reactant. Related experimental results for the isomeric
‘ketone α,β dianions’ with a −CHLiC=C(OLi)−(or −CHLiCHLiC(O)−) substructure40

(and ‘ketone α, δ dianions’41) are also desirable.
Ring opening to form potassium 1,ω-diphenylenolates occurs upon deprotonation of

1,2-diphenylcycloalkanols and a related chain cleavage occurs in the acyclic 3,4-diphenyl-
3-hexanol42. With reactivities spanning a 106 range (c-C8 > c-C9 > c-C7 > c-C5 > c-C6),
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the reaction rates only poorly correlate with estimates of strain energy release. Kinetic
isotope effects suggest a different rate-limiting step for c-C8 and c-C5.

Some bimetallic enolate systems were studied: Reaction43 in THF solution of either
CH2=C(t-Bu)OK and t-BuOLi or CH2=C(t-Bu)OLi and t-BuOK results in a crystallo-
graphically defined complex containing four units of each of the enolato, alkoxido, Li+ and
K+ species, five units of THF and an additional KOH species. We have no idea what gov-
erns this precise composition. Potassium and calcium hexamethyldisilazide (HMDS) react
stoichiometrically with 2,4,6-trimethylacetophenone to form a diverse set of oligomeric
homo- and heterometallic enolates depending on the K:Ca ratio44. While crystallographi-
cally documented species exhibit an enolate oxygen bridging two metal atoms (as follows
from the two in-plane lone pairs on oxygen), species with triple bridging oxygen are also
characterized (befitting a negative oxygen as found in alkoxides with three tetrahedrally
coordinating lone pairs) with the coordination number of the metal atoms ranging from
three to six. It is found in one complex that toluene binds K+ more strongly than does a
lone pair of oxygen electrons of THF45. Of thermochemical relevance is the comparison
of the ligand binding affinities of these metals. The gas phase binding of K+ to toluene
(80 kJ mol−1 46) is found to be somewhat weaker than to diethyl ether (93 kJ mol−147),
there being no data for binding to THF. It is surprising that given π complexation is so
powerful that we found no evidence for π complexation of K+ using the formal C=C
double bond in the enolate.

Finally, consider the crystal structure of the rubidium salt of 5,5-dimethyl-1,3-
cyclohexanedione-2-sulfonic acid48. This species exists as the ketoenol wherein the rubid-
ium ion is surrounded by seven oxygen atoms in pentagonal bipyramidal coordination. We
know of no ketoenolate (and hence dianionic) salt of this ‘sulfo-dione’ with any cation.
Perhaps some more highly charged cation would allow for this—note the significantly
enhanced stability of rare earth complexes of 2-acetyl-5,5-dimethyl-1,3-cyclohexanedione
over the parent diketone49.

III. GROUP 2: BERYLLIUM, MAGNESIUM, CALCIUM, STRONTIUM
AND BARIUM

There are few studies that compare two or more of the group 2 metal enolates. One
is an ESR study of the bis(semidione) of 1,1,4,4-tetramethyltetralin-2,3-dione (8) where
M = Be2+, Mg2+, Ca2+, Sr2+, Ba2+ and Zn2+, and the analogous tris-complex of Al3+ in
frozen solutions of 2-methyltetrahydrofuran50. Be2+, Ba2+ and Zn2+ form only one kind
of complex 8, while there are four types for Mg2+ and Ca2+ and three types with Sr2+.
All group 2 cation complexes are in their triplet state; that of Al is likely a quartet-state
complex. Another study discusses the use of the rhodizonate ion (3) as reagent for the
detection of Sr2+, with stronger enolate–metal binding than with Ca2+ and Ba2+ 51.

Beryllium chemistry includes its β-diketonate complexes formed from dimedone (9),
acetylacetone4,52,53 and some other β-diketones such as α,α,α-trifluoroacetylacetone54.
However, unlike the monomeric chelate products from acetylacetone and its fluorinated
derivative, the enolate species of dimedone (9) cannot form chelates and as the complex is
polymeric, it cannot be distilled and is more labile to hydrolysis, as might be expected for
an unstabilized alkoxide55. However, dimedone has a gas phase deprotonation enthalpy
of 1418 ± 9 kJ mol−1 while acetylacetone enol (the more stable tautomer) is somewhat
less acidic with a deprotonation enthalpy of 1438 ± 10 kJ mol−1 56. Accordingly, had
beryllium acetylacetonate not been a chelate, this species would have been more, not less,
susceptible to hydrolysis. There is a formal similarity (roughly π-isoelectronic structures)
between cyclic β-diketonates and complexes of dimedone with benzene and polyacetylene
(10). The difference between the enthalpies of formation of these hydrocarbons57 is ca



4. Thermochemical considerations of metal enolates 191

O
M

O

O

O

(8)

O
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OH

R

(11) (a) R = CH2CH=CMe2

(b) R = CH2CH2Pr-i

O

(CH CH)n

70 kJ mol−1: what remains unmeasured is the enthalpy of formation of the two beryllium
complexes from which their difference can be calculated. Indeed, we know of no enthalpy
of formation measurement for any other dimedone complex.

Beryllium forms an enolate complex with lapachol (11a), a versatile ligand that also
forms complexes with a variety of other divalent cations58, e.g. Pd(II) and ZrO(II), and
trivalent metallic cations59, e.g. In(III) and Rh(III), for which there is quantitative stability
data. There are no data on related saturated derivatives, e.g. the analogous species 11b,
to assess additional stabilization due to π-metal interactions.

The bromomagnesium enolate n-BuC(=CH2)OMgBržHMPA is an oxygen bridged
dimer60 while i-PrC(=CMe2)OMgBržHMPA is monomeric, probably due to steric hin-
drance. A study of the monomer/dimer equilibrium for ROMgBržHMPA (R = Me, Et,
i-Pr, t-Bu, Vi, isopropenyl etc.) would be desirable.

Grignard reagents (RMgX) react with carbon suboxide (C3O2) to form simple ketones
of the type RAc and also cyclic dimers and trimers of acylketenes. An intermediate
has been suggested where both O=C=C=C(R)O− and RC(O)C≡CO− are plausible
descriptions61 – 64. Localized magnesium enolates such as O=C=C=C(R)OMgX and
RC(O)C≡COMgX are reasonable, while the benzyne-like cyclic magnesium enolate 12
is very much less so.

O         O
Mg

X

R

(12)
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Addition of a second molecule of Grignard reagent to the terminal carbon to form
a bisenolate RC(OMgX)=C=C(OMgX)R is not expected; however, formation of β-
diketones RC(=O)CH2C(=O)R by the addition of organolithium compounds (RLi) to
carbon suboxide has been observed, suggesting such lithium bisenolate intermediates65.
In these reactions, the number of keto groups, whether found in neutral starting materials
or as product ligands, or as deprotonated enolate anionic products, always exceeds the
number of magnesiums. As an example of the opposite situation where the number of
magnesium atoms exceeds that of keto or enolate groups, the adsorption of acetone on
solid MgO has been suggested by spectroscopic evidence to form a surface enolate66. The-
oretical calculations suggest the carbonyl compound (at least acetone) is more stable as
the enol than as the ketone when adsorbed on the MgO surface67. Such calculations68 also
show that the ionic charges on oxygen in MgO are more likely to be −1 than −2. Singly
charged oxygen, the radical anion Ož− reacts with ketones to afford products formed
by 1,1 and 1,3-dehydrogenation69,70 rather than by loss of a single proton by reaction
with O2−. The resulting formation of a stable surface-bonded oxyallyl radical anion, here
found as a η4 metal enolate, is plausible because it is also known that the oxyallyl radi-
cal anion, and by implication its metal enolate derivatives, is stable to rearrangement or
subsequent reaction, unlike singlet oxyallyl which rapidly closes to form the more stable
cyclopropanone71,72.

Solutions of calcium dienolate ([Ca(OR)2]) and calcium diamide ([Ca(NRR1)2]) con-
tain also the mixed complex ([Ca(OR)(NRR1)])73, and therefore, presumably their Gibbs
free energy differences are small. The calcium enolates in this study are monomeric and
their magnesium analogues are dimeric. The propiophenonate complex [(HMDS)2Mg2(µ-
HMDS){µ-OC(Ph)=CHCH3}] in solution, with bridging enolate and HMDS ligands, has
an E:Z ratio close to 3:1, while the Ca analog prefers the Z configuration. We would
like to be able to make comparisons with the equilibrium E:Z ratio of other propio-
phenone enolates, as the reversal of the relative stability of the E and Z isomers is
unexpected. We recognize the −C(Ph)=CHCH3 substructure as part of 1-phenylpropene.
Except for 1-phenylpropene74, no data are available for the relative E–Z stability of com-
pounds RC(Ph)=CHCH3 with R �= H. The enthalpy of formation of the metal enediolate,
calcium bis(ascorbate) tetrahydrate, was recently determined75 by reaction calorimetry,
−3945.1 kJ mol−1. Unfortunately, there is virtually nothing with which to compare and
evaluate this result.

Strontium enolate chemistry is almost nonexistent; barium enolate chemistry is rare;
radium enolate chemistry is unknown. Allyl chlorides react with barium to form the
corresponding organometallics, which in turn react with α,β-unsaturated ketones to form
the metal enolate76. These enolates may also be formed in situ by the reaction of α-
chloroketones with barium metal in the presence of an aldehyde, resulting in addition
products77. These reactions and the enthalpies of formation of the precursor α-haloketones
and enones are seemingly ideal candidates for calorimetric investigation.

IV. GROUP 13: ALUMINUM, GALLIUM, INDIUM AND THALLIUM

Trimethylaluminum was shown78 to prefer formation of the corresponding dimethylalu-
minum enolate by deprotonation of o,o′-disubstituted acetophenones (equation 4a), while
acetophenone itself or more remotely substituted acetophenones undergo addition to the
carbonyl group with formation of the dimethylaluminum alkoxide (equation 4b). These
results were explained in terms of steric hindrance of the products—the enolate appears
not that much more strained than the parent ketone that also has a trigonal carbon attached
to the substituted phenyl ring79. By contrast, the alkoxide addition product is expected to
have considerable strain arising from a substituted ring bonded to a quaternary carbon, as
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is found in the structurally related o-t-butyltoluene80 which is strained by ca 25 kJ mol−1

relative to its m- and p-isomers. Aluminum enolates can also be synthesized by reaction
of highly halogenated ketones with activated metal81. From a thermochemical perspec-
tive, CF3C(=O)CF2X (X = Cl, Br, O3SF) results in loss of the X group (weaker C−X
bond but also weaker Al-X bond) and fluorinated enols are often more stable than the
corresponding ketones82, unlike their hydrocarbon counterparts where CH2 replaces C=O.

O

X

X

Y

AlMe3

X ≠ Η

X = Η

Y = H, other groups

OAlMe2

+ CH4Y

X

X

OAlMe2

Y

X

X

(4a)

(4b)

Direct reaction of cyclic ketones with triethylgallium forms the kinetically-favored
metal enolate without seeming complication from carbonyl addition83. Conversely, triethyl-
aluminum preferably gave the thermodynamically preferred hydride and ethyl addition
products.

The InCl3/In coupling reaction84 of benzaldehydes with enones forms 5-aryl-4-
pentenones as shown in equation 5. The authors invoke the InCl3 Lewis acid adduct of
the aldehyde reacting with the In-derived enone/enolate radical anion. The observed prod-
uct is less stable than its α,β-unsaturated isomer, the 5-aryl-3-pentenone; this conclusion
is derived by comparing the hydrogenation enthalpies85 of styrene and crotonaldehyde
that are taken as analogs of the ArC=C and C=C–C(O) fragments of the formed and
unformed pentenones respectively.

ArCHO + CH2=CHCOCH3 −−−→ ArCH=CHCH2COCH3 (5)

Carbon-bonded enolate thallium species, e.g. ClTl(CH2COCH3)2 and [Cl2Tl(CH2
COCH3)2]−, are seemingly stable86. However, the related monoketonyl thallium species
such as Cl2TlCH2COCH2R (R = H, Me, Ac), readily formed by reaction of the par-
ent ketone with TlCl3, eliminate TlCl to form α-chloroketones in a synthetically useful
reaction87. The origin of this difference between mono- and diorganyl derivatives remains
unexplained but well-precedented: for example, alkylthallium dibromides readily dispro-
portionate to form dialkylthallium bromides88. C-Enolates of thallium may be novel, but
their relative energetics are long-known.

V. GROUP 14: TIN AND LEAD
Proceeding from left to right in the periodic table, metallic character decreases and so
there are fewer elements to consider in ever rightmost columns. An aspect of compara-
tive tin and lead enolate chemistry involves the reaction89 of the diketoamine chelating
ligand HN[CH2C(O)Bu-t]2. As an anionic dienolate, it readily complexes Sn4+ to form
a conjugated bicyclic chelate which then undergoes intramolecular electron transfer to
give the Sn2+ compound 13. We recognize 13 as isolobal with highly stable, delocalized
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Bu-t

O

Bu-t

Cl

(13)

SS S

(14)

1,6,6a-λ4-trithiapentalene (6a-thiathiophthene, 14)90. Unlike Sn2+, which forms a stable
complex, reaction of the ligand with Pb2+ reduces the metal cation.

Tin enolate chemistry is quite sparse and thermochemical data generally lacking. One
of the few examples arises from the addition of Bu3SnH to ketenes RR1C=C=O to
form enolates. While the enthalpies of formation of few ketenes are known, and thereby
provide little guidance as to the enthalpy of formation of these enolates, Z/E-equilibration
of the final enolates where R �= R1 tells us about isomers. With R = Me and R1 = Ph,
the enolate MePhC=CHOSnBu3 is formed91 in a 7:3 Z/E ratio; the Z isomer is almost
2 kJ mol−1 more stable than its E counterpart.

One may ask about the R−O−Sn bond strength in enolates and alkoxides. Direct
hydrogenation of the double bond of such enolates has not been reported; tin damages
the platinum catalyst. However, direct transfer from enoxyl to alkoxyl oxygen has been
observed as part of the reaction of t-butoxyl radicals with glycidol O−Sn derivatives and
enolates. The reaction directly forms an α-alkoxyglycidyl radical which spontaneously
and sequentially rearranges to form an alkoxyl radical + tin enolate, and then the enoxyl
radical + tin alkoxide92. Accordingly, enolate–Sn bonds are weaker than alkoxide–Sn
bonds. The same rearrangement was observed for enolate and alkoxide bonds to hydrogen.
Now, enolates bonded to hydrogen normally rearrange to form carbonyl compounds—the
tin rearrangement was slow enough to study it. What about enolate–tin species and the
corresponding α-stannylated carbonyl compounds? Examples of both isomers have been
observed: it is rare, however, that actual dynamic equilibria have been monitored. Not
surprisingly, this metalotropic isomerization observed by variable temperature 119Sn NMR
spectroscopy is both substitution-93 and solvent-dependent94.

Enediolates of Sn(II) are not expected to have this structural ambiguity. We note
the facile formation of such a species by reaction of methylglyoxal with activated ele-
mental tin95. Assumed monomeric, we note that this metallocycle 15 is formally a
6π-system analogous to 1,3-dioxolen-2-one (vinylene carbonate). Whether it is aromatic
like the more classical heterocycle96 or how it compares with the tetracoordinate 1,3-
dioxastannolane (enediolates of tin(IV)) formed from an analogous reaction of biacetyl
with dimethylstannylene97 is not known.

O
Sn

O

H

(15)

From well-established enthalpies of formation98 it is readily deduced that the reaction
in equation 6 is significantly endothermic. By contrast, the corresponding tropolonato
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reaction in equation 7 proceeds readily, and presumably exothermically, in the pure con-
densed phase (in both solid and liquid) and in solution99. The mechanism, enthalpy and
entropy of this reaction remain unknown.

2Me3SnCl −−−→ Me2SnCl2 + Me4Sn (6)

2Me3Sn(trop) −−−→ Me2Sn(trop)2 + Me4Sn (7)

Lead, like its neighbor tin, enjoys both the +2 and +4 oxidation state. In this case,
Pb(II) is the normal metallic cation and the Pb(IV) state is rather unstable and very often
oxidizing. As such, any species that might contain a bonded Pb(IV) and an enolate anion
may mimic Pb(II) and an enoxyl cation. Metal-metal exchange reactions of lead enolates
show both enolate and enoxyl cation behavior100, depending on what is affixed to the
metal. This quasi-enolate vs. enoxyl cation dichotomy is also seen for suitable mercury-
and thallium-containing species.

VI. GROUP 11: COPPER, SILVER AND GOLD

Copper enolates may be C- or O-bonded. For example, the isomeric species Li[CH2=
CMeCH(CuMe)C(=O)CH2Ph] and Li[CH2=CMeCH=C(CH2Ph)OCuMe] have been
characterized in dynamic equilibrium101. Equilibration has also been seen for related
complexes formed by organocuprate addition to polyunsaturated ketones where the formal
Cu(III)-containing group migrates along the carbon chain unless stopped by an intervening
C≡C bond102. This was attributed to lack of effective conjugation of an enyne. However,
there is insufficient thermochemistry for enynes103 to show this and the validity of this
assertion for di- and polyynes has been questioned104,105.

Examples of thermochemical considerations of cupric enolates include the study of
the binding of Cu2+ with kojic acid (16), a cyclic α-ketoenol. Comparison106 was made
between the divalent cations of UO2

2+, Cu2+, Zn2+, Ni2+, Co2+, Cd2+, Ca2+ where
these metals are listed in decreasing order of binding constants over 6 powers of 10.
In this case carbon-bonded metal seems most unreasonable because it would ruin the
chelation as well as any aromaticity in the pyrone ring. It is admittedly an assumption
that pyrones are aromatic. There are no one-ring pyrones for which there are enthalpy
of formation data for gas phase species, as opposed to the benzoannelated compounds
coumarin (17)107a,107b, chromone (18)107b,107c and xanthone (19)107c. Plausible, but unsta-
ble, Cu(II) enolates eliminate copper and form the 1,4-dicarbonyl compounds108 as shown
in equation 8.
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Silver enolates are not expected to be particularly stable. Indeed, the sole silver enolate
of thermochemical relevance that has an enthalpy of formation data is silver squarate109,
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determined via the enthalpy of its thermal decomposition. The value of −665 ± 20 kJ
mol−1 may be compared with these authors’ value of −580 ± 10 kJ mol−1 for the parent
squaric acid: this latter value is in reasonable accord with the −598.2 ± 0.4 kJ mol−1

determined by direct enthalpy of combustion25. It is surprising that the silver salt is more
stable than the parent acid by ca 80 kJ mol−1 because silver oxalate is ca 150 kJ mol−1

less stable than oxalic acid. It is doubtful that either the strength of silver π-complexes
and/or squarate anion stabilization could account for the difference.

Useful gold(I) enolates are surprisingly easy to make by reaction of silyl enolates
with CsF and Ph3PAuCl110, and are known to be C-bonded rather than O-enolates like
their synthetic precursors111. Gold(III) enolates also prefer C-bonding over O-bonding112.
However, in no case are the enthalpies of C-bonded to O-bonded interconversion in a
‘simple’ enolate seemingly known. The O,O ′-bonded acetylacetonate complex of Au(III),
Me2Au(acac), has been shown to combine reversibly113 with triarylphosphines to form
the C-bonded complex Me2Au(PAr3)CHAc2 with an enthalpy change of ca 50 kJ mol−1

and an entropy change of ca −160 J mol−1 K−1; a Hammett constant ρ = −1.6 was also
shown.

VII. GROUP 12: ZINC, CADMIUM AND MERCURY

Zinc enolate chemistry is rich and was recently reviewed114. However, it is dominated by
species with α-alkoxy groups, i.e. the enolate of carboxylic acid esters, and so these
studies are not relevant in the current context. Acetophenone, 2-acetylthiophene and
3-acetylthiophene form enolate complexes with Zn2+ and Cd2+ 115,116. The degree of
enolization of these ketones is quite independent of the metal. Accordingly, sulfur cannot
be assisting the enolization by chelation in the 2-acetylthiophene compound.

As part of a biomimetic study for the enzyme class II aldolase117 the equilibrium was
reported for the cyclen complex, hydroxo-Zn(II)-1-(4-bromophenacyl)-1,4,7,10-tetraaza-
cyclododecane and the intramolecular enolate 20, formed from Zn(II) and the enolate of
1-(4-bromophenacyl)cyclen. This cyclization reaction was shown to be endothermic by
8.7 kJ mol−1. However, with an entropy of 19 J mol−1 K−1 it proceeds readily enough to
show facile H/D exchange from the CH2 group of the exocyclic ligand. We wonder about
the enthalpy and entropy changes associated with a different choice of other polyamines
and/or central metals.

HN

N

Zn

N

N

O

Br

(20)

H

H

Reaction calorimetry results118 in the enthalpy of formation of zinc bisquarate, i.e.
Zn [HC4O4]2, of −1436.7 kJ mol−1. Unfortunately, we do not know of any other rel-
evant zinc salts with which to compare this enthalpy of formation. Indeed, among the
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very few zinc enolate derivatives for which we know the enthalpy of formation is
zinc bis(ascorbate) tetrahydrate, recently determined119 by reaction calorimetry to be
−3528.9 kJ mol−1. Recall that the corresponding calcium species has an enthalpy of for-
mation of −3945.1 kJ mol−1, some 416 kJ mol−1 more negative. The only species for
which we can make meaningful comparison are the related hydrated calcium and zinc
acetate salts, M(OAc)2žH2O (M = Ca, Zn), for which the difference is not dissimilar,
396 kJ mol−1 120.

Cadmium enolate chemistry is considerably unexplored compared to that of Zn. These
metals have comparable binding to the acetyl isomeric thiophene enolates116. In the case
of metal kojic acid complexes106 the Zn complex is more stable than the corresponding
Cd complex regardless of choice of 1:1, 1:2 or 1:3 ratio of the metal and ligand. However,
one should not deduce that cadmium always binds ligands less tightly than zinc. Were
that the case, Cd(II) would be expected to be rather nontoxic.

Mercurous enolates are all but unknown—attempts to form them result in the Hg(II)
complex and elemental Hg121: we recall the general finding that ‘organic calomels’,
R2Hg2, are unstable relative to the free metal and the diorganomercury R2Hg122 while
mercurous inorganic derivatives such as Hg2Cl2 and HgCl2 have the reverse order of sta-
bility. Hg(II), like its heavy (and isoelectronic) counterparts Tl(III) and Pb(IV), provides
examples of the ambiguity of enolate vs. enoxyl cation behavior, and like the enolates
of the latter species, they are better understood as C-bonded α-mercurated ketones rather
than their O-bonded metal enolate isomers100. Indeed, structural determinations show car-
bon bonding in 1-(acetoxymercuriobutanone) as opposed to its enolate isomer123. Also,
the di- and trimercurated ketones involve C−Hg bonding123. These polymetallated species
have the two or three mercury atoms on the same carbon, namely the methyl adjacent to
the carbonyl. The driving force for having so many large groups geminally arranged may
be ascribed to ‘mercurophilicity’, an example of the generally found stabilization between
pairs of closed shell atoms and ions of high atomic number124, especially gold, mercury’s
periodic table neighbor125,126.

VIII. GROUP 3: SCANDIUM, YTTRIUM AND THE LANTHANIDES

Scandium enolate chemistry is quite limited. The complex (nacnac)Sc(NHAr)(HBEt3)
where nacnac = 21 and Ar = 2,6-(i-Pr2)2C6H3) reacts127 with THF to form the eno-
late (nacnac)Sc(NHAr)OCH=CH2 while diethyl ether forms the related alkoxide (nac-
nac)Sc(NHAr)OEt. This suggests considerable stabilization due to the Sc−O bond. After
all, ring opening of THF is energetically unfavorable (THF → EtOVi; �H > 40 kJ
mol−1).

(21) nacnac

N N
Ar Ar

−

Yttrium enolate chemistry is discussed in the context of other metal enolates in a
report128 of the synthesis of the oxygen bridge dimer of Cp2Y(OCH=CH2)2 and its
bis(monomethylcyclopentadienyl) analog. The molecular geometry of this species is com-
pared with other metal enolates. There are insufficient data to discuss the effect of
the choice of metal on the conjugation of their C−O and C=C bonds; indeed, much
remains to be learned even about simple ‘all-organic’ enol ethers129. Yttrium enolates
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also appear during the synthesis of the furyl-functionalized [Y{η5:η1-C5Me4SiMe2(2-
Fu)}(CH2SiMe3)2(THF)] and the attempted synthesis of the 5-methylfuryl counterpart
of this species130. The former species can be synthesized by metallation of the par-
ent cyclopentadiene; the latter species yields the ring opened [Y{η5:η1-C5Me4SiMe2C≡
CCH=C(Me)O}(CH2SiMe3)]2 yne-enolate instead. While the enthalpy of formation of
HC≡CCH=CHOH is unknown, that of its isomer HC≡CC(OH)=CH2 has been found131

to be ca 145 kJ mol−1 higher than that of furan, possibly pointing to the yne-enolate syn-
thesis as being energetically unfavorable had it not been for the concomitant formation
of a very strong oxygen–metal bond.

Cp*2La{CH(SiMe3)2} reacts132 with 3-pentanone to form the solvated enolate, Cp*2La
−O−C(Et)=CHMežEt2CO (equation 9a), while with acetone it forms a chelate (equation
9b) after intramolecular aldol condensation. The reaction of the precursor bistrimethylsi-
lylmethyl organometallic with hydroxyketone, preformed from the pentanone, yields the
enolate ketone solvate. This difference between acetone and 3-pentanone presumably
reflects the difference in strain in the condensation product because the ethyl groups in
3-pentanone are rather much bigger than the methyl groups in acetone.

Cp*2LaCH(SiMe3)2
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O

O Et

Me
EtEt
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O Me
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Me Me

EtCEt
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MeCMe

O
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The chemistry of Cp*2CeCH(SiMe3)2 with acetone and 3-pentanone is the same as
that of its La(III) counterpart132. Ce(III) enolates, generated from CeCl3 and Li enolates,
undergo aldol condensation with ketones or sterically crowded aldehydes to give the corre-
sponding β-hydroxy ketones in good to high yields133. Cerium(III) enolates are plausibly
implicated in the study134 of the reaction of Ce(III) species with α-haloketones and alde-
hydes to yield β-hydroxyketones or α,β-unsaturated ketones depending on the cerium
reagent employed. The Ce(IV) complex (NH4)2Ce(NO3)6 readily oxidizes silyl enolates
to form the corresponding enoxy radical135. However, we know of no cerium(IV) enolate
arising from subsequent reaction chemistry.

Samarium has two common oxidation states +2 and +3. Upon solution in toluene
under nitrogen, an anionic Sm(II) species, {[(−CH2−)5]4 –calix–tetrapyrrole}Sm(THF)[Li
(THF)]2[Li(THF)2]Cl, forms, in part, the compound {[(−CH2−)5]4 –calix–tetrapyrrole}
Sm(THF)Li2[Li(THF)](µ3-OCH=CH2)136. However, this compound is a lithium enolate
derived by elimination of THF. In that the metalloorganic reagent is rather similar to
what will be discussed in Section XI as part of vanadium enolate chemistry137, we fail to
understand why in the former case with Sm a lithium enolate is formed but in the latter
with V it is an ynolate that is produced. Almost nothing is known to allow comparing
the energetics of metal enolates and related ynolates. We note from the enthalpies of
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formation of ethenol131 and ethynol138 that equation 10 is seemingly endothermic by only
5 kJ mol−1.

EtC≡CH + CH2=CHOH −−−→ EtCH=CH2 + HC≡COH (10)

Elemental samarium in HMPA reacts139,140 with benzophenone to form the samarium
benzophenone dianion species. Subsequent reaction with the hindered phenols, ArOH
(Ar = 2,6-t-Bu2C6H4 and its 4-methyl analog) forms Sm(III) enolate complexes 22a by
dearomatization of two benzene rings. Complex 23 is a minor byproduct. Is the pres-
ence of the dearomatized enolato ligand in 22 due to thermodynamics or kinetics? We
remember the ‘hexaphenylethane riddle’141, i.e. Ph3CCPh3 remains unknown and the
dearomatized p-isotoluene derivative 24 is the isolated, and (as confirmed by quan-
tum chemical calculations142) more stable, isomer. On the other hand, the simplest and
unstrained methylenecyclohexadiene, p-isotoluene itself, is shown by experiment143 to be
less stable than its aromatic isomer by ca 100 kJ mol−1.
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Dysprosium might appear to be a rather unexceptional, generally trivalent element. For
example, we are not surprised that Cp3Dy reacts144 with 2-butanol to yield the oxygen
bridged dimeric alkoxide [Cp2Dy(µ2-OCH(Me)CH2CH3)]2. What is surprising, however,
is its facile dehydrogenation on refluxing in THF solution to yield the corresponding
enolate dimer. Other than the corresponding ytterbium alkoxide and corresponding enolate,
we do not know of any other facile thermal dehydrogenation of alkoxides. Also, what
remains unexplained is why the enolate is solely the [Cp2Dy(µ2-OC(Me)=CHCH3)]2 and
not the isomeric [Cp2Dy(µ2-OC(Et)=CH2]2 or ‘mixed’ enolate. After all, equilibration
reactions145 show the corresponding methyl enolates (i.e. Me in lieu of Cp2Dy) have
enthalpies of formation differing by only 0.5 ± 0.4 kJ mol−1.

Ytterbium has the oxidation states +2 and +3. A stereochemical dichotomy exists
in their enolate chemistry146. Yb(II) enolates react with aldehydes to form the erythro-β-
hydroxyketones while Yb(III) enolates yield the threo stereoisomers. We fail to understand
this by either thermodynamic or mechanistic reasoning. Analogous to corresponding reac-
tion chemistry for samarium, preformed ytterbium benzophenone dimer, [Yb(Ph2CO)
(HMPA)2]2, reacts140 with sterically crowded phenols to form in low yield (5%) the eno-
late complex 22b by dearomatization of benzophenone. The major product (80%) is the
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ytterbium aryloxide (ArO)2Yb(HMPA)2, accompanied by hydrogen transfer from the phe-
nol to the p-position of the benzophenone of the enolate byproduct. It is unequivocal,
however, that Yb-enolate bonding is strong because of dehydrogenation of a ytterbium
alkoxide to form the enolate, analogous to what was found for Dy144. Both the dimeric
ytterbium propoxide and allyloxide spontaneously dehydrogenate147 on reflux in THF to
form the corresponding allenolate Cp2YbOCHC=CH2 in what would be expected to be
an even more endothermic process. Mimicking Cp2YbO by Et in the absence of any
published thermochemical data for allene ethers, the dehydrogenation of pentane to 1-
pentene is endothermic by 115 kJ mol−1 and to form 1,2-pentadiene, the allene analog,
the reaction is endothermic by 173 kJ mol−1.

Lutetium enolate chemistry mimics that of yttrium128,130. Lu(III) is the smallest of all
of the trivalent lanthanide cations, and so the chemistry of Lu(III) is more similar to that
of its 4d congener Y(III).

Since tropolones and 3-hydroxy-4-pyrones are taken in this chapter to be enols, we now
cite their binding as enolato ligands to lanthanum and all the other trivalent lanthanides
(save the radioactive promethium)148,149. Likewise, we note such studies for complexes
with enolato ligands derived from 3-acetyl-4-hydroxycoumarin, dehydroacetic acid and
their oximes150, and with the aromatic enediolates, squarate151 and croconate152. Periodic
trends in thermodynamic parameters were reported and analyzed in these studies.

IX. ACTINIDES

The formation constants of an actinium isopropyltropolonate complex were determined153.
Thermochemically relevant studies of thorium enolates generally involve bis(pentamethyl-
cyclopentadienyl)thorium derivatives. Cp*2Th(Cl)(C(O)CH2Bu-t) with an anionic acyl
group that readily rearranges to the isomeric enolate Cp*2Th(Cl)OCH=CHBu-t . The Z-
isomer is formed upon heating154 and the E-isomer upon catalysis with Cp*2ThH2

155.
Is the E or Z enolate thermodynamically more stable? For the simple ‘alkyl enolates’
MeCH=CHOR, the equilibration reaction of the Z- and E-isomers is nearly thermo-
neutral156. Consider the two species Cp*2Th(H)OCH(Bu-t)2 and Cp*2Th(H)O-2,6-C6H3
(Bu-t)2. The reversible addition157 of CO yields the η2 formyl derivative in reactions
that are 19 ± 4 and 25 ± 6 kJ mol−1 exothermic. These formyl species dimerize to form
the classical enediolate, Cp*2Th(OR)OCH=CHO(OR)ThCp*2. This product is formed
as the Z-isomer, plausibly thermodynamically preferred over the E-isomer, much as
(Z)-MeOCH=CHOMe is preferred over its E-counterpart158 by 6.0 ± 0.2 kJ mol−1.

The aforementioned monomeric species Cp*2Th(Cl)(CH2Bu-t)(CO) reacts with addi-
tional CO to form a dimeric E-enedionediolate ligand bridging two metal centers (25).
A similar reaction of CO takes place with complex Cp2LuCOBu-t , yielding the binu-
clear enediolate 26159. Complex 25, with its two 5-membered unsaturated rings bridged
by an ethene moiety, resembles fulvalene, whereas 26, with its pair of condensed 6-
membered unsaturated rings, resembles naphthalene. Fulvalene is much less stable than
naphthalene160; the reverse is presumably true for their dianions161. In fact, there are no
measured enthalpies of formation for either fulvalene or for any of its derivatives. Mea-
surement of the enthalpy of hydrogenation of heptafulvalene stopped at the reduction of
the tetrasubstituted olefin, cycloheptylidenecycloheptane160.

Various tropolonato complexes of protoactinium have been synthezised and characteriz-
ed162,163. However, no thermochemical data (including emf and hence �G) are seemingly
available, even though there are simple redox reactions interrelating these species.

Uranium, whose radioactive isotopes have half-lives measured in billions of years, is
a rather well-studied element. Cp3U, as its THF complex, reacts with simple ketones
to form alkoxide and enolate products in a 1:1 ratio by transfer of an α-hydrogen164.
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We consider this reaction to be calorimetrically useful, especially given the interest in
Cp3UX derivatives by the thermochemical community165. Like its Th analog, the reaction
of Cp*2UMe2 with CO quantitatively yields dimeric 27, a Z-enediolate166 with a 10-
membered ring. We may then ask about the enthalpies of interconversion with the respec-
tive monomer, noting that Zr and Hf form167 the monomeric 2-metala-1,3-dioxolenes,
27′167. The corresponding carbocycles are (Z,Z)-1,6-cyclodecadiene and cyclopentene.
From the enthalpy of hydrogenation168 of the former species and the enthalpies of for-
mation of their saturated cycloalkane products25, the conversion of 1,6-cyclodecadiene to
two cyclopentenes is found to be endothermic by some 30 kJ mol−1.
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R R
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(27') M = Zr, Hf

Uranium(VI) strongly bonds squarate (1), second in strength only to Fe(III)169 among
the metal cations studied, and likewise rhodizonate (3), second only to Cu(II)170, again
among the metals of interest, which did not include Fe(III). The order of binding strength
of the various metals to these oxocarbon anions remains unexplained.

Finally, we note the formation of complexes of uranium with tropolones with
multiple stoichiometries and oxidation states. Letting Trop be tropolone and/or its
3-isopropyl derivative, these include U(Trop)4−nCln (0 � n < 4) (n = 0171, n = 1, 2,
3172), U(Trop)5−nCln (n = 0, 1)173, U(Trop)5

− 171, UO2(Trop)2
174, UO2(Trop)+ 175 and

UO2(Trop)2(TropH) (but not the conjugate base)174. However, thermochemistry has rarely
been of explicit interest.

Equilibrium constants for complexes of tropolones with UO2
2+ 176, NpO2

+ 176,177,
Pu4+ 178, Pu3+ 176, Am3+ 177, Cm3+ 177 and Cf3+ 177 have all been investigated. While nep-
tunium and plutonium enjoy high oxidation states like uranium, there are seemingly no
thermochemically related data for complexes with PuO2

2+ despite the apparent stability
of such tropolonate species179. Tropolone reduces NpO2

2+ rather than forming neptunyl
tropolonates180.

X. GROUP 4: TITANIUM, ZIRCONIUM AND HAFNIUM

Titanium has more than one common oxidation state and a rich organometallic chem-
istry dominated by π bonding ligands such as cyclopentadienyl. The two chloro ligands
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in Cp2TiCl2 are readily displaced, leading to a relatively lush derivative chemistry and
an extensive thermochemistry, or at least thermochemical reasoning181. It is customary
to posit an oxidation state of +4 for Ti in derivatives for singly anionic ligands, X,
such as Cp2TiCl2, Cp2TiClX and Cp2TiX2. The radical cation of these species, however
generated—say electrochemically, does not contain Ti(V). For example, the electro-
chemical oxidation182 of the Cp2TiCl enolates 28 results in substituted benzofurans and
1,4-butanediones, depending on the substituents, e.g. R = R1 = Mes, R2 = H forms a
benzofuran while R = Me, R1 = H, R2 = Ph forms a 1,4-butanedione. Both products
arise from cleavage of the Ti−OR bond to form enoxy radicals, as shown in equation 11.
Unfortunately, the enthalpy of formation data for benzofurans is limited to the parent
heterocycle and appears only in a rather inaccessible report183. Enthalpy of formation
data for butanediones are limited to the 1,4-diphenyl derivative25, the monocyclic 1,4-
cyclohexanedione184 and a cage species185.

C C

R1

O

R2

Ti

Cp

Cl
Cp

(28)

R

(Cp2TiClOR)
−e−

−−−→ (Cp2TiClOR)+ −−−→ Cp2TiCl+ + ROž
(11)

C-Trifluoromethylation of titanium enolates by CF3I was recently compared186 to that
of lithium enolates. Given that CF3 derivatives do not undergo substitution reactions
by either SN1 or SN2 reactions, a chain reaction involving CF3 and/or CF3I− has been
suggested. To understand this, thermochemical considerations include the strengths of
Ti−I and Li−I bonds, and barriers for loss of Ti(III) and Li(0) from ketyl radicals.

Zr and Hf tetraphenylporphin imido complexes (29) and pinacolone react in a conden-
sation and deprotonation reaction187 to form the cyclic dimeric enolate 30. For the lack of
thermochemical data on dimerization of pinacolone and addition of lithium pinacolonate
and pinacolone, take for comparison the exothermic reaction of lithium pinacolonate
and pivalaldehyde, which has been experimentally measured in hexane188 (−126 ± 3 kJ
mol−1). Zirconium and hafnium chemistry are generally quite similar, as evidenced by
the above; however, a significant difference189 is found for Cp*2MH(i-Bu) reactions
involving CO. At low temperature, both species reacted with CO to form the deriva-
tive Cp*2M(H)(η2-COBu-i) with an anionic acyl group. Warming to room temperature
resulted in the formation of the carbonyl-aldehyde complex Cp*2M(CO)(η2-O=CHBu-i).
However, on standing, this M = Zr carbonyl-aldehyde species slowly lost CO to form
the enolate which is presumably more stable than the starting acyl species with which
it is isomeric. In the case of M = Hf, the corresponding carbonyl-aldehyde species rear-
ranged to form an enediolate. This provides thermochemical information as to the relative
stability of isomers and some otherwise related species.

How does one describe the enediolates of Zr and Hf? Plausibly they are 2-metala-1,3-
dioxolenes (31). However, structural determinations190 show 31 with M = Zr to be planar
for two abutting R = t-Bu groups but significantly nonplanar for R = Me. Is this to allow
for C=C· · ·Zr interaction for the smaller R = Me, or is this to minimize repulsion between
substituents on the cyclopentadienyl and 1,3-dioxa-2-zirconacyclopent-4-ene rings that
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2,6-i-Pr2C6H3N

M

(29) M = Zr, Hf

O
M

O

t-Bu

t-Bu

Me

(30) M = Zr, Hf

O
M
Cp*2

O

R R

(31) M = Zr, Hf, U

would be quite severe for t-butyl in the latter? We note that R–R repulsion between
the two R = Me groups themselves is most assuredly small; the difference between the
enthalpies of formation of disubstituted benzenes such as the xylenes is ca 1 kJ mol−1,
while the difference for 1,2-di-t-butylbenzene and its other two isomers is ca 95 kJ mol−1,
as shown by reaction calorimetry191.

XI. GROUP 5: VANADIUM, NIOBIUM AND TANTALUM

An example of fortuitous vanadium enolate chemistry is the CO addition reaction to a
silylamido vanadium species in which the dimeric metallocycle 32 is transformed192 into
the corresponding cyclic enolate 33, as shown in equation 12. Given silicon’s profound
oxophilicity, the absence of the Si–O moieties in 33 is surprising. For example, the
liquid phase reaction shown in equation 13 is exothermic by ca 420 kJ mol−1, as deter-
mined from the enthalpies of formation of tetramethoxymethane193,194 and the silicon
compounds120.
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(12)

SiMe4 + C(OMe)4 −−−→ CMe4 + Si(OMe)4 (13)

More conventional species195 are the spectroscopically, magnetically and structurally
characterized vanadyl bis(picolinylketone) enolate complexes 34, and the related com-
plexes formed by their protonation. These species have also been converted into their
VCl2 derivatives 35. The dependence of the V–O and V–Cl bond strengths on the sub-
stituent X would provide insight into metal–oxygen bonding. We also recognize in these
enolates the p-XC6H4 –C=C–Pyr-2 framework, for which the energetics of some of their
o-X isomers was of interest in the past196. Vanadium(V) is well-known to react with
the enediol ascorbic acid and ascorbate by electron transfer reactions. While kineticists
and spectroscopists have dominated these studies showing multiple reaction products and
processes197, thermochemists have also shown interest198.

Niobium enolate chemistry is largely unexplored. A seemingly unambiguous case
involves the reaction of the highly sterically hindered Nb(IV) species [3,5-Me2C6H3N
(Ad)]3NbCl with PhLi or MeLi to form [Me2C6H3N(Ad)]3NbR, R = Ph or Me. How-
ever, the neophyl complex (R = CH2CMe2Ph) could not be made because this group
is seemingly too big; instead the O-bonded enolate group R = OCH=CH2 was found
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(34) X = H, Me, OMe, Cl, NO2 (35) X = H, Me, OMe, Cl, NO2

X
2

attached to the metal. This was understood in terms of ring cleavage of THF, serving
both as solvent and as ligand199. Why some transition metal assisted decompositions of
THF result in vinyloxy and others in ethynyloxy complexes remains unknown.

Tantalum enolate chemistry shows the dichotomy for the carbonylation reaction200 of
Cp*Ta(CH2R)Cl3 with CO which results in the mono-THF adduct of η2-acyl complex
Cp*Ta(O=CCH2R)Cl3(THF) for R = t-Bu (the acyl group is anionic) but the isomeric
enolate Cp*Ta((Z)-η1-OCH=CHR)Cl3 for R = p-Tol. This invites the question of the
relative thermodynamic stabilities of metal complexes of RCH2CO and RCHCHO and
additionally the question of Z vs. E enolate stabilities. Only for organometallic compounds
(X = [M]) do we find examples where RCH2COX is less stable than RCH=CHOX.

Pentamethyltantalum(V) also forms the bis-enolate TaMe3[OC(=Ad)Ar]2 where Ad =
is 2-adamantylidene and Ar = 3,5-Me2C6H3

201. These large groups affixed to the metal
are found where they can be furthest apart, the diapical isomer. This complex reacts with
pyridine to form the mixed Py and 2,2′-bipyridyl complex by loss of ethane. Now why
are there no terpyridyl-containing species? From the data found elewhere202, it can be
concluded that the dimerization reaction of pyridine to form 2,2′-(C5H4N)2 is exothermic
while the related reaction of benzene to form biphenyl is endothermic. Benzene, biphenyl,
the terphenyls and quaterphenyls form a homologous series, i.e. these species have very
nearly constant enthalpy of formation differences57. Do pyridine, the isomeric bipyridines
and terpyridines also form a homologous series, and why isn’t the 2:2′,6′:2′′-terpyridine
complex formed instead of a mixed bipyridine/pyridine complex? The entropy gain by
loss of an additional H2 molecule should further drive the reaction.

XII. GROUP 6: CHROMIUM, MOLYBDENUM AND TUNGSTEN

Chromium enolate chemistry exhibits diverse thermochemical facets. For example, con-
trast the energetics of enolate addition reactions to benzaldehyde and to benzaldehyde
π-bonded to Cr(CO)3 and of the enolate addition reactions to acetophenone and to ace-
tophenone π-bonded to Cr(CO)3. Thermochemical analysis is still unreported, although
the reactions are synthetically useful203,204. It is clear that the organic ligands are electron-
ically coupled to the metallic center—PhCHOžCr(CO)3 is red, PhCH(OEt)2žCr(CO)3 is
yellow205 but benzaldehyde and its diethyl acetal are both colorless. It is well established206

that acetophenone, and presumably other acylated benzenes such as benzaldehyde, binds
Cr(CO)3 rather more weakly than does toluene, and presumably other alkylated ben-
zenes such as the aforementioned benzaldehyde acetal. The enthalpy of hydrolysis of
the metallated acetal remains unknown other than it is therefore smaller than that of the
unmetallated species207.
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Consider the reaction208 of bis(1-bromocyclopropyl) ketone with [Cr(CO)4NO]− to
form the bicyclic 2-metalafuran derivative 36, which may be considered as a chromium
enolate in two contexts. The first one relates to the endocyclic 2-chromafuran. The second
one relates to the O−C=C−CH2−O substructure of the bicyclic system. We may also
ask questions about the relative aromaticity of chromafuran and furan by thermochemical
criteria where we note that delocalization is suggested for both species by structural
criteria.

O
Cr

O

OC
OC

OC
NO Br

(36)

Molybdenum forms both η1-C-bonded and η3-C,C,O-bonded enolates in low oxida-
tion states, as evidenced by the reaction of CpMo(CO)3

− with ClCH2COMe to form209

the C-bonded CpMo(CO)3CH2COCH3 with no formation of the isomeric O-bonded η1-
CpMo(CO)3OC(Me)=CH2. Heating the C-bonded product results in loss of CO and
rearrangement to the O-bonded η3-CpMo(CO)2OC(Me)=CH2. From this we may deduce
that the C-bonded enolate is more stable than its O-isomer. Conversely, Mo(IV) as found
in the complex (Ad=C(Mes)O)4Mo (where Ad=is 2-adamantylidene) is isolable210 with
no evidence of C-bonded enolate. Admittedly, this does not really show that higher valence
molybdenum prefers O-bonded enolates in that the C-bonded ligand, 2-mesitoyl-adamant-
2-yl, is highly sterically hindered and the presence of more than one of these groups on
a central metal adds additional strain. Despite the seeming congestion in the observed
tetraenolate, nonetheless it readily forms a stable NCN (cyanimide) derivative containing
Mo(VI) for which a Mo–N bond energy of 435 kJ mol−1 has been suggested210.

Molybdenum has yet other oxidation states. For example, kojic acid (16) has been
reported to form 1:1 complexes with Mo(V)211 and with Mo(VI)212. What is the redox
potential connecting these two species? While the latter species has been crystallograph-
ically determined to have a cis-MoO2

2+ metal center213, no structural data are available
for the former species. Other ketopyran enolate derivatives of MoO2

+ exhibit214 the dou-
bly oxygen bridged dimer, singlet paired, Mo2O4

2+ (37). Unexpected complications were
found for the redox behavior of edta complexes of Mo(V) and Mo(VI) even though the
complexing agent is electronically innocuous215.
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(37) R = n-Bu, Ph, 1-Naph
R′ = Me, R′′ = CO2Et; R′ = CO2Et, R′′ = Me 
L = MeOH, EtOH, i-PrOH
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As tungsten and molybdenum are congeners, it should not be surprising that there are
some similarities between their enolate chemistry. Earlier acetylcyclopentadienide species
were referred to as enolates. We now note that AcC5H4W(CO)3

− (and the related W com-
plex) reacts with diphenyltin dihalides (Cl, Br) to form the monosubstituted derivatives,
AcC5H4M(CO)3SnPh2X (M = Mo, W; X = Cl, Br), without any accompanying formation
of either O-acetyl or ring-stannylated or trinuclear products216 [AcC5H4M(CO)3]2SnPh2.
The corresponding deacetylated [CpM(CO)3]2SnPh2 species are well-established217. While
the lack of formation of these alternative products was ascribed in the literature216 to the
electron-withdrawing power of the acetyl group, steric hindrance might also play a role.
Bond length is often related to bond order, and hence is assumed to relate to bond
strength. All of the above species likely contain a Mo−Sn single bond. Recently, a suit-
able CpMo(CO)3SnAr (and also W) was synthesized218 for which multiple bond character
was suggested. However, with such extensively substituted aryl groups as the Ar of 38,
we wonder how meaningful is any comparison between the two types of M−Sn bonds.

M Sn
C6H3-2,6-Ar2

(38) M = Mo, W, Ar = C6H2-2,4,6-Me3, C6H2-2,4,6-(i-Pr)3

OC

COOC

Suitable zero-valent Mo and W species react219 with enones to form species of the
formal stoichiometry and structure M(C=C−C=O)3, or rather, the tris-enolate M(C−C=
C−O)3.

XIII. GROUP 7: MANGANESE AND RHENIUM
Manganese forms compounds with a variety of oxidation states from −1 to +7. Eno-
late ligands phenylsquarate (PhC4O3

2−) and diphenylaminosquarate (Ph2NC4O3
2−) form

electrochemical couples220 involving Mn(II)/Mn/(0), Mn(III)/Mn(II), Mn(IV)/Mn(III) and
Mn(V)/Mn(IV). How can the electronic coupling between substituent, ring and metal be
disentangled? Multiple patterns of hydrogen bonding in the hydrates of these species (each
oxygen may be unbonded, singly or doubly hydrogen bonded) may be invoked221 as well
as charge states for the oxocarbon ring (−1, the semitrione with −2, or the antiaromatic
cyclobutadienetriolate with −3)222. It is not obvious that Mn has to be bonded to O. There
is also a low oxidation state possibility involving π-bonding to C=C of the cyclobutene
ring and even σ -bonding as in (Mn(CO)5)2C4O2

223. The energetics of the interconversion
of these diverse structures remains unexplored except for some emf values, and hence
Gibbs free energies, that correspond to processes that reversibly interconnect a few of the
diverse oxidation and charge states.

Similarly to the 2-chromafuran derivative 36208 discussed in Section XII, where Cr
was also bonded to CO and NO, the same study refers to a related reaction involving the
isoelectronic Mn(CO)5

−, for which a 2-manganesafuran was observed wherein the metal-
bonded substituents were solely CO. The analysis continues with an additional adjustment
on the aromaticity of furan by replacement of C2 by a substituted manganese. The same
questions brought up in Section XII about the aromaticity of the 2-metalafuran system
are valid here too.

That manganese enjoys a variety of oxidation states means Mn(II) enolates may be
obtained from ketones by deprotonation or from α-haloketones by redox reactions224. (Z)-
Mn(II) enolates seem to be preferentially formed over their (E)-isomers. This has been
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ascribed to kinetic factors225, without thermochemical data on the relative stability of the
two isomers. Mn(III) enolates are also known. The reaction226 of diketene and manganic
acetate yields products corresponding to conjugated and unconjugated manganic enolates
from acetoacetic acid derivatives.

The 2-rhenafuran-3-ol 39 is in equilibrium227 with the corresponding 3H -furanone 40
(Keq = 1.5) while the equilibrium constant is much more on the side of the furanone when
the ring Re is replaced by Mn or in the absence of the metal heteroatom. For example, no
5-methyl-2-furanol (41) is detected in the rearrangement of γ -methylene-γ -butyrolactone
(42) to α-angelicalactone (43)228. Understanding the contribution to aromaticity of Re in
the 2-rhenafurans (39, 40) and the exocyclic and endocyclic methylene groups in 42 and
43 would be most instructive.
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Trimethylphosphine reacts227,229 with Cp*Re(CO)(NO)Me to produce (Me3P)3Re(O)
C=C5H4(NO), which may be recognized variously as a cyclic metal enolate, oxarhenirane
or a cyclopentadienylideneketene derivative. The acetyl rhenium complex CpRe(Ac))(NO)
(PPh3) deprotonates230 on the cyclopentadienyl ring and then rearranges to form {(C5H4
Ac)Re(NO)(PPh3)]−, and in turn is methylated on the Re with methyl iodide. The cor-
responding Cp* species produces the related propionyl complex via deprotonation of
the acetyl group, i.e. the classical enolato ligand [C5Me4C(O)=CH2]2−. Thermodynamic
vs kinetic factors in solution were discussed—comparison of the intrinsic (gas phase)
acidities of the diverse sites for deprotonation is welcomed. It is likewise welcomed for
ligands themselves—cyclopentadiene, acetylcyclopentadiene and their methylated deriva-
tives. The closest we get to relevant data is found for the reverse situation—the effect
of an acetyl group on the acidity of cyclopentadienyl metal-containing carboxylic acids.
In the case of ferrocenecarboxylic acid and its 1′-acetyl derivative231, the gas-phase acid
dissociation constants are 8.1 to 25.7 × 10−7 corresponding to a more favorable Gibbs
free energy of deprotonation change of ca 2.7 kJ mol−1 upon acetylation.

XIV. GROUP 8: IRON, RUTHENIUM AND OSMIUM
As was discussed in Section VI for the reactions of enolates with the oxidizing cation
Cu(II), Fe(III) also oxidizes enolates to form products associated with formal radical
dimerization232. The presumed intermediate enoxyl radicals react with FeCl3, not by for-
mation of Fe(IV) enolates233, but rather from an α-chlorinated ketone product + FeCl2,
thereby providing a thermochemical upper bound for the enthalpy of formation of these
haloketones.

More is known about the thermochemistry of 1-acetylferrocene and 1,1′-diacetylfer-
rocene than about many other more classical organic compounds, including experimental
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(44) M = Ti, Zr

data for their enthalpies of formation234 and of sublimation235, heat capacities236, cyclodex-
trin inclusion parameters237 and torsional barriers238. Indeed, to the extent that ferrocene
may be recognized as aromatic as is benzene, then acetylferrocene relates to acetophenone.
Thus, one can mention the formation of the acetylferrocene potassium enolate and and its
transformation into oxygen-bridged titanium and zirconium derivatives239 (44), for which
the direct comparison with those of acetophenone and other ketones is rather immedi-
ately suggested. Based on knowledge of benzenes with electronegative substituents25 we
would expect o-diacetylbenzene to be less stable than its m- and p-isomers. Why then is
1,2-diacetylferrocene seemingly more stable240 than its 1,3- and 1,1′-isomers?

4,6-Cycloheptadiene-1,3-dione iron tricarbonyl and the related 5,7-cyclooctadiene-1,4-
dione complex were readily prepared241. It is not surprising that these species do not
tautomerize to form the enol–iron tricarbonyl complexes, i.e. of 3-hydroxytropone and
1,4-dihydroxycyclooctatetraene, because the dienes conform to the ‘18-electron rule’ while
their tautomers would not.

Fe(II) forms the enolate cation [FeOC(Me)=CH2]+ in the gas phase242 in the reac-
tion of diverse FeX+ (X = H, Me, All, NH2, OH, F) ions with acetone. Other products
are also observed. The relative reactivities of the FeX+ cations relate to electronic and
thermodynamic properties of the displaced substituent X.

Comparison of corresponding ruthenium and iron enolates are rare. A particularly
evocative one deals with the mass spectra of acetyl and diacetylferrocene and the corre-
sponding ruthenocene derivatives. Scission of bonds within the ligands attached to Ru is
relatively facile243: diacetylruthenocene undergoes fragmentation to form CH3, two CO
and a derived ion that was presumed to be CpRu(C6H6)+. Measurement of the threshold
energies of this rearrangement is welcomed. Another structural feature deals with the
torsional barriers associated with acetyl- and diacetylruthenocene244.

Among the more classical enolates, the complex Me[η1-CH2=C(Me)O]Ru(PMe3)4 and
its C-bonded isomer (more stable by 6 kJ mol−1) have been observed245 in THF solution.
Also, complexes of double-deprotonated acetone ligands were present, such as the 2-
ruthenacyclobutanone 45 and [η4-(CH2)2CO]Ru(PMe3)3 (46); however, no methyleneru-
thenaoxetane complex (47) could be detected.

O [Ru]

(45)

H2C CH2

O

[Ru]
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H2C [Ru]

(47)
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As the triosmium carbonyl cluster, we find examples of neutral single oxygen, oxygen-
bridged η1, µ2 − O-bonded enolates246 with ten CO ligands accompanied by Os−H−Os
bonds, e.g. 48, and deprotonated anionic η1 and nonbridging carbon-bonded species247

with eleven CO ligands, e.g. 49. Why are these species so different from each other from a
structural vantage point and why should protonation effect such a major change? Osmium
carbonyl hydrides have been thermochemically investigated248, and understood within the
context of other metal carbonyl clusters249. However, the effect of enolate ‘substitution’
remains unexplored.

H

Os
O

Os(CO)3

CH CPh2

(48)
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Os(CO)4
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Os(CO)4

(OC)4Os
(CO)3

−

XV. GROUP 9: COBALT, RHODIUM AND IRIDIUM

There are few examples of classical cobalt enolates. The reaction of CH2=CHOLi with
CoCl2 and Cp*Li yields the binuclear bridged complex Co2Cp*2(µ-CH2)(µ-CO) (50)
resulting from cleavage of the enolate C=C double bond250. The initial reaction step was
postulated to be formation of the dilithium enolate. The one-carbon fragments are remi-
niscent of those from ketene. The cleavage of ketene to form CH2 and CO is endothermic
by 348 kJ mol−1, using 390 kJ mol−1 for the enthalpy of formation of CH2

120. There are
no measured enthalpies of formation of CHOLi or COLi2, nor their dilithium enolate pre-
cursor. However, consider the fragmentation reaction of the enolate anion in equation 14.

H2
C

Cp*Co CoCp*

C
O

(50)

While this process is not directly observable, Hess’ Law says that the endothermicity
of this reaction is the sum of the next three reactions, equations 15–17. The sum251 – 253

is 566 kJ mol−1, some 215 kJ mol−1 more endothermic than the aforementioned ketene
cleavage. We can conclude that lithiation and dianion formation significantly weaken the
CC bond in the dilithium enolate as the lithium enolate has a considerably stronger CC
bond than ketene.

CH2=CHO− −−−→ CH2 + HCO− (14)

CH3CHO −−−→ CH2 + CH2O (15)
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CH2O −−−→ CHO− + H+ (16)

CH2=CHO− + H+ −−−→ CH3CHO (17)

The Co(III) complex cobalamin (51a) and the synthetic Co(II) complex cobaloxime
(52a) exhibit diverse enolate chemistry. C-Bonded phenacylcobalamin (51b)254 and phen-
acylcobaloxime (52b)255 derivatives decompose in acid to form acetophenone, presumably
by protonation, π-enol complex formation and decomposition and tautomerism of the enol.
No evidence is offered for O-bonded enolate in either case, suggesting it is less stable than
either C- or π-complexed ketone or enol. By contrast, β-hydroxyethylcobalamin (51c)
decomposes in base to form enol-related products while its homolog, the γ -hydroxypropyl
species (51d), cyclizes to form a 5-membered oxametallocycle256. While the strain energy
difference between this last species and the unknown 4-membered oxacobaletane is
unknown, the corresponding THF and oxetane differ by ca 80 kJ mol−1. Cobalt-alkylated
porphyrins with a vinylogous C-enolate substituent, CH2CH=CHCHO, were easily
made257. No sign of the tautomeric enolic—CH=CHCH=CHOH or the cyclic eno-
late 2-cobalta-2H -pyran was observed. Note that the corresponding 1,3-butadien-1-ol
(CH2=CHCH=CHOH) is ca 12 ± 10 kJ mol−1 less stable258 than crotonaldehyde (CH3
CH=CHCHO); no experimental enthalpy of formation data exist for the heterocyclic
species 2H -pyran or 4H -pyran.

[Co]

L

(51) (a) L = nil
(b) L = CH2C(Ph) O

Co2+

N

N N

N

−O L OH

OH O−

(52) (a) L = nil
(b) L = CH2C(Ph)

(c) L = CH2CH2OH
(d) L = CH2CH2CH2OH

O

The η5 derivatives of acylcyclopentadienides were referred to in Section II as enolates.
Again, we note the dichotomy259 between 1-formyl-1′,2′,3′,4′,5′-pentamethylcobaltocene
and some related species. This species undergoes an auto-redox reaction to form pinacol-
like dimers of the corresponding cobaltocinium ion. No such reaction is seen for 1-formyl-
1′,2′,3′,4′,5′-pentamethylferrocene260 or 1,1′-diacetylcobaltocene261 (no formylcobaltocen-
es are known). It would appear that the ionization energies of the acylated metallocenes
are too high, and/or their electron affinities insufficient to allow electron transfer and
disproportionation to ensue. For comparison, the ionization energy of ferrocene itself
is ca 125 kJ mol−1 higher than that of cobaltocene262. While we do not know of the
corresponding values for the pentamethyl ferrocene or cobaltocene, there is a nearly
identical drop of ca 80 kJ mol−1 on decamethylation for both species. These ionization
energies were determined by photoelectron spectroscopy, electron impact measurements
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having earlier been made. Electron impact experiments with 1,1’-diacetylferrocene and
its cobaltocene analog led to rearranged products263.

There are several relevant aspects of rhodium enolate chemistry. Rh(I) catalyzes264

the isomerization of allylic alkoxides to enolates. We welcome this reaction done in a
direct thermochemical context analogous to the related isomerizations of allyl halides265,
ethers266 and allyl amines267. From the enthalpies of formation of allyl alcohol and
propanal (−185.6 and −124.5 kJ mol−1), and their respective gas phase deprotonation
enthalpies (1564268 and 1530 kJ mol−1 252,253), it can be concluded that the rearrangement
of the allyloxide to propen-1-olate is exothermic by 95 kJ mol−1.

Cp*RhH2(PMe3) reacts269 with ethylene oxide to form isomeric oxiranyl and the C-
enolate CH2CHO derivatives. There are few examples where both oxirane and aldehyde
isomers have been thermochemically characterized (only the organic examples of the
epoxides of ethylene, propene and 1-butene come to mind). Although this is dispropor-
tionation rather than isomerization, we recall the multidentate rhodium enolate complexes
(Ph3P)2Rh[η3-CH2C(R)O] (R = Ph, t-Bu) and their catalytic conversion270 of aldehydes
to the corresponding ester (Tischenko reaction) in a highly energetically favorable process
(the reaction of acetaldehyde to form ethyl acetate is exothermic by ca 110 kJ mol−1).

The reaction of [Cp*(PMe3)M(η3-All)]+ (M = Rh, Ir) with alkali metal enolates has
been demonstrated to be a reversible nucleophilic addition271. There is a kinetic preference
for addition to the central carbon of the allyl ligand to give the 3-(C-enolato)metallacyclo-
butane 53. The thermodynamically more stable product is the lower valent metal–olefin
π complex, 54.

M
Cp*

Me3P

R

R1

O

(53) M = Rh, Ir

R

R1
M

Me3P

Cp*

O

(54) M = Rh, Ir

A variety of 3-iridacyclobutanes, Ir(H)(PMe3)3(CH2XCH2) (X = CO), including the
doubly C,C ′-bridged enolate, are formed easily272 from Ir(PMe3)4Cl and MeXCH2Li (X
can also be Me2C and Me2Si). It would be most informative to know the difference
between the strain energies of these irida-heterocycles and the corresponding species with
Ir replaced by CH2 (there is some controversy about the enthalpy of formation, and hence
the strain energy, of cyclobutanone itself273). The 3-iridacyclobutan-1-one274 ring system
in Ir(CO)2(PPh3)2)(CH2C(O)CH2) is significantly nonplanar and so nonbonded Ir· · ·CO
interactions are entirely plausible. Indeed, cyclohexanone substituted at position 2 with
{Cp*Ir(PMe3)[(CH2)2CH]} shows the 3-iridacyclobutyl group to be axially positioned on
the 6-membered ring275, allowing a longer range Ir· · ·CO interaction.

Related to that described above264, reactions of Rh(I) and Ir(I) with allylic alcohols
yields enols. From a study276 using the iridium catalyst it was concluded that 1-propenol
is more stable as the E rather than the Z configuration, despite the initial preponderance
of the latter prior to equilibration of the products, in contradiction to the gas phase results
reported elsewhere258.

XVI. GROUP 10: NICKEL, PALLADIUM AND PLATINUM

As seen in the previous sections, both C- and O-enolates of metals have been observed, the
dominant species depending on the metal and on its oxidation state. Nickel is outstanding
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in having the two coexisting isomeric forms. The 3-nickela-1-indanone complex 55 (C-
bonded) and the isomeric 3-methylene-1-nickela-isobenzofuran complex 56 (O-bonded)
are in equilibrium with each other277 in approximately equal amounts and so necessarily
they have nearly equal Gibbs free energies. Temperature-dependent measurements show
the C-isomer is more stable by 1.1 ± 0.4 kJ mol−1. By contrast, compare the nonmetallic
(1-ring) analogs of these species, cyclopentanone and 2-methylenetetrahydrofuran. From
the enthalpy of formation of the former, the isomerization232 and formation278,279 of the
latter, we conclude that the former is 70 ± 5 kJ mol−1 more stable than the latter. This
metallocyclic/‘organic’ difference is consonant with the conclusion that while C–C and
C–O bonds are of comparable strength, the Ni–C bond is much weaker than the Ni–O
bond. This is not surprising, but suggests care must be taken when applying reasoning
from carbocycles and ‘ordinary’ heterocycles to metallocycles. In contradistinction to the
above case of 3-nickela-1-indanone and the nearly isoenergetic isomeric 3-methylene-
1-nickela-isobenzofuran, the isoelectronic Pd species uneqivocally prefers the carbon-
bonded enolate277.

Ni

P

P

O

Ph2

Ph2

(55)

O
Ni

P

P

Ph2

Ph2

(56)

The Ni(II)-catalyzed decarboxylation of the dienol dihydroxyfumaric acid280 proceeds
sequentially to form 2,3-dihydroxyacrylic acid and hydroxyacetaldehyde. Each of these
three species has thermochemical relevance. We ask: what is the difference between
the enthalpy of formation of dihydroxyfumaric acid and its (Z)-isomer, dihydroxymaleic
acid? We note that fumaric acid is more stable than maleic acid in the solid phase by
ca 12 kJ mol−1. Is the E isomer dihydroxyfumaric acid more stable than dihydroxy-
maleic acid? While the difference between the enthalpies of formation of (Z)- and
(E)-dihydroxyethylene is not known from experiment, the corresponding difference for the
dimethoxyethylenes favors the Z configuration158 by 6 kJ mol−1: is not the (Z)-dihydroxy
acid the more stable? And so, we repeat the question: which isomer is more stable,
dihydroxyfumaric or maleic acid? Reaction chemistry suggests the fumaric acid281. 2,3-
Dihydroxyacrylic acid ((Z)- and/or (E)-isomer) is of comparable stability to its tautomer
hydroxymalonic acid semialdehyde282. While the enthalpy of formation of hydroxyac-
etaldehyde remains unknown from experiment, quantum chemical calculations suggest283

-316 kJ mol−1, the same as its (Z)-1,2-ethene-diol isomer258 as shown by ion chemical
experiments; studies in aqueous solution show them to be in equilibrium284.

For the binuclear Pd(I) dienolate [µ-CH2C(O)CHCH2Pd2(PPh3)2(µ-Cl)] there is spec-
troscopic and crystallographic evidence285 that suggests resonance between the C- and
π-olefin-bonded enolate structures. This and an earlier discussion invites the question
about the relative stability of the 1- and 2-enolates, CH2=CHCH=CHO− and CH2=C(O−)
CH=CH2, and indeed other conjugated and cross-conjugated species. From the enthalpies
of formation of their conjugate acids34,286 and their acidities287, we conclude that 1-enolate
is ca 25 kJ mol−1 more stable—the corresponding neutral enols differ by very much
the same value258. In contrast, the enthalpies of formation of CH2=CHCH=CHMe and
CH2=C(Me)CH=CH2 differ only by 6 kJ mol−1.
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The 2,4-disubstituted derivatives of the aforementioned 3-metallacyclobutanones allow
for cis and trans isomers, much as for cyclobutanone and cyclobutane. It is found that
the diphenyl species [Pt{CHPhC(O)CHPh}(PPh3)2] is synthesized with predominantly cis
stereochemistry288. This is consistent with stereochemical expectations—however, discon-
certingly, there are no examples of disubstituted cyclobutanes (or derivatives) for which
the enthalpy of formation of both the cis and trans isomers are both known273 to confirm
this expectation. Gibbs free energy differences have been determined for the dimethyl289,
dichloro, dibromo and diiodo290 species, again in the expected order290. Indeed, the only
case where the trans isomer is known to be more stable than the cis is the enigmatic
bis-phenylsulfonyl species for which no explanation has been offered291,292.

Pt(II), bonded to two Ph3P ligands, exhibits a profound difference293 in its bis-enolate
complexes with the doubly deprotonated triones RC(O)CH2C(O)CH2C(O)R, R = Me and
Ph. For R = Me, a highly puckered 2,4-diacetylated 3-platinacyclobutanone, 57, is formed
with a weak transannular Pt–C bond. For R = Ph, the more usual 1:1 O,O ′-chelate
is formed and the product is isolated as the dienediolate complex 58. What would be
the product if the two substituent groups were different, R = Me and R1 = Ph? Would
a 2-acetyl-4-benzoyl-3-platinacyclobutanone be formed; would a 6-membered-ring β-
diketonate be formed with one Me and a PhCOCH substituent apiece or such a species with
one Ph and an MeCOCH, or would an unprecedented 1,3-dioxa-2-platinacyclooctadienone
(59) result?

Pt
H

Ac

H

Ph3P

Ph3P
Ac

O

O

Pt

O

Ph3P
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H Ph

Ph
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O
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H
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79. S. Böhm, J.-F. Gal, P.-C. Maria, J. Kulhanek and O. Exner, Eur. J. Org. Chem., 2580 (2005).
80. H. C. Brown and L. Domash, J. Am. Chem. Soc., 78, 5384 (1956), citing unpublished calori-

metric studies by E. J. Prosen and his colleagues.
81. Yu. V. Zeifman, S. A. Postovoi, I. M. Vol’pin and L. S. German, Dokl. Akad. Nauk SSSR,

307, 1385 (1989); Chem. Abstr., 112, 178011 (1990).
82. P. E. Lindner and D. M. Lemal, J. Am. Chem. Soc., 119, 3267 (1997).
83. Y. Nishimura, Y. Miyake, R. Amemiya and M. Yamaguchi, Org. Lett., 8, 5077 (2006).
84. S. Kang, T.-S. Jang, G. Keum, S. B. Kang, S.-Y. Han and Y. Kim, Org. Lett., 2, 3615, (2000).
85. D. W. Rogers, Heats of Hydrogenation: Experimental and Computational Hydrogen Thermo-

chemistry of Organic Compounds , World Scientific, Hackensack, 2006.
86. J. Vicente, J. A. Abad, G. Cara and J. F. Gutierrez-Jugo, J. Chem. Soc., Dalton Trans., 2481

(1992).
87. J. Glaser and I. J. Toth, J. Chem. Soc., Chem. Commun., 1336 (1986).
88. A. McKillop, L. F. Elsom and E. C. Taylor, J. Organomet. Chem., 15, 500 (1968).
89. M. Driess, N. Dona and K. Merz, Chem. Eur. J., 10, 5971 (2004).
90. J. K. Bjernemose, E. Frandsen, F. Jensen and C. T. Pedersen, Tetrahedron, 59, 10255 (2003).
91. A. S. Hneihen, J. W. Bruno and J. C. Huffman, J. Organomet. Chem., 382, 361 (1990).
92. A. G. Davies and M.-W. Tse, J. Organomet. Chem., 155, 25 (1978).
93. K. Kobayashi, M. Kawanisi, T. Hitomi and S. Kozima, Chem. Lett., 497 (1984).
94. M. Yasuda, Y. Katoh, I. Shibata, A. Baba, H. Matsuda and N. Sonoda, J. Org. Chem., 59,

4386 (1994).



216 Joel F. Liebman and Suzanne W. Slayden

95. T. Mukaiyama, R. Tsuzuki and J. Kato, Chem. Lett., 1825 (1983).
96. R. S. Hosmane and J. F. Liebman, Tetrahedron Lett., 33, 2303 (1992).
97. A. F. El Farargy, H. Fobbe, R. Marx and W. P. Neumann, Silicon, Germanium, Tin and Lead

Compounds, 9, 71 (1986).
98. J. F. Liebman, J. A. Martinho Simões and S. W. Slayden, in The Chemistry of Organic Ger-

manium, Tin and Lead Compounds (Ed. S. Patai), John Wiley & Sons, Ltd, Chichester, 1995,
pp. 245–266.

99. A. Deak, P. Kiraly and G. Tarkanyi, J. Chem. Soc., Dalton Trans., 234 (2007).
100. R. M. Moriarty, R. Penmasta, I. Prakash and A. K. Awasthi, J. Org. Chem., 53, 1022 (1988).
101. J. Berlan, J. P. Battioni and K. Koosha, J. Organomet. Chem., 152, 359 (1978).
102. N. Yoshikai, T. Yamashita and E. Nakamura, Asian J. Chem., 1, 322 (2006).
103. W. R. Roth, O. Adamczak, R. Breuckmann, H. W. Lennartz and R. Boese, Chem. Ber., 124,

2499 (1991).
104. (a) D. W. Rogers, N. Matsunaga, A. A. Zavitsas, F. J. McLafferty and J. F. Liebman, Org.

Lett., 5, 2373 (2003).
(b) D. W. Rogers, N. Matsunaga, F. J. McLafferty, A. A. Zavitsas and J. F. Liebman, J. Org.
Chem., 69, 7143 (2004).

105. (a) P. D. Jarowski, M. D. Wodrich, C. S. Wannere, P. v. R. Schleyer and K. N. Houk, J. Am.
Chem. Soc., 126, 15036 (2004).
(b) M. D. Wodrich, C. S. Wannere, Y. Mo, P. D. Jarowski, K. N. Houk and P. v. R. Schleyer,
Chem. Eur. J., 13, 7731 (2007).

106. B. E. Bryant and W. C. Fernelius, J. Am. Chem. Soc., 76, 5351 (1954).
107. (a) L. El Watik and R. Sabbah, Bull. Soc. Chim. Fr., 344 (1991).

(b) M. Agostinha R. Matos, personal communication.
(c) R. Sabbah and L. El Watik, Bull. Soc. Chim. Fr., 688 (1988).

108. Y. Ito, T. Konoike, T. Harada and T. Saegusa, J. Am. Chem. Soc., 99, 1487 (1977).
109. M. E. Brown, H. Kelly, A. K. Galwey and M. A. Mohamed, Thermochim. Acta, 127, 139

(1988).
110. (a) M. Murakami, M. Inouye, M. Suginome and Y. Ito, Bull. Chem. Soc. Jpn., 51, 3649

(1988).
(b) Y. Ito, M. Inouye, M. Suginome and M. Murakami, J. Organomet. Chem., 342, C41
(1988).

111. E. G. Perevalova, I. G. Bolesov, Y. T. Struchkov, I. F. Leschova, Y. S. Kalyuzhnaya, T. I.
Voyevodskaya, Y. L. Slovokhotov and K. I. Grandberg, J. Organomet. Chem., 286, 129
(1985).
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I. INTRODUCTION
When a carbonyl compound capable of undergoing the keto–enol tautomerization (1
2) loses the α-proton, the resulting anionic ligand is ambidentate and can coordinate to
a metal via the O, 3, or the α-C atom, 4, depending mainly on the nature of the metal.
If the cation is hard, derived from representative, early transition, lantanide or actinide
element, it is oxophilic and will result in an enolato complex (3). If the cation is soft,
the ligand will coordinate through the softer C atom to give a 2-oxoalkyl complex (4).
Metals with an intermediate character give both complex types or show equilibria of both
species in solution (Section II.C of Chapter 61).

The subject of this Chapter is the synthesis of species having at least one [M]OCC
group with the oxygen atom bearing a negative formal charge and an electronic structure
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(1) (2)

O[M]R

R′ R′′

OR

[M]R′
R′

(3) Enolato complex (4) 2-Oxoalkyl complex

OHR

R′ R′′

OR

HR′
R′

[M] O

C C

[M] O

C C

(5) (6)

described by 5 or 6, except for those prepared from other enolato complexes which will
be treated in Section III of Chapter 61. The synthesis of enolato complexes of B, Si, Ge,
P, As, Sb and those with phenolato and related ligands will not be considered.

A 2-oxoalkyl complex (4) can act as an oxygen donor metalaligand towards another
metal center M’ but, provided it keeps the σ -M−C bond, the resulting species continues
to be a 2-oxoalkyl complex, i.e. it can be formulated as [M]{µ-C,O-CR′R′′C(=O[M′])R}.
The best known example of this type of complex is the Reformatsky reagent 7, prepared
from BrCH2CO2Bu-t and Zn in thf, which has been structurally characterized2. Recently,
a related complex [Zn2{C,O-CH2C(O)NMe2}2L], in which L is a dianionic tetradentate
ligand, has been prepared by reaction of [Zn2Ph2L] with AcNMe2

3. In these complexes
electron delocalization over the CCO moiety is difficult to accept, considering the known
structural parameters. These reagents are dimeric, e.g. 7, except in strongly polar solvents
where they are monomeric. Therefore, in the solid state and in solution, complexes with
µ-C,O-CR′R′′C(O)R ligands are not actually enolato but 2-oxoalkyl complexes. Related
palladium complexes have also been reported4,5.

Zn

O
Zn

O

OBu-t

t-BuO
Br

thf

thf

Br

(7)

Empirical observations and calculations suggest that some 2-oxoalkyl complexes rear-
range to O-bonded structures in solution (Section II.C, Chapter 6)1,6. This is probably the
reason why many authors still name species [M]–CH2C(O)R as C –enolato complexes,
although it is both incorrect and confusing.

As the nature of most enolato complexes in solution is strongly dependent on the solvent
and it is not always well established, and the enormous amount of enolato complexes
reported exceeds the limits assigned to this chapter, we have restrained its content to the
synthesis of isolated, mainly fully characterized, enolato complexes.

The synthesis of metal enolato complexes will be presented in sections according to
the type of reagent supplying the oxygen atom of the enolato ligand and in each section
the different types of metals will be considered separately.
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The following abbreviations are used in the chapter. Unless otherwise stated, the dike-
tonato ligands are assumed to be O,O-dicoordinated.

acac acetylacetonato LTMP lithium 2,2,6,6-
cod 1,5-cyclooctadiene tetramethylpiperidide
DBU 1,8-diazabicyclo(5.4.0)undec- Me6acac 1,1,1,3,3,3-hexamethyl-

7-ene acetylacetonato
dik β-diketonato nbd norbornadiene
dme 1,2-dimethoxyethane phen 1,10-phenanthroline
dpk diphenylketene py pyridine
dppe 1,2-bis(diphenylphosphino) tmeda N ,N ,N ′,N ′-tetra-

ethane methylethylenediamine
F3acac 1,1,1-trifluoroacetylacetonato TMP 2,2,6,6-tetramethylpiperidide
F6acac 1,1,1,3,3,3-hexafluoro- Tol 4-tolyl (unless Tol-2 is stated)

acetylacetonato TpMe,Me hydrotris(3,5-dimethyl-
HMDS hexamethyldisilazanide pyrazolyl)borate
HMPA hexamethylphosphoramide trimeda N ,N ,N ′-trimethyl
LDA lithium diisopropylamide ethylenediamine
LHMDS lithium hexamethyldisilazanide Xyl 2,6-dimethylphenyl

II. SYNTHESIS FROM KETONES, ALDEHYDES AND ESTERS

The most general and well-known methods for the synthesis of metal enolato complexes
involve the use of the conjugated acid of the enolato ligand, i.e. the corresponding ketone,
aldehyde or ester. However, although the enolato ligand is usually regarded as the result of
the deprotonation of these compounds, this path (Section II.A) is only one of the possible
ways to generate it (Sections II.B and II.C).

A. Deprotonation and Transmetalation Reactions

This method consists in the generation of the enolato ligand by deprotonation of the
corresponding carbonyl compound RC(O)CHR′R′′ in the presence of a metal (M) salt
or complex. However, frequently the deprotonating agent is a compound of a different
metal, M′X (M′ = alkali, alkaline-earth, Tl(I), etc., X = amide, hydride, acetate, etc.). In
this case, the synthesis of the desired complex is a one-pot, two-step process consisting of
[M′]−OC(=CR′R′′)R formation followed by transmetalation of the enolato ligand from
[M′] to [M].

1. Enolato complexes from monoketones

a. Group 1 elements. Monoketone enolates are very important reagents in a wide variety
of organic processes such as aldol and Michael additions, alkylations, acylations, etc.7.
Most of the metal enolates employed in organic synthesis are alkali metal derivatives,
particularly lithium, sodium or potassium enolates, which are easily obtained by reacting
the corresponding ketone with metal derivatives of sterically hindered amides such as
LDA, LTMP and Li, Na or K derivatives of HMDS in thf. The structure, synthesis and
properties of lithium enolates8 and the structure and reactivity of alkali metal enolates
have been reviewed9.

Although it is usual to represent the alkali and alkaline-earth derivatives as MOC(=
CRR′)R′, i.e. as they were mononuclear metal enolates (3), they are actually dinuclear,
tetranuclear or hexanuclear aggregates in the solid state and in solution through bridging
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enolato ligands8. The exceptions are a few potassium derivatives [K(Ln)]{OC(=CHR)R′}
(Ln = crown ether, R = H, Me, R′ = Ph)10 obtained from KH, the crown ether and ace-
tophenone or propiophenone in thf, in which the metal-to-ligand interaction is mainly
ionic10.

The aggregation extent of lithium enolates in the solid state depends mainly on the sol-
vent and the ligands used for their isolation. Thus, the lithium enolato complex of AcBu-t
crystallizes in the presence of trimeda as dimeric [Li2{µ-OC(=CH2)Bu-t}2(trimeda)2]
(type 8)11, as tetrameric [Li4{µ3-OC(=CH2)Bu-t}4(thf)4] in thf (type 9)12 or as hexameric
[Li6{µ3-OC(=CH2)Bu-t}6] in heptane (type 10, without L)13,14. Also type 8 are the tmeda
complexes of the lithium enolates of EtCO2Bu-t and i-PrCO2Bu-t15, the trimeda complex
of the enolate of N ,N-dimethylpropionamide11 and the thf complex of 8-(dimethylamino)-
8-heptafulvenolato16. Type 9 is also the py complex [Li4{µ3-O(=CH2)Bu-t}4(py)4]17,
obtained by reacting AcBu-t with LHMDS and an excess of py. If a 1:1:0.65 molar ratio
is used, the resulting complex [Li4{µ3-O(=CH2)Bu-t}4(py)3] has a similar structure but
with one tricoordinated lithium atom17.

MO
M

OM
O

M O

O M

R

O

MR

R

R

R
RO

M
M

M
M

O
O

O
R

L

RL

R

L R

L

M
O

M
O

R

R
L

LL

L

LL

L

L
L

L

(8) (9) (10)

In some cases, dinuclear enolato complexes bear both enolato and non-enolato bridg-
ing ligands. Thus, AcBu-t reacts with LHMDS and dme to afford [Li2{µ-O(=CH2)Bu-
t}{µ-N(SiMe3)2}(dme)2]. Similarly, i-PrCO2Bu-t reacts with one equivalent of NaH-
MDS and tmeda to give the dimer [Na2{µ-OC(=CMe2)OBu-t}(µ-NSiMe3)(tmeda)2]18

and i-Pr2C(O) reacts with a mixture of n-BuBr, i-Pr2NH, tmeda and LiBu-n or with
2,2,6,6-tetramethylpiperidinium bromide or iodide, tmeda and LiBu-n to give [Li2{µ-
OC(=CMe2)Pr-i}(µ-X)(tmeda)2] (X = Br, I)19.

Co-crystallization of a mixture of LiBr, LHMDS, LiOC(=CH2)Bu-t and tmeda in a
1:1:1:2 molar ratio gives 1120. Similarly, a mixture of MOBu-t and M′{O(=CH2)Bu-t}
or of M′OBu-t and M{O(=CH2)Bu-t} (M = Li, M′ = K) in the presence of thf yields a
unique aggregate of composition [Li4K5(OBu-t)4{µ-O(=CH2)Bu-t}4(OH)(thf)]21.

Br(tmeda)Li

O Li
N

Li O

Li(tmeda)

Me3Si SiMe3

Bu-tt-Bu

(11)

12 and 13 reacts with LDA to give 1422 and 1523, respectively. Reaction of an equimolar
mixture of sodium diisopropylamide and LDA with two equivalents of AcBu-t affords
crystals of 1624.
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The reaction of AcBu-t with NaHMDS gives the tetranuclear compound [Na{µ3-
O(=CH2)Bu-t}(AcBu-t)]4, a type 9 structure like that of its thf lithium analogue. However,
the potassium complex crystallizes with thf and its structure is hexameric type 10 [K6{µ3-
OC(Bu-t)=CH2}6(thf)6]14.

AcMes has been chosen as a model ketone for deprotonation since its enolato com-
plexes have excellent crystallization properties with a variety of cations. Thus, the reaction
of AcMes with KHMDS in PhMe gives the type 9 complex [K4{µ3-OC(=CH2)Mes}4
(PhMe)4] (type 9)25 and with NaBu-n and tmeda leads to the sodium enolato complex
[Na2{µ-OC(=CH2)Mes}2(tmeda)2] (type 8)26.

b. Group 2 and 12 elements. The reaction of AcMes with Ca(HMDS)2 in Et2O/hexane
affords 1725 and with Mg(HMDS)2 in hexane gives 1827. The latter result is in contrast
with that reported in the reaction with one equivalent of PhC(O)Et in thf, which gives 19.
This, in turn, is in contrast with the reaction between the same ketone and Ca(HMDS)2,
which gives 2028. If this reaction is carried out in the presence of one equivalent of
Me2N(CH2)2N(Me)(CH2)2NMe2 the mononuclear complex 21 is obtained28. Mg(HMDS)2
reacts with substoichiometric amounts of PhC(O)Et at room temperature to form a 74:26
mixture of the enolates E- and Z-2229. [MgBr{N(Pr-i)2}] reacts with AcBu-t and HMPA
to give [MgBr{µ-OC(=CH2)Bu-t}(HMPA)]2

30.
Complex 23 is an enolising reagent toward aliphatic ketones such as (Bn)2CO, AcCHPh2

or camphor, giving enolato complexes 2431.
The syntheses of mixed Na/Mg metal enolato complexes 25–27 (RO = O(=CH2)Mes)

have been reported by mixing the metal alkyl reagents NaBu-n and Mg(n-Bu)2 in the
desired stoichiometry with the required amount of AcMes and tmeda26.

Mixtures of MM′(HMDS)3 (M = K, M′ = Ca25, Zn32; M = Na, M′ = Zn32) and K2Ca
(HMDS)4

25 with AcMes give 28–30 (X = OC(=CH2)Mes), respectively. The special
synergic reactivity of these heterobimetallic ate compounds MM′(HMDS)n has been
reviewed33.
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The deprotonation of a series of ketones by [Zn2(Ph)2L], where L2− represent various
bis(amidoamine) ligands, gives the corresponding enolato complexes. Their crystal struc-
tures show some of them to be dimers [Zn2{OC(=CR2)2R′}2L] (R = Me, R′ = i-Pr; R =
H, R′ = C6Me5)34. Li enolates of N ,N-disubstituted glycine esters MeO2CCH2N(R)R′
react with [Zn(Et)Cl] to give 3135.
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(31) R = Me, R′ = Me, t-Bu; R = R′ = Et

c. Group 13 elements. Trialkylaluminum compounds react with ketones leading to
adduct formation, alkylation, reduction or enolization products, depending on the ketone
and the alkyl group attached to aluminum. In particular, the reaction of AlR3 (R = Me,
Ph) with ketones AcAr (Ar = Mes, C6H2(i-Pr)3-2,4,6) gives [AlR2{µ-OC(=CH2)Ar}]2

36.
N ,N-disubstituted glycine esters R′

2NCH2CO2R′′ react with LDA to give complexes 32.
The complex with R′ = R′′ = Et has a type 10 hexagonal prismatic structure, in which
the chelating enolato ligand plays the role of both OR and L37. 32 transmetalates the
enolato ligand to alkyl Al compounds [AlR2Cl]2 (R = R′ = R′′ = Me, Et; R = R′ = Et,
R′′ = t-Bu; R = R′′ = Me, R′ = Me, t-Bu) to give 33 (1:1 molar ratio) or 34 (1:2 molar
ratio)38.

Li
O

R′2
N

OR″
Al
R2

O

R′2N

R″O R2
Al

O

R′2
N

OR″

R2Al

O

R′2
N

OR″ClR2Al

(32) (33) (34)

d. Group 4 elements. The reaction of [Ti(η5-Cp)2Cl2] with potassium enolates of AcAr
(Ar = An-2, Mes) gives the corresponding metal enolato complexes [Ti(η5-Cp)2{OC(=
CH2)Ar}Cl] or [Ti(η5-Cp)2{OC(=CH2)An-2}2] depending on the reagents’ molar ratio39.
[Ti{η5,N-C5Me4(SiMe2NBu-t)}Cl(X)] reacts with the ester enolate LiOC(=CMe2)OPr-i
to give [Ti{η5,N-C5Me4(SiMe2NBu-t)}{OC(=CMe2)OPr-i}(X)] (X = Cl, Me)40. Some
enolizable ketones RR′CHC(O)R′′ react with [Ti(η5-Cp)2(=CH2)], formed in situ by
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thermolysis of [Ti(η5-Cp)2Me2], to give regio- and stereoselectively the enolato complexes
[Ti(η5-Cp)2Me{OC(=CRR′)R′′}]41.

LiOCH=CMe2, prepared from LiMe and Me3SiOCH=CMe2, reacts with [M(η5-Cp)2
XCl] (M = Ti, Zr; X = Me, Cl) to render the corresponding enolato complexes [M(η5-
Cp)2Me(OCH=CMe2)] and [M(η5-Cp)2(OCH=CMe2)2]42. Similarly, [{Zr(η5-Cp)2Cl}2
(µ-O)] reacts with two equivalents of LiOC(=CMe2)OR (R = t-Bu, Me) to give [{Zr(η5-
Cp)2{OC(=CMe2)OR}}2(µ-O)]43. The stable enols Mes2C=C(R)OH react with [Ti(η5-
Cp)2Cl2] and NaH to give [Ti(η5-Cp)2{OC(=C(Mes)2)OR}2] (R = H, Ph)44.

The K+ Li+ salt of 35 reacts with [Zr(η5-Cp)2Cl2] to give 3645.

(36)

O

Ph2C

CH2

2−

Cp2
Zr

O

Zr
Cp2

O

Ph

PhPh

Ph

(35)

2-Acetylpyridine reacts with KH and [MCl2(NEt2)2] to afford complexes 37 which
transmetalate the enolato ligand to [AlMe3]2, affording complex 3846.

O
M

NEt2

O

Et2N

NO
Al

Me Me

Al
Me

Me
Me

(37) M = Ti, Zr (38)

N N

The Li+ Na+ salt of 39, prepared by reacting NaCp with AcOEt and LDA, reacts with
[MCl2(NR2)2] (1:1) to give complexes 4047.

O−

O

M
R2N

R2N

O

M
NR2

NR2

(39) (40) M = Ti, R = Me; M = Zr, R = Et

–

Potassium complex 41 reacts with one equivalent of [M(η5-Cp)2Cl2] to afford 4248.
Complex 43 adds KOC(=CH2)Ph to give the heteronuclear complex 4449.

Complexes bearing ligands that can be protonated react with ketones without the
necessity of a base. Thus, [Zr(η5-Cp∗)2(=E)(py)] (E = O, S, Se, Te) reacts with AcR
(R = Me, t-Bu, Ph) to give complexes [Zr(η5-Cp∗)2(EH){OC(=CH2)R}]50. Similarly, the
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OK(thf)

CpFe

(41)

O

CpFe

(42) M = Ti, Zr

M

Cp
Cp

Cl

Zr N

N

N
Zr

N

N
N

N

O
Ph

K
thf

thf
thf

N

(43) (44)

imido complex [Zr(η5-Cp)2(=NBu-t)(thf)] reacts with moderately hindered ketones to
afford [Zr(η5-Cp)2(NHBu-t){OC(=CR′R′′)R}] (R = R′ = (CH2)3CHBu-t , R′′ = H; R =
t-Bu, R′ = R′′ = H, Me51). Complexes 45 (R = i-Pr, c-Hex) react with diazo compounds
AcC(=N2)CO2Et to give complexes 46, probably through 4752. Enolizable ketones RC(O)
CH2R′ react with [Ti(η5-Cp∗)2(=C=CH2)] to give [Ti(η5-Cp∗)2(CH=CH2){OC(=CHR′)
R}]53.

ZrCp2

N

(R2N)2P

(46)(45)

Zr
Cp2

N

(R2N)2P

O

C
H

H
H

CO2Et

N

N

Zr
Cp2

NH

(R2N)2P

O

N

H
N

CO2Et

(47)

Equimolar amounts of LDA and 48 give the corresponding lithium enolato complex
which, by means of a Claisen-type condensation, leads to 49, which, in turn, reacts with
[Zr(η5-Cp)2(Me)Cl] to give 5054.

CO2Me

Et

Et

Zr
Me

O CO2Me

Et
Et

Et

Et

LiO

Et

Et Et

CO2Me

Et

(48) (49) (50)

The reaction of the lithium phosphinoenolato complex [Li{µ-OC(=CHR)PPh2}(thf)2]
with [Zr(η5-Cp)2Cl2] leads to the corresponding complexes [Zr(η5-Cp)2{OC(=CHR)PPh2}
Cl] (R = H, Me)55.
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Reaction of 51 with lithium isopropylisobutyrate produces complex 5256. Similarly,
the addition of LiOC(=CMe2)OMe to [Ti(η5-Cp)2Cl2] gives the enolato complex [Ti(η5-
Cp)2Cl{OC(=CMe2)OMe}]57 and complexes [M(η5-Cp)2Cl2] (M = Ti, Zr, Hf) react with
two equivalents of Li{OC(=CH2)Me} to give [M(η5-Cp)2{OC(=CH2)Me}2]58. Deprotona-
tion of AcNPh2 with LDA, followed by reaction with [Zr(η5-Cp)2Cl2], gives the complex
[Zr(η5-Cp)2Cl{OC(=CH2)NPh2}]59.

R

O
Pr-i

Zr
O

R
Zr

TfO

(51) R = Me, TfO (52) R = Me, OC(=CMe2)OPr-i

Complexes [M]−C(=CR2)OLi, obtained by treating an alkyllithium compound with
an acyl complex, react with electrophiles to give new acyl complexes that can be used in
organic synthesis60 or to transmetalate the metalaenolato ligand to another metal center
[M′] to give [M]−C(=CR2)O[M′]. Thus, addition of LiBu-n to [Fe]Ac ([Fe] = Fe(η5-
Cp)(CO)(PPh3)) gives [Fe]{C(=CH2)OLi}, which reacts with [Zr(η5-Cp)Cl2] to give
[Fe]{C(=CH2)O[Zr(η5-Cp)Cl]}61.

e. Group 5, 6 and 7 elements. Treatment of [TaMe3Cl2] with two equivalents of
KOC(ad)(Mes) (ad = adamanten-2-yl) leads to [TaMe3{OC(ad)(Mes)}2]62. Similarly,
reaction of [MoCl4(thf)2] with four equivalents of KOC(ad)(Mes) gives [Mo{OC(ad)
(Mes)}4]63. The complex [M{η3-CH2C(R)CH2}Cl(CO)2(phen)] reacts with one equivalent
of KOC(=CH2)Ar to give [M{OC(=CH2)Ar}{η3-CH2C(R)CH2}(CO)2(phen)] (M = Mo,
R = Me, Ar = Ph, Naph; R = H, Ar = Naph; M = W, R = H, Ar = Ph)64.

The reaction of 53 with 54 gives the dimetalafuran complex 55 (Section IV.E)65.

Li

ReON
Ph3P

CH2

O
Re

CO
CO

CO
COOC

CF3SO3

ReON
Ph3P

O

Re

CO
CO

CO
CO

OH

(53) (54) (55)

f. Group 8 elements. The reaction of FeBr2 with 56 in the presence of KH leads to
5766.

Benzyne complex 58 (L = PMe3) reacts with AcR′ (R′ = Me, Ph) to afford the cyclo-
metalated complex 59 plus methane or benzene, respectively67, and with Me3NHCl and
KOC(=CH2)Me to give 60a, for which intermediate 61a has been isolated. Complex
60a rearranges in solution at room temperature to give the oxametalacyclobutane 62,
which at 45 ◦C leads to 59 and methane, providing strong evidence that 60a and 62 are
intermediates in the reaction of 58 with AcMe to give 5968,69. Furthermore, 62 reacts with
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(56)

O

Ph2P

O

Ph

(57)

Ph2P O

Fe

O

O PPh2

O

PhPh

AcPh to give also 5968. Complexes 61a–c react with KOC(=CH2)R′ to afford enolato
complexes 60a, 60b, 60c70. The reaction of 61d with KOC(=CH2)CH2Bu-t gives 63,
containing a dianionic enolato ligand69,70.

(60) (a) R = Ph, R′ = Me
(b) R = Me, R′ = H, Bu-t
(c) R = H, R′ = Me

Ru
R

OL
L

L
L

R′

Ru

L
L

L
L

O

(59)

Ru

L
L

L
L

(58)

Ru
R

ClL
L

L
L

Ru

L
L

L
L

O Me

Ph

(62)

Ru
OL

L

L
L

(63)(61) (a) R = Ph
(b) R = Me
(c) R = H
(d) R = OAc

Bu-t

g. Group 9 elements. Potassium enolates react with trans-[RhX(CO)(PR3)2] (X = Cl,
R = Me; X = F, R = Ph) to afford the corresponding enolato complexes trans-[Rh{OC(=
CHR′′)R′}(CO)(PR3)2] (R = R′′ = Me, R′ = Ph, Mes, t-Bu; R′ = Ph, R′′ = H, R = Me,
Ph). AcC6H4NO2-4 replaces the less acidic EtC(O)Bu-t from [Rh{OC(=CHMe)Bu-t}(CO)
(PMe3)2] to give [Rh{OC(=CH2)C6H4NO2-4}(CO)(PMe3)2]71. Treatment of 64 (L =
PPh3) with NaOMe affords the acyl enolato complex 6572.

O Ir Cl

Cl

L

L

O
EtO

O Ir Cl
L

L

O
EtO

(64) (65)

h. Group 10 elements. [Fe]{C(O)CH2PPh2} ([Fe] = Fe(η5-Cp)(CO)(PPh3)) reacts with
LiBu-n and NiCl2 to afford the trinuclear phosphinoenolato complex cis-[Ni{O,P -OC(=
CHPPh2)[Fe]}2]73.

Complexes 66–68 react with KOBu-t to give 69, 7074 and 7175, respectively.
[NiMe(µ-OMe)(PMe3)]2 causes double deprotonation of 2-formylketones 72–74 to

give CH4, MeOH and the corresponding acylenolato complexes 7576 which (i) give
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(66) R = i-Pr

Me3P
Ni

Me3P

O

(68) R = H, Me

Ni
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P

PR2 Cl

Me

Ph

Ni
Cl O R′

R″

(67) R = i-Pr, R′ = R″ = H
        R = i-Pr, R′ = Me, R″ = H, Me
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P
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R

(69) R = i-Pr

Me3P
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Me3P

O
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(71) R′ = H, Me

Ni
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PR2 Cl Ph
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(70) R = i-Pr, R′ = R″ = H
        R = i-Pr, R′ = Me, R″ = H, Me

O

O

O

O

R

Ph

Ph
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O

(73) (74) R = H, Ph, Bu-t(72)
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O

O
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(75)

O

Ni

O
L

I

Me

L

(76) (77) (78)

Ni(IV) complexes 76 or 77 by oxidative addition of MeI or I2 (alternatively C2H4I2
or CH2I2), respectively, or (ii) transmetalate the enolato ligand to the Co(I) complex
[Co(C≡CPh)(PMe3)4] leading to Co(III) complexes 78 and [Ni(PMe3)4]77.

Imidazolium salts 79 (Ar = Mes, C6H2R′
2-2,6-R′′-4, R′ = i-Pr, R′′ = H) react (i) with

[Ni(cod)2], PhCl, py and two equivalents of NaHMDS at −195 ◦C to afford 80, which
is active for linear polyethylene and polypropylene synthesis78, or (ii) when Ar = Mes,
with [Pd(η3-allyl)(µ-Cl)]2 and KOBu-t to afford 8179.

N

Ni

O

Ph
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Ph

N Ar

N

O

Ph

N Ar

Br−
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(79) (80)

N
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O

Ph
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(81)
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The 2-oxoalkyl polymer 825 reacts with isocyanides RNC to give 83, probably through
the insertion product 84, followed by a tautomerization80.

PdO

HC

Cl

Me
NHR

n
2

Pd Cl

Pd

O

Me

Cl

O

Me

PdO
Cl

Me
NR

(82) (83) R = t-Bu, Xyl-2,6 (84)

2

Pd(I) complex 85 has been prepared by reacting Me3SiOC(=CH2)Vi and Et3N (i) with
86 and [Pd2(dba)3]ždba (dba = dibenzylidenacetone) or (ii) with 8781.

2+

Cl

PdPd
Ph3P PPh3

+

2Cl

PdPd
Ph3P PPh3

+O

(85) (86) (87)

Cl

Pd

Ph3P

Ph3P

i. Rare-earth elements. Addition of ROH to a mixture of Ph2C=O and Sm or Yb in
thf/HMPA affords the enolato complexes 8882.

M

OR

HMPAHMPA

O O
PhPh

(88) (a) M = Sm, R = C6H2Me-4-(t-Bu)2-2,6
(b) M = Sm, R =C6H3(t-Bu)2-2,6
(c) M = Yb, R = C6H2Me-4-(t-Bu)2-2,6

Reaction of Li(OCH=CH2) with [Ln2(η5-C5H4R)4(µ-Cl)2] (R = H, Me83, SiMe3
84;

Ln = Lu, Yb83, Y83,84) leads to [Ln2(η5-C5H4R)4(µ-OCH=CH2)2].

2. Enolato complexes from diketones and their derivatives

In this section we will deal with complexes obtained by deprotonation or transmetalation
from compounds containing two carbonyl groups. Although derivatives of aldehydes and
esters are also included, they all will be addressed as diketonato. Various organic parent
compounds can be distinguished: (i) the most important are α-, β- and other diketones;
(ii) compounds in which one or two of the keto forms are less important than the enol
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form, therefore, they are better named ketoenols (e.g. tropolone) or enediols (e.g. ascorbic
acid); (iii) ketoimines or thioketones, considered as derived from diketones.

a. α-Diketonato complexes. In this family of enolato complexes are included species
that actually or formally can be derived from an α-diketone. The most important ones
are those derived from cyclic α-hydroxy ketones such as the tropolones (89a,b), the
3-hydroxy-4-pyrones (90a–f) (e.g. maltol (90a), kojic acid (90d) or allixin (90e)), 3-
hydroxy-4-pyridinones (91), the 3-hydroxy-2-pyridinones (92), the hydroxyquinones (93,
94), etc., which find use as complexing agents85 – 87 and, along with their metal complexes,
have actual or potential applications in medicine88 – 97 and as functional materials87. In
these compounds, the α-diketone tautomeric form is less important than the corresponding
α-hydroxyketone form96,98.
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N O
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(91) (93) (94)

O

OH
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2
34
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7

R

O

R

OH

R′
R′′

(89) (a) R = H (tropolone)
(b) R = i-Pr
     (hinokitiol or thujaplicin)

(90) (a) R = Me, R′ = R′′ = H (maltol)
(b) R = R′′ = H, R′ = Me (isomaltol)
(c) R = Et, R′ = R′′ = H (ethylmaltol)
(d) R = R′′ = H, R′ = CH2OH (kojic acid)
(e) R = Me, R′ = (CH2)4Me,

R′′ = OMe (allixin)
(f) R = Ph, R′,
     R′′ = C6H4-1,2 (3-hydroxyflavone)

R

(92)

i. Tropolonato complexes. Upon deprotonation, tropolones can be used as bidentate five-
membered O,O-enolato chelates to give tropolonato complexes [M](tropo)n (95). Thus,
neutral, cationic and anionic complexes of most elements have been isolated by reacting
tropolone or its Li, Na or Ag salt with the metal or its halide, nitrate, oxide, acetate,

O

O

[M]

(95) n = 1–5, z = 0, ± 1

n

z
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etc. Some anionic complexes have also been prepared by reacting tropolonato complexes
with alkali tropolonates. Thus, [M(tropo)4] (M = Th, U, tropo = O,O-tropolonato ligand
and ring-substituted derivatives)99 – 102 reacts with Q(tropo) to give Q[M(tropo)5] (Q =
Li, Na, K)100; in the case of [U(tropo)4] the Li salt is required. However, attempts to
prepare [M(tropo)5]− with other cations (M = Zr, Hf, Ce) were unsuccessful100. Similarly,
[M(tropo)3]99 (M = Sc, Y, In and rare-earth trivalent ions) react with Na(tropo) in polar
media to form Na[M(tropo)4]. Attempts to extend this chemistry to other trivalent ions
(Fe(III), Ga(III), Rh(III)) failed99,103.

Some of the isolated simple tropolonato complexes grouped by their charge, metal
oxidation state and stoichiometry are listed in Tables 1–3.

Other tropolonato complexes of Mo125, Re126, Ru127,128, Co129, Rh130, Ir131, Ni132,
Pd133, Cu123,132 and Sn134 have also been isolated.

ii. Complexes derived from hydroxpyrones, hydroxypyridinones and related species.
Some of the isolated complexes of cyclic α-hydroxy ketones 90–92 are listed in Table 4.

TABLE 1. Neutral tropolonato complexes

Metal
oxidation
state

Stoichiometry Examples

M(I) [M(tropo)]2 [Ag2(tropo)2]104

M(II) [M(tropo)2] M = Be, Mg, Ca, Sr, Ba, Mn, Fe105, Cu105,106, Co, Ni105,107,
Pd105,108, Zn89,105, Ge109, Pb105, Hg105, Sn89

M(III) [M(tropo)3] M = Al, Ga103,110, In, Tl103, Bi105, Ti99, Mn111, Rh99, Ir112,
Sc99,113, La87,103,105, Eu87,103,105,114, Y, Ce, Tb87,99,105,114,
Pr, Nd, Dy, Tm99, Sm99,115, Yb87,99, Gd87,99,105,114,
Ho87,99,105, Er87,99,105, Lu99,105

M(III) [M(tropo)2X] M = Bi, X = Cl, ONO2, Ph91,103

M(III) [M(tropo)R2] M = Al, R = Me, Et116

M(IV) [M(tropo)4] M = Sn99,103,105,117, Pb103, Zr, Hf99,110, Nb118, Ce99, U100,101,
Th99 – 101,110, Pa, Np, Pu101

M(IV) [M(tropo)3X] M = Sn, X = Cl103,105,110, Ph103, OH99; M = Zr, X = η5-Cp119

M(IV) [{M(tropo)3}2O] M = Ti99

M(IV) [M(tropo)2XY] M/X/Y = Sn/Cl/Cl103,105, Sn/Br/Br, Sn/Cl/Ph103, Sn/Me/Me120,
Ti/Cl/Cl99

M(IV) [M(tropo)X2Y] M = Sn, X = Y = Me120, X = Me, Y = Cl105

M(V) [M(tropo)4X] M = Pa, X = Cl, Br101; M = Ta, X = Cl110

M(V) [MO(tropo)3] M = V99,105, Nb99

M(V) [M(tropo)2R3] M = Bi, R = Ph90,121

M(V) [MO(tropo)2X] M = V, Mo, X = Cl99

M(V) M4O8(tropo)4(L)4] M = Mo, L = EtOH122

TABLE 2. Cationic tropolonato complexes

Metal
oxidation
state

Type Examples

M(II) [M(tropo)L2]X M = Cu, L2 = tmeda, X = BPh123
4

M(V) [M(tropo)4]X M = Nb, Ta, Q = Cl, PF6; M = Nb, X = I99
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TABLE 3. Anionic tropolonato complexes

Metal
oxidation
state

Type Examples

M(III) Q[M(tropo)4] Q = H, M = Sc, Y, Tm, Yb, Lu; Q = Li, M = La, Ce;
Q = Na, M = Sc, Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu, In99,103, Bi105; Q = K, M = La, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu86; Q = NH4, M = Dy,
Ho, Tm, Yb99,103

Q2[M(tropo)4]2 Q = H, M = Sc113,124

M(IV) Q[M(tropo)5] Q = Li, M = Th, Pa, U; Q = Na, K, M = Th101

TABLE 4. Complexes derived from hydroxypyrones, hydroxypyridinones and related species

Metal
oxidation
state

Examples

M(VI) [MO2]2+, M = Mo135,136, Os, U135

M(V) V137, Tc138, Re126,138,139

M(IV) Ce140, Ti141, [VO]2+94,142 – 144, Hf145, Ge146, Sn134,146,147

M(III) V95, Cr148 – 150, Mn151, Tc152, Fe92,93,153 – 155, Ru126,128,135,156, Rh135,157, Ir158,
Al155,159 – 161, Ga97,159, Ln162

M(II) Be163, Ca164, Mn165,166, Co149,166, Ru167, Ni166, Pd135,168, Pt135,169, Cu145,149,166,170,
Zn89,145,166,171 – 173, Cd145, Hg145,172,174, Sn89,175, Pb172

These complexes have been synthesized in water, aqueous EtOH or non-aqueous
solvents, by reaction of the ligand with metal halides92,135,145,148,176,177, nitrates160,176,
sulfates94,142,171, oxo126 or acac144 complexes in the absence126,135,145,152 or the presence
of a base (NH4OH92,176, NaOH142,153,176, KOH94, NaOMe177, Et3N148).

iii. Enolato complexes derived from hydroxyquinone and related species. These com-
plexes have been prepared by reacting 2-hydroxy-p-quinone (93) or 4,5-dihydroxy-o-
quinone (94) with metal acetates178, sulfates178,179 or nitrates180,181, metal chlorides in
the presence of NaAcO182, oxometalates183, or the sodium salts of the ligands with
metal chlorides184 in water or aqueous MeOH185 or MeCN180. Complexes of types 96
(M = Cu186), 97 (M = Fe187, Co, Ni178, Cu178,182,184,185, Zn178,184,188), 98 (M = Ag180),
99 (M = Ca189, Mo183, Y, La, Gd, Yb, Lu, Ce181), 100 (M = Cu190) and 101 (M = Hg191,
Pt192) have been reported.
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M O
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(96) (97) (98)
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(99) (101)(100)

iv. Metal complexes of oxocarbon ligands CnOn
2−. These cyclic dianions193 have an

extensive π-electronic delocalization over the ring and the oxygen atoms and are known
for n = 3 (deltate, 102)194, 4 (squarate, 103), 5 (croconate, 104) and 6 (rhodizonate,
105)195. However, their coordination chemistry is almost limited to squarato and some
croconato complexes. They usually coordinate to one or several metal ions as terminal
or bridging ligands frequently giving 2-D and 3-D complex networks. They have been
prepared, generally in water, by reaction of a metal salt or complex with the acid196,197,
or its alkali or alkaline-earth salt. Croconato complexes of Ca198, Mo199, Mn198,200,201,
Fe198,201,202, Co198,203, Ni198,204,205, Pt206, Cu198,201,204,207 – 210, Ag211, Zn198,207, Cd211,
lantanide and actinide elements197,210,212 have been isolated and characterized by X-ray
diffraction.
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(102) (103) (104) (105)
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Squarato complexes have been widely studied. Thus, mononuclear complexes of Ba213,
V214,215, Cr216, Mo215,217, Mn218 – 221, Fe220,222 – 224, Co219,220,224 – 228, Ni220,224,226 – 230,
Pd231, Pt206,232, Cu208,210,222,228,233, Zn219,220,227,228,230,234,235, Cd227,236, Ga237, Sn238,
Pb239, Y240, La241,242, Pr243, Nd244, Eu241,243 – 245, Gd241, Tb241, Yb243, U246 as well as
dinuclear complexes of Ba/Cu247, Cu/Ce248, Ni/Ce249, Cu/La250, Cu/Gd250 have been fully
characterized.

Many metal complexes of squarate-related ligands like RC4O3
− have also been char-

acterized. Some examples are those with R = OH235,251,252, Me253, Ph241,254,255, An-
4256, NMe2

257, NHPh256,258, NPh2
245,259,260, N(PO3H−)2

221, NHCH2CH(NH3)CO2
− 261,

OMe262, and M = Na261, Mo252, Mn235,254,258,260,262, Ru255,256, Co251,254,258,260,262,
Ni254,258,262, Cu221,258,260, Zn254,258,260,262, La241,253, Eu241,245,253,259, Gd241,253, Tb241,253,

255,259, Ga259, Pb257, or with (O3C4S(CH2)2SC4O3)2− and M = Pb263.
Squaraines are a class of 1,3-derivatives of squaric acid in which the substituents are

amino or highly electron-releasing aromatic or heterocyclic groups. The squaraine ligand
106 (Ar = C6H3(i-Pr)2-2,6) yields with AlMe3 in thf a dimeric tetranuclear complex
(107)264.

A special mention deserves the synthesis of a uranium squarato265 and the first deltato
complex, using CO as the only source of the oxocarbon ligands (Section IV.D).

The crystal structures of three metal rhodizonato complexes were determined: Rb2C6
O6

266, prepared by reacting anhydrous rhodizonic acid with RbOH, and the other two267,
108, prepared by reacting aqueous Na2C6O6, with 2,2′-bipyrimidine and either Cd(NO3)2ž
4H2O or MnCl2.
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NHAr
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N
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O Al
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Me
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Me

N
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O NAr

O Al

Me
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MeMe

Me

Me

Me

(106) (107)

O

OO

N
N

O

N
N

M

M

OH2

O

O

O

O
O

O

O

M M

(108) M = Cd, Mn

O

v. L-Ascorbato complexes. The coordination chemistry of vitamin C has recently been
reviewed268. There have been few reports on the isolation of ascorbato complexes, and
their structures have been the subject of some controversy due to the unstable nature of
the molecule and the hydrolytic instability of complexes. However, L-ascorbic acid (109)
reacts with [Pt(OH)2(N∧N)] (N∧N = diamines) to give a mixture of the 2,5-dioxoalkyl
complex 110 and the enolato complex 111269.

O

HO

HO
O

O

O

O
O

Pt

N

N

O

HO

H
O OH

Pt

N

N

O

O

(109) (110) (111)

OH

OH

OH

OH

vi. Miscellaneous complexes of α-diketones. The cyclic diketones 112 react with an
excess of Ag2O and complexes [M]Cl2 to afford 113a270 or 113b271.

Although many complexes containing an enediolato ligand (O,O-OC{=C(R)O}R)2−
have been obtained by reduction of the corresponding α-diketones (Section II.B.2) or
by using CO or carbonyl complexes (Section IV.B), a few have been obtained by a
double deprotonation process. Thus, PhC(O)CH(Ph)OH reacts (i) with [SnBu2(O)]n or
[SnBu2(OMe)2] to give [SnBu2{O,O-OC{=C(Ph)O}Ph}]272 and (ii) with [SnBu3(NEt2)]
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X

O

O

CO2R

CO2R

X

CO2R

CO2R

O
[M]

O

(112) X = O, S, CH2 R = Me, Et

         (b) X = O, S, R = Et, [M] = [Rh(η5-Cp*)L],
               L = PPh3, py, P(OPh)3

(113) (a) X = O, S, CH2, R = Me, Et,
               [M] = [PtL2], L = PPh3, L2 = cod

to afford first the monoenolato complex [SnBu3{OCH(Ph)C(O)Ph}] and then [(SnBu3)2
{µ-O,O-OC{=C(Ph)O}Ph}]273. Analogous complexes have been prepared photochemi-
cally274.

Complex [Zn(TpMe,Me)(OH)] reacts with AcC(O)Et to give complex 114. However,
the corresponding derivative from AcC(O)Ph is not stable, decomposing to 115 and
[Zn(TpMe,Me)(O2CPh)]275.

(TpMe,Me)Zn
O

O

Me

Me

Ph

(115)(114)

2

OZn

O

(TpMe,Me)

b. β-Diketonato complexes. The β-diketonato ligands (dik) are probably the best known
monoanionic chelating ligands. Neutral, cationic and anionic, homo and heteroleptic com-
plexes containing these ligands with nearly all metals and metalloids are known. Although
the best known β-diketonato metal complexes are those containing acetylacetonato (acac),
hexafluoro acetylacetonato (F6acac)276 or hexamethyl acetylacetonato (Me6acac) ligands,
others derived from β-diketones RC(O)CH(R′′)C(O)R′ with R or R′ = Me, Mef, Ph, t-Bu,
and R′′ generally H, but also many other substituents (see below), have been reported. The
synthesis, structure and reactivity of these complexes have been widely reviewed277 – 284.
Many of these complexes are commercially available and have found technological appli-
cations, as discussed elsewhere in this book.

β-Diketonato complexes can be prepared (i) by a one-pot reaction between the dike-
tone, a base (MB = Na2CO3

285,286, NaHCO3
287, KOH288, NaOAc288 – 290, NaOMe291,

NH3
283,288,290, Et3N289, BaCO3

289) and a halocomplex or a metal salt (halide283,286,289,290,
nitrate287,288, sulfate290) or between the diketone and the metal283,290,292 – 294 or a metal
acetate283,290,292,295,296, carbonate283,288,293,297, oxide283, hydroxide283,288,289, hydride289,

290,292, carbide283, halide289,291,298, alkyl289, alkoxide284,289,299,300 or acetylacetonato com-
plex301 or (ii) by a two-step process involving the synthesis of a metal β-diketonato
complex, M(dik) (M = Na286,290,302 – 304, K290, Tl283,286,293,304,305 or others306,307) and
then a transmetalation reaction between M(dik) and a halocomplex293 or a metal salt290.
Depending on the solubility and stability of the reagents and products, the reactions can be
carried out in water, aqueous ethanol or dioxane, in organic solvents or even in inmiscible
mixtures of water and organic solvents283.
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In some cases, to prepare a β-diketonato complex of a metal in an oxidation state higher
than usual, the addition of an oxidizing agent is required. Thus, β-diketonato Mn(III) or
Mn(III)/Mn(IV) complexes are obtained from MnCl2 or MnSO4, KMnO4, NH4OH and
the β-diketone; similarly Co(III) β-diketonato complexes can be prepared from CoCO3,
the β-diketone and H2O2

290,308,309.
Carbonyl β-diketonato complexes can be prepared by heating a mixture of a carbonyl

complex and the β-diketone in an autoclave. Under these conditions, H(R6acac) (R = F,
Me) reacts with M3(CO)12 (M = Ru, Os) to give [Ru(F6acac)2(CO)2]310, [Os(F6acac)
(O2CMef)(CO)3]311 or [Os4(Me6acac)4(CO)10]312.

Some diketonato complexes substituted at position 4 of the 1-metala-2,6-dioxacyclo-
hexane rings, usually denominated the γ -position, are prepared by electrophilic substi-
tution (Section III.C in Chapter 61) but others are synthesized using the corresponding
diketone, for example complexes [VO(γ -R-acac)2] (R = Me, Et)313 or tetrathiafulvalene-
substituted acetylacetonato derivatives such as 116295.

S

S S

S SMeS

MeS

O

O

Me

Me

M

2

(116) M = Mn, Cu

An unexpected result is the interchange of NR2 ligands with OR′′ substituents in the
reaction of complexes [Ti(NR2)4] with two equivalents of R′C(O)CH2CO2R′′ (R = Me,
Et, R′ = t-Bu, R′′ = Me; R = R′ = Me, R′′ = t-Bu) to give 117, probably through inter-
mediates 118 and 119314.

Ti

R′′O
OR′′

O
O

O

O

R′

R2N

R′

NR2

Ti

NR2

NR2

O
O

O

O
R′

R′′O

R′

OR′′

(117) (118) (119)

Ti

NR2

O

O

O

O

R′

R′′O

R′

OR′′
N
R2

i. Families of β-diketonato complexes. The syntheses and properties of the following
families of β-diketonato complexes have been reported: metal288 and non-metal281 acety-
lacetonates, fluorinated acetylacetonates276,301,315, dipivaloylmethanates [M(Me6
acac)n]290,316, benzoylpivaloylmethanates [M{O,O-OC(Bu-t)CHC(O)Ph}n]290 and p-
substituted dibenzoylmethyl derivatives317,318.

The reactions of diferrocenoylmethane and of spacer-bridged bis-, tris- and tetrakis
(ferrocenoyl)-1,3-diketones with NaOMe, KH or chloro complexes of Pd(II), Ru(II),
Rh(III) and Ir(III) in the presence of K2CO3 afford a series of mono-, bis-, tris- and
tetrakis(β-diketonato) complexes319.
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O
MeO

HO

OMe

OH

O

(120)

[Ga(cur)3], [In(cur)3]320, [Cu(cur)2]321, [VO(cur)2]320,322 and [Mn(cur)2]323 (Hcur =
curcumin (120) and some derivatives or analogues) have been obtained by reacting 120
with [VO(acac)2] or VOSO4, M(NO3)3 (M = Ga, In) or M(OAc)2 (M = Cu, Mn), respec-
tively, and tested as therapeutic agents.

(−)-[Cr(acac)3] and enriched samples of (+)-[Ru(acac)3] have been isolated by treat-
ment of aqueous solutions of the corresponding (+)-tartrate complexes with Hacac at
high pH followed by recrystallization of the partially resolved mixture324. Partial res-
olution of the tris(acetylacetonates) of Cr, Co, Ru and Rh, and also the cis and trans
isomers of cobalt benzoylacetonate have been achieved by column chromatography on
D-(+)-lactose325.

ii. β-Diketonato complexes of specific groups of elements. Studies have been published
in the past280,283similar to the general methods outlined above. However, since the number
of β-diketonato complexes is so large, account will be given only of the most recent work
where detailed syntheses and properties of β-diketonato complexes are reported.

Group 1 elements. Li, Na and K acetylacetonates have been prepared by reacting Hacac
with LiBu-n in benzene, NaH in benzene or pentane, and KOH in MeOH, respective-
ly326,327. They have also been prepared by treating the corresponding metal hydroxide with
acetylacetone in methanol or water solution288. [Na(acac)] has been prepared by reacting
Hacac with NaOEt, prepared in situ from Na and EtOH. The Li, K and Cs compounds
can be prepared by the same method but, in the case of [Cs(acac)], Cs amalgam is
used327. Direct reaction between Na sand and Hacac in toluene has also been used328.
The reaction of ethyl acetoacetate with LiOEt, NaOBu-t and NaOBu-t affords the cor-
responding enolates329. Addition of L = 18-crown-6 or criptand (2.2.2) to the K enolate
leads to [K{O,O2-OC(=CH2)CH2C(O)OEt}(L)]330. [Rb(acac)] and [Cs(acac)] have also
been prepared from the corresponding carbonates331. The alkali β-diketonates can be used
for the synthesis of other metal β-diketonates; for example, Ag(acac) was prepared by
mixing equimolar quantities of ca 1 M solutions of AgNO3 and Na(acac) dissolved in
oxygen-free water327.

Group 2 elements. The asynthesis and structure of β-diketonato complexes of Group
2 elements have been reviewed282. [Ca(acac)2] and [Sr(acac)2] have been obtained by
reacting the metal nitrates, acetylacetone and the stoichiometric quantity of KOH in
water288. [Ba(acac)2] has been prepared by treating the corresponding metal hydroxide
with acetylacetone in methanol or water solution288. Alkaline-earth fluorinated acetylaceto-
nates [M(dik)2] (M = Ca, Sr, Ba, dik = F3acac, F6acac), some of which have proved to be
useful as MOCVD (Metal-Organic Chemical Vapor Deposition)332,333 materials, have been
prepared by reacting the corresponding metal with the β-diketone333. These complexes
are not suitable for the preparation of superconducting metal oxides due to MF2 formation
during deposition. An alternative to these complexes are the dipivaloylmethanato com-
plexes, for example [Ba(Me6acac)2(NH3)2] prepared by reacting [Ba(Me6acac)2]290 with
NH3

334.
A literature listing for the synthesis of many main group and transition metals appears

in Table 5.
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TABLE 5. Synthesis of M(dik)n complexes of metals belonging to various groups of the periodic
table

Group M

2 Be335, Mg336, Ca337, Sr294,338, Ba294

3, Ln, Ana Sc124, Y339, La340 – 342, Ce341,343,344, Pr341,345 – 347, Nd277,301,340,341,345,348 – 350, Pm340,
Sm301,316,340,341,345,346,351,352, Eu277,301,316,340,349,352 – 357, Gd301,316,340,349,352,358,
Tb316,340,344,349,354,357, Dy277,316,340,341,352, Ho316,340,341,359, Er340,341,346,349,352,
Tm340,354, Yb341,348,349,353,360,361, Lu360,362, Th363, Pa364, U365, Np366, Pu364,
Am356

4 Ti367,368, Zr369, Hz370

5 V368,371, Nb368,372, Ta306,372,373

6 Cr374, Mo368,375,376, W376,377

7 Mn296,309,378, Tc379, Re380

8 Fe381 – 385, Ru302,386, Os304,311,387

9 Co296,381,382,388 – 391, Rh392, Ir393

10 Ni296,318,381,389,391,394 – 396, Pd397,398, Pt397,399

11 Cu296,381,382,384,389,395,400, Ag401, Au402, Ag327

12 Zn300,318,381,403, Cd404, Hg390,405

13 Al287,306,307,383,406, Ga384,407, In303,408, Tl293,297,409

14 Sn410, Pb411

15 Bi381

aLn = lanthanoid, An = actinoid.

iii. Complexes with bridging β-diketonato ligands. In a few dinuclear complexes the two
metal centers are bridged by a non-chelating β-diketonato. Thus the complex [{Mn(CO)3
(dppe)}2(µ-acac)], in which the acac ligand is monocoordinated to each Mn atom, is
obtained by reacting [Mn(CO)3(dppe)(OClO3)] with Hacac and Et3N412. Similarly, the
reaction of Ag2O with hexafluoroacetylacetone and cod in a 1:2:2 molar ratio affords
[Ag(µ-F6acac)(cod)]2

413.
One of the few examples in which an aryl ligand acts as the deprotonating agent to

form an enolato ligand is the reaction of 121 with ethyl acetate to afford a rare example
of a complex, 122, with a bridging instead of chelating diketonato ligand. In addition, a
condensation reaction takes place414.

Cp*2Y
N

Me Me

Cp*2Y

O

O

O

O

YCp*2

OEt Me

OEtMe

(121) (122)

In some cases, complexes with a monocoordinated β-diketonato ligand are obtained
by substitution of other monodentate terminal ligands. Thus, PhCH(CHO)2 reacts with
[SnPh3(OEt)] to afford the polymer [SnPh3{OCH=C(Ph)CHO}]n289.

iv. Complexes derived from miscellaneous β-diketones. Among the non-classical β-
diketonato complexes the best studied are those derived from 4-acyl-5-pyrazolones
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(123) (124) (125)

123–125. As the synthesis of these complexes has been reviewed widely and recently277

we will only include here some selected and recent publications.
The reaction of [M(η5-Cp∗)Cl(µ-Cl)]2 with 126 leads to complexes 127415.

Na+ Cp*M

Cl

O

O N
N

Me

Ph

R

(126) R = Me, Et, CH2Bu-t, CHPh2

O

O N
N

Me

Ph

R

(127) M = Rh, Ir

Cyclometalated Ir(III) chloro-bridged dimers [Ir(C∧N)(µ-Cl)]2 react with Na2CO3 and
various 4-acyl-5-pyrazolones (Hap) to afford [Ir(C∧N)(ap)]416. The reaction of AgNO3
with 128, NaOMe and trimeda gives 129417.

n

O

O

N
N

Ph

Ph

Me

O

O
N

N

Ph

Ph

Ag

N

(128) (129)

Me2N

Me
H

The reaction of 130, neutralized by NaOH, with an aqueous solution of TbCl3 affords
the dendritic complex 131418.

Electron-poor and electron-rich 4-acyl substituted pyrazolones (Hap) react with NaOH
and M(NO3)3 (M = Eu, Gd) to afford [M(ap)3(OH2)2]419. The analogous [Tb(ap)3
(OPPh3)] (Hap = 1-phenyl-3-methyl-4-(2-ethylbutyryl)-5-pyrazolone) shows high electro-
luminiscence performance420.

1,3-Dibenzoylacetone (132) reacts with [Pt(CO3)L2] (L = PPh3, AsPh3) to give com-
plex 133 containing a dianionic β,β ′-bis(diketonato) ligand421.
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X

Y

X

Y

R R′
Me

The fulvene-type organic ligands 134 react with M(OAc)2ž2H2O (M = Cu, Co, Mn)
in EtOH to give 135422.

The ylide 136 reacts in thf with LiBu-n to give 137423.

3. Polyketonato complexes

These complexes result from the coordination of tri-, tetra- or polyketonates to two
or more metal centers (138–140). Because these topics have been reviewed widely and
recently277,278 and, in addition, the methods of synthesis are not different from those
outlined above, only a few of them will be discussed.

The actual synthetic challenge in this chemistry is more the preparation of new and
interesting β-diketones than that of their metal complexes. Thus, the β-diketone 141 reacts
with CaH2 or Mg to afford the corresponding β-diketonato complex 142 which, in turn,
reacts with LDA and (Tos(CH2)2)2O, followed by aqueous HCl to give the macrocyclic
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(135) (a) M = Cu, Co, Mn, R = Me, R′ = Ph, X = H, Y = CN
  (b) M = Co, R = Et, R′ = Ph, X = H, Y = CN
  (c) M = Co, R = R′ = Me, X = CN, Y = H
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O
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O O O
[M] [M′] R′ R′

O[M]

O O

[M′]O

R R

(138) (139)

bis(β-diketone) ligand 143. Complexes of Cu(II), Co(II) and UO2
2+ with macrocyclic

polyether β-diketone ligands have been isolated292.
Some interesting tetraketones synthesized recently allow one to prepare the corre-

sponding mononuclear Ti(IV) ketonato complexes424. In some cases polyketonato ligands
can coordinate different metal centers. Thus, some complexes containing Cu(II)/Ca425,
Cu(II)/Na426, Cu(II)/Y(III))427, Cu(II)/Ln(III)) (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu)427, Cu(II)/Gd(III)427,428, Cu(II)/M(II) (M = Mn, Fe, Co)429,
Ni(II)/UO2

2+ 429, Co(II)/La(III)430 have been characterized. Other recent results can be
found elsewhere431.

Tetraketone 144 reacts with cis-[PtCl2L2] and AgBF4 to afford complex 145432.
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(145) L = SEt2, PMe2Ph, L2 = cod

Ac

AcAc
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(144)

4. Complexes derived from ketimines and ketohydrazones

The N ,O-enolato ligands 146 are usually prepared by deprotonation of the corre-
sponding conjugated acids which, for ketimines, can be formulated as consisting of the
tautomeric forms 147–149. However, some of them have been prepared (i) by reacting
nitriles with the corresponding β-diketonato complexes, or with 2-oxoalkyl or enolato
complexes (Section III.C, Chapter 61) or (ii) by oxidation of diketoamines with metal
complexes in the presence of a base (Section II.B.3). Although the most abundant tau-
tomeric form of a β-ketimine depends on the nature of the substituents, they will be
represented as 148.

Complex 150 is obtained by reacting first the corresponding ketimine with LiBu-n and
then with TiCl4

433.
By reacting β-diketodiimines 151 with metal hydroxides or with NaH and halo com-

plexes, families of β-diketodiiminato metal complexes 152a or 152b, respectively, have
been prepared434. Other related complexes with [M] = VX(thf) (X = Cl435, PhO, NCS436),
NbCl2

437, [Cr(py)2]+ 438, MoCl2439, Mn440 have been prepared similarly.
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(152) (a) [M] = Co, Ni, Pd, Pt, Cu, R = Me, Mef,
                R′ = H, Me, R′′ = Me, Ph, C6H4Br−2

(151)

(b) [M] = TiCl2, TiCl(thf), R = R′′ = Me, R′ = H

Complex 153 has been prepared by reacting the diketimine with Et3N and Ni(NO3)2ž
6H2O, PdCl2ž2MeCN, Cu(NO3)2ž3H2O441.

(153)
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Complexes 154 have been obtained by reacting the ketimines with [Ti(OR)4]442.
Tetraketodiimines react with M(OAc)2 to form mononuclear complexes 155 or 156, and

homo- or hetero-dinuclear complexes 157 (M(II)/M′(II) = Cu/Cu, Ni/Ni Cu/Zn, Ni/Cu,
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O

Ni/Co, Ni/Mn, Ni/Zn; M(II)/MOx
2+ = Cu/UO2, Cu/VO, Ni/UO2, Ni/VO; M(II)/M′(III) =

Ni/Fe)443.
The diiminoketone 158 reacts with two equivalents of [ZnEt2] to afford the ketodiim-

inato complex 159444.

(158) Ar  = C6H3(i-Pr)2-2,6

Me Me

OArN NAr

Me Me

OArN NAr
Zn
Et

Zn
Et

(159)

Ketimines 160 react with NaH and [Ni(Ph)Cl(PPh3)2]445 or with [NiMe2(tmeda)] and
py446 to afford complexes 161a,b or 161c, respectively.

O

Ni

NAr R′′

L

R

R′

Mef

O

NAr

R

R′

Mef

(161) (a) L = PPh3, R = Me, R′ = Acf, R′′ = Ph
(b) L = PPh3, R = Acf, R′ = H, R′′ = Ph
(c) L = py, R = H, R′ = Acf, R′′ = Me

(160) Ar  = C6H3(i-Pr)2-2,6
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TABLE 6. Synthesis of β-diketiminato complexes of metals belonging to various groups of the
periodic table

Group Metal

1 Li448, Na449

2 Mg450, Ba451

Ln, Ana La452 – 454, Ce455, Pr452, Nd453,455,456, Sm452,456,457, Eu454, Gd452,454,455, Tb454,
Dy452,454, Ho454, Er452,454 – 457, Yb452,458, U459

4 Ti460,461, Zr461,462

5 V463

6 Cr464,465, Mo466

7 Mn467, Tc468, Re469

8 Fe464,470, Ru471, Os472

9 Co473 – 475, Rh476

10 Ni394,475,477 – 480, Pd479 – 482, Pt481

11 Cu455,464,474,475,477,479,483

12 Zn464,484

13 Al485, Ga486,487, In487,488

14 Sn489

aLn = lanthanoid, An = actinoid.

The diketoamine 162 reacts with Sn(HMDS)2, giving complex 163447.

(162)

Bu-t
N
H

t-Bu

OO

O

N

Sn Ot-Bu

Bu-t

O

N

SnO Bu-t

t-Bu

(163)

Many other β-ketiminato complexes have been prepared, as listed in Table 6.
The ligands 164 react with NiCl2žH2O and various additional ligands to give enolato

complexes 165490.

(164) R = C6H4X-4, X = H, Cl, Br, Me

N
N

N N

O

NHR

N
N

N N
[Ni]

O

NR

Me

2

Me

(165) [Ni] = trans-NiL2; L = py, n-PrNH2

5. Metal complexes with P,O- and As,O-enolato ligands

Metal complexes with P ,O- and As,O-enolato ligands are of interest because the Ni(II)
complex [NiPh{O,P -OC(=CHPPh2)Ph}(PPh3)] is successfully used in the Shell Higher
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Olefin Process (SHOP). Although this Ni complex is prepared by oxidative addition
reaction (Section II.B.4), most other phosphinoenolato complexes are prepared by depro-
tonation of the corresponding phosphines R3PCH(R′)C(O)R′′491 or by other methods, as
discussed in Sections III.A and IV.A.

[Zr(η5-Cp)2Cl2] reacts with [Li{OC(=CH2)PPh2}(thf)2] (prepared from AcPPh2 and
LiBu-n in thf) to give the metalaligand 166492. The titanium enolate 167 reacts either
with [MCl2(cod)] (M = Pd, Pt), transmetalating both enolato ligands to give 168, or with
[Pt(η2-C2H2)(PPh3)2] to afford the Ti(III)/Pt(I) complex 169493.

Zr
Cp

Cp

Cl

O

PPh2

Cp2Ti
PPh2

O

PPh2O

Ph

Ph

(166) (167)

M
P
Ph2

OO

P
Ph2

PhPh
Cp2
 Ti

P
Ph2

O

Ph
Pt

O

P
Ph2

Ph

(169)(168)

The α-phosphinoketone 170 reacts with LiBu-n and [Zr(η5-Cp)2Cl2] to give the zirco-
nium enolate 171, which behaves as a diphosphine toward AgOTf or [Cu(NCMe)4]PF6 to
give [Ag(P ,P -171)(OTf)] or [Cu(P ,P -171)(NCMe)2], respectively, or as a transmetalat-
ing agent toward [Pd(C6H4CH2NMe2-2)(µ-Cl)]2 or [PdCl2(SEt2)2] to give 172 or 173494,
respectively.

Ph2P

O
Cp2Zr

Ph2P

O
2

(170) (171)

Pd

O

Ph2
PC

N
Pd

O

Ph2
P

2

(172) (173)
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The reaction of [M(η5-C5R4R′)Cl4] (R = R′ = H, M = Nb, Ta; R = R′ = Me, M = Ta;
R = H, R′ = i-Pr; M = W) with Ph2PCH2C(O)Ph affords phosphinoenolato complexes
[M(η5-C5R5)Cl3{O,P -OC(=CHPPh2)Ph}]495.

The complex [Mo(η3-C3H5)(µ-Cl)(η6-C6H5R)]2 (R = H, Me) reacts with Ph2PCH2C
(O)R′ (i) in a 1:1 molar ratio in the presence of an excess of Et3N to afford [Mo(η3-
C3H5){O,P -OC(=CHPPh2)R′}(η6-C6H5R)] (R′ = Ph, NPh2), and (ii) in a 1:2 molar ratio
in refluxing ethanol to yield [Mo{O,P -OC(=CHPPh2)Ph}2(η6-C6H5R)]496.

By refluxing EtOH solutions of Ph4As[Re(=O)Cl4] or [Re(≡N)Cl2(PPh3)2] with
Ph2PCH2C(O)Ph, in the presence of Et3N, complexes [Re(=O)Cl{O,P -OC(=CHPPh2)
Ph}2] or [Re(≡N){O,P -OC(=CHPPh2)Ph}2(PPh3)] have been isolated, respectively. Sim-
ilar complexes have been reported497 recently.

Complex [FeBr2(CO)2{PPh2CH2C(O)Ph}2] reacts with NaOH to give [Fe(CO)2{O,P -
OC(=CHPPh2)Ph}2]66. 174 reacts with [Sn(n-Bu)2(OAc)2] to afford 175498. The reaction
of 176 with Ph2PCH(R)C(O)R′ and KOH in EtOH gives 177499. Treatment of 178 with
KOBu-t affords 179500.

Ph2
PFe

Sn
R2

O

Ph

Si

MeO

MeO
MeO

Ph2
PFe

O Ph

Si
MeO

MeO

MeO

(174)

OC CO

CO

+ OC CO
CO

(175) R = Bu-n

R″

R′′′R″

R′′′

R″ R′′′Ru
Ph2P

O
Cl

R
R′

R″

R′′′

R″ R′′′

R″

R′′′
Cl Cl

2

(177) R = H, Me, R′ = Ph, t-Bu(176) R″ = R′′′ = Me, H

Ru

R″ = Me, R′′′ = H

Os
Cl

O

P(i-Pr)2

OMe

(178)

Os
Cl

O

P(i-Pr)2

OMe

(179)

+

A CH2Cl2 solution of the cluster [Ru3(CO)10{PPh2CH2C(O)Ph}2] yields after a week a
moderate amount of [Ru(µ-Cl){O,P -OC(=CHPPh2)Ph}(CO)2]2. The corresponding iodo
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complex is obtained in good yield by reacting [Ru3(CO)9{PPh2CH2C(O)Ph}3] with I2
501.

The homoleptic fac- and mer-[Ru{O,P -OC(=CHPPh2)Ph}3]− have been isolated by react-
ing mer-[RuCl{O,P -PPh2CH2C(O)Ph}2{PPh2CH2C(O)Ph}]+ with NaH502.

The homoleptic Co(III) complexes fac- and mer-[Co{O,P -OC(=CHPPh2)Ph}3] have
been prepared from [CoCl2{PPh2CH2C(O)Ph}2] and NaOMe503.

The Rh(I) complexes [Rh(µ-Cl)(η2-CH2=CH2){PPh2CH2C(O)Ph}]2 and [RhCl{O,P -
PPh2CH2C(O)Ph}{PPh2CH2C(O)Ph}] react with TlPF6 in thf to give, respectively, [Rh
{O,P -OC(=CHPPh2)Ph}(thf)2] and [Rh{O,P -OC(=CHPPh2)Ph}2]. [Rh{O,P -PPh2CH2
C(O)Ph}(L)(PPh3)]PF6 reacts with NaOMe to afford [Rh{O,P -OC(=CHPPh2)Ph}(L)
(PPh3)] (L = CO, PPh3). Similarly, [M(µ-Cl)(η2-coe)]2 (coe = cyclooctene) reacts (i)
with Ph2PCH2C(O)Ph, PR3, CO and NaOMe or (ii) with a diene, R2PCH2C(O)R′ and
NaOMe to give [M{O,P -OC(=CHPPh2)Ph}LL′] (M = Rh, R = R′ = Ph, L = CO, L′ =
PR3; M = Rh, Ir, R = R′ = Ph, LL′ = cod; M = Rh, R = R′ = Ph, LL′ = nbd; R = Ph,
R′ = Me, C6H4F-4; R = i-Pr, R′ = Ph). The Ir complex [Ir{O,P -OC(=CHPPh2)Ph}(cod)]
reacts with H2 to give [Ir{O,P -OC(=CHPPh2)Ph}H2(cod)]504.

The reaction of [RhCl(PPh3)3] with three equivalents of Ph2PCH2C(O)Ph gives [RhCl
{O,P -OC(=CHPPh2)Ph}2{P ,O-PPh2CH2C(O)Ph}] and, probably, H2. This Rh(III) com-
plex reacts with NaOMe to give the homoleptic complex [Rh{O,P -OC(=CHPPh2)
Ph}3]. The reaction of [RhCl2{P ,O-PPh2CH2C(O)Ph}2]PF6 with NaH affords [Rh(µ-
Cl){O,P -OC(=CHPPh2)Ph}2]2

505. A family of Rh(III) complexes [RhI{O,P -OC(=
CHPPh2)Ph}(R)(CO)(PPh3)] has been prepared by oxidative addition of RI (R = I, Me,
Ph) to the Rh(I) complex [Rh{O,P -OC(=CHPPh2)Ph}(CO)(PPh3)]506.

[Pd(C∧N)Cl{PPh2CH2R}] (C∧N = C,N-cyclometalated ligand, R = CO2Et, C(O)Ph)
reacts with NaH507,508 or [Pd(C∧N)(µ-Cl)]2 with Li(PPh2CHCO2Et)508 to give [Pd(C∧N)
{O,P -OC(=CHPPh2)R}] (R = Ph, OEt). The homoleptic cis-[M{O,P -OC(=CHPPh2)
Ph}2] (M = Ni, Pd, Pt) can be prepared by reacting Li2[PdCl4] with Ph2PCH2C(O)Ph
and Et3N507 or [MCl2{PPh2CH2C(O)Ph}2] (M = Ni, Pd, Pt) with a base (NaOEt, NaH)
or, for M = Ni, by reacting the phosphine with [Ni(cod)2]. Similarly, [Pd(µ-Cl){O,P -
OC(=CHPPh2)Ph}]2 is obtained by deprotonation of [PdCl(µ-Cl){PPh2CH2C(O)Ph}] with
NaH or by reacting cis-[Pd{O,P -OC(=CHPPh2)Ph}2] with [PdCl2(SEt2)2]509.

6. Thioenolato complexes

The synthesis of monothio-β-diketonato complexes has been reviewed510.
The reaction between [Mo(η5-Cp)2(S4)], Et3N and 180 leads to 181 and 182. Similar

complexes have been prepared from [Ti(η5-Cp)2(S5)], [Pd(dppe)(S4)] and [Pt(dppe)(S4)]511.

N

N
O

N

N
O

N

N

S

S

Mo(h5-Cp)2
O

(180) (181) (182)

Br

Flavothionato ligands L−, prepared by reacting HL (183–186) with a MeOH/H2O
NaOH solution, react with transition metal salts to afford complexes 187 (M/n/HL = Co,
Fe/3/183; Cu, Ni, Zn, Cd/2/183512; Co, Cu, Zn/2/184; Ni, Cu, Zn/2/185, 186; Fe/3/185,
186513). Complexes of Zn, Cd, Hg, Ga, In, Sn, Pb, V, Mo, Fe, Co, Ni, Cu, La, Pr, Nd,
Sm, Gd, Ho, Yb, Lu with these and similar thiono ligands have been prepared using the
same synthetic method514. Other thio-β-diketonato complexes have been reported515.
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O

S

Ph

OH O

S

OH

N S

OH

N

S

OH

(183) (184) (185) (186)

S

O

M
n

(187)

B. Redox Reactions

Three main types of redox reactions of keto compounds leading to the formation
of metal enolates have been reported: (i) two-electron reduction of diketones or α,β-
unsaturated ketones or esters (equation 1), (ii) oxidative addition reactions (equation 2)
and (iii) threefold deprotonation of diketoamines followed by a two-electron oxidation of
the trianion by the metal (equation 3).

EO

R, R′ = alkyl, aryl, OR″
E = CR2, O

EO
[M]

[M]n+
n+

R R′

(1)

O

X
XO

[M]

[M]n+
n+

(2)

[M]n+
R

N
H

R

O O

– 3H+
R

N
R

O O[M]

(n – 3)+

(3)

1. Reduction of enones

Two-electron reduction of an α,α-unsaturated ketone or ester leads to a chelate C,O-
ligand that can coordinate to a metal as a κ2-C,O (e.g. 189 or 190) or, additionally, as
an η2-C,C ligand (e.g. 196 or 197).

Stannylenes 188a and 188b react with MeO2CCH=CHCO2Me to afford the corre-
sponding Sn(IV) enolato complex 189516, while 188a reacts with α,β-unsaturated aldehy-
des, ketones or esters to give 190 (R = H, Me, CH=CHPh, OMe; R′, R′′, R′′′ = H, Me,
Ph; R = Et, R′ = R′′ = R′′′ = H)516,517.

A reductive coupling of some α,β-unsaturated ketones in the presence of [Ti(η5-
Cp)2(CO)2] gives 191518. α,β-Unsaturated ketones H2C=CHC(O)R react with η5-Cp′
complexes 192 to give 193 or 194 depending on R and Cp′519.

High-pressure carbonylation of [Ta(η5-Cp)Cl4] in the presence of Na followed by
treatment with AcCH=CMe2 gives 195520. RC(=CH2)CO2Me is reduced by the Ta(III)
complex [Ta(η5-Cp∗)Cl2(CO)2(thf)] or [Ta(η5-Cp∗)Cl(µ-Cl)]2 to afford the Ta(V) deriva-
tive 196 (R = H521, Me522). The reaction between the W(0) complex [W(CO)3(NCMe)3]
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(188) (a) R = CH(SiMe3)2

Me2Si SiMe2

SiMe3

SiMe3

Me3Si
Me3Si

SnR2

O

R″ R″′
R′

R

SnR2

O

H CO2Me

OMe

(189) (190)

(b) R2 =

Sn
R

R

Cp2Ti

O

R

R′

O

R

R′ (Cp′)2Zr

SiMe3

SiMe3

(191) R = R′ = Ph
          R = t-Bu, R′ = Ph
          R = Ph, R′–R′ = (CH2)3

(192) Cp′ = Cp

(Cp′)2 = ind =

(Cp′)2Zr

O R

(ind)Zr

O

Me

Me3Si
SiMe3

(193) Cp′ = Cp, R = Me

(Cp′)2 = ind, R = OBu-t

(194)

TaCl
Cl O

O

O W

O
Cl
Cl

Ta

O

MeO
R

(195) (196) (197)
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W
O

W
OR

OR

OR

O
R

O
R

RO

O

W
O

W
OROR

OR

OR

RO O

OR

(198) (199)

and AcCH=CH2 gives the W(VI) complex 197523. [W2(OCH2Bu-t)6(py)2] reacts with
acrylaldehyde (CH2=CHCHO) to afford 198 or methyl vinyl ketone (CH2=CHAc) to
yield 199524.

The Os(II) complex 200žBF4
− reacts at low temperature with TlPF6 to give the Os(IV)

complex 201žPF6
− which, in turn, transforms in solution into the metalafuran 202žPF6

−
(R = H, Section IV.E) by a 1,2-hydrogen shift from the CH2 group to the metal center.
Complexes 202žBF4

− have been prepared by reacting 203žBF4
− with AcCH=CHR525.

Os

O

P(Pr-i)3
Os

O
P(Pr-i)3

H
O

OsCl P(Pr-i)3

+

+ +

(200) (201) (202) R = H, Ph (203)

R

Os
H2

H

P(Pr-i)3
H

+

[M(cod)2] (M = Ni, Pt) reduces (i) PhC(O)CH=C(Mef)2 in the presence of t-BuNC
to give 204526, (ii) alkynylenal 205 in the presence of tmeda (L∧L) to afford 206527 and
(iii) Acf2CH2 to give 207528.

Ni
O

Ni
Ot-BuNC

CF3

CF3

CF3

CF3

Ph

Ph

CNBu-t O

Ph

Ni

O

Ph

L

L
(cod)Pt

O CF3

OH CF3

(204) (205) (206) (207)

2. Enediolato complexes by reduction of α-diketones and reductive coupling

Enediolato complexes have been prepared by deprotonation of α-diketones (Section
II.A.2.a) or by using CO or carbonyl complexes (Section IV.B).

Benzil (Bz–Bz) and other α-diketones react (i) with the aluminum hydride complex
208 to afford 209 (the diketone is reduced by the hydrido ligand)529, (ii) with Green’s
‘GaI’ (predominately consisting of the salt, Ga(I)2[Ga(II)2I6]) to give 210530 or (iii) with
stannylenes 188 to afford 211517,531.

Reductive coupling of PhCHO by the Cr(II) complex 212 affords the Cr(III) enediolato
213532. The α-diketones RC(O)C(O)R (R = Me, Ph, Tol) are reduced (i) by [W(OR′)3]2
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Al

Me2N

N
H

NMe2
N Al

Me2N

N
O

O
N

HNMe2
Ph

Ph

(208) (209)

GaI
O

O O

O

GaI2

GaI2
Ph

Ph

Ph

Ph

(210)

SnR2

O

O

Ph

Ph

(211)

(R′ = t-Bu, i-Pr) to give 214533, (ii) by the dinitrogen complex [{Zr(η5-Cp∗)2(N2)}2N2]
to afford [Zr(η5-Cp∗)2{O,O-OC{=C(R)O}R}] (R = Me, t-Bu)534, (iii) by ‘Ti(η5-Cp)2’ to
give [Ti(η5-Cp)2{O,O-OC{=C(Ph)O}Ph}]535 or (iv) by [VCl2(tmeda)] to give [V{O,O-
OC{=C(Ph)O}Ph}2(tmeda)]536.

(Tpi-Pr,i-Pr)Cr
py

Cl

(212)

(Tpi-Pr,i-Pr)Cr
O

O
py

Ph

Ph

(213)

W

O

R′O

O

R′O

OR′

R′O

W

R′O OR′
O

O

R

R

R

R

(214) R = Me, Ph, tol; R′ = t-Bu, i-Pr

3. Oxidation of deprotonated diketoamines

The diketoamine HN{CH2C(O)Bu-t}2 is threefold deprotonated by triethylamine and
two-electron oxidized (i) by BiCl3 to give the nine-coordinated Bi(III) complex 215 and
Bi(0)537, (ii) by SnCl4 to give the Sn(II) complex 216538 or (iii) by two equivalents of
LDA and one equivalent of PbCl2 to give 217, where the O∧N∧O ligands are the same
as those in 215 and 216, and Pb447.

Li

O

O

Li

O

Li

N

O
O
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O

O

N

N
Li O

(217)

O
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O

O

N

N N

O
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O

R

O
R

R

R

R

(215) R = t-Bu

t-Bu

N

t-Bu

O

O

Sn
Cl

(216)

4. Oxidative addition reactions

The reaction of t-BuC(O)CH(Br)Me with Mg in Et2O gives [MgBr{µ-OC(=CHMe)Bu-
t}(OEt2)]2

539. The Ti(III) complex [Ti{N(Bu-t)Ar}3] oxidatively adds [RC(O)CH2]2 to
give the Ti(IV) enolato complex [Ti{N(Bu-t)Ar}3{OC(=CH2)R}] (Ar = C6H3Me2-3,5;
R = Tol, An-4, OC6H3(Bu-t)2-3,5, NPhMe)540.
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Cp2Ti
R
R′

O

CF3

CF3F3C

F3C Cp2Ti
O

F
CF2 CF3

CF3

F3C

R

R′

(218) (219) (221)(220)

The reaction of titanacyclobutanes 218 (R = H, R′ = t-Bu, i-Pr; R = R′ = Me) with
219 occurs with the reductive elimination of cyclopropanes 220 and a C–F oxidative
addition to the resulting Ti(II) complex ‘Ti(η5-Cp)2’ to give 221541.

Complexes [M(CO)4(NO)]− react with 222 to give 223542. Dicarbonyl compounds
RC(O)CH2C(O)R′ (R = R′ = Me, OMe; R = Me, R′ = OMe) react with [Fe(N2)(depe)2]
(depe = 1,2-bis(diethylphosphino)ethane) to afford 224, as a result of a C–H oxidative
addition reaction543. [Fe(CO)2(PEt3)2(N2)] oxidatively adds XCH2CO2R (R = Me, Et) to
give the mixture of isomers 225 and 226; the latter reacts with DBU and [SiMe3Cl] to
afford the metalafuran 227 (Section IV.E)544.

O BrBr M

OC
OC

L
OC

O

Br

O

(222) (223) M/L = Cr/NO, Mn/CO

Fe

H
P P

P P
O

R

O

R′

(224)

Fe

Et3P
XOC

OC CH2CO2R
Et3P

Fe

Et3P
OX

OC
Et3P CH2CO2R

(225) (226) (227) R/X = Me/Cl, Br; Et/I

O OR

OSiMe3

Fe

Et3P
X

OC
Et3P

Ir(I) complex 228žBF4
− rearranges at room temperature to give the Ir(III) metalafuran

229žBF4
− (Section IV.E) after a C–H oxidative addition545.

Ir
PMe3

O PMe3
PMe3

H

Ir
PHMe3

PMe3
PMe3

(228) (229)

O

+
+

The oxidative addition reaction of the ylide 230 to [Ni(cod)2] gives Ni(II) complex 231,
which is successfully used in the Shell Higher Olefin Process (SHOP)546. Similar reactions
have been used to prepare [NiPh{O,E-OC(=C(R′)EPh2)R}(PPh3)] (E = P, As)547,548,
[Ni{η3-CH2C(R)CHR′}{O,P -OC(=CHPPh2)Ph}] (from [Ni{η3-CH2C(R)CHR′}2] and the
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ylide) and [Ni{η5-Cp}{O,P -OC(=CHPPh2)Ph}] (from [Ni(η5-Cp)2] and the ylide)547.
However, most of the other phosphinoenolato complexes have been prepared by depro-
tonation of the corresponding phosphines R2PCH(R′)C(O)R′′ (Section II.A.5). [Pt{P(c-
Hex)3}2] reacts quantitatively with two equivalents of AcCO2Et to yield 232 (L = P(c-
Hex)3). A mechanism proposed for the formation of 232 consists of a C–H oxidative
addition reaction giving 233, insertion of a second pyruvate unit into the C−Pt bond to
give 234, followed by cyclization with EtOH elimination549. Refluxing a thf solution of
[Ru3(CO)11{PPh2CH2C(O)Ph}] gives 235 after a C−H oxidative addition reaction550.
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O
Ph Ni
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H
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1

2 3

4
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C. Insertion/Migration/Cleavage Reactions

The reaction of 236 with LiR (R = Si(SiMe3)3, SiEt3, GeEt3) occurs with opening of
the cyclobutanedione ring to give 237 (equation 4)551.
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O O
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Me Me

R
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R
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4
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O
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O

(236) O

O

O

O

(237)

(4)

The 1:1 reaction of ZnR2 with α-imino ketones R′N=C(R′′)C(O)R′′′ leads to quantita-
tive formation of the dinuclear complexes [ZnR{µ-N ,O-N(R)(R′)C(R′′)=C(R′′′)O}]2. The
crystal structure of the derivative 238 has been reported552. The reaction of [ZnEt(Cp)]
and Et2NCH2CO2Et gives 239, probably through the intermediate 240553. The sodium
dialkylamidozincate [(tmeda)Na(µ-Bu-t)(µ-TMP)Zn(Bu-t)] reacts with benzophenone to
give 241554.

[Ti(η5-Cp∗)2(=S)(py)] reacts with unsaturated aldehydes RCH=C(R′)CHO to afford
[Ti(η5-Cp∗)2{O,S-OCH=C(R′)CH(R)S}]555. The reaction of 242 with i-PrCO2Me gives
243, after β-elimination of MeOH from the intermediate 244556.
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O OMe
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O
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R
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R

O

M NBu-t

t-BuN Cl
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(245) R = H, OMe, Me (246) M = Mo, W

(OC)4Os
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Os(CO)3

H

O

(247)

The imido complexes [M(NBu-t)2(CH=PPh3)Cl] (M = Mo, W) react with 245 to
afford complexes 246 resulting after a C−O bond cleavage and the migration of the
ylide ligand to the carbonyl carbon atom557. [Os3H2(CO)10] reacts with maleic anhydride
or ketene to give 247558.
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Addition of MeO2CC≡CCO2Me to [Re(N=CPh2)(bpy)(CO)3] affords the metalafuran
248 (Section IV.E)559. Reactions of enaminones 249 with carbene complex 250 afford
complexes 251560. The carbene porphyrin complex 252 reacts with CO to give 253561.

(OC)2(bpy)Re
O

O
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N

MeO CO2Me

(248)

(OC)5W

OEt

H
O
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R′
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(249) (250)

1

2
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45
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(251)
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R′
OEt
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8
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N N

NN

R CO2Me

Ru

N N

NN

R

O

Me
O

CO

(252) R = Me, Ph (253)

Complex 254žBF4
− rearranges upon heating to give the metalafuran 255žBF4

− (Section
IV.E)545. The reaction of [Sm(η5-Cp∗)2H]2 with two equivalents of MeC(=CH2)CO2Me
affords 256562.

PR3

Ir
H

PR3
PR3

PEt3

Ir
H

PEt3
PEt3

O

(254) (255)

O

++ (Cp∗)2Sm

O

O

OMe

OMe

(256)

III. SYNTHESIS FROM KETENES, ISOCYANATES AND ACYL HALIDES

A. Ketenes

In Section IV.D we describe the synthesis of complexes containing the dianionic eno-
lato η2-C,O-ketenido ligand, which usually are not prepared from ketenes. In this section
we will show how ketenes are useful reagents to prepare other enolato complexes. In
most cases a ketene RR′C=C=O inserts into a M−C bond of a [M]−R′′ complex to give
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O
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O
Ph2C
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O
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O
CPh2

W

PhC

W

CPh2
Mg

O O

O O
W

(259)

PhC

(260)

R3Sn

PhNR′

Ph2C=C

OSnR3

PhNR′

(257) (258)

[M]−OC(=CRR′)R′′. Thus, dpk inserts into the C−Sn bond of 257 (R, R′ = Me, Bu, Ph)
to give 258563 and reacts with the carbyne complex 259 to give 260564.

When ketenes R2C=C=O (R = t-Bu565, Ph566) are heated with 261, complexes 262
and ethylene are obtained, but at room temperature dpk leads to 263567. The ketenido
complex 264 (Section IV.D) reacts with one equivalent of dpk to afford 265568.

(261) (263)

Cp∗2Ti

O
CPh2

Cp∗2Ti

(262)

Cp∗2Ti
O

CR2

Cp2Ti

O
Ph2C

Cp2
Ti

O
CPh2

Cp2Ti
O

O

CPh2

Ph2C

(264) (265)

Complex [Ti(nacnac)(µ2-O)(µ2-OTf)]2 (266) reacts with dpk or t-BuCH=C=O to
afford 267569. A similar reaction takes place between [Ti(nacnac)(=NC6H3(Pr-i)2-2,6)
(OTf)] and dpk570. The imido complex 268 reacts with an excess of dpk to afford 269 and
Ph2C=C=NBu-t51. The reaction of dpk with [Zr(η5-Cp)2R2] gives 270 or 271, depending
on R and the reaction conditions571.

OTf

(267) R = R′ = Ph, R = H, R′ = t-Bu(266) Ar = C6H3(i-Pr)2-2,6

Ti
O

O S
O

F3C O

Ti
O

O
S O

O CF3

N

NN

N

Me

MeMe

Me Ar Ar
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O
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H
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The isoprene derivative 272 reacts with dpk to afford 273572. Complexes 274 react
with dpk to give 275573.
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O
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R O
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R

(268) (270) R = Me, Bn, Ph(269)
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t-BuN PPh3 M

Clt-BuN
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(274) M = Cr, Mo, W (275)
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O

R2
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X
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(276) X = Cl, E = P, R = Ph
          X = I, E = As, R = Me

(277) R′ = Me, Et, i-Pr, n-Bu

Me3P
Me3P

Nucleophilic attack of trialkylphosphines PR′
3 at the central ketene carbon in complexes

276 affords the phosphino- and arsino-enolato complexes 277 (Section II.A.5)574.
The oxorhenium complex [Re(η5-Cp∗)(=O)(µ-O)]2 reacts with dpk to give the product

of a formal [2 + 2]-cycloaddition [Re(η5-Cp∗)(=O)(O,O-O2C=CPh2)]575. [Os3H2(CO)10]
reacts with ketenes to give 278558,576 (see 247). Complex 279 reacts with dpk to give

(OC)4Os

(OC)3Os
Os(CO)3

H

O
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(278) R = H, Me, Ph

Co O

Ph2C
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O CPh2
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EtS
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SEt
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Cp2

O

Cp2
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EtS

SEt
Ph(R)C

C(R)Ph

(283) (284)  Ln = Yb, Er, Sm, Y, R = Ph
           Ln = Er, R = Et

Ph2
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complex 280, which contains a new ligand formed by condensation of two molecules of
dpk and one of ethylene577. In this process, Co(I) is oxidized to Co(III). Insertion of dpk
into the Ni carbene bond of complex 281 affords 282578. Ph(R)C=C=O inserts into the
metal–sulfur bonds of 283 to give 284579.

The reaction of dpk with trans-[PtH2{P(c-Hex)3}2] gives trans-[PtH{OC(=CPh2)H}
{P(c-Hex)3}2]580.

B. Isocyanates

The reaction of [MgCp2] with four equivalents of PhNCO in thf gives 285581.

Mg

O

CC

O

NN
Ph

O
HH

O

Ph

O

C C

O
OO

NN

H
O

PhPh

O
H

(285)

Complexes 286 react with N2=CHCO2Et and R′NCO to afford 28752. The reaction of
equimolar amounts of PhNCO and 288 affords 289582.

ZrCp2

N
(R2N)2P

ZrCp2

NH

(R2N)2P

O

R′N
N

N

CO2Et

(287)  R = i-Pr, c-Hex;
R′ = Ph, a-naphtyl

Cp3U

(R′)2RP

Cp3U
NPhO

(R′)2RP

(288) R/R′ = Me/Ph, Ph/Me (289)(286) R = i-Pr, c-Hex

C. Acyl Halides

Complex 290 reacts with 4-MeC6H4C(O)Cl to give LiCl and 291583. Carbene com-
plexes [Ta(CH2Bu-t)3(=CHBu-t)]584 or [Ti(η5-Cp)2(=CH2)]585 react with RC(O)Cl (R =
Me, Et, Ph, t-Bu) to give [Ta(CH2Bu-t)3Cl{OC(=CHBu-t)R}] or [Ti(η5-Cp)2Cl{OC(=
CH2)R}], respectively.
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Me3Si
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Ta N
Me3Si

NAr

N

N
Ta

N

Me3Si

ArN

N

N
O

Me3Si

(290) Ar = C6H3(i-Pr)2-2,6 (291)

IV. SYNTHESIS FROM CARBON MONOXIDE AND CARBONYL COMPLEXES
Carbon monoxide and its metal complexes are of widespread use as the source of enolato
ligands in the synthesis of transition metal enolato complexes.

A. Insertion/Migration Reactions

Carbon monoxide can be inserted into some metal−C bonds to give metal acyl com-
plexes [M]C(O)R. However, early transition, lantanide and actinide metals usually afford
[M](κ2-O=CR) complexes. When R is an alkyl group (CR′R′′R′′′), a 1,2-shift of some of
its substituents can give rise to an enolato complex (equation 5).

[M]

R′

R′′′
R′′ [M]

O

R′
R′′′

R′′

[M]
O

R′

R′′′
R′′

[M]
O

R′′′

R′′

R′

CO
[M]

O

R′′′
R′ R′′

−

+

• •

(5)

Complex 292a reacts with CO to give 293586. A similar reaction occurs in the carbonyla-
tion of [Zr(η5-Cp)2{CH(Ar)SiMe3}Cl] (Ar = 9-anthryl) to give [Zr(η5-Cp)2{OC(=CHAr)
SiMe3}Cl]587 or that of [Lu(η5-Cp∗)(CH2SiMe3)2(bpy)] to give [Lu(η5-Cp∗){OC(=CH2)
SiMe3}(bpy)]588. However, carbonylation of 292b gives 294, which decomposes upon
heating at 100 ◦C to afford 295 after a 1,2-hydrogen shift589. Similarly, the enolato
complex [Hf(OCH=CH2)Me(N∧C∧N)] (N∧C∧N is a chelating diamido-N-heterocyclic-
carbene ligand; see hafnium complexes at the end of Section IV.B) is obtained when
[Hf(η2-O=CMe)Me(N∧C∧N)] decomposes at room temperature590. Carbonylation of [Ta
(η5-Cp∗)Cl3(CH2R)] in the presence of the ligand L affords [Ta(η5-Cp∗)Cl3(OCH=CHR)
(L)] (R = Tol, L = thf591; R = t-Bu, L = py592). Carbonylation of 296 affords the phos-
phinoenolato complex 297 (Section II.A.5)593.
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Carbonylation of 298 gives the dienolato complex 299594. Complex 300 absorbs CO
rapidly to yield 301, while 302 reacts with CO to form 303595.

Cp∗2Zr Cp∗2Zr
O

H

C
Cp∗2Zr

H

Pr-i
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O

H Pr-i

(300) (301) (302) (303)

Cp∗2Zr Si
Me

Me
Cp∗2Zr

O

Si

O Me

Me

(298) (299)

Reaction of 304 with CO affords an equimolecular mixture of 305 and the enolato
complex 306, implying an interesting build-up of the 3-methyl-2-buten-2-olato ligand
from two CO molecules and three methyl groups596.

Complex 307 reacts with CO to give 308, probably by insertion into the Zr−Si bond to
afford 309 that rearranges to the intermediate 310597. The dinuclear complex 311 reacts
with CO differently, namely by insertion into the V−C and Si−C bonds to give 312598.

Carbonylation of the yttrium complex 313 gives the dinuclear enolato complex 314599.
The lutetium complex 315 reacts with two molecules of CO to give 316, a process which
can be formally viewed as the result of (i) a CO insertion into a Lu−C bond to give an
η2-acyl complex, followed by acyl insertion into a 2,2′-bipyridine C−H bond, and (ii) a
second CO insertion followed by SiMe3 migration588.

The migrating group can be part of a ligand. Thus, carbonylation of 317 affords 318
(X = Cl, Me), which can be the result of insertion of CO into the Me−Ta bond, C−N
bond cleavage and migration of the CMe2 group taking place in succession600.
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Zr Me

(Me3Si)2N

Me

(Me3Si)2N Zr O

(Me3Si)2N

Me

(Me3Si)2N Zr

N(SiMe3)2

Me

N(SiMe3)2

Zr O

(Me3Si)2N

Me

(Me3Si)2N

Me

Me

Me

(304) (305)

(306)

Cp∗2Zr
Me

SiH(Mes)2 Cp∗2Zr
O

H

Cp∗2Zr

Me

O

SiH(Mes)2 Cp∗2Zr
O

SiH(Mes)2

SiH(Mes)2

(307) (308)

(309) (310)

NSiMe3

V
C

H2 Si
Me2

C

Me2
Si

Me3NSi
V

N(SiMe3)2

(Me3Si)2N NSiMe3

V
O

SiMe2

O

Me2Si

Me3SiN
V

N(SiMe3)2

(Me3Si)2N

(311) (312)

H2

N
Cp*2Y NN

O YCp*2Cp*2Y

(313) (314)



270 José Vicente
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(317) (318)

The carbyne complex 319 reacts with CO to give 320601, which results from a double
CO insertion and PMe3 migration, while 321 reacts with the manganese carbonyl complex
322 in refluxing toluene to give 323602.
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The metalaenolato complexes 324 (M = Cr, Mo, W), prepared in situ from [M(CO)6],
EtOC≡CH and LiBu-n603, react with [Re(CO)5(FBF3)] to give 325604.
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OC CO
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O

EtO

(324) (325)

The reaction of [MnMe(CO)5] with 326 leads to a mixture of products containing 327.
Probably, complexes 328 and 329 are intermediates in this process605.
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B. Enediolato Complexes

Complexes of this type have been prepared from carbonyl compounds by deproto-
nation (Section II.A.2.a) and redox reactions (Section II.B.2). Complex 330 decomposes
above −50 ◦C to give 331. Complexes 332 react with CO to afford 333586,595. The lat-
ter (M = Zr) has also been obtained from [{Zr(η5-Cp∗)2(N2)}2N2] and MeC(O)C(O)Me
(Section II.B.2)534.

Cp*2M

R

R
Cp*2M

O C

CO R

R

(332) M = Zr, R = Me
          M = Th, U, R = Me, CH2SiMe3
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Treatment of [Zr(η5-Cp∗)2(CO)2] with 334 at −78 ◦C gives 335, which, in turn, reacts
with MeI to afford 336 or with py to give 337606.
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Carbonylation of 338 produces complex 339607, a compound of a type different from
that obtained from its Zr homologue (300).

Cp2Hf O

Cp2
Hf

Hf
Cp2

O

O

(338) (339)

Reaction of equimolecular amounts of 340 and P(c-Hex)3 or 2,6-lutidine in a CO
atmosphere under pressure gives 341592. Complex 342 reacts with CO to afford 343600.



272 José Vicente
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[Th(η5-Cp∗)2H(OR)] reacts with CO to give [{Th(η5-Cp∗)2(OR)}2{µ-O,O-Z-OCH=
CHO}]608. [Sm(η5-Cp∗)2H]2 reacts with CO and OPPh3 to give [{Sm(η5-Cp∗)2(OPPh3)}2
{µ-O,O-Z-OCH=CHO}], which, in turn, isomerizes in solution at room temperature to
the complex with the E-OCH=CHO ligand609. Complexes [Ln(η5-Cp∗)3] (Ln = Sm610,
Nd611) react with CO to form the pentamethylnorbornadienyliumdiolato complex 344.

Ln

O

O

(344)

_ +

The U(III) complex 345a reacts with CO at atmospheric pressure to give the U(IV)
complex 346, which is the first reported deltato complex612. The same authors have
reported the surprising formation of the squarato complex 347 from CO and 345b265. In
both cases, CO is the only source of the dianionic oxocarbon ligands.

Isolated η2-acyl complexes, which are probably intermediates in many of the above
reactions, can further react with CO to give a variety of C−C coupling products. Thus,
the acyl complex 348a reacts with CO to afford 349589, but in the presence of PR3 the
reaction gives 350613. Similarly, CO reacts with 348b to give 351614 or with 352 to afford
353590.

C. Amidoenolato Complexes

The η2-iminoacyl complexes 354 react with CO to give the corresponding amidoenolato
complexes 355615. Similarly, the reaction between 356 and CO gives 357590.
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 M = Ti, Ar = C6H3(Pr-i)2-2,6, R = Xyl
 M = Zr, Ar = C6H3(Bu-t)2-2,6, R = Bu-t

(355)
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D. Ketenido Complexes

When a ketene is coordinated to a metal through both C and O atoms, two extreme
resonance forms can be considered: that containing the ketene as a neutral ligand (358)
and that with a ketenide dianion (359). The contribution of the enolato form 359 can be
estimated by the C−O bond distance (d) and the O−C−C angle (α). In some complexes,
a ketenido ligand can bridge two metal centers, as in 360.

[M]
O

C

R′R

[M]
O

C
R′

R
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(358) (359)

[M′]
O

C
R′

R

(360)

[M]

d

A search of the Cambridge Crystallographic Database shows the expected inverse
relationship between d and α. Complexes prepared by reacting a ketene and [Ti(η5-
Cp)2(CO)2]568,616, [V(η5-Cp)2]617, [Nb(η5-C5H4SiMe3)2Cl]2

618, [RhCl{P(Pr-i)3}2]2
619,

[OsCl(NO){P(Pr-i)2R}2]620, or [Ni{P(t-Bu)2CH2P(Bu-t)2}(olefin)]621 show smaller d
(1.25–1.33 Å) and larger α (129–140◦) values than those in which the ligand originates
by deprotonation of an acyl ligand (Section IV.D.1) or by insertion of CO into into a
vinyl–, carbene–or methylene–metal bond (Section IV.D.2). In the latter, d and α values
are in the 1.32–1.44 Å and 117–127◦ ranges, respectively. Therefore, complexes in the
first group could be classified as ketene complexes (358) and the other as ketenido com-
plexes (359). However, some exceptions can be found in the borderline between the two
ranges. Thus, complex 361, for which d = 1.27 Å and α = 131◦ (R = Me), is obtained
along with the acyl enolato complex 362, in the reaction of the mixture of isomers 225
and 226 (Section II.B.4; R = Me, Et) with DBU and CO544. These data suggest that
the ranges for ketenido complexes should be slightly extended to d = 1.27–1.44 Å and
α = 117–131◦. Complex 264 (Section III.A) is another exception because it is prepared
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OC
PEt3

CO2R

Fe

Et3P
OC

OC
Et3P

O OR

O

(361) (362)

by reacting [Ti(η5-Cp)2(CO)2] with one equivalent of dpk, but the structural parameters
(d = 1.311 Å, α = 128.8◦) suggest that it is a ketenido complex.568.

Therefore, it seems that the α angle is the best parameter to distinguish between for-
mally ketene (129–140◦, 358) and ketenido (117–131◦, 359) complexes, because there is
only a small overlap between these ranges (129◦ and 131◦) while it is larger for distances
(1.27–1.33 Å). In agreement with the above data, a theoretical study shows the com-
plex [Ni(κ2-C,O-OC=CPh2){P(t-Bu)2CH2P(Bu-t)2}] (d = 1.298 Å, α = 132.763◦) to be
a ketene Ni(0) complex621. In some cases the reactivity of the ketene complexes proves
that the oxidation state of the metal center is the same as that in the starting complex619.

Terminal and bridging ketenido complexes are prepared by deprotonation of acyl com-
plexes or by insertion of CO into a vinyl–, carbene–or methylene–metal bond.

1. Deprotonation of acyl complexes

The synthesis of complexes 363 was reported almost simultaneously by three different
groups. 363a is prepared by reacting PMe3 with LiBu-n, [Zr(η5-Cp)2Cl2] and CO, with
complex 364a postulated as an intermediate in this reaction622. 363b was synthesized by
reacting 364b with CO623. The deprotonation of the acyl complexes 365 with NaHMDS
affords Naž366624.

Cp2Zr
Cl

(363) (a) R = Me
(b) R = Ph

(364) (a) R = Me
(b) R = Ph

Cp2Zr
O

PR2

ZrCp2
Cl

Cl

Cp2Zr O

X

Cp2Zr
X

O

–

(365) X = Me, R = H, Me, R′ = H, Me
          X = Cl, R = t-Bu, R' = H
          X = Br, R = R' = H

(366)

PR2

R

R′

R R′

The acetyl complex [Fe]{C(O)Me} ([Fe] = Fe(η5-Cp)(CO)(PPh3) ) reacts with LiBu-n
and ClPPh2 to give Li[Fe]{C(O)CHPPh3}73.

2. Carbon monoxide insertion reactions

Reaction of CO with the vinyl complex 367 gives 368625 and with 369 affords 370626.
Treatment of [Ru3(CO)10{(PPh2)2CH2}] with CH2N2 affords a mixture containing com-

plex 371, which has the simplest ketenido as a µ3-bridging ligand627. The tantalum–
lithium complex 372 reacts with CO to afford 373628.

Insertion of a terminal carbonyl ligand [M]CO into a metal carbene [M′]=CRR′ bond
can generate a complex containing a bridging ketenido ligand (374)629.
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Cp2Zr
Cl

[Ru]

Cp2Zr

Cl

[Ru]

O

(367) [Ru] = Ru(h5-Cp)2(PMe3)2 (368)

SiMe2Me2Si

Zr
i-Pr2P

Cl

P
(Pr-i)2

SiMe2Me2Si

Zr
i-Pr2P

Cl

P
(Pr-i)2

O

CHR
RCH

(369) R = Ph, SiMe3 (370)

O

RuRu
Ru

CH2
CO

Ph2
P

PPh2

OC
OC CO

OC

OC

OC

(371)

Ta

ArN

Me3SiCH2

Li

SiMe3

i-PrN

N

NPr-i
Ta

ArN

Me3SiCH2

Li

SiMe3

i-PrN

N

NPr-i

O

(372) C6H3(i-Pr2)-2,6 (373)

[M] C

O [M′]

R

(374) (a) [M] = W(CO)5, Mn(h5-Cp)(CO)2, Co(h5-Cp)(CO);
               [M′] = U(h5-Cp)3; R = H, R′ = PR′′3
          (b) [M] = Re(R′′′)(CO)4 (R′′′ = Me, Ph), Re(Prf)(CO)4,
               [M′] = Ta(h5-Cp)2Me, R = R′ = H

R′

E. Metalafuran Complexes

Compounds in which a CH group of furan is replaced by a metal moiety are named
metalafurans. However, X-ray and spectroscopic data suggest the electronic structure of
these complexes to be a resonance hybrid of a metalafuran (375) and a metalavinylketone
(376). Therefore we will formulate the C,O ligand as OC(R)C(R′)C(R′′) and graphi-
cally as 377. The synthesis of many of these compounds involves the use of carbonyl
complexes or CO; however, other reagents have been used, as in the preparation of 57
(Section II.A.1), 204a (Section II.B.1), 227, 229 (Section II.B.), 248, 255 (Section II.C)
and others (Section VII). Alkynes are also key reagents in the preparation of many met-
alafurans as shown in equations 6 and 7, although they do not always involve CO or a
carbonyl complex.



5. Synthesis of metal enolato complexes 277

[M]
O R

R′
R′′

[M]
O R

R′
R′′

(375) (376)

R′ R′′
[M]

CO

R
[M]

R

O

R′

R′′

[M]

O R

R′
R′′

[M] [M]

H

R′′′

H
R′

R

O [M]

O R

R′
H

R′′′
H

H
R′

R
O

(377)

R′′  = R′′′CH2

R′′′ H

...........

.......

................

..............
....

.

(6)

(7)

The first family of metalafurans was prepared by heating or irradiating a mixture of
[M(η5-Cp)(R)(CO)3] and but-2-yne (R′ = R′′ = Me) to give 377 ([M] = M(η5-Cp)(CO)2,
M = Mo, R = Mef, Me, Bn; M = W, R = Mef, Me; equation 6)630. Many metalafu-
rans ([M] = M(η5-Cp′)(CO)2, M = Cr, Mo, W) have been prepared by this method:
M = W, Cp′ = Cp, R = CH2CO2Et, R′ = H, R′′ = Ph631; M = Mo, W, Cp′ = Cp, R,
R′ = c-Pr, c-Bu, c-Pen, R′′ = Me632; M = Cr, Mo, W, Cp′ = Cp, Cp∗, C5H4Me, indenyl,
R = Me, Et, n-Pr, n-Bu, R′ = R′′ = H, Me, Ph633; M = Cr, Mo, Cp′ = Cp∗, R = Me,
R′ = Ph, R′′ = H and M = Mo, W, Cp′ = Cp∗, R = Me, R′ = H, R′′ = Ph634. Other
metalafurans have neither Cp or related η5-ligands nor is M a group 6 element: [M] =
Fe(CO)4, R = Me, R′ = SiMe3, H, CO2Et, R′′ = Ph; R′ = H, Ph, R′′ = CO2Et; R = Bn,
R′ = H, R′′ = n-Bu, CO2Et635 and [M] = Re(CO)3(PPh3), R′′ = Me, Et, n-Pr, CH2Pr-i,
CH2Bu-i, Bn, CH2SiMe3, CH2CO2Me, CH2CO2Et, (CH2)7Me, R = OEt, R′ = H, Me;
R = NEt2, R′ = H (obtained according to equation 7 by reacting the 2-oxoalkyl complex
[Re{CH(R′)C(O)R}(CO)4(PPh3)] with Me3NO and R′′C≡CH)636.

Protonation with HBF4 (i) of 378 at 183 K < T < 193 K leads to 379, which inserts
CO at T > 193 K to afford 380637 or (ii) of the carbyne complex [W(TpMe,Me) (≡CO−Tol)
(CO)2] in the presence of PhC≡CH gives the metalafuran complex [W(TpMe,Me)(CO)2
{C,O-OCHCHC(Ph)}]638. Its isomer [W(TpMe,Me)(CO)2{C,O-OC(Ph)CHCH}] is obtained
by rearrangement in solution of [W(TpMe,Me)(CO)2{≡CCH2C(O)Ph}]639.

Treatment of the acetylide complexes Li[W(η5-Cp)(C≡CR)(CO)(NO)] with ethyl
iodoacetate gives, after protonation, the metalafuran with [M] = WI(NO), R = CH2CO2Et,
R′ = H, R′′ = t-Bu, Ph, Tol640.
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(TpMe,Me)Nb

Ph
Ph

CO

(TpMe,Me)Nb

Ph
Ph

CO

H
(TpMe,Me)Nb

F
O

Ph

Ph

(378) (379) (380)

Reaction of 381 with one equivalent of CO gives the metalafuran 382 in high yield641.
Similarly, the reaction between [Mo(η5-Cp)(CO)(η2-R′C≡CR′′)2]BF4 (R′ = Me, R′′ =
Me, Et) and K{BH(Bu-n)3} in the presence of CO gives metalafuran complexes with
[M] = Mo(η5-Cp)(CO)2, R = E-C(=CHR′′′)Me (R′′′ = Me, Et), R′ = R′′ = Me; R = E-
C(=CHEt)Me, R′, R′′ = Et642. Complex 383 decomposes at room temperature in CH2Cl2
to afford the metalafuran 384643.

Cp*Ta Me
Me

Ph

Ph

(381) (382)

Cp*Ta

Me

O

Me

Ph

Ph

(383)

(TpMe,Me)W CO
OEt2

Ph

(384)

(TpMe,Me)W

O
CH2Cl

Ph

+ +

The reaction of [W(TpMe,Me) (≡NPh)(CO)(η2-PhC≡CMe)]+ with MeMgBr affords the
metalafuran complex [W(TpMe,Me)(=NHPh){C,O-OC(Me)C(Me)C(Ph)}]+, resulting after
methylation at the carbonyl carbon and protonation (presumably from water introduced
in the workup) at the nitrene nitrogen644.

V. SYNTHESIS VIA CLEAVAGE OF ETHERS AND RELATED COMPOUNDS
It has long been known that alkali metals (mainly Li) and some of their derivatives are able
to cleave ethers645. The resulting fragments can coordinate metal complexes. However,
other metals have also the same behavior.

A. Cleavage of the Tetrahydrofuran Ring

Cleavage of thf by LiR occurs with formation of ethylene and the metal enolate of
acetaldehyde (ethenolate), the simplest enolate anion. For example, Li(OCH=CH2) results
from the reaction of LiR (R = n-Bu646, t-Bu646,647) with thf and it has been used in the
synthesis of other metal enolato complexes.

In some cases, the reaction between lithium compounds and metal complexes in
thf leads to the unexpected formation of ethenolato complexes. Thus, the reaction of
[Li2{(NBu-t)3S}(thf)]2 with LiBu-t in thf gives 385648.

β-trans-[N4{P(Ph){(c-Hex)NH}}4] can be deprotonated using an excess of LiBu-n in
the presence of thf, to give the lithium ethenolato complex [Li6{µ6-β-trans-[N4{P(Ph){(c-
Hex)N}}4](µ3-OCH=CH2)2}(thf)2]649. The phosphazene H6A = (2-TolNH)6P3N3 reacts
with twelve equivalents of LiBu-n in thf to give the monomeric dodecanuclear complex
[Li12(A)(OCH=CH2)6(thf)6] containing six enolato anions resulting from thf fragmen-
tation650.

The reaction of [Li(thf)2][Y(oepg)(µ-OEt)Li(thf)] (H4oepg = octaethylporphyrinogen)
with LiCH(SiMe3)2 or LiBEt3H affords the unexpected lithium complex [{Li(thf)}4(oepg)]
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N

Li

S

N
O

Li

thf

R
R

thf

R
N

Li

thf

(385) R = t-Bu

[Li(OCH=CH2)(thf)]2
651. The lithium derivative [Li4(oepg)] gives, when refluxed in thf,

the enolato complex [Li6(oepg)(OCH=CH2)2(thf)4]652.
LiBu-n reacts with the tripodal ligand 386 (Ar = Tol), AlCl3 and thf to give a mixture

from which 387 has been isolated in low yield653.

HC

Si
Si

Si N

N
N

Al O

Ar

Ar

Ar

Li O

O

HC

Si

Si

Si NH

NH
H
N

Ar

Ar

Ar

(386) (387)

The tetranuclear complex [Sm2{µ-[(CH2)4]-calix-tetrapyrrole}{(µ-Me)2[Li(thf)2]}2]
(388) reacts with PhSiH3 in thf to afford a mixture of compounds from which the
hydrido ethenolato complex 389 has been isolated654. The calix-tetrapyrrole complex
[Sm{µ4-[(CH2)4]-calix-tetrapyrrole}(thf){Li3(thf)4}(µ3-Cl)] decomposes in toluene to give
the product of thf cleavage [Sm{µ4-[(CH2)4]-calix-tetrapyrrole}(thf){Li3(thf)}(µ3-OCH=
CH2)]655. Similar calix-tetrapyrrole complexes with ethenolato ligands have been re-
ported656.

Sm
R

R

R
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RMe

Li

Me

thf

thf Sm
R

R

thf
Li

H

R

R

O
Li

Li
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O

thf
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N

CH2
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R
SmSm N

H2
C

M
R

M
(388) (389)= =

Me

Li

Me

thf

thf

In the presence of [18]crown-6 (18-C-6), the reaction in thf of (i) [Sr(Bn)2] with
two equivalents of Ph2CH2 gives 390 and (ii) [Ba6(OBu-t)12] with two equivalents of
Ph2CHSiMe3 and LiBu-n affords 391657.

LiOCH=CH2, prepared from LiBu-n and thf, reacts readily with [M(η5-Cp)2XCl] (M =
Ti, Zr; X = Me, Cl) to give the corresponding enolato complexes [M(η5-Cp)2Me(OCH=
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(18-C-6)Sr
O

Sr(18-C-6)
O

(Ph2CH)2 (18-C-6)Ba
O

Ba(18-C-6)
O

(Ph2CH)2

thf

thf

(390) (391)

CH2)] and [M(η5-Cp)2(OCH=CH2)2], which are thermally quite stable and show no
tendency to eliminate aldehyde to form ketene complexes42. [NbCl{N(C6H3Me2-3,5)(ada-
mantyl)}3] reacts with thf to give [Nb{N(C6H3Me2-3,5)(adamantyl)}3(OCH=CH2)]658.

The triethylborohydride adduct 392 reacts with thf to yield the ethenolato complex
393659. [Y2(η5-C5H4R)4(µ-OCH=CH2)2] can be prepared by thermolysis of [Y(η5-
C5H4R)2(CH2SiMe3)(thf)] (R = H, Me) or from [Y2(η5-Cp)4Me2] in the presence of
LiCl and thf83.

NAr

Sc

NAr NHAr

HBEt3 NAr

Sc

NAr NHAr

O

(392) Ar = C6H3(i-Pr)2-2,6 (393)

The reaction of [Li3{N(CH2CH2NSiMe3)3}] with YCl3 in thf leads to a Li3Y2 cluster
containing one ‘Y{N(CH2CH2NSiMe3)3}’ fragment, as well as one µ5-O2−, two etheno-
lato ligands and the modified ligand N(CH2CH2SiMe3)2CH2CH2N(SiMe3)CH=CH2, all
derived from the cleavage of thf660. La reacts with [Hg(Bn)2] in thf to give [La(Bn)H
(OCH=CH2)(thf)2]661. CeCl3 reacts with an excess of LTMP in thf to afford [Ce(µ-
OCH=CH2)(TMP)2]2

662.

B. Cleavage of the Furan Ring

The reaction of [LnR3(thf)2] with Me2Si(C5Me4H)(2-Fu) and its 5-Me derivative at the
furyl group affords complex 394, which decomposes to give 395 and two equivalents of
SiMe4

663. The reaction between 396 and t-BuOH opens up one of the furyl rings, leading
to the 2-furyl complex 397664. Decomposition of 398 affords 399665. Thermolysis of 400
(R = Me, 2-Fu, SiMe3) affords complexes 401666.

LnO thf

R R

Me2Si

R′

Ln

O
R

Me2Si

R′

LnO

R

SiMe2

R′

(394) Ln = Sc, Y, Lu, R = CH2SiMe3, R′ = H, Me (395)
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Cp2Zr

R

O

Cp2Zr

O

R

(400) (401)

W W

OBu-t
OBu-t

t-BuO
t-BuO

OO
W W

NR2
NR2

R2N
OR2N

O O

t-Bu
Cp*2Y

O

Cp*2Y

O

YCp*2

(396) R = Me (397) (398) (399)

C. Cleavage of an Epoxide Ring

Cyclohexene oxide reacts with 402 to afford 403667. Reaction of tetracyanoethylene oxide
with low-valent metal complexes [Pd(PAr3)n] (Ar/n = Ph/4, Tol/3) or [Pt(PPh2Me)4] leads
to complexes 404668.

N
R

Mg

R
N

Me

Me

NR′2

N
R

Mg

R
N

Me

Me
O
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O

N
R

R
N

Me

Me

(402) R = C6H3(i-Pr)2-2,6; R′ = SiMe3 (403)

M
O

CN

NC
CN

L

L CN

(404)

VI. SYNTHESIS FROM OXO, HYDROXO OR ALKOXO COMPLEXES

The alkoxo complex 405 decomposes (170 ◦C, 10−4 torr) to give H2 and 406669.



282 José Vicente
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MeMeMeMe
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O

Zn
N

NN

N

O
Me

MeMe

Me

(405) (406)

The oxo complexes 407 react with RC≡CR′ to give 408a670 or with allene to afford
complex 409671. Heating solutions of 410 (i) with alkynes RC≡CR (R = Ph, Tol) leads to
benzene and [ZrO(η5-Cp∗)2], which inserts the alkyne into the Zr=O bond to afford 408b
or 408c, which, in turn, undergoes orthometalation to give 411 or (ii) with PhC≡CC≡CPh
affords 412672. Complex 408b has been isolated from the reaction of [Zr(η5-Cp∗)2(η2-
PhC≡CPh)] with N2O (Section VII)673.

Cp*2M
O

R′

R

(408) (a) M = Ti, R = R′ = Ph;
               R = Ph, Tol, Me, t-Bu, R′ = H
         (b) M = Zr, R = R′ = Ph
         (c) M = Zr, R = R′ = Tol

Cp2Ti
O

(409)

Cp′2Ti
py

O

(407) Cp′ = Cp, Cp*

Zr
Cp*2

O

R′
R′

Zr

O Ph

Ph

(411) R′ = H, Me (412)

Cp*2Zr
Ph

OH

(410)

Complex 408b reacts (i) with H2 or protic acids HX to give 413 (X = H, OH, OPh,
OC(=CH2)Me, C≡CR (R = H, Ph, t-Bu)), (ii) with C≡E to afford 414, (iii) with Ph2CN2
or (Tol)N3 to give 415 and (iv) with RCHO to form 416 (R = H, Tol, (CH2)5Me)674.

Cp*2Zr
O

CHPh

PhX

Cp*2Zr
O

E
Ph

Ph

(414) E = O, NBu-t

Cp*2Zr
O

N

X
Ph

Ph

(415) X = N=CPh2, N=NTol

O

Cp*2Zr

O

Ph

Ph

R

(413) (416)

Reaction of 417 (Me-6) with NaH and [CrCl2(thf)] affords Cr(II) complexes 418
and [CrCl2(2-methylpyridine)2]. When the methyl substituent is in position x = 3, 4,
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NN OH

t-BuMe Me
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O N
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t-Bu

Me
Cr

N
O O

O N

Me

Me

Bu-t

t-Bu

t-Bu

(417) (418) (419)

N

Me

5, the corresponding Cr(III) complexes 419 and [CrCl2(x-methylpyridine)2] (x = 3, 4)
are obtained675.

Addition of MeO2CC≡CCO2Me to a solution of [Re(OH)(bpy)(CO)3] or [Mo(OH)(η3-
C3H4Me-2)(CO)2(phen)] affords 420676.

[M]
O

CO2Me

CO2Me

HO

(420) (a) Re(bpy)(CO)2

          (b) Mo(h3-C3H4Me-2)(CO)(phen)

The oxaruthenacylobutane complex 62 (L = PMe3) decomposes at 45 ◦C to give CH4
and the cyclometalated complex 5968,69 (Section II.A.1). The monohydride complex
[OsClH(CO){P(Pr-i)3}2] reacts with PhCH(OH)C≡CH to give a mixture of products, from
which the metalafuran complex [Os{C,O-OC(Ph)CHCH}Cl(CO){P(Pr-i)3}2] (Section
IV.E) can be isolated677. By refluxing a thf solution of alkoxides [Ln(η5-Cp)2{µ-OCH(Et)
Me}]2 (Ln = Dy, Yb), the dehydrogenated products [Ln(η5-Cp)2{µ-E-OC(=CHMe)Me}]2
are obtained678.

VII. OXYGENATION REACTIONS

Nitrous oxide reacts at room temperature with 421 to afford 422 with N2 and PMe3
loss679. Similarly, 423 reacts with N2O to give 408b673. The intermediate 424 has been
isolated at low temperature in solution or even in a solid/gas reaction and it undergoes
N2 loss at room temperature to give 408b674.
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O
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The vinylcarbene complex 425žBF4
− reacts with nitrone PhCH=N(O)Me to give the

metalafuran complex 426680 (Section IV.E). Complex 427 reacts with Me3NO to give the
metalafuran 428681.

Complex 429 is obtained by reaction of [Pt{P(c-Hex)3}2(κ2-O2)] with MeO2CC≡CCO2
Me682.

Pt
(c-Hex)3P

(c-Hex)3P O

O CO2Me

CO2Me

(429)

VIII. MISCELLANEOUS REACTIONS

Complex 430 reacts with Ph3P=CH2 to afford 431683. When complexes 432 are heated
in aqueous thf, complexes 433 are obtained684.
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O
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Ph
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N
Me2

R2
P

M
O
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P

(432) M = Rh, Ir, R = i-Pr(430) (431) (433)

+

The metalacyclic complex 434 reacts with HO(CH2)nC≡CH and AgBF4 to give the
Ir(III) π-allyl enolato complex 435 when n = 2 and the Ir(I) alkene enolato complex 436
when n = 3685.

Ir
X

X

X
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R
R

R
R

Me
X

X

O XOMe
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R

R
R

X

X

O XOMe Me

Ir
R

R
R

OH
BF4

(434) R = CO2Me, X = PPh2 (435) (436)

The enolato complex [Cu{OC(=C(CN)2)CN}2{N ,N-(Pyr-2)2NH}] has been isolated
by reacting stoichiometric amounts of an aqueous solution of [CuCl2{N ,N ′-(Pyr-2)2NH}]
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R

R

R

CNNC

NC

(437) R = Me

with tetracyanoethylene in butyl alcohol686. Similarly, Mn(III) complexes [Mn(L)(NCO)],
where L is the tetradentate dianion derived from a double Schiff base, react with tetra-
cyanoethylene to give the corresponding tricyanoethenolato complex 437687.

Diazo compounds have been used in the synthesis of enolato complexes. Thus, for
example, (EtO2C)2C=N2 reacts with 438 to give the adduct 439688.

Mo Mo

CO
CO

OC

OC
Mo N

OC
OC N O

Mo

EtO2C OEt

OC
OC

(438) (439)

(RO2C)2C=N2 reacts with [Ti(η5-Cp)2(CO)2] at 0 ◦C to give 440, or with [Ti(η5-
Cp∗)2(CO)2] at room temperature to afford 441 (R = Ph)689.
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288 José Vicente

74. J. Cámpora, C. M. Maya, P. Palma, E. Carmona, E. Gutiérrez, C. Ruiz, C. Graiff and
A. Tiripicchio, Chem. Eur. J., 11, 6889 (2005).

75. J. Cámpora, I. Matas, C. M. Maya, P. Palma and E. Álvarez, Organometallics, 25, 3124
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Organometallics, 23, 774 (2004).

410. V. Briois, S. Belin, M. Z. Chalaca, R. H. A. Santos, C. V. Santilli and S. H. Pulcinelli, Chem.
Mat., 16, 3885 (2004); H. Reuter, Z. Kristallogr., 219, 109 (2004).

411. J. M. Harrowfield, F. Marandi and A. A. Soudi, Inorg. Chim. Acta, 358, 4099 (2005);
G. Malandrino, R. L. Nigro, P. Rossi, P. Dapporto and I. L. Fragala, Inorg. Chim. Acta,
357, 3927 (2004).

412. B. Alvarez, C. Bois, Y. Jeanin, D. Miguel and V. Riera, Inorg. Chem., 32, 3783 (1993).
413. P. Doppelt, T. H. Baum and L. Ricard, Inorg. Chem., 35, 1286 (1996); A. Bailey, T. S.

Corbitt, M. J. Hampden-Smith, E. N. Duesler and T. T. Kodas, Polyhedron, 12, 1785 (1993).
414. B. J. Deelman, F. Wierda, A. Meetsma and J. H. Teuben, Appl. Organomet. Chem., 9, 483

(1995).
415. C. Pettinari, R. Pettinari, M. Fianchini, F. Marchetti, B. W. Skelton and A. H. White, Inorg.

Chem., 44, 7933 (2005).
416. Q. Zhao, C. Y. Jiang, M. Shi, F. Y. Li, T. Yi, Y. Cao and C. H. Huang, Organometallics, 25,

3631 (2006).
417. A. Cingolani, Effendy, F. Marchetti, C. Pettinari, R. Pettinari, B. W. Skelton and A. H.

White, Inorg. Chem., 41, 1151 (2002).
418. L. Shen, M. Shi, F. Li, D. Zhang, X. Li, E. Shi, T. Yi, Y. Du and C. Huang, Inorg. Chem.,

45, 6188 (2006).
419. M. Shi, F. Li, T. Yi, D. Zhang, H. Hu and C. Huang, Inorg. Chem., 44, 8929 (2005).
420. H. Xin, F. Y. Li, M. Shi, Z. Q. Bian and C. H. Huang, J. Am. Chem. Soc., 125, 7166 (2003).
421. A. Imran, R. D. W. Kernmitt, A. J. W. Markwick, P. McKenna, D. R. Russell and L. J. S.

Sherry, J. Chem. Soc., Dalton Trans., 549 (1985).
422. Y.-B. Dong, X. Zhao, G.-X. Jin, R.-Q. Huang and M. D. Smith, Eur. J. Inorg. Chem., 4017

(2003); Y.-B. Dong, J.-P. Ma, G.-X. Jin, R.-Q. Huang and M. D. Smith, Dalton Trans., 4324
(2003); Y.-B. Dong, P. Wang, R.-Q. Huang and M. D. Smith, Inorg. Chem., 43, 4727 (2004).

423. O. Angelova, E. M. G. Kirilov, M. Kirilov, G. Petrov, J. Kaneti and J. Macicek, J. Chem.
Soc., Perkin Trans. 2, 1405 (1989).

424. V. Ugrinova, B. C. Noll and S. N. Brown, Inorg. Chem., 45, 10309 (2006).
425. R. W. Saalfrank, N. Low, S. Kareth, V. Seitz, F. Hampel, D. Stalke and M. Teichert, Angew.

Chem. Int. Ed., 37, 172 (1998).
426. R. W. Saalfrank, N. Low, B. Demleitner, D. Stalke and M. Teichert, Chem. Eur. J., 4, 1305

(1998).
427. T. Shiga, M. Ohba and H. Okawa, Inorg. Chem., 43, 4435 (2004).
428. T. Shiga, M. Ohba and H. Okawa, Inorg. Chem. Commun., 6, 15 (2003).
429. R. L. Lintvedt, B. A. Schoenfelner, C. Ceccarelli and M. D. Glick, Inorg. Chem., 23, 2867

(1984).
430. T. Shiga, H. Okawa, S. Kitagawa and M. Ohba, J. Am. Chem. Soc., 128, 16426 (2006).
431. S. Biju, D. B. A. Raj, M. L. P. Reddy and B. M. Kariuki, Inorg. Chem., 45, 10651 (2006);

R. Pavithran, M. L. P. Reddy, S. Alves, Jr., R. O. Freire, G. B. Rocha and P. P. Lima, Eur. J.
Inorg. Chem., 20, 4129 (2005); R. Pavithran, N. S. Saleesh Kumar, S. Biju, M. L. P. Reddy,
S. Alves, Jr. and R. O. Freire, Inorg. Chem., 45, 2184 (2006); A. Cingolani, Effendy, F.
Marchetti, C. Pettinari, R. Pettinari, B. W. Skelton and A. H. White, Inorg. Chem., 43, 4387
(2004).

432. S. Yamazaki, T. Ama and Z. Taira, Polyhedron, 7, 353 (1988); T. Sakai, Z. Taira and
S. Yamazaki, Polyhedron, 12, 2133 (1993).

433. X.-F. Li, K. Dai, W.-P. Ye, L. Pan and Y.-S. Li, Organometallics, 23, 1223 (2004).
434. P. J. McCarthy, R. J. Hovey, K. Ueno and A. E. Martell, J. Am. Chem. Soc., 77, 5820 (1955);

M. Mazzanti, J.-M. Rosset, C. Floriani, A. Chiesi-Villa and C. Guastini, J. Chem. Soc., Dal-
ton Trans., 953 (1989); F. Corazza, E. Solari, C. Floriani, A. Chiesi-Villa and C. Guastini,
J. Chem. Soc., Dalton Trans., 1335 (1990).

435. S. Gambarotta, M. Mazzanti, C. Floriani, A. Chiesi-Villa and C. Guastini, Chem. Commun.,
829 (1985).

436. M. Mazzanti, C. Floriani, A. Chiesi-Villa and C. Guastini, Inorg. Chem., 25, 4158 (1986).



5. Synthesis of metal enolato complexes 303

437. C. Floriani, M. Mazzanti, S. Ciurli, A. Chiesi-Villa and C. Guastini, J. Chem. Soc., Dalton
Trans., 1361 (1988).

438. P. J. Toscano, P. T. DiMauro, S. Geremia, L. Randaccio and E. Zangrando, Inorg. Chim.
Acta, 217, 195 (1994).

439. G. Pennesi, F. Corazza, C. Floriani, A. Chiesi-Villa and C. Guastini, J. Chem. Res., 86, 601
(1989).

440. E. Gallo, E. Solari, C. Floriani, A. Chiesi-Villa and C. Rizzoli, Inorg. Chem., 36, 2178 (1997).
441. J. R. Bradbury, J. L. Hampton, D. P. Martone and A. W. Maverick, Inorg. Chem., 28, 2392

(1989).
442. S. Lim, B. Choi, Y. S. Min, D. Kim, I. Yoon, S. S. Lee and I. M. Lee, J. Organomet. Chem.,

689, 224 (2004).
443. D. E. Fenton and S. E. Gayda, J. Chem. Soc., Dalton Trans., 2109 (1977); H. Adams, N. A.

Bailey, D. E. Fenton, M. S. L. Gonzalez and C. A. Phillips, J. Chem. Soc., Dalton Trans.,
371 (1983); R. L. Lintvedt, M. D. Glick, B. K. Tomlonovic and D. P. Gavel, Inorg. Chem.,
15, 1646 (1976); R. L. Lintvedt, L. S. Kramer, G. Ranger, P. W. Corfield and M. D. Glick,
Inorg. Chem., 22, 3580 (1983); N. A. Bailey, D. E. Fenton, S. E. Gayda and C. A. Phillips, J.
Chem. Soc., Dalton Trans., 2289 (1984); R. L. Lintvedt, K. A. Rupp and M. J. Heeg, Inorg.
Chem., 27, 331 (1988); M. D. Glick, R. L. Lintvedt, D. P. Gavel and B. Tomlonovic, Inorg.
Chem., 15, 1654 (1976).

444. S. D. Allen, D. R. Moore, E. B. Lobkovsky and G. W. Coates, J. Organomet. Chem., 683,
137 (2003).

445. L. Zhang, M. Brookhart and P. S. White, Organometallics, 25, 1868 (2006).
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A. Martı́n and P. Gómez-Sal, J. Organomet. Chem., 533, 87 (1997).

619. E. Bleuel, M. Laubender, B. Weberndorfer and H. Werner, Angew. Chem. Int. Ed., 38, 156
(1999).

620. R. Flugel, O. Gevert and H. Werner, Chem. Ber., 129, 405 (1996).
621. P. Hofmann, L. A. Perez-Moya, O. Steigelmann and J. Riede, Organometallics, 11, 1167

(1992).
622. L. M. Engelhardt, G. E. Jacobsen, C. L. Raston and A. H. White, J. Chem. Soc., Chem. Com-

mun., 220 (1984).
623. S. J. Young, H. Hope and N. E. Schore, Organometallics, 3, 1585 (1984); R. Choukroun,

F. Dahan and D. Gervais, J. Organomet. Chem., 266, C33 (1984).
624. S. C. H. Ho, D. A. Straus, J. Armantrout, W. P. Schaefer and R. H. Grubbs, J. Am. Chem.

Soc., 106, 2210 (1984); E. J. Moore, D. A. Straus, J. Armantrout, B. D. Santarsiero, R. H.
Grubbs and J. E. Bercaw, J. Am. Chem. Soc., 105, 2068 (1983).

625. F. R. Lemke, D. J. Szalda and R. M. Bullock, J. Am. Chem. Soc., 113, 8466 (1991).
626. M. D. Fryzuk, P. B. Duval, S. Mao, S. J. Rettig, M. J. Zaworotko and L. R. MacGillivray,

J. Am. Chem. Soc., 121, 1707 (1999).
627. J. S. Holmgren, J. R. Shapley, S. R. Wilson and W. T. Pennington, J. Am. Chem. Soc., 108,

508 (1986).
628. J. A. R. Schmidt and J. Arnold, J. Am. Chem. Soc., 123, 8424 (2001).
629. R. E. Cramer, J. H. Jeong, P. N. Richmann and J. W. Gilje, Organometallics, 9, 1141 (1990);

R. E. Cramer, J. H. Jeong and J. W. Gilje, Organometallics, 5, 2555 (1986); R. E. Cramer,
K. T. Higa and J. W. Gilje, J. Am. Chem. Soc., 106, 7245 (1984); G. Proulx and R. G.
Bergman, J. Am. Chem. Soc., 118, 1981 (1996).

630. M. Green, J. Z. Nyathi, C. Scott, F. G. A. Stone, A. J. Welch and P. Woodward, J. Chem.
Soc., Dalton Trans., 1067 (1978).

631. E. R. Burkhardt, J. J. Doney, R. G. Bergman and C. H. Heathcock, J. Am. Chem. Soc., 109,
2022 (1987).

632. P. L. Watson and R. G. Bergman, J. Am. Chem. Soc., 101, 2055 (1979).
633. H. G. Alt, H. E. Engelhardt, U. Thewalt and J. Riede, J. Organomet. Chem., 288, 165 (1985).
634. H. G. Alt, G. S. Herrmann, H. E. Engelhardt and R. D. Rogers, J. Organomet. Chem., 331,

329 (1987).
635. P. DeShong, D. R. Sidler, P. J. Rybczynski, G. A. Slough and A. L. Rheingold, J. Am. Chem.

Soc., 110, 2575 (1988).
636. J. G. Stack, R. D. Simpson, F. J. Hollander, R. G. Bergman and C. H. Heathcock, J. Am.

Chem. Soc., 112, 2716 (1990).
637. M. Etienne, C. Carfagna, P. Lorente, R. Mathieu and D. de Montauzon, Organometallics, 18,

3075 (1999).



310 José Vicente
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I. INTRODUCTION

As defined in Chapter 51, an enolato complex contains a [M]OCC group with the oxygen
atom bearing a negative formal charge and its electronic structure can be described as
1 or 2, where [M] is a metal ion with all the other ligands. However, complexes with
phenolato, oxalato or related ligands will not be considered. Neither will the enolates of B,
Si, Ge, P, As, Sb and elements of Groups 16 and 17 be treated. The content of this chapter
is restricted mainly to the chemistry of enolato complexes that were isolated and fully
characterized: Section II deals with the factors that promote formation of enolato (3) or
2-oxoalkyl (4) complexes, in Section III the equilibrium between complexes of type 3 and
4 is discussed, Section IV deals with reactions in which enolato complexes are converted
into complexes bearing a different enolato ligand and the rest of the chapter is devoted to
reactions in which an enolato ligand is replaced or transformed into a nonenolato ligand.
This chapter is strongly linked to Chapter 51, on the synthesis of metal enolates.

[M] O

C C

[M] O

C C

(1) (2)

O[M]R

R′ R′′

OR

[M]R′
R′′

(3) Enolato complex (4) 2-Oxoalkyl complex

The abbreviations listed below are used in the chapter. Unless otherwise stated, the
diketonato ligands are assumed to be O,O ′-dicoordinated.

acac acetylacetonato
bipy 2,2′-bipyridine
cod 1,5-cyclooctadiene
dik diketonato
dpk diphenylketene
dppe 1,2-bis(diphenylphosphino)ethane
dppm bis(diphenylphosphino)methane
F6acac 1,1,1,3,3,3-hexafluoroacetylacetonato
F3acac 1,1,1-trifluoroacetylacetonato
LDA lithium diisopropylamide
Me6acac 1,1,1,3,3,3-hexamethyacetylacetonato
nbd norbornadiene
phen 1,10-phenanthroline
py pyridine
TfO triflate
tol p-tolyl
TpR,R′

hydrotris(3-R-5-R′-pyrazolyl)borate (R and R′ are substituent groups)
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II. ENOLATO VERSUS 2-OXOALKYL COORDINATION
A. Pd(II) and Pt(II) Enolato Complexes

These complexes are obtained (i) by reacting Pd(II) or Pt(II) complexes with ketones
and a base2, (ii) by transmetalating the ligand from a 2-oxoalkyl mercury derivative
to a halo complex3 – 5 or (iii) by an oxidative addition reaction using an α-haloketone or
[Hg(CH2C(O)Me)2]5 and a Pd0 or Pt0 complex6,7; however, instead of enolato complexes,
2-oxoalkyl derivatives usually form because Pd(II) and Pt(II) are more carbophilic than
oxophilic2,3,7 – 9, namely these metal ions are soft acids that preferentially bond to soft C-
donor rather than to hard O-donor ligands. Nevertheless, Pd(II) enolates exist containing
chelating ligands derived from diketones, ketoimines, carbonyl-functionalized phosphines
(Sections II.A.2, 4 and 5, respectively, in Chapter 51), phosphorus ylides (Section II.B)
and a few containing unidentate enolato ligands described here. The O-coordination
of these ligands is due to their chelating nature, to the transphobia10 between P- or
C-donor ligands toward C-donor ligands or to steric hindrance of their substituents8.
Thus, complex trans-[Pd(tol)Br(PPh2Et)2] reacts with KOC(=CHR)Ar to give trans-
[Pd(tol){OC(=CHR)Ar}(PPh2Et)2] (R = Me, Ar = Ph) or a mixture of the enolato and the
2-oxoalkyl isomers (R = H, Ar = tol)8. The reactions of cis-[PdBr(Ar)(dpb)] (dpb = 1,2-
bis-(diphenylphosphino)benzene) with the appropriate potasium enolates give a fam-
ily of 2-oxoalkyl complexes cis-[Pd(Ar){CRR′C(O)R′′}(dpb)]8 and only in the case of
R = R′ = Me and R′′ = Ph was the enolato complex the most stable isomer. The stabi-
lization of these few enolato complexes has been attributed to the steric hindrance.

B. Carbonyl-stabilized Phosphorus Ylide Complexes

The electronic structure of these neutral ligands is intermediate between those of
resonance forms 5–7. In accordance with their ν(CO) IR absorption, the enolato char-
acter of these ylides, or the relative weight of resonance form 7, increases in the order
R = OMe � Me < Ph11. Therefore, these ligands are expected to coordinate in the eno-
lato form when R = Ph, Me or when the coordination position available has a crowded
environment. In addition, as most reported carbonyl-stabilized phosphorus ylide com-
plexes are Pd(II) or Pt(II) derivatives12, the enolato coordination of these ligands is
preferred when the ligand in trans position is C- or P-donor, due to the transphobia
between these ligands and the ylide coordinate through the carbon atom. Thus, cis-[PtCl2(P
P)] (P P = dppe or Z-1,2-bis(diphenylphosphino)ethene) reacts with Ph3PCHC(O)R and
AgBF4 (1:1:1) to give 8 or 9, i.e. depending on R13.

Ph3P C

O

R

Ph3P CH C

O

R
Ph3 H C

O

R

(5) (6)

+ − +

−

(7)

CH P CH

Pt
Cl

O

P

P

Pt
ClP

P

R

PPh3
H

PPh3

H C(O)R

(8) R = Me, Ph (9) R = OMe

+
+
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The reactions of trans-[Pt(Mef)Br(PPh3)2] with AgBF4 and Ph3ECHC(O)R (E = P,
R = Me, OMe, Ph; E = As, R = Me) afford only trans-[Pt(Mef){OC(=CHEPh3)R}
(PPh3)2] because the C-alkyl/C-ylide transphobia is greater than the C-alkyl/O-ylide
transphobia and also because of the lower steric requirement of the O-ylide ligand.
Contrarily, [Pt(η3-C3H5)(µ-Cl)]2 or [Pt(C,P -{CH2C(Me)2P(t-Bu)2}(µ-Cl)]2 reacts with
Ph3ECHC(O)R to give complexes containing the C-ylide ligand, [Pt(η3-C3H5)Cl{CH
{C(O)R}PPh3}] (R = Me, OMe, Ph) or cis-[Pt(C,P -{CH2C(Me)2P(t-Bu)2}Cl{CH{C(O)R}
EPh3}] (E = P, As; R = Me, OMe, Ph)13; in the isolated isomer of the last reaction the
ylide is cis to the CH2 group, i.e. cis to the atom to which the ligand has the greater
transphobia and in the less hindered coordination site. In the case of the η3-allyl com-
plex, the π-C/C- and P/C-ylide transphobia are probably similar and the metal center
environment is not too crowded as to prevent the preferred C-coordination of the ylide.
Similar results have been reported for reactions of ylides with [Pd(η3-C3H5)(µ-Cl)]2

14,
K[PtCl3(η2-C2H4)]15 and [Pt(µ-Cl)(dppe)]2(BF4)2

16.
Reactions of Pd organometallic complexes 10a and 10b with ylides Ph3PCHC(O)R

(R = Me, Ph or OMe)17 can afford the O-isomers 11a–c or the C-isomers 12a and
12b, with the ylide trans to N. The first possibility goes against the soft character of
Pd(II), but it should be expected when the L ligand has a great C/L transphobia, as in 11a
(L = PPh3), which requires L being trans to N and the ylide trans to the aryl group and O-
coordinated due to the greater C/C than O/C transphobia. The O-isomer is also expected
when the ylide is a better O- than C-donor ligand as in 11b (R = Me). In agreement
with these assumptions, a mixture of O- and C-isomers is isolated when L = MeCN and
R = Me or Ph (11c, 12b). In the case of 12a (R = OMe and L = py or MeCN), only the
C-isomer is obtained17,18. Similarly, [Pt(C∧P){OC(=CHPPh3)R}(PPh3)]+ (C∧P = C,P -
CH2C6H4{P(C6H4Me-2)2}-2) has been obtained for R = Me, OMe and [Pt(C∧P){CH{C
(O)R}PPh3}(NCMe)]+ for R = Me, Ph, OMe. When the starting complex is [Pt(C∧P)(µ-
Cl)]2, the products are [Pt(C∧P)Cl{CH{C(O)R}PPh3}], with the ylide trans to P. The
complex with R = Me reacts with TlClO4 and one equivalent of the same ylide, which is
the most prone to coordinate through the oxygen, to afford [Pt(C∧P){OC(=CHPPh3)R}2]
ClO4

19.

Pd
L

O
CHPPh3

R

(10) (a) L = PPh3, py; L′ = thf
(b) L = L′ = MeCN

(11) (a) L = PPh3, R = Me, Ph, OMe
(b) L = py, R = Me
(c) L = MeCN, R = Me, Ph

N
Me2

+

Pd

L

L′

+

N
Me2

(12) (a) L = py, MeCN
(b) L = MeCN, R = Me, Ph

N
Me2

Pd
L

+ PPh3

H
OMe

O
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The ylide Ph3PCHC(O)CH2CO2Et reacts with cis-[M(C∼E)(thf)2]+ (M = Pd, C∼E =
C6H4CH2NMe2-2, CH2C6H4P(tol)2-2; M = Pt, C∼E = CH2C6H4P(tol)2-2) to afford cis-
[M(C∼E)(O,O2-OC(=CHC(O)OEt)CH2PPh3)2]+, in which the enolato ligand has under-
gone a proton migration20. The same ligand reacts with [AuCl(tetrahydrothiophene)] or
[Au(OCMe2)(PPh3)]+ to give complexes with the C-bonded ylide [AuCl{CH(PPh3)C(O)
CH2CO2Et}] or [Au{CH(PPh3)C(O)CH2CO2Et}PPh3]+, respectively20. This is not unex-
pected since no enolato Au(I) complex is known. In fact, all Au(I) complexes with
carbonyl-stabilized phosphorus ylide ligands are C-bonded11,21,22.

The ylide Ph3PC{C(O)Me}C(O)Ph reacts with HgX2 to afford monomeric 13 or dimeric
14, depending on the halide23.

Cl

HgO

Cl

O

Ph3P

O
Ph

X
Hg

O

X

Ph3P

O
Ph

(14) X = Br, I(13)

PPh3

Ph

O
X

Hg
O

X

PPh3

O
Ph

Early transition elements coordinate carbonyl-stabilized ylides through the oxygen
atom because they are harder (more oxophilic) than Pd(II) and Pt(II). Thus, the reac-
tion of [Ti(NMe2)4] with two equivalents of [Ph3PCH2C(O)Ph]Br gives the complex
[TiBr2(NMe2)2{OC(=CHPPh3)Ph}]24. [NbCl3(dme)(η2-PhC≡CSiMe3)] reacts with ylides
Ph3PCHC(O)R to give [NbCl2(µ-Cl)(η2-PhC≡CSiMe3){OC(=CHPPh3)R}]2 (R = Me,
Ph)24 or [NbCl3{O,N-OC(R)=CHPPh3}(η2-PhC≡CSiMe3)] (R = 2-thiazolyl)25. Ph3-
PCHC(O)R reacts with MCl4 in thf to give [MCl4{OC(=CHPPh3)R}(thf)] (R = Me, Ph;
M = Ti, Zr, Hf)26.

One of the products of the reaction of Ph3PCHCHO with [Os3(CO)10(NCMe)2], 15,
is the result of a C–H oxidative addition reaction. Complex 15 decomposes at room
temperature, under daylight, to give a mixture of isomers of complex 16, one of which
has been studied by X-ray diffraction27. Similarly, the Ru complex analogous to 16 has
been prepared by reacting [Ru3(CO)12] with the same ylide or with Ph3P=CH2

28.

(OC)4Os
(OC)3Os

Os(CO)3

H

O

PPh3

(OC)3Os
Os
(CO)3

Os(CO)3
H

O

PPh3

(15) (16)

The cobalt perfluoro phthalocyanide complex 17 reacts with PPh3 in the presence
of atmospheric oxygen to give 18. Therefore, PPh3 couples with acetone according to
equation 129.

PPh3 + MeC(O)Me + 1/2 O2 −−−→ Ph3PCHC(O)Me + H2O (1)



318 José Vicente

Co
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N

N
N

N
N

N

F

F

Prf-i
Prf-i

F

F

Rf

i-Prf

F

i-Prf
i-Prf

F

F Prf-i
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F

O
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Co
N

N

N
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N

N

F

F

Prf-i

F
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i-Prf
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F

i-Prf
i-Prf

F

F Prf-i

Prf-i

F

O

O

Ph3P

PPh3

N

(18)

Prf-i

C. 2-Oxoalkyl to Enolato Rearrangements and Equilibria

In a few cases a 2-oxoalkyl ligand transforms into an enolato ligand upon thermal
treatment, irradiation or ligand addition. Thus, ultraviolet irradiation of complexes 19
results in the loss of CO to afford 20 (M = W, R = H, R′ = Me, Ph, OEt, NEt2; M = W,
R = Me, R′ = OEt; M = Mo, R = H, R′ = Me, OEt)30. Reaction of 21 with excess of
PMe3 affords complex 2231.

(C5R5)M

CO
CO

CO

R′
O

(C5R5)M

CO
CO

O
CH2

R′

( (20)19)

Re
CO

CO
CO

PMe3

Re
CO

OC O

Me3P

OC

O

(21) (22)
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Complex 23a (L = PMe3) reacts with KOC(=CH2)Me to afford a 70:30 mixture of
24a and 25a which, upon thermolysis, leads to methane and a mixture of 26 and the
product of phosphine dissociation 2732,33. 23a and KOC(=CH2)CH2Bu-t also provide
an equilibrium mixture of enolato and 2-oxoalkyl complexes 24b and 25b33, which has
also been observed between complexes trans-[Rh{OC(=CHR′′)R′}(CO)(PR3)2] (R = R′ =
Ph, R′′ = H and R = R′′ = Me, R′ = t-Bu) and their 2-oxoalkyl isomers34. Complex 28,
containing a dianionic enolato ligand, reacts with AcCH2Bu-t at 110 ◦C to afford the
β-diketonato complex 2933,35, which can also be obtained by reacting 23b with two
equivalents of KOC(=CH2)CH2Bu-t35.

Ru
R

Cl
L

L

L
L

(23) (a) R = Me
(b) R = OAc

Ru
R

O
L

L

L
L

R′

(24) (a) R = R′ = Me
(b) R = Me, R′ = CH2Bu-t

Ru

L

L

L

L R

O

R′

(25) (a) R = R′ = Me
(b) R = Me, R′ = CH2Bu-t

Ru

L

L

L

L

(26)

Ru

L

L

L O

(27)

Ru
OL

L
L

L

CH(Bu-t)

(28)

Ru
Me

O
O

L

L
L

(29)

CH2Bu-t

t-BuCH2

O

D. Enolato to 2-Oxoalkyl Isomerization

Complex 30 isomerizes in solution to the corresponding 2-oxoalkyl complex 3136. This
isomerization is catalyzed by LiCl. The η3-enolato complex 32, detected in solution, reacts
with PPh3 to afford complex 3330.

Ni

OP

i-Pr Pr-i

i-Pr Pr-i

Ni

OP

i-Pr Pr-i

i-Pr Pr-i (OC)2(Cp)W
CH2CO2Et

H2C
O

EtO

(OC)2(Cp)W

PPh3

(30) (31) (32) (33)

O,O-β-diketonato complexes react with strong nucleophiles L (phosphines37, carben-
es38, phen39, py40,41 and other nitrogen donor ligands42 – 44) to give C-β-diketonato deriva-
tives (34).

There are many complexes containing a C,O,O-β-diketonato ligand. The best known
example is 35, which can be prepared by reacting PtMe3X with M(acac) (M/X = H/1/2
SO4

45, Na/1/2SO4
46, Tl/I47). Replacement of a ligand in a β-diketonato complex by a

weakly bonded ligand usually affords a di- or polynuclear complex containing bridging
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[M]

L
O

O

R′

R
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O RhCp∗
O
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O
OH2

OO
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OMe

Me

Me
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O Me

Me
Me

(38)

+

+

C,O,O-β-diketonato ligands. Thus, complex 36 reacts with AgBF4 to give 3748. [MR2]
(M = Zn, Hg, R = Me, Et, PhCH2CH2) transfers the R group to 38 affording the dinuclear
complex 3949. Similarly, the Ru(II) complex [Ru(acac)2(NCMe)2] reacts with thiouracils
40, in the presence of NEt3, to give 4150.

Ir
O

OO

O

R

Ir
O

OO

O
R

[Ru] [Ru]

S

O

O

O

O
O

N

N

SH

OH

R

[Ru]

O

(39) (41) [Ru] = Ru(acac)(40) R =  H, Me

The reaction of [Rh(acac)(η2-CH2=CH2)2] with tetraarylcyclopentadienones affords
dinuclear complexes 4251.

Rh O

O

RhO

O

O

Ar

Ar′Ar′

Ar

(42) Ar = Ar′ = Ph; Ar = C6H3R2-3,5, R = H, Me, Ar′ = 2-Naph

O
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Ar′
Ar′

Ar
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[PdPhf2(acac)]− reacts with AgClO4 or [Au(OClO3)(PPh3)] to afford 4352 or 4453,
respectively. [MPhf2(µ-PPh2)2M′(acac)]− reacts with AgClO4 to give hexanuclear com-
plexes containing two trinuclear metal clusters 4554.

Pd O

O PhfPd

Phf

O

O
Ag

Phf

Phf

Pd
O

O

AuPPh3

Phf

Phf

(43) (44)

−

M
P
Ph2

M′

Ph2
P

O

OPhf

Phf

M
P
Ph2

M′

Ph2
P

O

O Phf

Phf

Ag Ag

(45) M/M′ = Pt/Pt, Pt/Pd, Pd/Pd

Other reported examples of dinuclear complexes containing µ-C,O,O-β-diketonato
ligands are [Ru(η5-Cp*)(µ-C,O,O-acac)]2

55 and [Ru(η6-C6Me6)(µ-C,O,O-acac)]2
2+ 56.

III. REACTIONS OF ENOLATO COMPLEXES TO GIVE OTHER
ENOLATO COMPLEXES

A. Complexes with κ1-O-Diketonato Ligands

Reaction of O,O-diketonato complexes with strong nucleophiles can replace one coor-
dinated oxygen to give a complex with a κ1-O-diketonato ligand. Thus, addition of
P(c-Hex)3 to an acetone solution of tropolonato (tropo) complex 46 gives 4757. Similarly,
Ag(tropo) reacts with P(Bu-n)3 to give [Ag(O-tropo)P(Bu-n)3]58.

Pd

Pd

O

P(c-Hex)3

(46) (47)

O

O

O

O

O

O

O

[Zn(acac)2(OH2)] reacts with Hpko (di-2-pyridyl ketone oxime) and NH4PF6 to afford
NH4[Zn5(O-acac)2(pko)6](PF6)3

59 and [GaMe2(F6acac)] reacts with py to give [GaMe2
(O-F6acac)(py)]60.
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[Pd(acac)2] reacts with 1.1 equivalents of PEt3 to give [Pd(acac){C-CHAc2}(PEt3)]
whereas [Pt(acac)2] renders [Pt(acac)(κ1-O-acac)(PEt3)]61. The latter reacts with two
equivalents of PEt3 to give trans-[Pt(κ1-O-acac)2(PEt3)2]62. However, several [M(β-
dik)(O-F3acac)(PR3)] (M = Pd, Pt, β-dik = acac, F3acac, R = Et, Ph, c-Hex) have been
obtained by reacting [M(β-dik)(F3acac)] with phosphines61,63. The variety in the coordi-
nation modes of β-diketonato ligands has been reviewed64.

Tetrakis(2-pyridyl)methane, C(Pyr)4, reacts with [Cu(F6acac)2] to give a mixture of [Cu
(F6acac)(N ,N ,N-C(Pyr)4)][Cu(F6acac)3] and [Cu(F6acac)(O-F6acac)(N ,N-C(Pyr)4)]65.
The reaction of [Cu(F6acac)2] with four equivalents of 3-methyl-1H -pyrazole (Hmpz)
(1:4 molar ratio) gives the octahedral trans-[Cu(O-F6acac)2(Hmpz)4]66. The complex 48
has been isolated by reacting equimolar amounts of the diprotonated imino ligand and
[Cu(O-F6acac)2(OH2)2]67.

NH
Cu

N N

NH

O O

MefMef

O
O

Mef Mef

S
S

S

Ag O

Prf

O
Bu-t

(48) (49)

Complex 49 is obtained by reacting [Ag2{O,O-OC(t-Bu)CHC(O)Prf}2(OH2)] with the
thioether macrocycle [9]aneS3. The strong preference of this ligand to impose threefold
S-donor coordination and the resultant large steric demand of this macrocyclic ligand
favors the monodentate coordination of the β-diketonato ligand68. On the other hand, in
the related complex [Cu{O,O-OC(t-Bu)CHC(O)Prf}(PMe3)], prepared by the reaction of
Na(OC(t-Bu)CHC(O)Prf) with CuCl in the presence of the appropriate amount of PMe3,
the β-diketonato ligand adopts the usual chelating coordination69.

The addition of P(i-Pr)3 to [Rh(acac)(CO)2] or PPh3 to [Pd(F6acac)2] gives trans-
[Rh(O-acac)(CO){P(i-Pr)3}2]70 or [Pd(F6acac)(O-F6acac)(PPh3)], respectively71.

B. Synthesis of Homodinuclear, Heterodinuclear and Polynuclear
β-Diketonato Complexes

For metal ions Mq+ that usually have coordination numbers toward oxygen greater
than 2q, the neutral [M(β-dik)q] complexes are coordinatively unsaturated and, in order to
complete the coordination sphere, they can coordinate additional ligands (water, ammonia,
py, . . . (L) or an additional β-diketonato ligand to give, respectively, [M(β-dik)qL2] or
[M(β-dik)q+1]− 72), or oligomerize through bridging β-diketonato ligands. This is the
reason why most syntheses of β-diketonato complexes in water give hydrated species;
for example, complexes of Co(II) and Ni(II) are usually obtained as the dihydrates 50.
Removal of H2O from this adduct leaves the anhydrous complex 51 that meets its usual
coordination numbers 5 or 6 by self-association73. Complex (Ph3PNPPh3)[{Mg(acac)(µ-
acac)}2(µ-O,O-AcO)] contains terminal and bridging acac ligands74.

The Lewis acidity of the β-diketonato complexes is affected by the nature of the
substituents, being the strongest for fluoro derivatives. Thus, [Cu(acac)(F6acac)] and
[Cu(F3acac)(F6acac)] readily form complexes [Cu(β-dik)(β-dik)′L2] where L2 = phen
bipy or TMEDA, whereas [Cu(acac)(F3acac)] gives only the corresponding complexes
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O

M

O

O

O

R

R′R′

R OH2

OH2

OM

O

OO
O

M
O

OO

O
M

O

O
O

(50) (51)

[Cu(F3acac)2(L2)]75. The acidic character of [La(F6acac)3(H2O)] favors its reaction with
[Cu(acac)2] to give the heterodinuclear adduct [La(F6acac)3(µ-OH2)(µ-acac)2Cu] in which
La reaches the coordination number nine by forming two additional La–O bonds with
the acac ligands76. A similar adduct forms both in solution and in the solid state when
equimolar amounts of the lantanide shift reagent [Eu(fod)3] (fod = t-BuC(O)CHC(O)Prf)
reacts with [Co(acac)3]77. Trinuclear complexes [{Bi(µ-F6acac)3}2{[M(F6acac)2]}] form
by reacting [Bi(F6acac)3] with [M(F6acac)2] (M = Cu, Zn) or with [M(F6acac)2(OH2)2]
(M = Co, Ni, Cu) or in the solid state with M = Mn, Fe, Co, Ni, Cu, Zn in a 2:1 molar
ratio78. Grignard compounds react in thf with [Co(acac)3] or [M(acac)2] (M = Fe, Ni)
affording [{Mg(µ-acac)2(thf)2}(MX2)] (X = Cl, Br)79. Slow evaporation of a nitromethane
solution containing [Pt(acac)2] and [Ag(OTf)] in a 1:2 molar ratio affords the 2-D sheet
complex containing a [Ag2(µ3-OTf)4]2− central unit bridging two [Ag(H2O)]+ groups,
through four triflato oxygens, and each one is additionally coordinated to two oxygens of
[Pt(acac)2]80.

C. Electrophilic and Nucleophilic Substitution Reactions

In 1945 Calvin postulated that the six-membered ring formed by a metal center and
the acac ligand has, as an important resonance form, a fully conjugated six-membered
ring analogous to benzene, pyridine or the pyrylium salts81. In fact, many acetylacetonato
complexes have remarkable stabilities and show various properties similar to aromatic
compounds. However, Cotton showed later that the NMR spectra of diamagnetic acety-
lacetonate complexes do not support the claim of a benzenoid resonance in the chelate
rings82. An excellent article by Collman reviewed this chemistry83. In the past decade,
there has been renewed interest in the concept of metalloaromaticity due to the advances
in the synthesis, theory and recognition of its relevance in reaction mechanisms84.

From a synthetic point of view, the above studies have stimulated the synthesis of new
types of β-diketonato complexes. Thus, reactions at position 4 of the 1-metalla-2,6-diox-
acyclohexane rings, usually denominated the γ -position85 (equation 2), such as halogen-
ation48,86,87, thiocyanogenation, chlorosulfenylation86,88, arylsulfenylation, acylation88,
nitration, formylation89, chloromethylation and dimethylaminomethylation (equation 2)90

have been performed as well as Suzuki coupling reactions (equation 3)91, or an aldol
reaction with p-nitrobenzaldehyde under Lewis acidic conditions (equation 4)92.

M

O

O
3

M

O

O

X = I, Br, Cl, SCN, SAr, SCl, NO2,
CH2Cl, CH2NMe2, C(O)R, CHO

X
+ X+

− H+

3
(2)
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O

O

O
Br

Br

Br

O

M

O

O

O

O

O
R′

R

R′′
R, R′, R′′ =Ph, Br, HM = Cr, Co

+ PhB(OH)2, + base

+ [Pt(PPh3)4] (cat) (3)

[Co(acac)3] + O2N CHO
BF3/AcOH

O2N CH

OH

O Co(acac)2

O

(4)

These studies have been almost restricted to relatively inert tris-acetylacetonato com-
plexes of Cr(III), Co(III) and Rh(III) allowing the synthesis of a variety of mixed sub-
stituted β-diketonato complexes in various steps, using limited amounts of electrophilic
reagents (e.g. N-halogenosuccinimide), as shown, for example, in equation 593. The X
and Y substituent groups in these metal acetylacetonates are sometimes very resistant to
nucleophilic displacement86. Thus, all attempts to prepare Grignard or lithium reagents
from halogenated chelates or oxime, hydrazone and semicarbazone derivatives of formyl
aldehyde substituted chelates failed, and the starting complexes were recovered. However,
catalytic hydrogenation of nitro compound 52a affords the amino derivative 52b which
autoxidizes readily and should be handled under nitrogen. The amino group behaves like
a typical aromatic amine: it is reversibly protonated and can be acetylated and read-
ily converted into a stable diazonium salt 53 which undergoes reduction with ethanol,
coupling with β-naphthol, and solvolysis in water or methanol to give 52c94. Mono-9-
anthrylmethyl- and -9-anthroyl-substituted β-diketonato derivatives of Rh(III) and Ir(III),
with interesting chemical and photophysical properties, have been prepared by alkylation
or acylation of the corresponding tris-acetylacetonates under Friedel–Crafts conditions95.

M

O

O 3

M

O

O
n

X

n = 1, 2, 3; m = 3 − n

O

O
m

M

O

O

X

O

O
2

Y

+ X+

− H+

+ Y+ (n = 1, m = 2)− H+ (5)
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O
2

BF4
–

(52) (a) X = NO2
(b) X = NH2
(c) X = OH

(53)

+

A palladium-catalyzed copolymerization of the iridium complex 54 (R = C8H17), con-
taining a dibromo-functionalized acac ligand, with 55 affords phosphorescent copolymers
of stoichiometry 5696.
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N

N

O S

S

R
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O

R R
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N
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R

R R
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R R
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q

m

m

n

Complex 57 reacts with nucleophiles X− to afford 5897. A similar reaction occurs
between AlMe3 and two equivalents of [AlMe2(acac)] giving the trinuclear complex
[(AlMe2)2(MeAl){µ3-O,O-OC(=CHCMe2CO)Me}2], the result of the carbonyl methy-
lation of two acac ligands by one AlMe3 molecule98. Dimanganese macrocyclic complex
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O

O

Mef

Mef

X

(57) (58)) X = OH, OMe
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Mn

L

L

L

L

N

N

SK

SK

(60)(59) L = Me2SO,  Me2NCHO

+

59 can be obtained by aerobic assembly reaction of MnCl2, 60 and acetylacetone. These
and similar Ni(II) and Fe(II) dinuclear complexes have a host cavity sufficiently large to
trap solvent molecules or a sulfate anion99.

Ketiminato complexes 61 can be obtained by reacting β-diketonato complexes with
nitriles, involving elimination of an acetyl group. Thus, addition of BF3ž2MeCO2H to a
mixture of [Co(acac)3] and RCN leads to 61 ([M] = Co(acac)2) via intermediate 62, which
is isolated in low yield. When R = CO2Et an intermediate in the synthesis of 62, complex
63, has also been obtained (2% yield)100. Similarly, nitriles RCN react with [M(acac)2] to
give ketiminato complexes 64, with no acetyl group elimination101. trans-[PtCl2(NCPh)2]
reacts with two equivalents of [Tl(acac)] to afford a mixture of 65 and 66102. Analogous
complexes are obtained using cis-[PtCl2(NCPh)2] or [Tl(benzoylacetonato)].

[M]

HN

O

R

(61)

(acac)2Co

HN

O

R
(62) R = Me, Et, CH2OEt, Bn, CH2CO2Et,
C(CN)=CHOEt, C(CN)=C(Et)OEt, C(CO2Et)=CHOEt

Ac (acac)2Co

O

O

Me

(63)

C(NH)CO2Et

M

NH

O HN

O

R

R

Ac Ac

(64) M = Ni, Cu, R = CN; 
M = Ni, R = PhC(O)

Pt
PhCN

Cl O

N

Ac Ph

Pt

O

Ac Ph

O

N

AcPh
(65) (66)

Similarly, nitrilo ligands are attacked by enolato anions. So, reaction of [Ru(acac)2
(NCR)2] with various ketones R′C(O)CH2R′′ gives rise to β-ketiminato complexes 67103.
However, it is not clear which reagents are responsible for the deprotonation and oxidation
that takes place in this process. The reaction between [Zn(TpPh,Me)(CH2CN)] and acetone
to give 68 could occur through the enolato complex 69104.

Nucleophilic attack of an enolato or a 2-oxoalkyl ligand to the carbon atom of a cyano
group can also give ketiminato complexes. In fact, 70 reacts with AgTfO and RCN to
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(acac)2Ru
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R′′

R

(TpPh,Me)Zn
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O (TpPh,Me)Zn

NCHMe

O

(67) R = Me, Ph, R′ = Me, Et, R′′ = H, Cl, Ac (68) (69)
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X
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(70) Ar = C6H4OMe-2,
C6H2Me3-2,4,6

(71) R = Me, Ph, X = TfO
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CO

CO

CH(R)CO2EtOC

OC PPh3

(72) R = H, Me

Re

Ph3P

Ph3P

H
NOC

OC O
OEt

R′

R

(73) R = H, R′ = Me, Et, Pr-i, Ph;
R = Me, R′ = Et

give 71105. When Re complexes 72 and an excess of PPh3 are heated at ca 110 ◦C in
nitrile solvents (R′CN), ketiminato complexes 73 are obtained106.

D. Condensation Reactions. Synthesis of Ketohydrazonato Complexes

The reaction of acylhydrazines with β-diketonato complexes allows one to prepare
O,N ,O-enolato complexes containing the condensed hydrazones. Thus, [VO{OC(R)CHC
(R′)O}2] reacts with ArC(O)NHNH2 in EtOH to give 74107. However, V(III) complex
[V(acac)3] reacts with H2NNHC(O)C6H4OH-2 in EtOH to afford V(V) complex [VO{O,
N ,O-OC(Me)CHC(Me)NNC(C6H4OH-2)O}(OEt)] as a result of condensation, deproto-
nation of the NH group and air oxidation108. If the reaction is carried out with a limited
amount of oxygen, the V(IV) complex [V{O,N ,O-OC(Me)CHC(Me)NNC(C6H4OH-2)
O}2] can be isolated109. The analogous complex derived from phenylhydrazine is obtained
from [VO(acac)2]. Both V(IV) complexes have a trigonal prismatic structure110.

V
O

N O

OEt
OR

R′ HN
Ar

(74)



328 José Vicente

E. Miscellaneous Reactions

Complex 75 reacts with SO2Cl2 to afford the ketoiminoenolato Sn(IV) complex 76111.

Bu-t
N

t-Bu

OO Sn

Cl

Bu-t
N

t-Bu

OO Sn

Cl Cl

(75) (76)

Complexes 77 (see 270 in Chapter 51) add a molecule of dpk to afford 78112.

(Cp)2Zr
O

O

CPh2

R

CPh2R

(Cp)2Zr
R

O

CPh2

R

(77) R = Me, Bn, Ph (78) R = Me, Bn, Ph

Hydrogenation of ketenido complexes 79 (Section IV.D in Chapter 51) affords 80,
which in turn reacts with MeI to give [Zr(η5-Cp*)2(I){Z-OCH=CHBu-t}]. This complex
isomerizes to [Zr(η5-Cp*)2I(E-OCH=CHBu-t)] after heating113.

Cp∗
2Zr O

H R

L

Cp∗
2Zr

H

O H

R H

(79) R = t-Bu, L = CO, CH2PMe3; R = H, L = py (80) R = t-Bu, H

The Na salt of 81113,114 reacts with [MCl(Me)L2] to give 82114. Similarly, deprotonation
of [Cr{η6-ArC(O)Me}(CO)3] (Ar = Ph, 2-Tol, 2,4-Xyl, Mes) with LDA in thf, followed by
reaction with [M]X ([M] = Ti(η5-Cp)2Cl, Zr(η5-Cp)2Cl, X = Cl; [M] = SiMe3, X = Cl,
OTf), affords the dimetallic enolates [Cr{η6-ArC(=CH2)O[M]}(CO)3]115.

Cp2Zr O

Me

Cp2Zr
O

Me
M(Me)L2

(81) (82) M = Zr, L = h5-Cp; M = Pt, L = PMe3

83 inserts ethylene to afford 84. This metalacycle reacts with CO to afford 85 after CO
insertion and C–P coupling116.

Complex 86 reacts with CO to give Ru3(CO)12 and the dinuclear complex 87 containing
the dianion resulting from the double deprotonation of an acetone molecule117.
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The Os(IV) enolato complex 88žPF6 is converted in solution into the metalafuran
89žPF6 by a intramolecular C–H oxidative addition reaction118.

Os

O
P(i-Pr)3

Os

O
P(i-Pr)3

H

(88) (89)

+ +

[IrClL3] reacts with 90 to afford 91 (Scheme 1; L = PMe3, R = H, R′ = Me), which is
stable enough to be isolated and characterized. Its homologous complexes with L = PEt3,
R = R′ = H, Me; R = H, R′ = Me, are proposed as intermediates in the synthesis of
the corresponding hydridoiridapyrans 92 after an intramolecular C–H oxidative addition
reaction (see 228 and 229 in Chapter 51). However, 91 (L = PMe3, R = H, R′ = Me)
slowly undergoes a different C–H oxidative addition to afford 93. The analogous 93
(L = PEt3) is obtained by decomposition of the corresponding hydrido complex 92119 – 121.
When 92 (L = PEt3, R = R′ = Me) reacts with AgBF4, an equimolar mixture of the
iridapyrylium complexes 94 and 95 is obtained. Deprotonation of 95 allows one to recover
half of 92 which, after solvent extraction, can be reused to prepare new amounts of 94.
Reactions of 94 with neutral or anionic ligands afford new enolato complexes 96 and
97122,123.

Complexes 93 (R′ = Me, L = PMe3, PEt3) react with HBF4žOEt2 to give the metala-
furan 98žBF4, which reacts with Br2 or I2 to give 99 or 100, respectively120.

[Pt(F3acac)2] reacts with two equivalents of neutral ligands (L = PAr3, AsPh3, py) to
give 101124 and [Pt(acac)2] reacts with two equivalents of PPh3 in hot MeOH to afford
102125 containing, respectively, a di- or trianionic β-diketonato ligand. The latter also
contains a noncoordinated acac counterion (Section VIII.A.)

The dinuclear complex 103 (L = SEt2) reacts with the dipotassium salt of 1,1,2,2-
tetraacetylethane to give the mononuclear complex 104126.
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SCHEME 1. Reagents and conditions: (i) [IrClL3]; (ii) 0 ◦C; (iii) slow decomposition (L = PMe3,
R = H, R′ = Me); (iv) decomposition; (v) AgBF4; (vi) LDA; (vii) Xn−1 (n = 0, L = PEt3, X = Me,
Cl; n = 1, L = X = PMe3); (viii) PhN = O
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IV. ALDOL REACTIONS
In this section are included aldol and aldol-like reactions in which an aldehyde or a ketone
adds to an enolato ligand. Most of the products of these reactions are alkoxo complexes
105 (equation 6) that can be viewed as the result of the insertion of the carbonyl compound
into the C–[M] bond of the 2-oxoalkyl isomer of the enolato complex. Thus, reaction of
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LiOC(=CH2)Bu-t with t-BuCHO at 0 ◦C in pentane leads to the tetranuclear aldol product
106127. Complexes 107 and 108 react with benzaldehyde to give the corresponding aldol
condensation products 109128 and 110129, respectively.
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O
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t-Bu

Bu-t

t-Bu

O

Li

O

R
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Complex 111 reacts with PhCHO to give the aldolato complex 112130 and the het-
eronuclear complex 113 reacts with AcPh to afford the polymeric complex 114131.
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Ph
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Zr

N

N
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O Ph
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(111) (112) (113)

The dinuclear complexes [M(η5-Cp)2Cl{OC(=CH2)(η5-C5H4)Fe(η5-Cp)}] (M = Ti, Zr)
react with benzaldehyde to give the corresponding metal aldolato derivatives [M(η5-
Cp)2Cl(OCHPhCH2CO(C5H4-η5)Fe(η5-Cp)]132. Similarly, the complex trans-[Rh{OC
(=CHMe)Bu-t}(CO)(PMe3)2] reacts with PhCHO to give trans-[Rh{OCH(Ph)CH(Me)C
(O)Bu-t}(CO)(PMe3)2]34.
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The amine enolato complex 115 (R = H, Me) reacts with variously substituted ben-
zaldehydes or acetophenones (ArC(O)R′, Ar = C6H4X-4, X = H, Me, F, Cl, NO2, R′ = H,
Me) to give 116133.

Iridapyrylium complex 94 (L = PEt3) reacts with acetone to afford the [4 + 2] cycload-
dition product 117123.

O
Ir

O

L
L

L BF4

(117)

Complex 118a reacts with traces of water to afford the aldol-like alkoxo-hydroxo
derivative 119134. [2 + 4] Cycloaddition of methyl vinyl ketone to 118b–d affords the
corresponding bicyclic complexes 120135.
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O R′

R

L2Ni
O

C
O

R′ RNi

O
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O

Me3P O
H PMe3

(118) (a) L = PMe3, R = R′ = H
          (b) L2 = P^P, R = R′ = Me
          (c) L2 = P^P, R = Me, R′ = H
          (d) L2 = P^P, R = CH2CH2C(O)Me, R′ = H
                        P^P = i-Pr2PCH2CH2P(i-Pr)2

(119) (120)
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Complex 121 (P∧P = i-Pr2PCH2CH2PPr2-i) reacts with MeCHO or MeC(O)CH=CHR
(R = H, Me) to afford 12236 or mixtures of complexes 123–126, respectively135.
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V. PROTONATION REACTIONS

Protonation of enolato complexes can lead to the corresponding ketone derivatives. Thus,
127a reacts with HBF4žOEt2 to give the protonated product 128119,121. Its homologue
127b is unstable and rapidly rearranges to give 129. The protonation of 130 with the
same acid affords 131žBF4

120.
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(b) R = H (128) (129)

+

Ir
H

O
Me

PMe3

PMe3

PMe3

Ir
H

O
Me

PMe3

PMe3

PMe3

(130) (131)

+

Protic acids HX (e.g. HCl, CF3CO2H) add at low temperature to the ethenolato ligand
in 132 to afford the alkoxo complexes 133, which at room temperature decompose to
MeCHO and 134a. The reaction with HBF4žEt2O in the presence of different anions X−
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(OC)4Os

(OC)3Os
Os(CO)3

H

O

H

H

H

(OC)4Os

(OC)3Os
Os(CO)3

H

O

H

H

H

X
H

(OC)4Os

(OC)3Os
Os(CO)3

H

X

(132) (133) X = Cl, AcfO    (134) (a) X = Cl or AcfO
             (b) X = Cl, Br, I, EtOCS2,Et2NCS2
             (c) X = OMe
             (d) X = OH

leads to complexes 134b; when X = OH the reaction in MeOH gives 134c; when no
anion is added, the product reacts with H2O to give 134d136.

Nevertheless, replacement of an enolato ligand by the anion of the acid occurs in
most protonation reactions. This makes enolato complexes interesting intermediates in
coordination chemistry. Thus, [VO(acac)2]137 or [Au(III)](acac)22 complexes have been
used to prepare other vanadium or gold complexes. [VO(acac)2] easily exchanges one
or both acetylacetonato groups by organic ligands to give V(IV) complexes that usually
are stabilized as [VO]2+ derivatives. However, under aerobic conditions, V(V) complexes
can be obtained with [VO]3+, [VO2]+ or [V2O3]4+ cores.

In the Au(III) complex 135 the acac ligand can be replaced by neutral or anionic ligands
in several ways: (i) Reaction with ammonium salts containing noncoordinating anions
(LH)X, for example, with bibenzimidazolium perchlorate, (H3bibim)ClO4, to yield the
cationic complex 136 and with NH4ClO4 or (Hpy)BF4 in the presence of PPh3 to afford
the cationic complexes 137a or 137b, respectively; (ii) reaction with diprotic acids, for
example, oxalic acid or H2bibim, to afford the neutral complexes 138 or 139, respectively,
containing the corresponding tetradentate anions as ligands; (iii) reaction with ammonium
salts (LH)X containing coordinating anions, for example, NH4OAc or (Hpy)OAcf, to give
the neutral complexes 140a or 140b, respectively138.

[Au]
O

O

Au

Ph
Ph

Ph
Ph

[Au] =

[Au]
L

PPh3

N

N
H

N

N
H

[Au]

(135) (136) (137) (a) L = NH3
          (b) L = py

+

+

The reaction of [VO(acac)2] with a mixture of hydrazone 141 and bidentate lig-
ands N∧N, such as bipy or phen, gives the V(IV) complex 142, or N∧OH, such as
8-hydroxyquinoline, gives the V(V) complex 143139.

Protonation of [Mn4O3(OAc)4(dbm)3] (dbm = OC(Ph)CHC(Ph)O) or [Mn4O2(O2CEt)6
(dbm)2] with HX (X = F, Cl, Br, NO3) affords complexes containing the [Mn4O2]8+ or
[Mn4O3X]6+ core, respectively140. Similar reactions have been employed to prepare Ru,
Rh and Ir complexes from [Ru(p-cymene)(acac)L]n+ (n = 0, L = Cl; n = 1, L = PPh3)
or [M(acac)L2] (M = Rh, L = CO, cod, nbd, tetrafluorobenzobarrelene; M = Ir, L = cod,
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[Au]
L

X

N

N

N

N

[Au]

[Au]

OO

OO

[Au][Au]

(140) (a) X = OAc, L = NH3
(b) X = OAcf, L = py

(138) (139)

(141)

N

OH

Ph

Me N

OH

Ph

N

O

Ph

Me N

Ph

O N

N

V

O N

O

Ph

Me N

Ph

O O

N

V

O

(143)(142)

tetrafluorobenzobarrelene) and O-, N- and S-donor ligands containing acidic hydrogen
atoms141. Likewise, by reacting [PdPhf2(acac)] or [Pd(C6X5)(acac)(PPh3)] (X = F, Cl)
with LH2 (LH2 = H2bibim, 2,2-biimidazol, tetramethylbiimidazol) dinuclear complexes
containing bridging ligands L2− have been obtained142. The hexanuclear Au(I)/Pd(II) com-
plex [{(dppm)Au2(µ-bibim)Pd}2(µ-bibim)]2+ has been obtained by reacting [(dppm)Au2
(µ-bibim)Pd(acac)]+ with H2bibim143. Complexes [AuPhf2(acac)], [PdPhf(acac)(PPh3)]
and [Pd(acac)2] react with (Ph2P)3CH to give [AuPhf2{P ,P -(Ph2P)2C(PPh2)}]144, [PdPhf
{P ,P -(PPh2)2C(PPh2)}(PPh3)]145 and [Pd{P ,P -(PPh2)2C(PPh2)}2]146, respectively. Simi-
larly, [M(acac)2] (M = Pd, Pt) and dppm react to give [M{P ,P -(PPh2)2CH}2]147.

Oxalic amidines 144 react (i) with two equivalents of [M(acac)2] to give 145, (ii) with
one equivalent each of [Zn(acac)(Et)]2 and [Ni(acac)2] leading to 146 and (iii) with one
equivalent of ZnEt2 and two of [M(acac)2] to afford 147148.

R′NH NR

NHR′RN

(acac)M
N
R

R′
N

N
R′

M(acac)

R
N

(acac)Ni
N
R

R′
N

N
R′

ZnEt

R
N

(144) R = R′ = Tol, Mes;
R = Mes, R′ = Ph

(145) M = Ni, Pd (146)

(acac)M
N
R

R′
N

N
R′

Zn

R
N

N
R

R′
N

N
R′

M(acac)

R
N

(147) M = Ni, Pd

Reactions of 148, containing a variety of N∧N bridges, with [M(acac)4] in refluxing
pyridine give complexes 149149.
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OH
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OH
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M′
ON

O

ON

M′

O
O N

O
O N

M′

O

M

py

py

(148) M′ = Cu, Zn (149) M = U, Th, M′ = Cu, Zn

Complex 150 reacts with an excess of HClO4 in H2O/Me2CO in the presence of two
equivalents of PPh3 to afford 151žClO4; the strong C/P transphobia10 favors the coordina-
tion of the weak donor acetone instead of PPh3. In CH2Cl2 (Pd:PPh3 = 1:3 molar ratio),
150 gives a mixture of the C–P coupling product 152žClO4 (probably the coordination
of PPh3 trans to C destabilizes the complex) and 153žClO4

150.

Pd

O

O

N
N
Tol

Pd

OCMe2

PPh3

N
N
Tol TolN2 PPh3

Pd

O

OPh3P

Ph3P

+

+

(150) (151) (153)(152)

+

The enolato complex 154 reacts with the nonprotected OH group at the partially methy-
lated glucopyranose 155 to form 156 and acetone151.

O

Cp2
Zr

O

O

OMe

OMe

OMe

OMe

HO O

Cp2
Zr

O

O

OMe

OMe

OMe

OMe
O

MeO

MeO

MeO

MeO

(154) (155) (156)

By hydrolyzing Ln(acac)3ž4H2O (Ln = Tb, Eu) with the base 2,2′-dipyridyl sufide,
the tetradecanuclear complexes [Ln14(µ4-OH)2(µ3-OH)16(µ-acac)8(acac)16 (Ln = Tb, Eu)
have been isolated and the Tb derivative fully characterized152.

VI. COORDINATION CHEMISTRY OF PHOSPHINOENOLATO COMPLEXES
The coordination chemistry of phosphinoenolato complexes has been reviewed153. In
certain cases the phosphinoenolate complex acts as a plain phosphine ligand; for example,
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COOC
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(157) (158)

Cp2Ti
PPh2O

PPh2O

Ph

Ph

(159)

Cp2Ti
O

PPh2
O

Ph

Ph

(160)

PPh2

Mo(CO)4

the unidentate metalaligand 157 reacts with [Cr(CO)5(thf)] leading to 158154. Similarly,
the bidentate ligand 159 reacts with [Mo(CO)4(nbd)] to give 160155.

The reaction between the phosphinoenolato complexes 161, Me3SiC≡CH and NH4PF6
in methanol gives the corresponding metalafuran complexes 162 through the intermediates
163156,157.

F

Ph2P

R

R′

Ru

O
PF6

Ru
Ph2P

O
Cl

R
R′

Ph2P
O

PF6

Ru

R

R′

X X
X

(163)(162)(161) h6-arene = C6Me6, R = H, R′ = t-Bu;
h6-arene = MesH, R = Me, R′= t-Bu, Ph

The reaction of 164 with KOAc or K2CO3 in refluxing methanol gives 165 or 166,
respectively156,158.
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Ph2P

O
Cl

R
R′

Ru
P

O
Ph

R
R′

Ph

MeO

Ru
Ph2P

O
H

R
R′

(164) h6-arene = PhH, MesH, C6Me6,
         R = H, Me, R′ = t-Bu, Ph

(165) (166)

X X X
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Complex 167 reacts with PhNCO to give 168159.

Os
Cl

O

P(i-Pr)2

OMe

Os
Cl

O

P(i-Pr)2

OMe

O

HNPh

(167) (168)

Phosphinoenolato complexes 169a–c (C,N-cycloPd = Pd(C,N-C6H4CH2NMe2-2) and
related cyclopalladated moieties) react with X=C=O (X = O, PhN) to give complexes
170a–c, respectively, with a new phosphinoenolato ligand. The platinum complex 169d
reacts with PhN=C=O leading to 171160,161.

[M]
P

O

PhPh

R

(a) n = 1, [M] = C,N-cycloPd, R = OEt
(b) n = 2, [M] = Ni, R = Ph
(c) n = 1, [M] = Rh(PPh3)2, R = Ph
(d) n = 2, [M] = Pt, R = Ph

n

(169)
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O

PhPh

X
H

O

R

(a) n = 1, [M] = C,N-cycloPd, X = O, PhN, R = OEt
(b) n = 2, [M] = Ni, X = PhN, R = Ph
(c) n = 1, [M] = Rh(PPh3)2, X = PhN, R = Ph

(170)

n

Pt
P

N
Ph

PhPh

O
H

O

Ph

P

O

Ph Ph

Ph

(171)

····



6. Coordination chemistry of metal enolato complexes 339

Complex 172 reacts with dpk to give 173159.
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Cl

O

PR2

OMe

Os
Cl

O
C

PR2

Ph2CH

O

OMe

(172) (173)

Phosphinoenolato complexes 174a–b react with Ph2PCl to afford 175a–b, respectively,
while 176 gives 177161. Complex 174a or 178 reacts with PhPCl2 in the presence of py
to give 179 or 180, respectively162.
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(b) M = Pd, Pt
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(175) (a) M = Ni
(b) M = Pd, Pt
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Cl Cl
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+

Phosphinoenolato complexes 181 and 181′ react with MeO2CC≡CCO2Me to give 182
and 182′, respectively163. Complexes 183 react with terminal alkynes R′′C≡CH and PF6

−
in methanol to give complexes 184žPF6, although when η6-arene = MesH, C6Me6, R =
Me, R′ = t-Bu and R′′ = Me3Si a different type of product, 185žPF6, forms instead156 – 158.

M
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P
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CO2Me
CO2Me

(182) M = Ni, Pd
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X X
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(184) h6-arene = i-PrTol-4, MesH, C6Me6,
         R = Me, Et, t-Bu, R′ = H, Me,  t-Bu,
         R′′ = H, Me, SiMe3

(183) h6-arene = i-PrTol-4, MesH, C6Me6,
          R = Me, Et, t-Bu, R′= H, Me, t-Bu

PPh2

t-Bu

Ru

O

X

+

(185) h6-arene = MesH, C6Me6

Protonation of [Mo(η3-C3H5){O,P -OC(=CHPPh2)Ph}(η6-C6H5R)] (R = H, Me) with
pyH(PF6) affords the ketophosphino complex [Mo(η3-C3H5){O,P -O=C(Ph)CH2PPh2}
(η6-C6H5R)]PF6

164.

VII. COORDINATION CHEMISTRY OF METALAFURANS

The chemistry of metalafurans has been reviewed165. The metalafurans 186 react in various
ways, depending on the metal and on the substituents, as shown in Table 1165.

The metalafuran [Pt{C,O-OC(Me)CHC(Ph)}Cl(CO)] reacts with PPh3 to give first
[Pt{C,O-OC(Me)CHC(Ph)}Cl(PPh3)] and then trans-[Pt{C(=CHC(O)Me)Ph}Cl(PPh3)2].
The former two react with aniline to give imino complexes [Pt{C,N-N(Ph)C(Me)CHC
(Ph)}Cl(L)] (L = CO, PPh3) but the latter does not166.
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TABLE 1. Chemical behavior of metalafurans (186) in the presence of various reagents164

Precursor 186 Reagents Products

M X R R′ R′′

W Me Ph H Me ClNO 187
W Me Me Me Me ClNO 188
W H Me H H ClNO 189 + 190
Cr Me Me Ph H ClNO 191 + 192
W H Alkyl H H PMe3 193
Cr Me Me Ph H NO 194 + 195
W Me Me H H NO 196 + 197 + 198
W H (CH2)4 Me CO + AcfOH 199 + 200
W H Me H H 2 AcfOH 201 + 202
W H Me H, Me Ph, Me HBF4 203žBF4
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+

VIII. MISCELLANEOUS REACTIONS
A. Formation of Complexes with Noncoordinated β-Diketonato Ligands

The ease of displacement of a β-diketonato ligand (β-dik) out of the coordination sphere
of a complex depends on the nature of the ligand (F6acac > F3acac > benzoylacetonato ≈
acac) and on the entering ligand (alkylamines > benzylamine > py). Thus, by reacting
secondary amines or pyridine with [Pt(acac)(F3acac)] only complexes [Pt(acac)L2](F3acac)
were obtained. Furthermore, although [Pt(β-dik)2] reacts with pyridine to give [Pt(py)4](β-
dik)2 (β-dik = F3acac, F6acac), with 4-cyanopyridine only [PtL4](F6acac)2 could be ob-
tained43. When [Pd(acac)2] is heated with Et2NH and the mixture cooled, [Pd(acac)
(NHEt2)2](acac) is obtained44. However, when the solution is kept at room tempera-
ture, [Pd(C-acac)(acac)(NHEt2)] is isolated40. Kinetic studies have shown that the former
is an intermediate in the formation of the latter167. In Section III.E the case of complex
102 was mentioned.

B. Oxidative Cleavage of a C–C Bond in β-Diketonato Complexes

The acac ligand in complex 204 is readily oxidized by atmospheric oxygen upon
irradiation in acetone solution, to give the corresponding acetato derivative 205, providing
a model for some chemical and biological processes. In the presence of ligands (py,
MeCN, dmso) no photooxidation occurs. Spectroscopic data suggest that these ligands
inhibit this photochemical oxidation because they change the type of coordination of
the azobenzene chromophore (antenna) and/or the acac ligands, inducing a disconnection
between them168. A similar cleavage process has been recently reported between 206žClO4
(N(CH2Pyr)N(CH2Pyr)2), O2 and Me4NOH to give 207žClO4 and CO169. In absence of
the base, the reaction affords 208žClO4, CO, PhC(O)C(O)Ph, benzoic acid and other minor
products170.
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C6H4R-p

(205) R = H, Me, OMe
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C. Reactions Giving Alkoxides

Heating 209 at 180 ◦C the enolato ligand isomerizes to give 210171.

Sm

OAr

LL

O O
PhPh

(209) L = OP(NMe2)3, Ar = C6H2Me-4-(Bu-t)2-2,6, C6H3(Bu-t)2-2,6
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OAr

LL

O O
PhPh

Ph Ph

(210)

Complex 211 rearranges in solution at room temperature to give 212172.
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L

L
L

Ru

L
L

L
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O

Ph

(211) (212)



344 José Vicente

D. Reactions with Lewis Acids

[Ti(C,N-η5-C5Me4SiMe2NBu-t){OC(=CMe2)OPr-i}X] reacts with AlMe3 when X =
Cl to give [Ti(C,N-η5-C5Me4SiMe2NBu-t){OC(=CMe2)OPr-i}Me] or with [BPhf3
(thf)] when X = Me to afford [Ti(C,N-η5-C5Me4SiMe2NBu-t){OC(=CMe2)OPr-i}(thf)]
MeBPhf3

173.
Reaction of 213a with one equivalent of MPhf3 gives 214 (M = Al) or 213bž

MeBPhf3 (M = B)174. However, complexes 215 react with BPhf3 to afford successively
216 and 217. When the latter are heated they decompose through an intramolecular aldol
reaction to give 218175.

L
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O
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O

Zr
O
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(213) (a) L = Me, n = 0
          (b) L = thf, n = 1

(214)
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H

Cp2
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OO

Cp2
M

OO

(215) M = Ti, Zr, Hf (216) M = Ti, Zr, Hf

BPhf3

Cp2
M

OO

Cp2M

O

O

(217) M = Ti, Zr, Hf (218) M = Ti, Zr

BPhf3Phf3B

BPhf3

The reaction between 219 and BPhf3 in thf gives Me2C=CH2 and 220žMeBPhf3,
probably through 221žMeBPhf3. The reaction in CH2Cl2 affords 222176 and in the presence
of one equivalent of acetone or acetophenone gives 223177. The µ-oxo enolato complex
224 reacts with (PhNHMe2)[BPhf4] to give 225 and Me2C=CH2

178.

E. Cleavage of the C–O Bond in Enolato Complexes

Thermolysis of the oxatitaniacyclobutene complexes [Ti(η5-Cp*)2{C,O-OC(=CR′)R}]
(R = R′ = Ph; R = Ph, Tol, Me, t-Bu, R′ = H) in the presence of pyridine gives [TiO(η5-
Cp*)2py] and the alkynes RC≡CR′. The process is reversible. In the absence of pyridine,
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when R′ = H, the hydroxo acetylides [Ti(η5-Cp*)2(OH)(C≡CR)] are formed179. Complex
226 decomposes at room temperature to give 227180.

F. Cycloaddition Reactions

228 decomposes at room temperature to give 22933.
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L
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Ph
Ru

Ph

OLL

L
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(228) L = PMe3 (229)

Iridapyrylium complex 230 reacts with RC≡CH, CH2=CHCO2Me or SO2 to afford
[4 + 2] cycloaddition products 231–233, respectively123.

O
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L BF4

(231) R = CO2Me, SiMe3, Ph(230)
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G. Various Reactions

Complex 234 rearranges in solution to give 235181.
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Ph

Ph OSnR3

N

R′
Ph

Ph OH

SnR3

N Ph
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(235)(234)

[Ti(η5-Cp)2{OC(=CH2)Ar}Cl] (Ar = An-2, Mes) reacts with AgX (X = BF4, TfO) and
cyclohexanone to give ArC(O)CH=C6H10 and [(η5-Cp)2Ti(µ-O)Ti(η5-Cp)2]X2

105. Upon
heating in cyclohexane 236 is converted into 23728.

(OC)3Ru
Ru
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Ru(CO)3

H
C O

PPh3

(OC)3Ru

Ru
(CO)3

Ru(CO)3

PPh3

H H

(236) (237)

[Al(tpp){OC(=CHMe)Ph}] (tpp = 5,10,15,20-tetraphenylporphinato) reacts with CO2
and 1-methylimidazol (meim) under irradiation to afford [Al(tpp){OC(O)CH(Me)C(O)Ph}
(meim)] which is, formally, the result of insertion of CO2 into the C–Al bond of the
2-oxoalkyl isomer of the starting complex182.

The aminoenolato complex 238 reacts with [Cr(CO)5(thf)] to give 239133,183.
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(238) R = H, Me (239)
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(240) (a) L = PMe3 R = Ph
 (b) L = PMe3 R = Me
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(244) L = PMe3 (245) (a) L = PMe3
          (b) L = PEt3

(246) L = PEt3

Complexes 240a and 240b decompose at 65◦C to afford 241 or a mixture of 242 and
243, respectively33.

Complex 244 undergoes a C–H oxidative addition reaction to afford 245a. Its homol-
ogous 245b is obtained by rearrangement of the iridapyran 246121.
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152. R. Y. Wang, D. T. Song and S. M. Wang, Chem. Commun., 368 (2002).
153. P. Braunstein, Chem. Rev., 106, 134 (2006).
154. P. Veya, C. Floriani, A. Chiesi-Villa and C. Guastini, Organometallics, 10, 2991 (1991).
155. P. Braunstein, X. Morise, M. Benard, M.-M. Rohmer and R. Welter, Chem. Commun., 610

(2003).
156. P. Crochet, B. Demerseman, C. Rocaboy and D. Schleyer, Organometallics, 15, 3048 (1996).
157. P. Crochet and B. Demerseman, Organometallics, 14, 2173 (1995).
158. B. Demerseman, B. Guilbert, C. Renouard, M. González, P. H. Dixneuf, D. Masi and C.
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I. ACRONYMS

BINAP 2,2′-(diphenylphosphino)- LA Lewis acid
1,1′-bisnaphthyl LDA lithium diisopropylamide

BOC t-butoxycarbonyl LiHMDS lithium hexamethyl-
CBZ benzyloxycarbonyl disilazide
cee conservation of LTMP lithium 2,2,6,6-tetramethyl-

enantiomeric excess piperidide
DBA dibenzylideneacetone MOM methoxymethyl
DIBAlH diisobutylaluminium NaHMDS sodium hexamethyldisilazide

hydride PG protecting group
DIPEA N-ethyldiisopropylamine PMB p-methoxybenzyl
DME 1,2-dimethoxyethane rs regioselectivity
DMF N ,N-dimethylformamide TBAF tetra-n-butylammonium
DMPU N ,N ′-dimethylpropyl- fluoride

eneurea TBDPS t-butyldiphenylsilyl
DPEphos bis[(2-diphenylphosphino) TBME t-butyl methyl ether

phenyl] ether TBS t-butyldimethylsilyl
DPPE 1,2-bis(diphenylphosphino) TES triethylsilyl

ethane Tfa trifluoroacetyl
dr diastereomeric ratio TFA trifluoroacetic acid
ds diastereoselectivity TMEDA N ,N ,N ′,N ′-tetramethylethyl
ee enantiomeric excess enediamine
ent- enantiomer of . . . TMS trimethylsilyl
HMDS hexamethyldisilazane TMSCl trimethylsilyl chloride

II. C−C BOND FORMATION BY α-SUBSTITUTION OF KETONE ENOLATES

A. Control of Stereo- and Regioselectivity in Enolate Preparation

The regio- and stereoselectivity of enolate formation has been discussed in many
reviews1,2. In general, the stereo- and regioselectivity of ketone deprotonation can be
thermodynamically or kinetically controlled. Conditions for the kinetic control of enolate
formation are achieved by slow addition of the ketone to an excess of strong base in an
aprotic solvent at low temperature. In this case the deprotonation occurs directly, irre-
versibly and with high regioselectivity (equation 1)3. By using a proton donor (solvent
or excess of ketone) or a weaker base, an equilibration between the enolates formed may
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TABLE 1. Conditions for the kinetic or thermodynamic control of enolate
formation from 2-methylcyclohexanone4a

Conditions Control 1:2 a Yield (%)

LDA, DME, 15 min, 0 ◦C kinetic 1:99 74
Et3N, DMF, 48h, reflux thermodynamic 78:22 80

a Isomeric ratios were determined by GC analysis of the corresponding silyl enol ethers.

occur producing a thermodynamically controlled equilibrium. Thus, under kinetic control
the formation of the less substituted enolate 2 is preferred; on the other hand, the more
highly substituted enolate 1 arises in the equilibrium mixture. Typical examples are the
enolizations of 2-substituted cyclic ketones summarized in Table 14,5.

O OM OM

base +

(1) (2)

(1)

The E/Z-selectivity with acyclic ketones (equation 2) can be explained assuming a
chair-like transition-state (3 or 4, respectively)1,6. Thereby, the (E)-configured enolate 5
is formed preferentially under kinetic control via transition-state 3. However, by using
side chains R that are sterically more demanding, the interactions in the transition-state
increase significantly. Therefore, in some cases mainly the (Z)-configured isomer 6 is
obtained, as shown in Table 2 for R = phenyl7. This reversal in selectivity is also achieved
by adding polar aprotic solvents, such as DMSO, HMPA or DMPU, which are able to
coordinate alkali metal ions: despite kinetically controlled reaction conditions the (Z)-
configured ketone enolate 6 is formed preferentially in this case8. This effect is attributed
to a disruption of the pericyclic transition-state model, resulting from complexation of the
metal cation by the cosolvent1.

R

O
LDA, THF

O
H

R
CH3

H
Li

N

O
H3C

R
H

Li
HN

(3)

(4)

R

OLi

R

OLi

(5) (E)
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i

i

-Pr

Pr-i

-Pr

Pr-i

(2)
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I

OTIPS

BnO

O

OPMB

OMOM
    LiHMDS, TMEDA

THF, −78 °C

45:55 hexanes:THF

O

OPMB

OTIPS

OMOM

OBn

∗

 5–6:1, ratio at C∗

MOMO
O

Li

H
H

CH3

R

E+

(10′)

(22 steps, 1.5%

  overall yield)

O

O

HO

O

NH2

O

OH

OH

OH

(7) (8)

(9)

(10)

−78 °C, 50–70%

H3C

(3)

TABLE 2. Conditions for the stereoselective enolate formation of acyclic ketones
according to equation 2

R Conditions Cosolvent 5:6 (E:Z) Reference

i-Pr LDA, THF, −72 ◦C — 44:56 7
Ph LDA, THF, −72 ◦C — <1:>99 7
Et LDA, THF, −78 ◦C — 77:23 8a
Et LDA, THF, −78 ◦C HMPA 5:95 8a
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TABLE 3. Synthesis of α-benzylated ketones starting from enol
ethers

R Lewis acid Product Yield (%) a

Me 1 mol% B(C6F5)3 13a 84
Me 5 mol% Cu(OTf)2 13a 77
c-Hex 1 mol% B(C6F5)3 13b 71

a Reactions were carried out in CH2Cl2 at r.t. (5–10 min).

Similar conditions for the formation of a (Z)-configured ketone enolate (6) at low
temperature were applied by Myles and coworkers in their total synthesis of (+)-discoder-
molide (10′, equation 3)9. Deprotonation of the ethyl ketone 7 with LiHMDS as base
at −78 ◦C and addition of TMEDA delivered a (Z)-configured enolate (8), which was
subsequently alkylated with allyl iodide 9. Thereby, chelation of the lithium enolate with
the adjacent MOM protecting group led to a conformationally stable chair-like transition-
state 8, in which the attack of the alkylation reagent 9 (represented in 8 by E+) could
only occur from the site opposite to the bulky group R. Thus, the alkylation product 10
was obtained with a good diastereomeric selectivity at C* of 83–85% ds.

B. Alternative Methods for Enolate Formation

The base-induced abstraction of a proton α to a carbonyl group is not the only method
for the preparation of ketone enolates; alternative methods also can provide good regio-
and stereoselectivities. Enol ethers 11 can be converted on addition of a Lewis acid into the
corresponding enolates 12, which can attack the liberated benzyl cation under formation
of α-benzylated ketones 13 (equation 4) in good yields (Table 3)10.

O

R

LA

OMe

CH2

O

R

OMe

O

R

OMe

LA cat. +
– LA

+

(11) (12) (13) (a) R = Me
       (b) R = c-Hex

(4)

Enolates can also be prepared by rhodium-catalyzed isomerization of allylic lithium
alcoholates, such as 14 (equation 5)11. Subsequent treatment of the intermediately formed
rhodium hydride complexes (15 and 16) with an electrophile led to the formation of
various products. For example, alkyl halides gave α-alkylated ketones (17) in good yields,
as shown in Table 4. Interestingly, addition of benzaldehyde under kinetically controlled
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TABLE 4. Rhodium-catalyzed enolate alkylations

Catalyst RX Product Yield (%)

[Rh(dppe)(THF)2]ClO4 BnBr 17a 75
[Rh(dppe)(THF)2]ClO4 MeI 17b 62
[Rh(dppe)(THF)2]ClO4 AllBr 17c 82
RhCl(PPh3)3 AllBr 17c 68

conditions gave the aldol products syn (18) and anti (19) aldol products with a good
preference for the formation of the syn diastereomer, which indicates that the reaction
preferentially proceeds via the (Z)-enolate 16.

OLi

Ph OLi

Ph

OLi

Ph

R

O

Ph

O OH

Ph Ph

O OH

Ph Ph

+ RX

(17) (a) R = Bn
        (b) R = Me
        (c) R = All

 2–5 mol%
Rh complex

+ PhCHO
(84%)

+

(18) syn (19) anti

(15) (16)(14)

18:19 = 8.6:1

RhH RhH

(5)

C. Substrate-controlled α-Alkylations of Ketone Enolates

Many applications for substrate-induced diastereoselective alkylations are reported in
the literature. For a general overview of the different methods available see References 1,
12 and 13. In general, excellent diastereoselectivities were obtained by using conforma-
tionally fixed and sterically demanding ring systems, as illustrated in numerous highly
stereoselective syntheses of 17α-alkylated progesterone derivatives 21 (equation 6)14. In
this case the lithium enolate was created by reduction of enone 20 with elementary lithium
in liquid ammonia. Subsequent alkylation anti to the methyl group delivered ketone 21
as a single diastereomer.

High diastereoselecivities are normally observed in the alkylation of five-membered ring
enolates (equations 7 and 8), implying that the alkylation is mainly controlled by steric
factors. Thus, with 3-substituted cyclopentanones formation of only the trans-product
(23 and 25, respectively) is preferred. Representative examples are the alkylations of
lithium enolates derived from ketones 2215 and 2416. Before the electrophiles were added,
the enolate solutions were stirred at higher temperature for a longer time to secure the
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generation of the thermodynamical enolate at the more substituted carbon. Moreover,
for deprotonation of ketone 22 less than one equivalent of LDA was used to produce a
thermodynamically controlled equilibrium, in which the more highly substituted enolate
is favored.

O

O

O

O

O

O

R

Li/NH3, RX

only one diastereomer formed:
(20)

(21) (a) RX = MeI, 65%
(b) RX = EtI, 43%
(c) RX = AllBr, 17%

(6)

Cl
Br

O

OTBS

Cl
O

OTBS

(22)

1. LDA (0.97 eq.) 
−50 °C (1 h)

         25 °C (3 h)

86% (23)

2.
(7)

O

I

O

I

I

(24)

1. MeLi, THF, 0 °C

63–72%
(25)

2.

HMPA, −78 °C     r.t.

(8)

α,β-Dialkylations of enones (three-component couplings)17 are one of the most ele-
gant methods for the diastereoselective construction of highly functionalized small rings,
mainly because only one enolate can be created in the first addition step18. Thus, prob-
lems associated with kinetically or thermodynamically controlled enolate formation can be
avoided completely. Fürstner and coworkers described a tandem organozincate conjugate
addition–alkylation for the synthesis of the prostaglandin intermediate 28 starting from
vinyl stannane 26 (equation 9)19. The transmetalation (Sn → Li → Zn) afforded a zincate
intermediate that underwent a smooth Michael addition in a highly stereoselective fashion
and enhanced the efficiency of the subsequent alkylation of the intermediary formed zinc
enolate 27.
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MO

TBSO

R

OTES
R

OTESBu3Sn

O
OTBS

I

O

TBSO

R

OTES

1. BuLi
2. Me2Zn

3.

(27)

THF, HMPA

      (28) (ca 100% ee)

(74% after deprotection 
    of the TES group)

     (26) R = n-Pen

(9)

Kibayashi and coworkers described a similar approach to a 2,3,4-trisubstituted cyclopen-
tanone (29) in their total synthesis of (−)-incarvilline (30, equation 10)20. The reaction
proceeded with all-trans stereoselection with respect to the stereocenters of the cyclopen-
tane ring.

OTBS

Bu3Sn Ph

O
OTBS O

TBSO

OTBS

Ph

N

H

H

HO

1. BuLi, Me2Zn, THF,  −78 °C
2.

(29)

MeI, HMPA, −40 °C

79%

(30)

(10)
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D. Asymmetric α-Alkylation with a Chiral Lewis Acid

Enolates, which are associated with an optically active bulky Lewis acid (equation 11),
can be alkylated in a regio- and enantioselective manner as reported by Yamamoto
and coworkers (Table 5)21. After precomplexation of the ketones 31a or 31b with alu-
minum tris((R)-1-α-naphthyl-3-phenylnaphthoxide) (32′) in toluene and treatment with a
THF–pentane solution of LDA/t-BuLi, addition of TBSOTf caused ring-opening of THF
and butylation at the more congested α-site of the enolate, to give 32 predominantly with
good enantiomeric excesses. Thereby, the productivity of the reaction depends strongly
on the molar ratio of the ketone, the Lewis acid (32′) and the base used.

O
O

O

OTBS

O

Ph

Al

O

n

(31) (a) n = 1
(b) n = 2

 toluene 
 −78 °C

base

−78 °C     0 °C

TBSOTf
 (5 eq.)

0 °C

(32)

3

∗

(R∗O)3Al

(32′)

32′aa′

n
n

(11)

E. Ketone Enolates as Nucleophiles in Transition-metal Catalyzed Allylic
Alkylations

In 1980 Trost and Keinan reported on allylic alkylations of tin enolates such as 33
catalyzed by tetrakis(triphenylphosphine)palladium (equation 12)22. The stannyl ethers
led to a rapid and clean monoalkylation with high regioselectivity. Thereby, alkyla-
tion generally occurred at the less substituted end of the allyl moiety with formation

TABLE 5. Regio- and enantioselective alkylation of 2-methylcyclopentanone (31a)
and 2-methylcyclohexanone (31b) with an optically active Lewis acid

n Base Yield (%) Ratio α:α′ ee (%)

1 LDA (4 eq.) 93 >20:1 89
2 LDA (1 eq.)/t-BuLi (1 eq.) 56 >99:1 78
2 LDA (2 eq.)/t-BuLi (2 eq.) 90 >99:1 77
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of the (E)-isomers 34 and 35, independently of the olefin geometry in the starting allylic
acetates.

OSnBu3

Br
AcO

O

Br

O

(33)

(34) 89% (35) 96%

Pd(PPh3)4 Pd(PPh3)4

AcO

(12)

The kinetic tin enolates, e.g. 36a, can be generated in situ from the lithium enolate of
ketone 36 and tributyltin chloride, as illustrated in equation 13a. Under these conditions
the allylic alkylation with cinnamyl acetate (37) led only to the 2,6-disubstituted product
3822. The in situ generation of tin enolates (36b) by treatment of the lithium enolate
with tri-n-butyltin or trimethyltin trifluoroacetate is also possible (equation 13b); using
the allylic acetate 39, this method delivered the kinetically controlled alkylation product
40 regioselectively, but in moderate yield23. Negishi and coworkers showed that allylation
of zinc enolates (36c) or potassium enoxyborates (36d) derived from 36 proceeded well in
the presence of palladium phosphine complexes (equations 13c and 13d). Various allylic
halides, such as 41, and acetates (43) could be used and the regioselectivities observed for
the substitution products 42 and 44 were in the range of 95%. Remarkably, the alkylation
of neryl acetate (43) led to a nearly complete retention (�98%) of the olefin configuration
(44). A wide range of other counterions were also tested, but they gave either unsatisfying
results (35% yield with Bu3Sn+) or did not show any reaction at all (ClMg+, Me2Al+,
Me3Si+, Cp2ClTi+)24.

O
OAcPh

O

Ph

OSnBu3

(36)

(37)

1. LDA
2. Bu3SnCl

(38)(36a)

   Pd(PPh3)4

(13a)

O OSnMe3 O CO2C4H9

SiMe3

CO2C4H9

OAcMe3Si

(36) (36b)

1. LHMDS
2. Me3SnOTfa

Pd(PPh3)4/dppe

(40) 49%

(39)

(13b)
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O OZnCl

Cl

O

(36) (36c)

1. LDA
2. ZnCl2 (41)

(42) 92%, 95% rs

Pd(PPh3)4

(13c)

O OBEt3K
OAc

O

(36) (36d)

1. KH
2. BEt3 (43)

(44) 73%, 95% rs

Pd(PPh3)4

(13d)

In 1999 Trost and Schröder reported on the first asymmetric allylic alkylation of
nonstabilized ketone enolates of 2-substituted cyclohexanone derivatives, e.g. 2-methyl-
1-tetralone (45), by using a catalytic amount of a chiral palladium complex formed from
π-allylpalladium chloride dimer and the chiral cyclohexyldiamine derivative 47 (equation
14)25. The addition of tin chloride helped to ‘soften’ the lithium enolate by transmetala-
tion and a slight increase in enantioselectivity and yield for the alkylated product 46 was
observed. Besides allyl acetate also linearly substituted or 1,3-dialkyl substituted allylic
carbonates functioned well as electrophiles. A variety of cyclohexanones or cyclopen-
tanones could be employed as nucleophiles with comparable results26. Hou, Dai and
coworkers reported comparable results for 45, using ferrocene-modified chiral ligands
similar to 4727. Their results were comparable to those obtained by Trost.

O

OAc

O

N N
O O

PPh2 Ph2P

+
2 eq. LDA, DME

2.5 mol% [AllPdCl]2

(47) (S,S)

  96%, 85% ee

(45)

5%

(46)

   99%, 88% ee 
(+ 1 eq. Me3SnCl)

H H

(14)

The efficiency of the palladium-catalyzed asymmetric alkylation of ketone enolates
was shown by Trost and coworkers in their synthesis of hamigeran B (50), a potent
antiviral agent with low cytotoxicity to host cells (equation 15)28. The quaternary center
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of compound 49 was generated in 93% ee by asymmetric allylation of the ketone enolate
derived from 48. This stereocenter controls the relative configuration of the contiguous
two stereocenters of 50, so that only one asymmetric step was necessary in the whole
synthesis.

O

Br

OH O

O

O

(48)

3. 0.5 mol% [AllPdCl]2, 1 mol%
    (47) (R,R), AcOAll

DME, −78 °C     r.t.
77%

(49) 93% ee

(50)

1. 2 eq. LDA, DME
−78 °C     0 °C

2. 7 eq. t-BuOH, 1 eq. Me3SnCl
t-BuO t-BuO

(15)

Interesting investigations were carried out by Braun and coworkers in diastereoselec-
tive and enantioselective palladium-catalyzed allylic substitutions with the nonstabilized
magnesium enolate of cyclohexanone (51, equation 16)29. With (R)-BINAP as chiral lig-
and the syn product 53 was obtained nearly exclusively with high enantiomeric excess
and quantitative conversion of the starting material 52.

O

Ph Ph

OAc O Ph

Ph

(51)

1. ClMgN(i-Pr)2
2.

(52)

0.5–2.5 mol% [Pd2(dba)3]·CHCl3
2–10 mol% (R)-BINAP

(53) 99% ds, 99% ee

(16)

An intramolecular palladium-mediated allylic alkylation via a ketone enolate of
piperidinone 54 was reported by Williams and coworkers for the synthesis of (R)-7-
hydroxyquinine 57 (equations 17 and 18)30. The key step involves a palladium-mediated
SN 2′-type cyclization reaction of enol ether 55 in the presence of Bu3SnF, giving rise to
a quinuclidine ketone, which was immediately reduced to 56 to avoid equilibration and
β-elimination. Interestingly, none of the undesired C3-vinyl stereoisomer was observed,
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which could be explained either by formation of a palladium complex 58 undergoing
allylic alkylation to ketone 61 or a palladium-mediated etherification (55 → 59 → 60),
followed by a Claisen rearrangement (60 → 61).

N

N

BzO

O

Et3SiO

MeO

N

N

BzO

Me3SiO

Et3SiO

MeO

N

N

Et3SiO

MeO

H

HO

N

N

HO

MeO

H

HO

H

(54)

Me3SiCl
LiHMDS

−78 °C

59%

(55) (56)

1. Bu3SnF,
    Pd2(dba)3,
    P(2-furyl)3

2. DIBAl-H

C3

 TBAF

88%

(57)

39%

−45 °C
(17)

Evans and Leahy reported on a method for the rhodium-catalyzed allylic alkylation
using copper enolates, generated by transmetalation of the corresponding lithium enolates
(equation 19)31. These enolates are softer and less basic nucleophiles than lithium eno-
lates and therefore problems typically associated with enolate nucleophiles in metal-allyl
chemistry can be avoided32. A copper(I) enolate, derived from acetophenone derivative
63, was used as nucleophile in a regio- and stereoselective rhodium-catalyzed alkylation
of the in situ activated allylic alcohol 62. Thereby, the synthesized ketone 64, a key inter-
mediate in the total synthesis of (−)-sugiresinol dimethyl ether (65), was produced as the
only detectable regioisomer with complete conservation of enantiomeric excess.
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N

O

Q

PdL(OBz)

N

O

Q

H

N

RO

Q

N

O

Q

Pd

N

Q

O

PdL(OBz)

N

BzO

Me3SiO

Q
(58)

L2Pd

R = SiMe3
R = SnBu3

Sn–Pd trans-
  metalation

(59)

 reductive
elimination

(60)

 [3,3]-Claisen
rearrangement

− Pd(0)

  PdLn
Bu3SnF

  PdLn
Bu3SnF

(61)

Si–Sn exchange

(55)

(18)

HO

Ar O

Ar Ar

O

Ar Ar

OH

1. n-BuLi, MeOCOCl
2. 4-MeOC6H4COCH3 (63)
    LiHMDS, CuI

    3. cat. RhCl(PPh3)3, P(OMe)3

Ar = 4-MeOC6H4

 > 99% rs
100% cee

(62) (64)80%

(65)

(19)

F. Cross-coupling Reactions of Enolate Nucleophiles

In the last years several publications appeared describing palladium-catalyzed α-
arylations of ketone enolates for the synthesis of α-aryl ketones, involving ketone eno-
lates33, silyl enol ethers34 and intramolecular α-arylation of ketone enolates35. In this
process, an enolate is generated from a ketone in the presence of an aryl halide, and a
palladium catalyst couples this enolate with the aryl halide. Iwama and Rawal proposed
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TABLE 6. Arylations via cyclohexanone stannyl enolates (68)

Product R′ R X Yield (%)

69a H 4-MeO I 82
69b H 4-MeO Br 64
69c H 4-NO2 Br 71
69d H 2-MeO I 71
69e Me 4-MeO I a 72 a

a Only the trans-isomer was formed.

a general procedure taking advantage of the in situ formation of cyclohexanone stannyl
enolates (68) (equation 20)36. It allows regiospecific inter- and intramolecular arylation
of silyl enol ethers (66) with a wide range of electron-poor and electron-rich aryl halides
(67). Remarkably, the arylation of a 3-methyl substituted enol ether (66, R′ = Me) gave
the arylated product 69e as a single regio- and stereoisomer (Table 6). Obviously no
equilibration of the putative tin or palladium enolate intermediate to the regioisomeric,
less-hindered enolate took place. The investigations showed that satisfactory yields were
obtained if the silyl enol ether 66 and tin fluoride were used in excess (2 eq. each).

OTMS

R′

X

R

O

R'

R

OSnBu3

R′

+

(66) (67)

via 68
2.5 mol% Pd2(dba)3

   6 mol% t-Bu3P

2 eq. Bu3SnF
PhH or PhMe, reflux

R′ = H, Me X = Cl, Br, I

(68)

(69) (a–e)
see Table 6

(20)

The synthetic utility of this method was further developed through investigation of
substrates in which the arylation took place intramolecularly. Treatment of the TMS enol
ether 70 with 2.5 mol% of Pd2(dba)3 and 6 mol% of t-Bu3P in the presence of 1 eq.
Bu3SnF afforded the bicyclic arylation product 71 in 84% yield (equation 21)36.

OTMS

Br

EtO2C

O

EtO2C

(70)

2.5 mol% Pd2(dba)3
   6 mol% t-Bu3P

1 eq. Bu3SnF
benzene, reflux

(71)

84%

(21)
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The group of Willis and coworkers reported on palladium-catalyzed intramolecular
O-arylation37 of enolates and S-arylation38 of thioenolates. The process tolerates many
variations in both the ketone and aryl fragments and delivers the cyclization precursors
and heterocyclic products in good yields. As an illustrative example the reaction sequence
starting from cyclohexanone 72 is used for benzo[b]furan (78) and benzo[b]thiophene
(79) synthesis (equations 22 and 23)38. The α-(o-bromoaryl)-substituted ketone 75 was
prepared through an intermolecular α-arylation of a cesium ketone enolate using 1-bromo-
2-iodobenzene 73, Pd2(dba)3 and xantphos (74) as ligand. After purification, thioketone
76, which was required for the synthesis of benzothiophene 79, was obtained by treatment
of 75 with P2S5. Although trace amounts of benzo[b]furan 78 could be detected already
during preparation of the α-arylated ketone 75, the use of DPEphos (77) was necessary
to achieve optimal yields in the cyclization step. Lowering the temperature or using a
stronger base (NaOBu-t) resulted in poorer conversions.

Br

I

O
O

Br

O
PPh2 PPh2

+

   0.5 mol% Pd2(dba)3

       1.2 mol% 74
 2.2 eq. Cs2CO3
  PhMe, 80 °C

(75) 78%(73) 2 eq.(72)

(74)

(22)

X

Br

X

O
PPh2 PPh2

   2.5 mol% Pd2(dba)3
         6 mol% 77

 2.2 eq. Cs2CO3
  PhMe, 110 °C

(78) X = O, 95% 
(79) X = S, 74%

X = O 
X = S

(75)
(76)

(77)

P2S5

(23)

Combining both ligands 74 and 77 in a single reaction led to a one-pot cascade process
in which the cyclohexane-fused benzo[b]furan 78 was formed directly in 51% overall
yield38. Screening of different catalysts under various reaction conditions (ligand loading,
solvent, temperature) showed that the yield could be significantly increased (up to 100%)
by using 12 mol% of the dimethoxy-substituted dicyclohexylphosphine ligand 80 at higher
temperature in toluene (equation 24). Unfortunately, these conditions were not transferable
to alternative substrates: only low yields of mixtures of arylated ketone and benzofuran
were obtained in almost all cases.
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Br

I

O O

P(C6H11)2

OMeMeO

+
    5 mol% Pd2(dba)3
       12 mol% 80

 3.1 eq. Cs2CO3
  PhMe, 100 °C

(78)(73)(72) 1.2 eq.

(80)

91–100%

(24)

A reaction sequence comparable to the enolate-driven cross-coupling process was
described by Cook and coworkers for the enantiospecific total synthesis of (+)-macroline
(84) (equation 25)39. The key step (82 → 83) involved an intramolecular Pd(0)/DPEphos-
catalyzed α-vinylation of a ketone enolate under formation of the pentacyclic ketone 83,
whereby best results were obtained with NaOBu-t as base. Using a weaker base such as
K3PO4 or increasing the DPEphos/Pd ratio, the yield of 83 decreased distinctly. Probably
an excess of ligand reduces the amount of catalytically active Pd(0) species, leading to
a retardation of the oxidative-addition step. Thus, a base-mediated E2-elimination could
occur to provide an alkyne byproduct from vinyl iodide 82 resulting in lower yields for
the cyclization product 83. Finally, further modifications of 83 led to the desired (+)-
macroline (84) in good overall yield (17.5% starting from tryptophan methyl ester 81).

N
H

NH2

CO2CH3

N
N
Me

H

H

O

I

N
N
Me

H O

H

H

N
N
Me

H

Me OH

O

H

HH

(81) (82)

2 mol% Pd(dba)2
2.4 mol% DPEphos (77)
1.5 eq. NaOt-Bu
THF, 65 °C

80%

(83)(84)

(25)
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III. C−C BOND FORMATION BY ADDITION OF KETONE ENOLATES
TO CARBONYL GROUPS

A. Introduction

The aldol addition is one of the most powerful transformations in organic synthe-
sis for the generation of 1,3-dioxygen relationships in organic molecules40. New, and
particularly stereoselective variants of this reaction have been developed during the last
decades and found many applications for the synthesis of a wide range of natural prod-
ucts with biological and pharmacological significance41. This section presents a short
overview of modern versions and latest developments of the aldol reaction, illustrated
by selected syntheses of natural products. One of the most important aspects in aldol
reactions is described, namely the influence of the metal enolate structure on reactivity
and diastereoselectivity.

B. Substrate-controlled Stereoselective Aldol Reactions

1. Simple diastereoselectivity

Simple diastereoselectivity is generally related to the enolate geometry42,43: (E)-ketone
enolates predominantly furnish anti-aldol products 86 and (Z)-enolates give syn-aldols
88 as the main products, especially with a sterically demanding substituent R at the
carbonyl group7. This observation can be explained by assuming a six-membered chair-
like assembly (85 and 87) of the reactants (Zimmerman–Traxler model, equations 26a
and 26b)44. However, many exceptions to this general rule are also known. Especially for
aldol additions with lithium or magnesium enolates (M = Li, Mg), this transition-state
hypothesis is a rough simplification, because lithium enolates form aggregates, even in
solution, so that the reactive species in aldol additions are not monomeric but oligomeric
lithium enolates45. This observation is underpinned by the fact that boron enolates, which
are known to be monomeric, show a stronger (Z)-syn and (E)-anti correlation46.

R′

R

OM

H

H R′′

O

O

R

H

R′

M RR′′

O

R′

OM

O
R′′

H

(E)-enolate (86) (anti)(85)

M = Li, Mg, Ti, Sn, B

(26a)

H

R

OM

R′
H R′′

O

O

R

R′

H

M RR′′

O

R′

OM

O
R′′

H
(Z)-enolate (88) (syn)(87)

M = Li, Mg, Ti, Sn, B

(26b)
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2. Induced diastereoselectivity

The addition of a chiral ketone enolate to an aldehyde displays not only simple
diastereoselectivity, but also highly induced stereoselectivity, as shown by Fecik and
coworkers for the formal total synthesis of the polyketide macrolactone narbonolide (92,
equation 27)47. This reaction demonstrates the successful application of titanium in aldol
additions for the highly stereoselective construction of two new stereogenic centers: by
addition of aldehyde 90 to the titanium enolate of Evans’ β-keto imide 8948a the syn-aldol
product 91 was obtained exclusively in 74% yield. Interestingly, there is no detectable loss
of stereochemistry via enolization at the potentially labile C2-methyl-bearing stereocenter
in 8948b.

O N

O O O

O

H

OPMB

OHO

OPMB

O N

O O

O

O

OH

OHO

Bn

TiCl4, i-Pr2NEt

(89)

+

(90) (91)

(92)

Bn

74%

(27)

Also, Urpı́ and coworkers reported on stereoselective aldol reactions based on titanium
enolates, both from chiral ethyl ketones 9349 (equation 28) and lactate-derived ketones50.
High yields and diastereoselectivities, preferring the 2,4-syn-4,5-syn diastereomer 95, were
obtained by using (i-PrO)TiCl3 as soft Lewis acid and i-Pr2NEt as base. The stereochem-
ical outcome of the process is consistent with a selective formation of a (Z)-enolate
(affected by a coordination of the β-chelating O-protecting group to titanium), as illus-
trated in transition-state 94. Replacement of the benzyl-protecting group by a silyl group in
93 also gave rise to high (Z)-enolate selectivity, but unfortunately the aldol products were
obtained as a mixture of diastereomers with up to 20% of the diastereomer 96 (Table 7,
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TABLE 7. Stereoselective aldol reactions with titanium
ketone enolates

PG R 95:96 Yield (%)

PMB i-Pr 95:5 88
Bn i-Pr 97:3 95
Bn Ph 94:6 87
Bn CH2=CCH3 97:3 91
TBDPS i-Pr 80:20 65

entry 5). This result is attributed to a weaker coordination ability of the β-OTBDPS pro-
tecting group to titanium in the transition-state. Alternatively, Sn(OTf)2 can be used as
Lewis acid for preparation of the syn aldol product 95, since tin(II) also forms (Z)-enolates
preferentially with ethyl ketone 93 and takes advantage of the coordinating ability of the
benzyloxy group51.

O

PGO R O

PGO

O

R

OH

OPGO
Ti

PGO

O

R

OH

OH

H

Me

O

Ti

PG
(i-PrO)TiCl3,
i-Pr2NEt

(93) (S) (94)

(95)

Ln

Ln

+

(96)

RCHO

(28)

The (R)-enantiomer of benzyl protected ethylketone 93 was used by Perkins and Samp-
son for a total synthesis of (−)-membrenone C (99, equation 29)52a. Two aldol additions
were performed in the presence of TiCl4 and diisopropylethylamine during this synthesis,
whereby the aldol adducts 97 and 98 were obtained with a high degree of syn selectivity
(97 with >95% ds and 98 with >90% ds). Also, a boron enolate approach was done
for the synthesis of 9952b and a tin(II)-mediated aldol for (−)-membrenone A (100) and
(−)-membrenone B (100′)52c.

Besides tin(II) or titanium enolates the boron enolates play an important role in aldol
chemistry53. As mentioned above, the configuration of the aldol products strongly depends
on the geometry of the boron enolates: (E)-enolates give anti aldols whereas (Z)-enolates
give syn aldols. These results can be explained by the transition-states shown in equation
26. Evans established that simple diastereoselectivity is enhanced in aldol reactions of
boron enolates compared to lithium enolates, owing to the considerably shorter B−O and
B−C bond lengths that lead to much tighter transition-states54.

Perkins and coworkers reported on stereoselective aldol reactions with boron and
titanium ketone enolates (equations 30 and 31) for the construction of a spiroacetal-
dihydropyrone (108) related to natural products auripyrone A and B55. Both are cytotoxic
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polypropionates with activity against HeLa S3 cells (IC50 values of 0.26 and 0.48 µg/mL,
respectively)56. Anti-configured boron aldolate 103 was obtained by treating the boron
enolate of ketone 101 with methacrolein (102). In situ reduction of 103 with LiBH4 fur-
nished the aldol product 104 with a high degree of diastereoselectivity (>95% ds). The
coupling of aldehyde 105 with the titanium enolate of racemic ketone 106 yielded the
syn-configured aldol 107 as a racemic mixture of a single diastereomer. Formation of the
single racemic product 107 from the coupling of two racemic fragments is an unusual
example of mutual kinetic diastereoselection. In this case a large anti-Felkin preference57

of the aldehyde 105 is matched in a fast reaction with the syn-syn preference of the ketone
106. Thus, each enantiomer of the titanium enolate of ketone 106 selectively reacts with
the correct enantiomer of aldehyde 10555.

O

BnO

O OH

BnO OBnOBn
OHC

O O
Si

Bu-tt-Bu

O

H

O

H
O

OO

O O

OO
Si

Bu-tt-Bu

OHOH OO

    TiCl4,
i-Pr2NEt

(93) (R)       (97) > 95% ds

(98) > 90% ds

+
70%

TiCl4, i-Pr2NEt

90%

(99)

O OO

O

O
O OO

O

O

(100) (100′)

(29)

Perkins and coworkers also synthesized eight isomers of maurenone (116) to elucidate
the unknown structure of the natural product (−)-maurenone, a marine polypropionate
from the pulmonate mollusc Siphonaria maura (equations 32a–32d, 33a, 33b and 34)58.
The required pairs of enantiomeric chiral aldehydes 110, ent-110, 112 and ent-112 as
well as chiral ketones 113 and 114 were synthesized using a cascade of highly diastere-
oselective syn and anti boron aldol reactions. Notably, the change in protecting group
from benzyl (in 109 and ent-109) to benzoyl (in 111 and ent-111) and the use of slightly
modified enolization conditions (Me2NEt instead of NEt3 as base and warming up the
boron enolate mixtures to 0 ◦C) generates the trans boron enolates selectively.
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O
OO

B OHOH

OO

H

O
Si

O

H

(101)

1. (c-Hex)2BCl, Et3N
    Et2O, −15 °C
2.

Hex-cc-Hex

(103)

1. LiBH4, −78 °C
2. MeOH, NaOH
    H2O2, 0 °C

(104) > 95% ds

85%

(105)

t-Bu Bu-t

(102)

(30)

OO

O

O

HO

O

O

O

Si

OOH OH

(106) rac

1. TiCl4, −90 °C, CH2Cl2
2. i-Pr2NEt
3. 105, −90 ˚C      −78 °C

TMS
53%

(108)

t-Bu

t-Bu

(107)
only diastereomer observed

(31)
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2. EtCHO, Et2O
−78 °C −20 °C

O
OBn

OH O
OBn

O

H

OTBS
1. (c-Hex)2BCl,
    NEt3, −78 °C

(110)(109)

49% over
five steps

95% ds

syn-aldol

1. TBSOTf
2. LiBH4
3. NaIO4

(32a)

2. EtCHO, Et2O
−78 °C −20 °C

O
OBn

OH O
OBn

O

H

OTBS
1. (c-Hex)2BCl,
    NEt3, −78 °C

ent-(110)ent-(109)

74% over
five steps

syn-aldol

1. TBSOTf
2. LiBH4
3. NaIO4

(32b)

1. (c-Hex)2BCl,
    Me2NEt, −78 °C       0 °CO

OBz

OH O
OBz

O

H

OTBS
2. EtCHO, Et2O

−78 °C −20 °C (112)(111)

55% over
five steps

anti-aldol

1. TBSOTf
2. LiBH4
3. NaIO4

(32c)

O
OBz

OH O
OBz

O

H

OTBS
1. (c-Hex)2BCl,
    Me2NEt, −78 °C      0 °C
2. EtCHO, Et2O

−78 °C −20 °C ent-(112)ent-(111)

79% over
five steps

anti-aldol

1. TBSOTf
2. LiBH4
3. NaIO4

> 95% ds

(32d)

1. (c-Hex)2BCl,
    Me2NEt, −78 °C     0 °C

O
OBz

CHO
O

OBz

OH OOTES

(111)    Et2O, -78 °C −20 °C (113)90% ds
 75% over 
three steps

2.

(33a)
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1. (c-Hex)2BCl,
    Me2NEt, −78 °C     0 °C

O
OBz

CHO
O

OBz

OH OOTES

ent-(111)    Et2O, −78 °C −20 °C (114)> 95% ds
 73% over 
three steps

2.

(33b)

The synthesis of eight isomers of maurenone 116 proceeded by coupling of each of the
four aldehyde isomers 110, ent-110, 112 and ent-112 with the two ketone isomers 113
and 114. Attempts to couple the titanium enolate (TiCl4, i-Pr2NEt) of ketone 113 with
aldehyde 110 proved troublesome, because of desilylation taking place during enolization
of ketone 113. Better results were achieved by means of lithium enolates, on treatment
of ethyl ketone 113 with LiHMDS and subsequent addition of aldehyde 110, yielding the
isomer 115 with an acceptable diastereoselectivity of 74% ds (equation 34). Separation
of the isomers and further transformations gave (−)-maurenone (116), which NMR data
showed to be an almost perfect correlation with all the peaks reported for the natural
product maurenone58.

O OTES
O

H

OTBS
OTBS O OTESOH

O

O

OH

(113) (110)

2.

1. LiHMDS, Et2O,
 −78 °C −50 °C

−78 °C, 57%

(115) 74% ds

(116)

(34)

C. Alternative Methods for Enolate Preparation

Recently, Yamaguchi and coworkers reported on enolate formation from ketones under
kinetic control by using triethylgallium as a nonnucleophilic base (equation 35)59. The
reaction of 4-(t-butyl)cyclohexanone (117) with triethylgallium at 125 ◦C followed by
subsequent addition of benzaldehyde (118) at −40 ◦C gave the aldol products with a
remarkable preference for the equatorial isomer (119) over the axial one (120), which
appears to be a general feature of gallium enolates60. This stereochemical outcome is
highly contrasted with those of lithium enolates exhibiting axial preferences61.
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OGaEt2O

O
OH

Ph

O

H

HO
Ph

chlorobenzene
  125 °C, 2 h

(117)

−40 °C, 1 h

+

(119) 82% 
(threo/erythro 52/30)

(120) 6%

GaEt3

PhCHO

(118)

(35)

An alternative method for the preparation of a kinetic zinc ketone enolate (123) from an
arene thiol ester 121 and bis(iodozincio)methane (122) in the presence of a palladium(0)
catalyst was developed by Matsubara and coworkers (equation 36)62. The modest reactiv-
ity of the zinc reagent 122 makes this transformation highly chemo- and regioselective:
neither isomerization of the kinetic enolate 123 nor a palladium-catalyzed coupling with
the thiol ester 121 could be observed. Thus, treatment of zinc enolate 123 with various
aldehydes or ketones led regioselectively to one aldol product 124. The method provides
access to reactive functionalized zinc enolates which are otherwise hard to obtain.

CH2ZnI

O OZnI

CH2

O

S

NO2

Bn

R R'

OO OH

R′
R

(121)

CH2(ZnI)2 (122)
[Pd2(dba)3] (0.5 mol%)
PPh3 (2.1 mol%)

THF, 0 °C, 5 min

(123)

1.5 eq.

0 °C, 15 min

Bn Bn

Bn

(124) (a) R = Ph, R′ = H, > 99%
(b) R = Et, R′ = H, > 99%
(c) R = Ph, R′ = CH3, 86%
(d) R = Ph, R′ = (E)-CH3CH=CH, 62%

(36)
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TABLE 8. Conditions for the Michael addition of ketone enolates to α,β-unsaturated
esters, according to equation 37

M Additive Conditions Yield (%)

Li none THF, −78 ◦C, 48 h 0
SnBu3 none THF, 63 ◦C, 12 h 0
SiMe3 TiCl4 (1.0 eq.) CH2Cl2, −78 ◦C, 15 min 81

IV. C−C BOND FORMATION BY MICHAEL ADDITION OF METAL ENOLATES

A. Introduction

Michael addition of metal enolates to α,β-unsaturated carbonyls has been intensively
studied in recent years and provides an established method in organic synthesis for
the preparation of a wide range of 1,5-dicarbonyl compounds (128) under neutral and
mild conditions63. Metal enolates derived from ketones or esters typically act as Michael
donors, and α,β-unsaturated carbonyls including enoates, enones and unsaturated amides
are used as Michael acceptors. However, reaction between a ketone enolate (125) and an
α,β-unsaturated ester (126) to form an ester enolate (127, equation 37) is not the thermo-
dynamically preferred one, because ester enolates are generally more labile than ketone
enolates. Thus, this transformation does not proceed well under thermal or catalytic con-
ditions: more than equimolar amounts of additives (mainly Lewis acids, such as TiCl4) are
generally required to enable satisfactory conversion, as shown in Table 8. Various groups
have developed synthons as unsaturated ester equivalents (ortho esters64, thioesters65) and
β-lithiated enamines66 as ketone enolate equivalents to afford a conjugate addition with
acceptable yields.

O

OMe

O

PhOM

Ph

O

OMe
O

OMe

O

Ph
+

(125) (126) (127) (128)

H+

(37)

B. Michael Additions of Ketone Enolates

In 2003, Baba and coworkers reported first examples of a catalytic Michael addition
of stannyl ketone enolates (129) to α,β-unsaturated esters (131) using a catalytic amount
of tetrabutylammonium bromide (equation 38)67. Their investigations showed that the

TABLE 9. Michael additions of stannyl ketone enolates catalyzed by Bu4NBr
(equation 38)

Product R R1 R2 R3 Yield (%)

134a Ph H H Me/Et/t-Bu >99
134b 2-Thi H H Me 91
134c Ph Me H Me 86
134d t-Bu H H Et 70
134e Ph H CF3 Et 64
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bromide anion from Bu4NBr coordinates to the tin center under formation of a five-
coordinated tin species (130)68. Thus, the nucleophilicity of the tin enolate is enhanced
resulting in a significant acceleration of the subsequent conjugate addition to 131. Because
the reaction is thermodynamically disfavored, as mentioned above, the authors proposed a
further step for stabilization by a special feature of tin enolate species, namely tautomeriza-
tion of the stannyl ester enolate 132 into the C-stannylated form 133. This transformation
releases the bromide anion and completes the catalytic cycle. The method was applied
to a variety of tin enolates and Michael acceptors, whereby the δ-keto esters 134 were
usually obtained in high yields (Table 9). Furthermore, all the single steps of the reaction
course were corroborated by detailed ab initio calculations. Recently, a similar approach
to δ-keto esters and amides using in situ generated lithium salts for enolate activation was
published by the same group69.

Bu3SnO

R

O

R

O OSnBu3

Br

Bu3SnO

R

R

O O

SnBu3

R

O O

(129)

cat. Bu4NBr
activation
  of enolate

(130)

(131)

conjugate
 addition

(132)

(133)

tautomerization

workup

(134) (a–e, Table 9)

OR3

OR3

OR3

OR3

Br

R1

R1

R2

R2

R2

R2

R1

R1

R1

Br−

(38)
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H
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O

O

O
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H
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O

O

H
N

(135)

(136)

1. LDA, THF,
−78 °C, 30 min

2.

30 min, 85%

(137)

60% (2 steps)

(138)

1. TMSCl, DMF, Et3N,
    150 °C, 15 h, 95%
2. MeLi, THF, 0 °C, 30 min
3. HMPA, −78 °C, 30 min
4.

(136), 68%

(140)

75% (2 steps)

(141)

(139) (142)

(39)

Tu and coworkers reported on both kinetically and thermodynamically controlled
Michael addition of the lithium enolates of ketone 135 to nitroethylene 136 as the
key step in the total syntheses of the alkaloids (±)-γ -lycorane (139) and (±)-crinane
(142) (equation 39)70. Both reactions started from the same Michael donor (135) with
nitroethylene (136) as a C–C–NH2 synthon for the construction of aryl-substituted
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octahydroindole derivatives (138 and 141, respectively), which are central substructures
of the two natural products. In a first step, reaction of the kinetically controlled
lithium enolate of 135 with 136 delivered γ -nitro carbonyl compound 137 as a 25:1
mixture of diastereoisomers (85% yield), which could be easily isolated by column
chromatography. The thermodynamically controlled lithium enolate, instead, was formed
by Li–Si exchange of the corresponding silyl enol ether, and subsequent Michael addition
to 136 led to the intermediate 140. Further similar transformations in both cases gave rise
to (±)-γ -lycorane (139) and (±)-crinane (142) in high overall yields (22% and 36%,
respectively).

Recently, Shchepin and coworkers described Michael addition reactions with zinc
ketone enolates (144) for the preparation of chroman-2-one derivatives 146. The enolates
were generated in situ from α-bromo ketones 143 by addition of excess zinc (equation 40),
and subsequent conjugate addition to α,β-unsaturated ketones (145) (equation 40′) pro-
vided chroman-2-ones (146a, b) in yields up to 82%71.

Ar

OZnBr

H

R

O

Ar
R

Br

3 eq. Zn

Et2O, EtOAc

(143) (144)

(40)

O O

Br

O

Ar′

O O

Br

R COAr
O

Ar′
     1. 1.5 eq. (144)
      reflux, 15 min

2. H2O

(145)

         (b) R = i-Pr, Ar = 4-BrC6H4, Ar′ = Ph, 82%

(146) (a) R = Me, Ar = 4-MeC6H4, Ar′ = 4-BrC6H4, 43%

(40’)

C. Enantioselective Michael Reactions

In recent years, many chiral catalysts for the enantioselective synthesis of optical
active 1,5-dicarbonyl compounds have been developed72, such as chiral crown ethers with
potassium salt bases73 and chiral palladium complexes74, including bimetallic systems75.
Nakajima and coworkers reported on enantioselective Michael reactions of β-keto esters
to α,β-unsaturated carbonyl compounds in the presence of a chiral biquinoline N ,N ′-
dioxide–scandium complex, which catalyzed the additions in high yields and with enan-
tioselectivities up to 84% ee76. Kobayashi and coworkers found that the combination
of Sc(OTf)3 with the chiral bipyridine ligand 149 (equation 41) was also effective as
a chiral catalyst for asymmetric Michael additions of 1,3-dicarbonyl compounds 147 to
α,β-unsaturated ketones 148. The corresponding Michael adducts 150 were obtained in
good to high yields with excellent enantiomeric excesses in most cases (Table 10).

The authors proposed an intermediate complex 150′ in which the chiral induction
occurs by reaction of the scandium ketone enolate with the α,β-unsaturated ketone 148
(equation 42). The absolute configuration of the Michael adduct 150a can be explained by
coordination of the hydroxy groups of 149 to Sc3+ in a tetradentate manner and shielding
of the si-face of the scandium enolate by an adjacent t-butyl group. Therefore, the enolate
attacks the Michael acceptor preferably at the re-face77.
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HO H
MeO
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+

(150′)

147a + 149
148

150a
Sc(OTf)3

−OTf

(42)

D. Michael-initiated Ring Closure Reactions with Ketone Enolates
An interesting feature of Michael addition reactions is that Michael acceptors with

a leaving group (mostly halides) in γ -position can be used for the synthesis of cyclo-
propanes. The so-called Michael-initiated ring closure reaction (MIRC reaction) starts
with an addition of a nucleophile to the α,β-unsaturated carbonyl, and afterwards the
intermediate enolate displaces the leaving group to give the desired cyclopropanes78.

TABLE 10. Asymmetric Michael additions catalyzed by the chiral scandium–bipyridine complex
149 (equation 41)

β-Keto ester R2 Time (h) Product Yield (%) ee (%)

R R1 X

147a Me H CH2 Et 48 150a 98 93
147b Et H CH2 Et 38 150b 95 93
147c Et OMe CH2 Me 13 150c 88 95
147d Me H O Me 24 150d 72 94
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Shchepin and coworkers showed that bromine-containing zinc enolates are suitable
nucleophiles in Michael additions (equation 43′) for the synthesis of cyclopropanederiva-
tives. The nucleophiles 152 were derived in situ from 1-aryl-2,2-dibromoalkanones 151 by
addition of zinc (equation 43). Their attack at the double bond of α,β-unsaturated amides
(153) shown in equation 43′ delivered the intermediates 154 bearing a leaving group in
γ -position to the amide enolate, which can undergo stereoselective intramolecular ring
closure under formation of the cyclopropane derivatives 155. After aqueous work-up the
products 156a–c were obtained in good yields and always as a single diastereomer79.
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(155)

(b) R = Me, R′ = c-Hex, Ar = Ph, Ar′ = 3-BrC6H4, 68%

(156) (a) R = Me, R′ = 3-MeC6H4, Ar = Ph, Ar′ = 4-ClC6H4, 72%

(c) R = Et, R′ = c-Hex, Ar = 4-ClC6H4, Ar′ = 3-BrC6H4, 64%

H2O

−ZnBr2

−Zn(OH)Br

HH

(43’)

V. ESTER ENOLATES
A. General Aspects

The preparation of ester enolates, their subsequent alkylation and their use as nucle-
ophiles in aldol or Michael reactions are standard procedures in synthesis today. Normally,
these are high yield reactions and their stereochemical course can be predicted with confi-
dence, due to the intense investigation effort invested in recent years in this research area.

The mostly used reagents for deprotonation and formation of metalated ester enolates
are sterically hindered nonnucleophilic amide bases, such as LDA or the less basic lithium
and sodium hexamethyldisilazides. Both amide bases are strong enough to deprotonate all
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α-acidic esters quantitatively. As reported before for ketone enolates, the enolate geometry
is of fundamental interest in order to control the steric course in ester enolate chemistry.
In this context rearrangement experiments of trimethylsilyl enol esters showed that the
(E)/(Z) diastereoselectivity of enolate formation strongly depends on the solvent system
used: deprotonation of the allylic ester 157 with LDA in tetrahydrofuran in the presence
of HMPA delivered, after reaction with trimethylsilyl chloride, predominantly the (Z)-
silylketene acetal 158, the geometry of which has been deduced from the syn-configuration
of its Claisen rearrangement product 159 (equation 44). In contrast, treatment of 157 with
LDA in tetrahydrofuran without adding HMPA led to the formation of a (E)-configured
silyl enol ether 160, which rearranged to the anti-configured product 161. In both cases
the stereochemical outcome could be explained by assuming a six-membered chair-like
transition-state8a.
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(157)

1. LDA/HMPA
2. Me3SiCl

1. LDA
2. Me3SiCl

(158) (Z)

(160) (E)

THF, −78 °C

(159)

(161)

(44)

B. Diastereoselective Additions of Ester Enolates to Carbonyl Groups

An effective control of the simple diastereoselectivity in boron-mediated aldol reactions
of various propionate esters (162) was achieved by Abiko and coworkers (equation 45)80.
They could show that under usual enolization conditions (dialkylboron triflate and amine)
enol borinates are formed, which allowed the selective synthesis of syn-configured aldol
products (Table 11). The enolization at low temperature (−78 ◦C) generated a (Z)-enolate
selectively, which afforded mainly the syn diastereomer 164 after reaction with isobu-
tyraldehyde (163), following a Zimmerman–Traxler transition-state. The anti diastere-
omer 164′ instead was obtained only in small amounts (5–20%).

O

OR

O

H

O

OR

OH O

OR

OH1. 1.3 eq. R′2BOTf
    1.5 eq. i-Pr2NEt
    CH2Cl2, −78 °C, 2 h

2.

(163)

−78 °C

+

(162) (164) (syn) (164′) (anti)

(45)

Recently, Charette and coworkers reported on a similar approach to β-hydroxy esters
(equation 46) in their synthesis of (±)-coronafacic acid, a natural component of the phyto-
toxin coronatin81. They studied the effect of various aldehydes on the diastereoselectivity
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TABLE 11. Diastereoselective boron-mediated aldol reactions of propi-
onate esters (equation 45)

R R′ = Bu R′ = c-Hex

Yield (%) 164:164′ Yield (%) 164:164′

Me 85 >95:5 75 95:5
Et 81 95:5 72 >95:5
CH2Hex-c 89 80:20 73 >95:5
Bn 97 95:5 84 90:10

TABLE 12. Diastereoselective syntheses of β-hydroxy esters

Aldehyde Yield (%) syn:anti Major product

163 87 98:2 169
166 82 22:78 170′
167 66 18:82 171′
168 85 13:87 172′

O H
O

O

BnO
H

O

H

O

OAc

(166) (167) (168)

in the aldol reaction with the β,γ -unsaturated ester 165. Their results indicated that the
nature of the aldehyde had a considerable effect on diastereoselectivity, as only the α-
branched isobutyraldehyde (163) appeared to afford high syn selectivity, as shown in
Table 12. Reactions with linear aldehydes, such as 166–168, led to a reversal in selec-
tivity, whereby the anti products 170′ –172′ were formed as major diastereomers (up to
87% ds). The authors postulated that the aldol reactions with linear aldehydes possibly
proceed through an open transition-state.
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OEt
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H

O

OEtR

OH O

OEtR

OH
1. 1.3 eq. Bu2BOTf
    1.5 eq. DIPEA
    CH2Cl2, −78 °C, 2 h

2.

−78 °C

+

(165) 1.3 eq. (169)–(172) (syn) (169′)–(172′) (anti)

(1 eq.)

(46)

An interesting base-free method for enolate preparation was described by Baba and
coworkers (equation 47)82. They generated (E)-configured indium enolates (174) selec-
tively by adding elementary indium to an α-bromo ethyl ester 173. Reactions of these
enolates with α-hydroxy ketones (175) furnished highly diastereoselective five-membered
lactones (177) with three contiguous stereogenic centers, as shown in Table 13. Remark-
ably, no protecting group for the free hydroxy group of the ketone 175 was necessary. The
observed perfect diastereoselectivities of lactones 177 could be explained by assuming a
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TABLE 13. Diastereoselective lacton syntheses using indium enolates

R1 R2 R3 Conditions Product Yield (%) ds (%) a

c-Pen Ph Ph r.t., 1.5 h 177a 69 99
n-Hex 4-ClC6H4 4-ClC6H4 reflux, 5.5 h 177b 65 98
Me 4-MeC6H4 4-MeC6H4 r.t., 1.5 h 177c 73 93

a The stereochemistry between Cβ and Cγ has been completely controlled, the values of ds are related Cα /Cβ .

boat-like bicyclic transition-state 176, in which the hydroxyl moiety is coordinated to the
indium atom.
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R2

R3

R3
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Reissig and coworkers reported on a further unusual method for enolate preparation
using samarium diiodide and indole derivatives with a methyl ester functionality in 3-
position (178, equation 48)83. In the presence of an aldehyde or ketone and with HMPA
as additive, a samarium enolate intermediate (179) was formed, which could be proto-
nated by addition of phenol giving rise to dehydroindole derivates 180a and 180b in a
highly stereoselective manner. Intermediate 179 could also be trapped with allyl iodide as
electrophile resulting in the formation of a cis-configured intermediate 181 exclusively.
By intramolecular transesterification, 181 was converted in situ into the tricyclic lactones
182a and 182b in good yields.

Feringa and coworkers developed a protocol for the first catalytic asymmetric 1,4-
addition of Grignard nucleophiles to acyclic α,β-unsaturated thioester substrates 183 using
(R,S)-Josiphos as chiral ligand (equation 49)84a. The intermediate magnesium enolate 184
showed high reactivity toward aldol coupling, and the tandem reaction products (185–187)
were obtained with excellent control of relative and absolute stereochemistry across the
three newly formed stereogenic centers (Table 14)84b. Numerous aldehydes were tested
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and in all cases aldol product 185 was formed as the major diastereomer, which indicated
that the initial 1,4-addition reaction furnished the magnesium enolate 184 with a high
(Z)-selectivity.
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(180) (a) R = R1 = R2 = Me, 
              87% yield, only trans-isomer
         (b) R = Boc, R1 = t-Bu, R2 = H, 
              77% yield, one diastereomer

(181)

(182) (a) R = Me, R1 = t-Bu, R2 = H, 
              94% yield, one diastereomer
         (b) R = R1 = Me, R2 = Ph, 
              87% yield, one diastereomer

 PhOH
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R2

R1
R2

R1
R2

R2
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(48)

The versatility and efficiency of this method were demonstrated in the first catalytic
asymmetric synthesis of (−)-phaseolinic acid 18884b, a biologically active compound
of the paraconic acid family (equation 50)85. Using the 1,4-addition-aldol pathway, the
paraconic acid skeleton could be synthesized in only four synthetic transformations with
excellent stereoselectivities and 54% overall yield.
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54% yield overall

           72%
> 20:1 dr, 95% ee

(50)

TABLE 14. Stereoselective aldol couplings using magnesium enolates (equation 49)

R Conversion (%) Ratio Ratio 185

185:186:187 (185 + 186):187 Yield (%) ee (%)

Ph >95 85:10:5 >20:1 66 95
4-MeOC6H4 >95 80:15:5 >20:1 54 95
n-Pen >95 90:5:5 >20:1 74 95
c-Hex >95 >95:5:0 >20:1 76 95
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C. Conjugate Additions of Ester Enolates

1. Asymmetric Michael reactions in presence of chiral amides

The formation of carbon–carbon bonds by conjugate addition of carbonucleophiles to
α,β-unsaturated systems has been studied intensively and reviewed over the past few
years86. Interestingly, applications with simple, unstabilized lithium enolates are rela-
tively rare. Most reported examples are limited to the addition of stabilized enolates,
such as those derived from malonates or acetoacetates. Nevertheless, some diastereo- and
enantioselective versions of the conjugate addition, even with unstabilized lithium eno-
lates, are well known87. In 2004, Tomioka and coworkers studied the influence of a chiral
diether (191) on the 1,4-addition of lithium ester enolates (189) to α,β-unsaturated ketones
(equation 51)87b. Their investigations showed that good enantioselectivities were obtained
with cyclic enones, like 2-cyclopentenone (190); addition to a mixture of 189 and 191
gave the desired 1,4-adduct (R)-192 with 74% ee, but only 47% yield. Unfortunately,
also the Peterson product 193 was formed in a yield of 22% by initial 1,2-addition of the
enolate to the Michael acceptor.
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(192) (R), 74% ee
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+

(193)

47%
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The group of Maddaluno and coworkers also reported on enantioselective Michael
additions of ester enolates (equations 52 and 53)88. Thereby, lithium enolate 195 was
generated by deprotonation of the corresponding ester with chiral lithium amide 194,
which was already known to form 1:1 noncovalent aggregates with lithium organyles89.
Subsequent deprotonation of the resulting 3-aminopyrrolidine by addition of 1 equivalent
of n-BuLi delivered a mixed aggregate between chiral amide and lithium enolate (194 +
195), which was used for enantioselective conjugate addition on various α,β-unsaturated
esters. Detailed investigations with crotyl ester (196) showed that best results for yield and
enantioselectivity (up to 76% ee in 197) were obtained when increasing both the amide
and enolate concentrations (Table 15, entries 1–3)88. Interestingly, changing the solvent
from THF to toluene reversed the sense of the induction, albeit the yield and selectivity
were somewhat decreased. However, the reaction seems highly substrate-sensitive and
works well only with crotyl ester 196, with satisfactory yield and enantioselectivity. With
sterically more demanding substrates, such as t-butyl cinnamate, the enantioselectivities
dropped dramatically88.
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+
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+
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CO2Bu-t

O

Oi-Pr

Pr-i
    mixed 
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(194 + 195)
solvent, −78 °C, 1 h

(196)

(197)

(53)

2. Asymmetric additions using chiral substrates

Pedro and coworkers developed a strategy for asymmetric Michael additions of a
masked benzoyl anion equivalent (199) to α,β-unsaturated carbonyl compounds (equation
54)90. With (S)-mandelic acid (198) as a source for the benzoyl anion and chiral infor-
mation, the corresponding Michael adducts were obtained in good yields and with high

TABLE 15. Enantioselective Michael additions of ester enolates
using chiral amides (equation 53)

Amide:Enolate:196 Solvent 197

Yield (%) ee (%)

1.3:1.3:1.0 THF 68 72 (+)
1.7:1.3:1.0 THF 83 74 (+)
2.4:2.0:1.0 THF 82 76 (+)
1.7:1.3:1.0 toluene 52 62 (−)

TABLE 16. Asymmetric Michael additions with masked benzyl anion
equivalents (equation 54)

R1 R2 HMPA (eq.) Yield (%) 200:201

Me Et 0 60 30:70
Ph Me 0 34 35:65
Me Et 3 85 100:0
Ph Me 3 85 98:2
i-Pr Me 3 73 98:2
4-MeOC6H4 Me 3 76 99:1
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diastereoselectivities, as shown in Table 16. First, 198 was transformed into the (2S,5S)-
1,3-dioxolan-4-one derivative 199 by addition of pivalaldehyde. This preserves the chiral
information of mandelic acid91, although the subsequent formation of the lithium enolate
led to loss of chirality at the stereogenic center. Indeed, the Michael additions provided the
adducts 200 and 201 in acceptable diastereoselectivities and yields, preferring diastere-
omer 201 (Table 16, first two entries). Interestingly, the diastereoselectivity and yield
could be significantly increased by adding 3 equivalents of HMPA, which was already
known to improve the nucleophilicity and reactivity of carbanions. Furthermore, the addi-
tion of HMPA caused a change in the diastereomer distribution92 and so Michael product
200 was formed predominantly, without any influence of the aliphatic or aromatic nature
of the substituents R1 and R2 (Table 16, entries 3–6). Subsequent basic hydrolysis and
Co(III)-catalyzed oxidative decarboxylation of the hemiacetal acids 202 led to the for-
mation of chiral, nonracemic 2-substituted-1,4-diketones 203 with excellent enantiomeric
excesses (equation 54′)93. Pedro and coworkers also reported an extension of this method-
ology to the diastereoselective benzylation of (S)-mandelic acid (198) through the sodium
enolate of dioxolanone 199, using various substituted o-nitrobenzyl bromides94.
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+
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H
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(203) 60–82% yield

1. KOH

2. HCl

Co complex

t-BuCHO, O2

   > 99% ee for all 
     1,4-diketones

R1

(54’)

D. Amino Acid Enolates

The great importance of nonproteinogenic amino acids including α-substituted deriva-
tives led to numerous investigations of modified amino acid enolates as nucleophiles in
both ‘classical’ alkylation or Mannich reactions and palladium-catalyzed allylic alkyla-
tions.

1. Asymmetric syntheses with amino acid enolates

A new camphor-derived auxiliary was developed by Dixon and coworkers as a stereodi-
recting group for highly diastereoselective alkylations of an attached glycinamide residue
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(equation 55)95. Remarkably, the complete chiral building block 207 could be obtained in
a simple one-pot synthetic procedure on multigram scale, consisting of rhodium-catalyzed
hydroformylation of the homoallylic alcohol 204 in the presence of glycine dimethylamide
(205) to afford intermediate 206 selectively, which was subsequently N-protected with
the Cbz group. Alkylations of lithium or sodium enolates of 207 were carried out with a
wide range of alkyl halides (208) and furnished the alkylation products 210 in excellent
diastereoselectivities as well as good to excellent yields (Table 17). The stereochemical
outcome was explained by formation of a seven-membered ring chelate (209), in which
alkylation can only occur from the sterically less hindered re-face of the (Z)-configured
enolate ion. Removal of the camphor auxiliary in 210 using acidic conditions afforded the
N-protected amino amides (210′) in high enantiomeric excesses (94–97% ee) without loss
of stereochemical purity. Moreover, the lithium enolate of glycinamide 207 was also used
as nucleophile in diastereoselective Michael additions to nitro olefins and α,β-unsaturated
carbonyls96.
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0.05 mol% [Rh(OAc)2]2,
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from (205)
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−78 °C

2. RX (208),
−78 °C to r.t.

(210) (a–c)

(209) M = Li, Na

Table 17
(210′)

H+

(55)

Enolates from N-(diphenylmethylene)glycine esters (211) were also used as nucle-
ophiles in Mannich reactions with chiral N-sulfinyl imines (212), as reported by Davis
and coworkers (equation 56)97. They found that the simple anti /syn selectivity of the
formed 2,3-diamino esters 213 and 214 was strongly influenced by the water content in
the THF solvent. In the absence of water both 2,3-diamino ester isomers were equally
obtained (first entry of Table 18), but by changing the H2O/LDA ratio the formation of the
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TABLE 17. Diastereoselective alkylations of glycinamides

Base RX Product Yield (%) ds (%)

LiHMDS MeI 210a 80 >99
LiHMDS n-PrI 210b 88 >99
NaHMDS a BnBr 210c 94 97.5

a Toluene as solvent.

anti product 213 dramatically increased (second and third entries). When the H2O/LDA
ratio was enhanced to 1.35:1, 213 was formed in 86% yield with an excellent anti /syn
ratio of 33:1 (fourth entry). A further increase of the H2O/LDA ratio to ca 4:1 did not
affect the anti /syn ratio but diminished the yield (fifth entry), mainly because the inter-
mediary enolate was quenched, albeit slowly. These results were explained by assuming
that the (Z)-enolate of 211 adds to (S)-sulfinimine 212 to give an anti-configured 2,3-
diamino ester anion, which is the kinetically favored intermediate. This one is apparently
stabilized by the H2O–LDA species inhibiting a retro-Mannich fragmentation and leading
to anti-213 after workup.

N

Ph

Ph CO2Et

p-Tol
S

N

O
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Ph

N

NH

Ph Ph

S
p-Tol

O

Ph
CO2Et
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Ph Ph

S
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O

Ph
CO2Et

(211)

1. H2O-LDA
−78 °C, THF

2.

(212) (S)

+
(213) anti

(214) syn

(56)

Besides stereoselective alkylations of glycine-derived enolates, enantioselective con-
struction of chiral quaternary carbon centers from α-amino acids is one of the most
challenging topics in current organic synthesis98, since nonproteinogenic α,α-disubstituted
amino acids often show a remarkable influence on the conformation of peptides. More-
over, they can act as enzyme inhibitors or as building blocks for the synthesis of a wide
range of natural products99.

A remarkable method for the enantioselective synthesis of cyclic α,α-disubstituted
amino acids (218 and 220) from natural (S)-α-amino acids (215) was developed by
Kawabata and coworkers (equation 57)100. It provides a concise and simple entry to
both enantiomers of cyclic amino acids, since the absolute configuration of the newly
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TABLE 18. Asymmetric Mannich reactions using chiral
N -sulfinyl imines

H2O:LDA ratio a 213:214 (anti:syn) b Yield (%) c

0:1 1:1 n.d.
0.98:1 25:1 86
1.09:1 33:1 86
1.35:1 33:1 86
3.9:1 33:1 60

a The water content was determined by Karl Fischer titration.
b Determined by 1H NMR on the crude reaction mixture.
c Isolated yield of the major diastereomer.

formed tetrasubstituted stereocenter is controlled only by the solvent and the base used
for the enolate preparation. With lithium amide bases, cyclization proceeds with inver-
sion of configuration (218), while retention (220) was observed with potassium or sodium
amide bases (Table 19). In both cases the memory of chirality101 was explained by assum-
ing the formation of chiral nonracemic enolate intermediates with chiral C-N axes (217
for M = Li and 219 for M = K, Na). Intermediate 217 was formed predominantly with
lithium amide bases, because lithium cations enforce chelation with the carbonyl group
of Boc (216), so that a subsequent intramolecular alkylation gave the cyclization products
218 with inversion of configuration.
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TABLE 19. Enantioselective synthesis of cyclic α,α-disubstituted amino acids
(equation 57)

n R Base, solvent, temp Product Yield (%) ee (%)

3 Bn LTMP, THF, 20 ◦C 218 93 91 (R)
3 Me LTMP, THF, 20 ◦C 218 91 87 (S)
2 MeS(CH2)2 LTMP, THF, 0 ◦C 218 66 83 (R)
3 Bn KHMDS, DMF, −60 ◦C 220 94 98 (S)
3 Me KHMDS, DMF, −60 ◦C 220 91 95 (R)
2 MeS(CH2)2 KHMDS, DMF, −60 ◦C 220 98 97 (S)

TABLE 20. Diastereoselective α-alkylations
of 4-fluoro-proline esters (equation 58′)

AllBr BnBr MeI

Yield (%) 93 97 72
225:226 3:97 98:2 53:47

Numerous investigations have been carried out to rationalize the stereochemical out-
come of the α-alkylation of amino acid enolates such as those derived from chiral
4-silyloxy-L-proline esters102. The diastereoselectivity was found to be dependent on the
alkylation reagent and the N-protecting group on proline103. Recently, similar reactions
with 4-fluoro-L-proline methyl esters (221 and 222, equations 58 and 58′) were reported
by Filosa and coworkers.104. They demonstrated the strong influence of the fluorine atom
in controlling the reactivity and selectivity of the lithium enolate, leading with allyl or
benzyl bromide to alkylated prolines (223–226) in excellent overall yields and a particu-
larly high degree of facial diastereoselectivity (Table 20). In contrast, when MeI was used
as a ‘smaller’ alkylation agent, the reaction yielded a mixture of diastereomers.
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+
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2. Allylic alkylation reactions with amino acid enolates

α-Substituted derivatives of amino acids can be synthesized by palladium-catalyzed
allylic alkylations of modified amino acid ester enolates acting as nucleophiles. In 1998,
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Nájera and coworkers introduced a new class of cyclic alanine templates (227, equation
59), the structure of which was anchored on Schöllkopf’s bislactim ether105. Palladium-
catalyzed allylations of the chiral pyrazinone derivative 227 with allylic carbonates (228)
as substrates led to the formation of γ ,δ-unsaturated amino acids (229a–c) under very
mild and neutral reaction conditions, whereas the required base for enolate preparation
has been generated in situ from the allylic carbonate during π-allyl complex formation.
With this protocol in hand, the alkylated pyrazinones 229 were obtained with excellent
regio- and diastereoselectivities (>98% ds). Finally, hydrolysis with 6 N aqueous HCl
under relatively drastic conditions (150 ◦C) led to the free amino acids.

N

N O

Ph

Boc

OCO2MeR

R1 N O

Boc

NPh R

R1

+

5 mol% Pd(OAc)2
10 mol% PPh3

r.t.

(227) (228) (229) (a) R = R1 = H, 75%
         (b) R = H, R1 = Me, 85%
         (c) R = Ph, R1 = H, 78%

(59)

γ ,δ-Unsaturated amino acids, even without a methyl group in the α-position, can be syn-
thesized if chelated amino acid ester enolates are used as nucleophiles (equation 60)106.
Investigations by Kazmaier and coworkers showed that chelation in zinc complex 231
causes a marked enhancement of thermal stability without having any negative influence
on the reactivity. Due to the fixed enolate geometry, conversion of such complexes often
proceeds with a high degree of stereoselectivity. If amino acid esters such as 230 were
deprotonated with excess LiHMDS in the presence of zinc chloride, a chelated ester eno-
late (231) would be formed, which could be trapped, e.g. with allyl acetates or carbonates
(232) in the presence of palladium(0). As a result of the high reactivity of the chelated
enolates, the allylations proceeded under very mild reaction conditions at −78 ◦C, giving
rise to monoallylated anti-configured amino acid derivative 233 in a highly stereoselective
fashion; the diastereomerically pure product was accessible after a single crystallization
step. Most common N-protecting groups could be used with comparable success, although
the Tfa-protected derivatives gave the best selectivities107.

N O
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−78 °C         r.t.

(60)
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Also, the allylic substitutions with chiral allyl substrates (such as 234 or 235) proceeded
cleanly and with good yields (equation 61). In both cases the chirality could be transferred
almost completely from the allyl derivatives to the substitution products 236 and 236′,
respectively107. The diastereoselectivities depended on the substitution pattern at the allyl
moiety: the results with carbonates were slightly better than those obtained with acetates
(235). Further investigations by Kazmaier and coworkers showed that even isomerization-
free allylic alkylations with (Z)-configured allyl substrates are possible, since the reactions
with the zinc ester enolates 231 already proceed at −78 ◦C. Thus, π-σ -π-isomerization can
be suppressed almost completely and alkylation of the (Z)-configured carbonate 237 (97%
ee) yielded almost exclusively the (Z)-substitution product 238 with excellent selectivi-
ties (Z:E > 99:1)108. Interestingly, alkylation of the chiral and symmetrically substituted
(Z)-carbonate 239 provided the optically active (E)-configured substitution product 240
as only isomer in good yields. The almost complete transfer of chirality indicates that
the reaction has to proceed via an anti-syn complex, in which the more reactive anti-
position109 is attacked by the zinc enolate. In contrast, reactions via a syn-syn complex
would lead inevitably to racemization of the optically active starting material.
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(61)

Changing the transition-metal from palladium to rhodium (equation 62) makes possible,
in addition to the straight-chain alkylation product (243), the regio- and stereoselective
synthesis of amino acid derivatives with a terminal double bond (242), starting from
optically active branched allylic substrates 241 (Table 21)110. Remarkably, the substitution
products were obtained with high enantiomeric excesses, what might result from a slow
isomerization of the intermediary formed allyl rhodium complexes111.

Besides allylic alkylation reactions chelated zinc ester enolates 231 also give good
results in various types of standard enolate reactions, including alkylations, aldol reac-
tions112 and Michael additions113.
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3. Chelate enolate Claisen rearrangements of α-amido substituted allylic esters

Kazmaier and coworkers reported on chelated enolates of allylic esters 245, which
undergo Claisen rearrangement upon warming to room temperature, giving rise to γ ,δ-
unsaturated amino acids 246 (equation 63)114. Many different metal salts MXn (CoCl2,
MgCl2, ZnCl2, Al(OPr-i)3, Ti(OPr-i)4) could be used for chelation, but normally the best
results are obtained with zinc chloride (M = Zn) as chelating metal salt, as shown in
Table 22. The yields and selectivities were generally quite independent of the protect-
ing groups (PG) used and the substitution pattern of the allylic double bond. Using
substituted (E)-allylic esters 244, products with syn-configuration (246) are obtained
diastereoselectively, which can be explained by a preferential rearrangement via a chair-
like transition-state. The corresponding (Z)-isomers give rise to the anti products115, but
in this case the selectivity is dependent on the substitution pattern116.
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−78 °C        r.t.

Table 22

R1

(63)

Switching from glycine esters to allylic esters of other amino acids (247) allows the
synthesis of various α-alkylated amino acids, such as 248 or 249, with high selectivi-
ties (equation 64)117. The last example had been chosen, because especially the lysine

TABLE 21. Regio- and stereoselective synthesis of amino acids by rhodium-catalyzed allylic alky-
lation (equation 62)

Substrate (241) Ligand Yield (%) 242:243 242

Configuration R R′

(R), 99% ee n-Pr Me P(OEt)3 76 85:15 (2R,3R)
92% ds, 95% ee

(S), 95% ee Me t-Bu P(OPr-i)3 95 98:2 (2S,3S)
94% ds, 93% ee

(R), 99% ee a Ph t-Bu P(OMe)3 52 99:1 (2R,3R)
59% ds, 99% ee

a In this case allyl acetate was used instead of allyl phosphate.
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TABLE 22. Diastereoselective synthesis of γ ,δ-unsaturated amino acids by a Claisen
rearrangement (equation 63)

MXn PG R R1 Product Yield (%) ds (%)

CoCl2 Cbz H Me 246a 78 93
MgCl2 Cbz H Me 246a 85 91
ZnCl2 Cbz H Me 246a 90 95
ZnCl2 Cbz Et Me 246b 98 95
ZnCl2 Tfa H Pr 246c 79 95

derivative 249 is a critical substrate for α-alkylation reactions118. In summary, two differ-
ent procedures for the synthesis of substituted γ ,δ-unsaturated amino acids are available
with chelated amino acid ester enolates, which complement one another: the anti diastere-
omers can be obtained via palladium-catalyzed allylic substitution (see Section V.D.2),
and the syn diastereomers by ester enolate Claisen rearrangement.

PGHN

R

O

O

R1

R2

CbzHN

NHBoc

CO2H
TfaHN CO2H

LDA / ZnCl2, THF
−78 °C       r.t.

(247)

(249) 74%, 94% ds

PG = Cbz, R = BocHN(CH2)4

R1 = H, R2 = Me

(248) 84%, 92% ds

PG = Tfa, R = Me
R1 = Et, R2 = Me

(64)

F. Backbone Modifications of Peptide Enolates

In principle, C-terminal glycine units of a peptide chain 250 can be deprotonated
selectively by strong lithium bases such as LiHMDS or LDA, without affecting other
α-CH groups in the peptide backbone, because these units are protected by deprotonation
of the adjacent amide NHs (251). Treatment of 251 with an electrophile (EX), followed
by hydrolysis, leads to the peptide chain 252, α-substituted at the C-terminal glycine unit
(equation 65).

Ager, McIntosh and coworkers applied this methodology to the benzylation of tosyl-
protected Phe-Gly esters 253 (equation 66)119. With 3 eq. of LDA and TMEDA as addi-
tive, the alkylation products 254 were obtained in good yields and diastereoselectivities.
By using the methyl ester 253a mainly the (S,R)-diastereomer 254a was formed (con-
trolled by the adjacent stereogenic center in phenylalanine), while the (−)-menthylester
253b induced the opposite stereochemistry in the 254b product.
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> 70% yield (66)

Better inductions by a vicinal amino acid were observed by Ojima and coworkers
in the benzylation of chiral β-lactam ester enolates (255, equation 67)120. Interestingly,
the enolate formation occurred at an uncommonly high temperature (0 ◦C) to form the
thermodynamic Li-chelated enolate 256, which allowed a stereoselective attack of the
electrophile, while the diastereoselectivity with the nonchelated kinetic enolate 259 was
significantly lower. Subsequent hydrogenolytic cleavage of lactam 257 delivered (S)-α-
methylphenylalanine derivative 258 in nearly quantitative yield and high diastereoselec-
tivity.

Another route to chelated peptide enolates was developed by Kazmaier and cowork-
ers. They showed that treatment of peptide esters with lithium bases led to formation of
polylithiated peptide enolates, which could be transmetalated by addition of metal salts,
giving rise to multiply coordinated peptide metal complexes (Section V.D.2). Depend-
ing on the N-protecting group and the metal salt used, coordination of the adjacent
amide group to the metal is assumed, resulting in shielding of one face of the eno-
late. As shown in equation 68, addition of ZnCl2 to the deprotonated N-tosyl-protected
dipeptide methylester 260 delivered alkylation (261) and aldol (262) products with high
diastereoselectivities and good yields121.

These peptide enolates could also be used as excellent nucleophiles in palladium-
catalyzed allylic alkylations121. Reactions of numerous dipeptides (e.g. 263) with different
allylic substrates (e.g. 264) and [AllPdCl]2 as catalyst delivered (S,R)-configured peptides
with γ ,δ-unsaturated side chains (265), usually in high yields and diastereoselectivities
(equation 69).
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(68)
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TfaHN

H
N

O

Ph

CO2Bu-t

OCO2EtPh

TfaHN

H
N

O

Ph

Ph

CO2Bu-t

(263)

LiHMDS, ZnCl2

cat. [AllPdCl]2/PPh3

THF, −78 °C −50 °C

(264)

(265) 99%, 94% ds

(69)

The use of chelated peptide enolates is not restricted to intermolecular reactions,
as demonstrated for the [3,3]-sigmatropic Claisen rearrangement of allylic esters (266,
equation 70)122. Based on the fixed enolate geometry and a chair-like transition-state,
the β-branched γ ,δ-unsaturated rearrangement products 267 were obtained with high syn
diastereoselectivities (Section V.D.3). Thereby, the side-chain-induced stereoselectivity
strongly depended on the metal salt added: only a slight selectivity was observed in reac-
tions of manganese enolates (267a), while the addition of NiCl2 or Ti(OPr-i)4 provided
the corresponding (R)-configured isoleucine derivative 267b with excellent diastereose-
lectivity.

TosHN

H
N

O

R O

O

TosHN

H
N

O

R

CO2Me

(266) (a) R = Bn
         (b) R = i-Pr

LDA, MXn

(267) (a) R = Bn, MXn = MnCl2, 92%, 56% ds
          (b) R = i-Pr, MXn = NiCl2, 66%, 93% ds;
                            MXn = Ti(OPr-i)4, 60%, 96% ds

THF

CH2N2

Et2O

−78 °C          r.t. (70)

For the rearrangement of higher peptides, tin chloride proved to be the chelating agent of
choice122. Tos-protected derivatives gave best yields and high diastereoselectivities, even
in the case of Val-Gly-Gly crotylester (268), where five atoms separate the directing and
the newly formed stereogenic center (269, equation 71). Incorporation of secondary amino
acids, like proline (270), disrupted the successive coordination of the peptide chain to the
metal, resulting in a complete loss of chiral induction in tetrapeptide 271 (equation 72).

N
H

H
N

O

O

O

O

TosHN

N
H

H
N

O

O

TosHN CO2Me

(268)

LDA
SnCl2

−78 °C         r.t.

(269) 82%, 88% ds

THF
CH2N2Et2O

(71)
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N
H

H
N

O

O

O

O

N
O

NHTos

N
H

H
N

O

O

N
O

NHTos

CO2M
e

(270)

(271) 89%, 50% ds

LDA
SnCl2

−78 °C          r.t.

CH2N2

Et2O
THF

(72)
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II. INTRODUCTION

The chemistry of enolates is extremely well documented1 – 3. Enolates are generally formed
by simple deprotonation of carbonyl-containing compounds using a Brønsted base4,5.
However, competitive nucleophilic addition to the carbonyl group can occur due to its
Lewis acidity6 – 8. Enolates can be synthesized9 – 11 and isolated12 – 14 or used in situ3,4,15,16

efficiently under kinetic control17, whereas under thermodynamic control18 enolate for-
mation is reversible19 – 22, and therefore for efficient product formation the product(s)
generally needs to be more stable than the starting precursor(s)23. By far, the majority
of enolate chemistry is dominated by the reformation of the more thermodynamically
favoured (typically by ca 40 kJ mol−1 for simple aldehydes and ketones)24 carbonyl
(C=O) group through either reprotonation25 – 27 or by addition to an electrophile28 – 35.
The chemistry of carbonyl groups and their enolates are a near-perfect marriage where
neither can be divorced from one another36.

This chapter is primarily concerned with keto–enol equilibrium and the chemistry
of dissociated enols (enoxides)37 and lithium enolates. The acid–base aspects of the
chemistry of other metal enolates (e.g. silyl enol ethers38 – 43, boron enol ethers44 – 51,
aluminium52, tin53 – 55, gallium56, bismuth57,58, zinc59 – 70, rhodium71, palladium72 – 82,
manganese83,84, copper85, nickel86,87, magnesium88 – 90, titanium91 – 108, molybdenum109,
zirconium110,111 and ammonium112,113 enolates) have been reported elsewhere.

III. CHEMISTRY OF ENOLS AND ENOLATES

A. Enol Formation

Carbonyl-containing molecules, such as 1, with an α-carbon–hydrogen C(2sp3)–H(1s)
hybridized bond can exist as an enol tautomer 2, and their relative proportions depend
on the relative stability of each tautomeric component (Scheme 1)114 – 120. For saturated
carbonyl-containing molecules, like 1, the amount of enol content 2 is quite low (<1%;
KE � 1; pKE � 0)24,121,122. By simply stabilizing the enol component (relative to the
carbonyl group) through resonance123 – 125, hyperconjugation126, aromatization127 – 129 and
solvation130, the relative stability of enols can be controlled by the relative position of the
enol double bond (e.g. endocyclic versus endocyclic)131. For example, phenol is the stable
enolic form of cyclohexa-2,4-dienone [pKa

E(H2O) = 9.95 and pKa
K(H2O) = −3 ± 1]132

due to its continuous (aromatic) conjugation. In comparison, intrinsically unstable enols
can be made under kinetic control133, generally using indirect methodology134, such as
photolysis135 – 137. These kinetic enols have been shown to tautomerize138 – 141 to give the
corresponding carbonyl-containing compounds under acidic and/or basic conditions142.

R

O

H

H
H

(1)

R

OH

H

H

(2)

KE << 1
pKE >> 0

α

B. Enol Formation and Proton Transfer

Enolates, such as 3, are generally formed by direct deprotonation of either its carbonyl
(1′) or enol tautomer (2′), using a Brønsted base :B (Scheme 1). The relative proportion of
this enolate to the corresponding parent carbonyl and enol components is largely dependent
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on the strength of the Brønsted base, :B3 – 5,143, the nature of the solvent144, associated
additives145,146 and metal ions147 – 149. Regarding the solvent, it is interesting to note that
no comparison can be made between the acidity of acetophenone in DMSO, pKa =
− log10([eneO−][H+]/[eneOH]), and in other solvents, such as benzene or a polyether,
pKa = − log10([eneOM∗][H+]/[eneOH][M∗+]), because in the latter the metal enolate is
present as an ion pair, where M∗ denotes a metal cation, possibly coordinated to other
ligands, including enolato ones. For example, acetophenone is a stronger acid than fluorene
in benzene (by 106) but a weaker one in DMSO (by 102)144. Enolates by their very nature
are ambident Brønsted bases150 – 152 and Lewis bases153 – 160. O-Protonation of enolates
to give enols, using strong Brønsted acids, has been shown to be kinetically preferred
over C-protonation161,162. Tautomerization of the enol generally occurs to give the more
thermodynamically stable carbonyl compound. C-Protonation by electrophilic attack on
the C=C double bond leads directly to the more stable carbonyl group163 – 165. Intriguingly,
under certain conditions, deprotonation and subsequent reaction with an acid HA can lead
to proton exchange (1′ → 1′′) or (2′ → 2′′) (Scheme 1)166 – 168.

R

O

Ha

Ha
Ha

R

O

Ha

Ha

B+Ha

HbA
R

O

Ha

Ha
Ha/b

R

OHa/b

Ha/b

Ha

HbA

(3)

(2′′)

(1′′)

B

R

OHa

Ha

Ha
(2′)

α

− +
(1)

SCHEME 1. Formation and protonation pathways for enolate (3)

IV. ACIDITY OF CARBONYL COMPOUNDS AND ASSOCIATED ENOLS

Over the last twenty years169, there has been a resurgence into the measurement of
acidity of organic molecules170 and its associated solvent effects (e.g. in heptane171,
cyclohexane172, THF173 and cyclohexylamine174). These have generally been measured175

using close comparison indicators176,177 of known pKa determined by colorimetric, spec-
troscopic and polarimetric methods178 – 183. The carbonyl (C=O) group with its σ - and
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π-electron-withdrawing nature has attracted a large proportion of this attention184 – 186;
the related C=S compounds are known to be more acidic185. The acidity of organic
compounds is universally quoted as a function of its pKa (− log10 Ka) value187,188; the
smaller the pKa (or larger Ka) the more acidic the Brønsted acid189. For example, for
acetophenone 4, the pKa values of the keto and enol components (in water) are 18.31
and 10.34, respectively [pKa

K(H2O) = 18.31190, pKa
E(H2O) = 10.34190] (equation 1).

In equation 1 are shown the equilibrium constant of enolization (pKE) of acetophenone
in water, as well as the acidities of the keto (4190, pKa

K) and enol (5190, pKa
E) tau-

tomers. Clearly, the keto form (4) is less acidic than the solvent, water (pKa = 15.74191),
whereas the enol form (5) is more acidic. The use of traditional inorganic bases, such
as sodium hydroxide (NaOH) [pKaH2O(H2O) = 15.74191] and sodium amide (NaNH2)
[pKaNH3(H2O) = 38191], as Brønsted bases for enolate formation is largely dependent
on the acidity of the cabonyl derivative concerned. For acetophenone, LiOH and NaNH2
would allow approximately 0.5% and 99.9999999999998% enolate 6 formation, respec-
tively, whereas for a more acidic carbonyl compound, such as 2-acetyl cyclohexanone
(7)192 which has similar acidity to its enol form (8), near-exclusive enolate (9) formation
is expected for both inorganic bases (equation 2). The resulting enolate (9) was shown
to be less basic than enolate 6. Interestingly, to ensure 99.99% enolate formation under
equilibrium conditions, the Brønsted base needs to be at least four pKHA units higher
than the pKa

K of the carbonyl compound. For synthetic ease, most enolates are formed
under kinetic control3,4 at low temperature by deprotonation of the carbonyl compound,
with pKa

K(H2O) = 17–304, using a sterically demanding metal amide (MNR2, R = i-Pr,
SiMe3) with pKHA (H2O) ca 335.

Ph

O

H

H
H

(4)

Ph

OH

H

H
(5)

pKa
K (H2O) = 18.31 pKa

E (H2O) = 10.34

pKE (H2O) = 7.96
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+−

Me

O
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Me

OH

(8)

pKa
K (H2O) = 9.62 pKa
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pKE (H2O) = 0.14

O
H

O
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Me

O

(9)

MO
+−

The relative stability and reactivity193 – 199 of enolates (versus their parent carbonyl
compounds) can be controlled through solvation200 – 203. In polar protic solvents, such as
H2O, enolates are more stable due to hydrogen-bonding between the enolic oxy-anion
and the neighbouring water molecules148,204. By comparison, in polar aprotic solvents,
such as DMSO, this type of stabilization is impossible and consequently the stability and
availability of the enolate is lower. This can be seen by closer examination of the relative
acidity of a particular carbonyl-containing molecule, such as acetophenone (4), in a variety
of solvents: it is more acidic in H2O (pKa

K = 18.31190) than in Et2O (pKa
K = 19.0205),

which in turn is more acidic than in DMSO (pKa
K = 24.7206). By gradually replacing the

solvent from DMSO to H2O, the relative acidity of acetophenone can be increased by
up to 2.5 × 106 times! With the enormous amount of information and pKa data available
since the 1930s205,207, a great deal of time and effort has been spent creating mathematical
models and algorithms for predicting the theoretical pKa of organic molecules with some
successes208 – 210.

The rate of enolate–carbonyl equilibration211,212 is dependent on the forward and back-
ward rates of proton exchange. Proton exchange from a carbon-based acid is known
to be slower than that of a more electronegative atom donor (in particular, O and N
atoms)162,213. For a series of closely related molecules usually the more acidic a given
molecule is, the faster the rate of proton transfer (high krel, note that thermodynamic
and kinetic parameters are not related). For example, benzocyclobutanone (10) is less
acidic and the rate of deprotonation is substantially slower214 (106 times) than the related
benzocyclopentanone (12)215 due to its enolate (11) having unfavourable anti-aromatic
character. Deprotonation of the simplest cyclobutanone (13)215 clearly does not lead to
an unfavourable anti-aromatic enolate (14)216. By assuming the internal strain of 14 is
similar to that of 11, cyclobutanone (13) is evidently 107.7 times more acidic than ben-
zocyclopentanone (12). By the same vain, the more acidic propanone (15)215 has a faster
rate of deprotonation (103 times) than the less acidic ethyl acetate (16)127.

pKa
K (H2O) = 12.2

krel = 3.1 × 106

O

HH

O

H
H

pKa
K (H2O) = 27

krel = 1

O

H
H

pKa
K (H2O) = 19.3

(13)(10) (12)

O

(11)

H
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Me

O

H

H
H

pKa
K (H2O) = 19.3

krel = 1.6 × 103

EtO

O

H

H
H

pKa
K (H2O) = 25.6

krel = 1.7

O

(14) (15) (16)

H
Me

O

HH

pKa (H2O) = 19.4

(17)

Formation of the antiaromatic enolate 11 from the low acidity ketone 10214 is evidently
unfavourable compared with its acyclic variant 17217. Attempts at isolating a stable enol
derivative of 10, such as its silyl enol ether, have proved unsuccessful214. Treatment
of benzocyclobutanone (10) with LiTMP in THF at −78 ◦C, followed by the addition of
trimethylsilyl chloride (Me3SiCl), gave the corresponding C-silylated benzocyclobutanone
18 (equation 3)214. The non-aromatic C-lithiated ketone 20 appears to be more preferred
than its related O-lithiated enolate 11. Unlike traditional lithium enolates, this particular
lithium enolate reacts in situwith its parent compound, benzocyclobutanone (10), to give
the diketone 19 (equation 3). In comparison, bridgehead enolates have also been shown
to be similarly reactive218 – 226.

O

pKa (H2O) = 27

LiTMP
THF, −78 °C

then Me3SiCl

O

SiMe3

O

O

H

H

89:11

combined 52% yield

(10) (18) (19)

(3)

O

H

Li
(20)

The acidity of carbonyl-containing compounds and their solvent effects have been
well documented148,204. Typically, enolate formation is less favoured in DMSO than
H2O due to lower stabilization of its oxy-anion (i.e. the pKa of the corresponding
carbonyl compound in DMSO is higher than in H2O)227. However, under certain circum-
stances, the reverse can be true228,229, as with certain ammonium salts230,231, for ethyl 2-
trifluoromethylsulfonylacetate (21) was found to be more acidic in DMSO [pKa(DMSO) =
6.40232] than in H2O232. This unusual behaviour is presumably due to the corresponding
enolate existing as a carbanion as opposed to its normal enolic form147. In comparison,
for ethyl nitro-acetate (22) and ethyl cynanoacetate (23) the usual trend returns, even
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pKa
K (H2O) = 5.82

CO2EtO2N

H H

pKa
K (H2O) = 6.83

CO2EtCF3SO2

H H

pKa
K (H2O, 30% DMSO) = 5.78

pKa
K (H2O, 50% DMSO) = 6.00

pKa
K (H2O, 70% DMSO) = 6.55

pKa
K (H2O, 90% DMSO) = 8.31

pKa
K (DMSO) = 9.08

pKa
K (H2O, 30% DMSO) = 6.36

pKa
K (H2O, 50% DMSO) = 5.84

pKa
K (H2O, 70% DMSO) = 5.56

pKa
K (H2O, 90% DMSO) = 6.00

pKa
K (DMSO) = 6.40

(22)(21)

pKa
K (H2O) = 10.17

CO2EtNC

H

pKa
K (H2O, 30% DMSO) = 10.63

pKa
K (H2O, 50% DMSO) = 10.83

pKa
K (H2O, 70% DMSO) = 11.30

pKa
K (H2O, 90% DMSO) = 11.68

pKa
K (DMSO) = 12.48

(23)

though the nitro group in 22 allows for greater stabilization and subsequent acidity232.
These solvent effects are clearly non-linear for H2O–DMSO mixtures in all proportions.

The conformation and the resulting polarity of enolates can play an important role in
their stability233, as in the case of diethyl malonate (24), with apparent pKa(DMSO) =
16.4. However, its acidity was found to be largely dependent on the conformation of
its resonance-stabilized enolate 25. The conformation of the resulting enolate can be
altered by chelation of a Lewis acid metal and/or by minimization of electrostatic C−O

pKa (DMSO) = 16.4

OEtEtO

OO

H H

(24)

OEtEtO

OO

(25)

H

M
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(26) (Z,U)
 'U' shape

(26'') (Z,S)
 'S' shape

(26') (E,W)
 'W' shape

+ −+−

+ −

bond repulsion. The (Z,U shape)-conformation (26) can be accessible for coordinating
metals (e.g. Li+ chelate formation), whereas the (E,W shape)-conformation (26′) should
be favoured for both coordinating and non-coordinating metal ions, such as Li+ and K+,
due to minimization of C−O bond repulsion. The remaining (Z,S shape)-conformation
(26′′) has neither internal metal coordination nor minimal C−O repulsion.

For weakly coordinating potassium K+ counter-ions, the acidity of diethyl malonate
(24) (in DMSO) increased by increasing the fraction of ion pairing, as shown in Table 1
for three counter-ions in DMSO solution (Table 1). This trend also continued by increas-
ing the coordinating ability of the metal counter-ions from sodium to lithium counter-
ions. From this study, it appears the (E,W)-conformer (26′) is more preferred over the
(Z,U)-conformer (26) as the repulsion between the C−O bonds is more energetically
unfavourable than chelate formation might be favourable.

These effects can be seen more clearly by probing the relative acidity of conformation-
ally flexible (24, 27 and 28) and locked (30–34) 1,3-dicarbonyl-containing molecules.

pKa (DMSO) = 13.3

MeMe

OO

H H

pKa (DMSO) = 15.1

MeMe

OO

H Me

(27) (28)

TABLE 1. Effect of metal ion pairing on the apparent experimen-
tal pKa value of diethylmalonate (24). Reprinted with permission
from Reference 233. Copyright 1980 American Chemical Society

Metal ion % ion pairing pKa

Li+ 94.1 15.16
Li+ 90.2 15.37
Li+ 86.0 15.53
Li+ 72.3 15.82
Li+ 64.3 15.94
Na+ 81.8 15.64
Na+ 75.9 15.76
Na+ 65.0 15.92
Na+ 57.0 16.01
Na+ 46.9 16.10
K+ 65.8 15.91
K+ 57.8 16.00
K+ 47.1 16.09
K+ 39.0 16.16
K+ 16.1 16.30
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For molecules with locked ‘U’- and ‘W’-shaped carbonyl groups, such as 29 and 30,
their relative acidity difference is surprisingly large (nearly 8 logarithmic units in favour
of the latter233). For Meldrum’s acid (31), the locked conformation further enhances the
acidity due to lower conjugation of the ‘lactone’ oxygen atoms234 – 236 with the neighbour-
ing C=O bonds148. In comparison, for the conformationally flexible diethylmalonate (24),
where the conjugation is not disrupted, the relative acidity is significantly higher (nearly
9 logarithmic units233). The association constants of various enolates of alkali metal ions
are summarized in Table 2.

The extent of ion pairing shown in Table 2 is greatly influenced by the conformation
of the 1,3-dicarbonyl compound. For 29, with a locked ‘U’-shape conformation, there is
significant ion pairing (log Kas for Li+, Na+ and K+ is >7, 4.93 and 3.39, respectively),
whereas for 33, with a locked ‘W’ conformation, there is significantly lower ion-pairing
(1.58, 1.05 and <1, respectively). For conformationally labile 1,3-dicarbonyl compounds,
the diester 24 has been shown to have higher levels of ion pairing than the diketones 27
and 28, as the ester functional group is known to be more Lewis basic237 than the ketone
functional group. Interestingly, the more sterically demanding 1,3-dicarbonyl compound
32148 is noticeably less acidic than its analogue 27233. This is in part due to the t-Bu
groups in 32 being less able to hyperconjugate with the adjacent carbonyl groups than
the related Me groups in 27.

Recent attention has focussed on the solvation of neutral enolates formed through
the deprotonation of α-ammonio230 – 238, α-pyridinio231 – 238 and α-imino carbonyl com-
pounds228,229,239,240. A trimethylammonio (Me3N+-) group has been shown to stabilize in
water-adjacent enolates more dominantly than an unsubstituted ammonio group (H3N+-).
For example, α-trimethylammonio ester 35206 is about 1000 times more acidic than the
simple α-ammonio ester 36206. This is presumably due to the highly solvated ammonio
(H3N+-) group having a lower charge effect in water than the less solvated and more
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TABLE 2. Ion pair association constants (logKas in DMSO at 25 ◦C)a for enolates derived from
1,3-dicarbonyl compounds with alkali metal cations. Reprinted with permission from Reference 233.
Copyright 1980 American Chemical Society

1,3-Dicarbonyl compound Li+ Na+ K+

2,4-Pentanedione (27) 4.77 ± 0.01 2.60 ± 0.06 1.39 ± 0.05
3-Methyl-2,4-pentanedione (28) 3.38 ± 0.14 1.52 ± 0.09 0.79 ± 0.10
Diethyl malonate (24) 5.86 ± 0.11 3.30 ± 0.06 2.31 ± 0.02
4-Methyl-1,8-decalinedione (29) >7 4.93 ± 0.14 3.39 ± 0.04
5,5-Dimethyl-1,3-cyclohexanedione (33) 1.58 ± 0.03 1.05 ± 0.14 <1

a Kas in L mol−1.

hydrophobic trimethylammonio (Me3N+-) group. This effect was found to be less dom-
inant for the zwitterionic ammonio carboxylates 37 and 38230, as the resulting enolates
were negatively charged. The presence of a trimethylammonio (Me3N+-) group in 35
lowers the relative acidity of methyl acetate (39)230 by 7.6 pKa units.

H CO2Me

NH3
H

pKa (H2O) = 21.0 ± 1

H CO2Me

NMe3
H

pKa (H2O) = 18.0 ± 1

(36)(35)

++

H CO2Me

H
H

pKa (H2O) = 25.6 ± 1

H CO2
−

NH3
H

pKa (H2O) = 28.9 ± 0.5

H CO2
−

NMe3
H

pKa (H2O) = 27.3 ± 0.5

(39)(38)(37)

+ +

By comparison, the α-pyridio group in 40231 lowers the relative acidity by 3.9 pKa units
relative to the α-ammonio group in 41. This is somewhat unexpected as this additional
enolate stabilization is presumably due to resonance stabilization of the α-ketocarbanion
tautomer with the neighbouring π-system of the pyridinium ring. The charge effect asso-
ciated with the α-ammonio group in 41 is considerable as the associated hydrophobic
character of the methyl groups must disfavour enolate formation. This can be inferred
from ketone 42238, containing a t-Bu group as a hydrophobic model for a Me3N+ group,
being less acidic than the less hydrophobic acetophenone (42′)233.

NMe3

HH

O

Ph

pKa (DMSO) = 14.6

CI

(41)

+
N

HH

O

Ph

pKa (DMSO) = 10.7
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_



8. Acid–base properties of enols and enolates 421

H

HH

O

Ph

pKa (DMSO) = 24.7
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HH

O

Ph

pKa (DMSO) = 25.3

(42) (42′)

Charge effects have been shown to play an important role in enolate formation. For
example241, a lithium carboxylate group (CO2Li) in 43 stabilizes enolate through aggre-
gation more so than the related ester motif (CO2Me) in 44. This acidifying effect of the
OLi group vs. the OMe group in DMSO was found to be surprisingly similar to that of
nitrile (CN) and sulfonyl (SO2R) groups241.

pKa (H2O) = 22.7

CO2Me

H H

pKa (H2O) = 21.4

CO2Li

H H

(44)(43)

Enols are generally more acidic (pKa ca 11–12) than their corresponding carbonyl
tautomer (pKa ca 17–25). Exceptions to this arise when the carbonyl derivative is either
destabilized relative to the enol component, or when the enol is exceptionally stable, as
in the case of phenol [pKa

E(H2O) = 9.95]132 vs. cyclohexa-2,4-dienone [pKa
K(H2O) =

−3 ± 1]132. Enol acidity can be controlled by O–H bond strength. In certain cases, the
relative proportion of enol content can be determined by the relative strengths of the C=O
and C−H bonds in the carbonyl tautomer versus the C=C and O−H bonds in the enol132.

Enols (pKa ca = 11–12)132 are usually more acidic than alcohols [e.g. EtOH; pKa
(H2O) = 15.9242] but are less acidic than phenols [e.g. PhOH; pKa(H2O) = 9.95132,191].
The acidity of enols (and the basicity of the corresponding enolate) is surprisingly uniform
when considering the relative acidity of the carbonyl derivative. The majority of enols
derived from saturated aldehydes and ketones have pKa

E ca 11–12. For simple aldehydes
and ketones, such as acetaldehyde (45) and acetone (45′), their enol acidity (pKa

E) in water
is similar even when their keto acidity (pKa

K) is moderately different243. It is interesting
to note that relative enol stability (pKE) plays little or no role in the relative acidity of
enols for example, as is the case of 45 and 45′243.

Promoting enol stabilization by increasing the level of substitution at the α-carbon atom
of a carbonyl-containing compound has little or no influence on its acidity. For example,
the enol stability (pKE) of isobutyraldehyde (46) is greater than that of acetaldehyde (45),
whereas its enol is only slightly less acidic (pKa

E). Increasing the enol substitution at
C1 by changing from aldehyde (46) to ketone (47) can lower the relative amount (pKa

E)
slightly and the stability (pKE) to a great extent of the resulting enol, through steric
congestion244. In the case of methyl trimethylsilyl ketone (48), the pKa

E was similar to
that of its carbon analogue 45′, but the stability (pKE) was enhanced244.

Enol acidity can be increased (or enolate basicity lowered) by increasing the conjugation
of the resulting enolate. Interestingly, the enol of pentane-2,4-dione (48′)245 was found to
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pKa
K (H2O) = 16.5

pKa
E (H2O) = 11.2

pKE (H2O) = 5.3

H
H

O

H H

pKa
K (H2O) = 14.6

pKa
E (H2O) = 11.8

pKE (H2O) = 2.8

H
Me

O

H Me

pKa
K (H2O) = 19.0

pKa
E (H2O) = 11.8

pKE (H2O) = 7.2

Me
H

O

H H

(45) ( 46)(45′)

pKa
K (H2O) = 8.9

pKa
E (H2O) = 4.7

MeMe

O O

H H

pKa
K (H2O) = 21.0

pKa
E (H2O) = 12.4

pKE (H2O) = 7.9

Me
Me

O

H Me

pKa
K (H2O) = 16.44

pKa
E (H2O) = 11.54

pKE (H2O) = 4.9

SiMe3
H

O

H H

(47) (48) (48′)

be more acidic than phenol [pKa(H2O) = 9.95] and similar to acetic acid [pKa(H2O) =
4.76]245. The extra conjugation and coordination of the adjacent acetyl group in the enol
of 48′ is predominant over the aromaticity of phenol itself.

Enol acidity can be increased by simply ensuring that conjugation is present in the
enolic form but not the carbonyl form. 2-Indanone (49) has greater enolic acidity than
both 2-tetralone (50) and 2-benzosuberone (51) due to more efficient π-overlap with the
adjacent aryl ring246. By comparison, conjugation present in both the ketonic and enolic
forms, such as in 1-tetralone (52)247 and 4-chromanone (52′)247, increases enol acidity
relative to saturated compounds such as acetone (45′).

pKa
K (1% MeOH/H2O) = 12.1

pKa
E (1% MeOH/H2O) = 8.3

pKE (1% MeOH/H2O) = 3.8

O

H
H O

HH

pKa
K (1% MeOH/H2O) = 12.8

pKa
E (1% MeOH/H2O) = 9.2

pKE (1% MeOH/H2O) = 3.6

(49) (50)

Isomeric enols have different acidity. The more stable (E)-enol of phenylacetaldehyde
(53) was found to be more acidic (pKa

E) than its less stable (pKE) stereoisomeric (Z)-
enol. This was presumably due to the less sterically demanding (E)-enol or (E)-enolate
being better solvated in water than the corresponding (Z)-stereoisomers. Increasing the



8. Acid–base properties of enols and enolates 423

OHH

pKa
K (1% MeOH/H2O) = 14.9

pKa
E (1% MeOH/H2O) = 10.0

pKE (1% MeOH/H2O) = 4.9

(51)

pKa
K (H2O) = 18.1

pKa
E (H2O) = 10.8

pKK (H2O) = 7.31

O
H

H

pKa
K (H2O) = 15.3

pKa
E (H2O) = 10.1

pKK (H2O) = 5.26

O

O
H

H

(52′)(52)

pKa
K (H2O) = 10.4

pKa
E (H2O) = 9.40

pKE (H2O) = 0.98

H3C CHO

Ph H

Ph CHO

HH

pKa
K (H2O) = 12.43

pKa
E (H2O) = 9.46 (E)

pKa
E (H2O) = 9.76 (Z)

pKE (H2O) = 3.07 (E)
pKE (H2O) = 3.35 (Z)
pKE (H2O) = 2.88 (overall)

(54)(53)

CO2HH

pKa
K (H2O) = 11.7

pKa
E (H2O) = 2.2

pKE (H2O) = 9.5

CHOH

pKa
K (H2O) = 6.2

pKa
E (H2O) = 7.4

pKE (H2O) = −1.22

COMeH

pKa
K (H2O) = 9.4

pKa
E (H2O) = 7.6

pKE (H2O) = 2.3

(55) (56) (57)

potential conjugation at the C2 position of 53 with an additional Ph group, as in dipheny-
lacetaldehyde (54), lowers its keto acidity (pKa

E) and increased its relative enol stability
(pKE)248,249. Both enolic forms of 53 and 54 have similar acidity (pKa

E).
The enols of 55–57 owe much of their acidity (pKa

E)128 to formation of an aromatic
fulvenoid on deprotonation. 9-Carboxyfluorene (55) is surprisingly less acidic (pKa

E) than
both the 9-formyl- (56) and 9-acetyl (57) analogues128, but its enolic form was found to
be substantially more acidic. The enol form of the aldehyde 9-formylfluorene (56) is
thermodynamically (pKE) preferred over its keto tautomer, whereas the enolic forms of
55 and 57 are thermodynamically less stable128. Rates of base-mediated enolization are
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well known250. A large proportion of these processes has been studied using isotopic
incorporation251 – 257.

The carbonyl (pKa
K) and enol (pKa

E) acidity and associated equilibrium constant of a
variety of structurally related carbonyl-containing compounds are given in Table 3.

V. BASICITY OF CARBONYL COMPOUNDS

A carbonyl (C=O) group is intrinsically basic286 – 290, as measured by the formation of
its conjugate acid (KHA = [HA]/[H+][A−]), where A− represents the carbonyl compound
acting as a base. For ordinary ketones pKHA < 0, as is the case of acetophenone (58)291,
signifying that acetophenone itself and the solvated proton are more stable than the
corresponding oxonium ion (protonated form). The kinetic292 and thermodynamic293,294

consequences of carbonyl basicity have been extensively studied. For increased carbonyl
group basicity, the carbonyl oxygen atom has to be electron rich. Carbamates, like 58′, are
known to be more basic than simple aldehydes and ketones [pKHA(H2SO4/H2O) = −4
to −8] as their conjugate acids are weaker acids295. The kinetic296,297 and thermodynamic
protonation298 of these and related ambident carbonyl groups299, such as amides300 – 302,
have attracted significant attention303,304. The carbonyl basicity of a variety of structurally
related carbonyl-containing compounds is outlined in Table 4 as a function of its conjugate
acid acidity (pKHA).

Me

O

pKHA (H2SO4/H2O) = −4.08

N OMe

O

pKHA
N (H2SO4/H2O) = −4.9

pKHA
O (H2SO4/H2O) = −2.8

(58′)(58)

VI. STEREOSELECTIVE PROTON TRANSFER
A. In situ Racemization

Racemization of carbonyl compounds which contain a single stereogenic centre is well
documented308 – 314. These processes have generally been used to convert enantiomerically
pure compounds into the opposite enantiomer or the racemic form. However, in certain
cases unwanted racemization has been shown to occur315 – 317.

Synthetically, in situracemization has been shown to play an important role in biologi-
cal318 – 322 and chemical323 – 328 dynamic kinetic resolution of carbonyl compounds329 – 333.
Generally, if the required in situracemization is faster than the kinetic resolution (deriva-
tization step), this process can allow the conversion of a racemic substrate into a single
enantiomeric product in quantitative yield329 – 335. This strategy has found industrial appli-
cation in the synthesis of Levobupivacaine336, Bupivacaine337 and Roxiban338.

rac-Ibuprofen (59) racemizes during esterification with the enantiomerically pure sec-
ondary alcohol (S)-60 by a DCC–DMAP (61)-assisted coupling procedure (equation 4)339,
giving a mixture of diastereoisomeric esters (S,S)- and (R,S)-62 in 71% yield with dr
85:15339. The faster reacting enantiomer appears to be the activated pyridinium interme-
diate (S)-63, derived from (S)-59 by coupling with DMAP (61) in the presence of DCC,
and as addition of alcohol (S)-60 leads to the major diastereoisomeric adduct (S,S)-62.
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TABLE 4. Basicity (pKHA) of carbonyl compounds

Carbonyl compound pKHA (H2SO4/H2O)

Benzaldehyde −7.20305

4-XC6H4CHO (substituted benzaldehyde)
X = MeO −5.54305

X = Me −6.32305

X = Cl −7.26305

X = NO2 −8.45305

1-Phenylethan-1-one −4.08299

(Acetophenone) −6.17306

4-XC6H4Ac (substituted acetophenone)
X = MeO −4.81306

X = Me −5.47306

X = Cl −6.52306

X = NO2 −8.04306

Benzophenone −5.70307

4-XC6H4Bz (substituted benzophenone)
X = MeO −4.93307

X = Me −5.43307

X = Cl −5.24307

(4-XC6H4)2C=O (disubstituted benzophenone)
X = MeO −4.41307

X = Cl −6.46307

3-Acetylthiophene −3.52291

2-Acetylthiophene −4.20291

Methyl 2-tolyl ketone −4.10291

Methyl 2,6-xylyl ketone −4.85291

Indan-1-one −3.65291

7-Methylindan-1-one −3.23291

Tetral-1-one −3.72291

2-Acetylcyclohexanone < −5192

Methyl N -piperidinylformate N − 4.9295

O − 2.8295

1-Naphthalenecarboxamide −2.73298

2-Naphthalenecarboxamide −2.50298

N ,N -Dimethyl-1-naphthalenecarboxamide −1.93298

N ,N -Dimethyl-2-naphthalenecarboxamide −1.67298

As ca 60% of (S,S)-62 is derived from (S)-63, it appears that competitive racemization
via (R)-63 occurs under the time frame of this reaction (equation 5).339

i-Bu
O

OH

(59) rac

O

N
HO

Me

(60) (S)

i-Bu
O

O

(62) 71%, S,S:R,S = 85:15

Me

O

N

N

NMe2

(61)
DCC, toluene

MeH MeH (4)
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i-Bu
O

N

NMe2

i-Bu
O

N

NMe2

(63) (R)(63) (S)

H Me Me H

+ +

(5)

The asymmetric phosphonate 65 is an efficient agent for dynamic kinetic resolution
(DKR) of aldehyde rac-64 by Horner–Wadsworth–Emmons reaction (equation 6)340. In
the presence of 18-crown-6 a slight excess of KHMDS 65 undergoes deprotonation and
forms an ion pair with potassium, which reacts preferentially with (R)-65 to give a single
diastereoisomeric enone 66 in 78% yield. However, on purification the stereochemical
integrity of the alkene motif is slightly lowered to (E: Z = 85:15). The remaining (S)-64
racemizes by a deprotonation–reprotonation mechanism in the presence of a slight excess
of KHMDS via enolate 67 (equation 7)340.

(66); 78%

N CHO

(64) rac
(1.4 equiv.)

O

Me

Me
Me

Ph

O

(i-PrO)2P

O

N

O

O

Me

Me
Me

Ph
18-crown-6

KHMDS (1.2 equiv.), THF

E:Z = 99:1 crude
E:Z = 85:15 purified

(65)
(1 equiv.)

HH
Ts Ts

(6)

N

OK

(67)

N CHO
H

(64) (S)

N CHO

(64) rac

H

67

TsTsTs

+ + (7)

PAr2

PAr2

Ar = 3,5-Me2-4-MeOC6H2

H2N

H2N

(68) (69)
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Dynamic kinetic resolutions involving enantioselective reductions have attracted sig-
nificant attention341. Hydrogenation of aldehyde rac-70 using substoichiometric amounts
of RuCl2 and chiral mediators 68 and 69 has been shown to be highly enantioselective
for (S)-70, leading to the primary alcohol (S)-71 in 96% ee (equation 8)342. The unre-
acted (R)-70 racemises via enolate formation to give rac-70 under the prevailing basic
conditions of equation 8.342

i-Pr

O

(70) rac

t-BuOK, i-PrOH
50 atm, H2, rt

0.1 mol% 68
0.1 mol% 69

RuCl2

i-Pr

OH

(71) (S), ee 96%

H H

(8)

This reaction type has also been used for the diastereoselective reduction of a variety of
structurally related α-amino-β-keto esters (equations 9 and 10). Treatment of rac-73 with
a substoichiometric amount of chiral mediator 72, using formic acid and triethylamine
as the hydrogen source, gave the enantiomerically pure α-amino-β-hydroxy ester (R,S)-
syn-74 in 100% yield with 95:5 dr and 99% ee (equation 9)343, via the diastereoselective
reduction of (S)-73. The unreacted (R)-73 efficiently racemizes through tautomerization
under these reaction conditions.

NHSO2C4F9

NH2

(72)

MeO

MeO

O

CO2Me
HCO2H, Et3N

45°C

1 mol% 72

MeO

MeO

OH

CO2Me

(74) (R,S)-syn, 100%
 dr 95:5, ee 99%

(73) rac, Z = CO2Bn

[RuCl2(h6-p-cymene)]2

H NMeZ NMeZH

(9)

This particular methodology has been used extensively for the DKR of a wide variety
of structurally related β-keto-esters to give β-hydroxy-esters, such as rac-75 yielding
(S,S)-76 (equation 10)344 and rac-77 yielding (R,R)-79 (equation 11)345, with excellent
diastereo- and enantioselectivities. The diastereoselectivity can be influenced using reagent
control.
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OBn

OO

Me

Me

H2 (100 atm)
[RuCl2(S)-BINAP(DMF)n]

CH2Cl2, 50 °C, 48 h

(75) rac

OBn

OOH

Me

Me

(76) (S,S), 87%
dr >99:1, ee 96%

H NH2-HCl NH2-HClH
(10)

O

CO2Et

OH

CO2Et

(79) (R,R), 90%
dr >99:1, ee 99%

0.5 mol% 78

HCO2H, Et3N

(77) rac

N
Ru

N

Ts

Ts

Ph

Ph Cl

Me

Me
Me

(78)

H H

(11)

Racemic chiral enones are versatile substrates for DKR346. Reduction of rac-80 with
(S)-[p-TolCuCl(BINAP)], polymethylhydrosiloxane and t-BuONa/t-BuOH in toluene, fol-
lowed by TBAF, yields diastereoselectively (R,R)-81 (equation 12)346. The chiral copper
mediator preferentially reduces the (R)-enantiomer of enone 80, whereas the unreacted
(S)-80 efficiently racemizes via an enolate by deprotonation–reprotonation under the basic
conditions of the reaction.

(80) rac

t-BuONa, t-BuOH
polymethylhydrosiloxane

toluene, then TBAF

10 mol% 
(S)-[p-TolCuCl(BINAP)]

(81) (R,R)
90%, 96.5:3.5, ee 91%

O

Me

Ph

O

Me

Ph

HH

(12)

DKR of the mixed anhydride rac-82 has been achieved on addition to a solution of the
covalent nucleophilic mediator (DHQD)2AQN (83) in EtOH–Et2O (equation 13)347, to
yield the ethyl ester (R)-84. The remaining (S)-enantiomer of 82 is efficiently racemized
through enolization by deprotonation–reprotonation, under basic conditions by 83.

Interestingly, DKR of a propargylic phosphate, such as rac-85, to give the enan-
tiomerically enriched allene (R)-87, has been achieved by a samarium(II) iodide-mediated
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reduction in the presence of α-hydroxy γ -lactone (R)-86 as a chiral Brønsted acid and
a palladium complex as catalyst (equation 14)348. Racemization of propargylic phosphate
(S)-85 takes place via two interconverting enantiomeric allenylsamarium(III) intermedi-
ates.

O
O

O

O

Ph

EtOH, Et2O
−78 °C, 24 h

10 mol% 
(DHQD)2AQN (83)

(82) rac

(84) (R), 71%, ee 95%

Ph

OH

O

OEt

H H

N
Et

H

N

OMe

O

O

O

N

OMeO

N

H

Et

(83) (DHQD)2AQN

(13)

OPO(OEt)2

CO2Me

Pd(PPh3)4 (cat), THF

SmI2

(85) rac

H

C

(86) (R)

CO2Me

H

(87) (R), 68%, ee 95%

O

O

Me
Me

OH

(14)

B. Enantioselective Proton Transfer

Enantioselective protonation of enols349, silyl enol ethers350 and enolate ions351 to give
enantiomerically enriched carbonyl compounds containing a single stereogenic centre is
well documented151,352. This reaction type can be considered as a stereochemical reso-
lution, involving deprotonation of a racemic carbonyl compound to give an intermediate
achiral enolate, followed by enantioselective protonation which can lead to one of the
original single stereoisomeric carbonyl compounds in 100% yield353 – 363. For this process
to be efficient, the resulting enolate must be either achiral or interconversion between
enantiomeric enolate conformers must be rapid in the time frame of proton transfer151,364.
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In certain cases, seemingly simple enolates can have a chiral memory effect365 – 368.
For example, treatment of α-imino lactam (S)-88 with t-BuOK in CD3OD for 6–13 days
at 25 ◦C gave the corresponding enantiomerically deuteriated α-imino lactam 1-d-(S)-
89 in quantitative yield with 98% D incorporation and ee 97% (equation 15)369, via
a conformationally chiral enolate. This methodology has been extended towards enan-
tioselective alkylation of enolates. Excellent levels of enantioselectivity (ee 88%) were
achieved for α-imino lactam (S)-88 using KHMDS as Brønsted base and benzyl iodide
as the electrophile369. Interestingly, to prevent unwanted racemization of the intermediate
enolate, the reaction time for deprotonation was lowered to 10 seconds, and to ensure
rapid alkylation, 20 equivalents of BnI were used369.

N

N

Ph

O

Me
H

Me

t-BuOK

CD3OD

Cl

(88) (S)

6-13 days
25 °C N

N

Ph

O

Me
D

Me

Cl

(89) (S), 100%, ee 97%
98% D-incorporation

(15)

In comparison, configurationally stable enolates can be formed through enantioselective
deprotonation of meso-370 – 375, chiral376 and mixed aggregate377 carbonyl-containing com-
pounds. For example, treatment of meso-imide 90 with an enantiomerically pure lithium
amide (R,R)-91 in the presence of LiCl, in THF at −105 ◦C, followed by the addition of
methyl iodide, gave the almost pure imide enantiomer 92 (equation 16)378. This reaction
must proceed via enantioselective deprotonation of meso-90 to a C- and/or O-enolate,
which undergoes C-alkylation to 92. Simple alkylation of this enolate with methyl iodide
leads to the enantiomerically enriched imide 92378.

NPh

O

O

Me

Ph N
Li

Ph

Me

(91) (R,R )

(90) meso

NPh

O

O

(92) 57%, ee 97%

Me

LiCl, THF
MeI, −105 °C

H

H

(16)

There are two distinct approaches151 for the enantioselective protonation of prostere-
ogenic enolates: those that use an enantiomerically pure Brønsted acid379 – 386, and those
that use an enantiomerically pure mediator in combination with an achiral Brønsted
acid387,388. High levels of enantiomeric excesses have been achieved using both ap-
proaches151; however, the former has become more popular.

rac-2-Methyltetralone (rac-93) has been efficiently deracemized using the chiral tri-
amine (R)-96 as mediator and acetic acid as achiral Brønsted acid (equation 17)389. After
total loss of chirality in rac-93 by a two-step conversion to a silyl enol ether (94) and a
‘base-free’ lithium enolate–LiBr complex (95), addition of acetic acid in the presence of
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(R)-96 results in a good yield of the (S)-93 enantiomer (ee 91%). Using a substoichio-
metric amount (0.1 equiv.) of chiral mediator (R)-96 lowered the enantiomeric excess of
(S)-93 to 28%. However, using a large excess of a heterogeneous proton source, such as
10 equiv. of succinimide, and 0.2 equiv. of (R)-96 restored the ee of (S)-93 to 83%.

O

Me
H

(93) rac

1. LDA
    THF, −78 °C

2. Me3SiCl

OSiMe3

Me
MeLi-LiBr

(94)

OLi-LiBr

Me

(95)

O

Me
H

(93) (S), >88%, ee 91%

N HN
O

Ph

Me2N

1.

2.  AcOH (1.02 equiv.)

(96) (R), (1.03 equiv.)
−78 °C

(17)

The alternative method shown in equation 18, using a chiral alcohol, like (S,S)-97, as
the chiral Brønsted acid, affords a high level of facial selectivity for the enantioselective
protonation of lithium enolate 95 to give the required 2-methyltetralone (S)-93 in yields
and enantiomeric purity similar to those of equation 17390. The concept of internal ver-
sus external proton delivery has been probed390 – 392. The use of disulfonamide (R,R)-98
as chiral Brønsted acid leads to the (R)-93 enantiomer (equation 19), whereas using as
chiral scaffold (R,R)-99, the N ,N ′-dilithio salt of (R,R)-99 and acetic acid (as external
proton source) gives (S)-93 (equation 20)393, however, in poorer yield and enantiomeric
purity than in equation 18. From this study, it appears that external protonation with
AcOH occurs on the face away from the chiral scaffold (R,R)-99 to give (S)-93, whereas
for internal protonation with (R,R)-98, this occurs on the same face as the chiral scaf-
fold to give (R)-93393. This type of behaviour has previously been shown to occur with
protonation versus alkylation processes389,394,395.

Et2O-CH2Cl2, −42 °C

O

Me
H

(93) (S), 88%, ee 90%

(97) (S,S)

O

OH

Cl

ClOLi-LiBr

Me

(95)

(18)
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(93) (R), 57%, ee 64%

H
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OLi-LiBr

Me
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Prostereogenic enolates can be formed by nucleophilic 1,4-additions to the carbon–
carbon double bonds of α,β-unsaturated aldehydes, ketones and esters396 – 398, yielding
an intermediate enolate ion that becomes protonated and tautomerizes to the final ‘keto’
form, leaving the product of an apparent 1,2-addition to the carbon–carbon double bond.
For example, treatment of ester 100 with 2-naphthylboronic acid (101) in the presence
of Rh(acac)(ethylene)2 and (S)-DIFLUORPHOS acting as chiral scaffold and a Brønsted
acid, such as phthalimide, gave the enantiomerically enriched ester 102 in high yield and
enantiomeric purity (equation 21)399. In addition, phenylthiol (PhSH) has been shown to
enantioselectively add to 100 in the presence of a chiral mediator (103, 10 mol%) to
give ester (S)-104 in high yield and enantiomeric purity (equation 22)400. Interestingly,
protonation in this reaction was performed by PhSH or Brønsted acids derived from this
thiol.

Less obvious enantioselective protonation processes have been investigated; for ex-
ample, the unusual conversion of a simple achiral α,α-dichloro aldehyde (105) into the
enantiomerically enriched α-chloro ester (S)-109, as shown in Scheme 2401. Treatment of
105 with a substoichiometric amount of covalent nucleophilic carbene (derived from 106
and KH) leads to formation of enolate intermediate 107, which undergoes protonation to
gyral ketonic intermediate 108 in the presence of an excess of phenol (acting as Brønsted
acid), followed by nucleophilic displacement by phenol/phenolate (acting as nucleophile)
to gyral α-chloroester (S)-109 and regeneration of 106.
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N
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C. Diastereoselective Proton Transfer

Diastereoselective protonation402 of enolates has been extensively documented152,165.
Conversion of a diastereoisomeric mixture of carbonyl-containing compounds into a single
diastereoisomer through deprotonation403 (enolate formation) and re-protonation is well
known152,165.

The rate of epimerization of an α-stereogenic centre within a carbonyl-containing
compound with several stereogenic centres depends on the acidity of the enolizable pro-
ton. Diastereoselectivity depends on kinetic404 – 418 and/or thermodynamic effects419 – 423

(reagent and substrate control)152,424.
For example, treatment of β-thiolactone 110 with Et3N in CDCl3 gives a thermo-

dynamic mixture of two diastereoisomeric β-thiolactones (110:100′ = 60 : 40, equation
23)425. In comparison, treatment of β-lactam 111 with NaOD in D2O gives the deu-
teriated β-lactam 111′ as a single diastereoisomer in quantitative yield with retention of
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SCHEME 2. Mechanism for the formation of chiral α-chloroester (S)-109 from achiral 2,2-dichloro-
3-phenylpropanal (105)

configuration (equation 24)426. Deprotonation of 111 with NaOD, and deuteriation of the
resulting enolate with D2O, leads to the thermodynamically more stable 2-d-deuterio-β-
lactam 111′ with perfect substrate control (equation 24)426.
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Epimerization of the cis-112 ketone using NaOMe in MeOH gives the more thermo-
dynamically stable ketone of trans-112 configuration (equation 25)427. This stereoisomer
is clearly more stable than cis-112, as both methyl substituents occupy less sterically
demanding equatorial positions. However, cis-112 can be synthesized with high levels
of configurational control by quenching the lithium enolate (115), formed by Me2CuLi
addition to enone 113 under kinetic control using a chelating proton donor428 – 430, like
ethyl salicylate (114, equation 26)431. Regioselective protonation of the lithium enolate
115 occurs on its less hindered face (via a chair transition state) leading to the kinetically
controlled ketone cis-112 in good yield and excellent stereoselectivity.
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Me

Me
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H
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de cis:trans = 60:40

(112) trans
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(114)

Me

H

Me O

Li
O O

OEt

H

(115)

(112) cis, 76%
de cis:trans = 96:4

(26)

Diastereoselective protonation under kinetic control is a useful strategy for allowing
access to particular diastereoisomeric carbonyl derivatives432. For example, deprotonation
of γ -lactone 116 with excess LiHMDS in THF at −78 ◦C, and quenching the resulting
lithium enolate with saturated aqueous solution of sodium sulfate, gave the diastereoiso-
merically pure γ -lactone 116′ (equation 27)433. The diastereoselective protonation of the
intermediate lithium enolate with H2O must occur on its less hindered face, controlled by
the γ -benzyloxymethyl substituent of the γ -lactone residue to give the required 116′.

This strategy has been used to control a variety of tandem addition reactions to
α,β-unsaturated ketones396 – 398. Single electron reduction of enone 117 using lithium in
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ammonia, followed by the addition of ammonium chloride, gave a diastereoisomeric mix-
ture of ketones cis- and trans-119 with preference for cis (equation 28)434. This reaction
proceeds via the initial formation of an intermediate chiral lithium enolate 118 which,
on quenching with ammonium chloride mainly on its less hindered face, away from the
C3-phenyl substituent, leads to the major diastereoisomer form cis-119. Evidently this is
the kinetic product, as it can be converted into the more stable ketone trans-119 under
equilibrating conditions (NaOEt in EtOH, equation 29)434.
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Michael additions have been extensively used as a method for intermediate formation
of chiral enolates derived from α,β-unsaturated carbonyl-containing compounds396 – 398,

435,436. For example, treatment of acyclic ester 120 with lithium bis(phenyldimethylsilyl)
cuprate [(PhMe2Si)2CuLi] and quenching the resulting chiral enolate 121 with ammonium
chloride gave the threo-diastereoisomeric ester 122 in moderate yield with a high level of
configurational control (equation 30)437. The relative stereochemistry was controlled by
protonation on the intermediate lithium enolate 121 on the less hindered face (away from
the more sterically demanding PhMe2Si group) while adopting the more energetically
favourable Houk conformation.
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A high level of diastereoselective protonation was achieved for the rigid bicyclic enone
123 in the presence of a Cu(I) mediator and quenching the resulting magnesium enolate
with acid gave the corresponding bicyclic ketone 124 in moderate yield and almost per-
fect configurational purity (equation 31)438, because protonation takes places on the less
hindered face of the conformationally rigid magnesium enolate intermediate438.
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This strategy has been used extensively to synthesize esters of β-amino acids with con-
trolled configuration439. Treatment of enoate 125 with an enantiomerically pure lithium
amide 126, and quenching the resulting lithium enolate with 2,6-di-t-butylphenol (127),
gives the cis-β-amino ester 128, in moderate yield with superb levels of diastereomeric
control, preserving the configuration of the alkyl groups of 126 (equation 32)440. Forma-
tion of this kinetic product must have occurred by protonation of the less hindered face
of the intermediate enolate. The cis-β-amino ester can be efficiently converted into the
epimeric trans-β-amino ester 128 in THF under thermodynamic control by addition of
KHMDS in t-BuOH440.

Intermediate enolates derived from Michael-type processes can be isolated. For ex-
ample, enantiomerically pure enolate (S)-131 can be isolated, as is the case of the
almost enantiomerically pure enolate (S)-131, prepared by 1,4-addition of the phenyl-
substituted borane 130 to enone 129, in the presence of a substoichiometric amount of
the chiral rhodium mediator [Rh(OMe)(COD)]2 –(S)-BINAP (COD = 1,5-cyclooctadiene,
equation 33)441. Protonation of (S)-131 with methanol leads to cyclohexanone (S)-132 in
good yield with no loss of enantiomeric purity (equation 34)441. The protonation is pre-
sumably diastereoselective, taking place on the less hindered face of (S)-131, away from
the neighbouring phenyl group, as can be inferred from the stereochemical outcome (133)
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of deuteriation with MeOD, giving the trans-deuteriated ketone in good yield and excellent
diastereomeric ratio (equation 34)441.
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Nazarov processes have allowed access to intermediate cyclic enolates442 – 444. Enone
134 undergoes a Nazarov cyclization catalysed by a Lewis acid [e.g. Cu(OTf)2] to give
the intermediate enol complex 135, which undergoes tautomerization to the diastereoiso-
merically pure cyclic enone trans-136 in almost quatitative yield (equation 35)445,446.
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The diastereoselective protonation leading to the keto form occurs on the more hindered
face of 135, close to the phenyl group, so that the phenyl and ethoxycarbonyl groups
end up trans to each other, in the less sterically strained configuration. This reaction
type has also been shown to be highly enantioselective when using an enantiomerically
pure Lewis acid. Treatment of enone 137 with a substoichiometric amount of chiral
scandium–diindanopybox complex 138 gives the cyclic enone (S)-139 in excellent yield
and enantiomeric purity (equation 36)447. This enantioselective Nazarov reaction is of
mechanistic interest in its own right447.
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The β-keto ester trans-140 undergoes deprotonation by Lewis base NaH, followed by
reduction with AlH3 to an intermediate aluminum enolate (141), which on subsequent
protonation with t-BuOH yields the β-hydroxy ketone cis-142 in good yield and config-
urational purity (equation 37)448. Diastereoselective protonation to the cis product allows
both the 2-(hydroxymethyl) and the 4-methyl groups to be in axial positions for minimal
steric interaction.

Remote stereocentres have been shown to influence the facial preference for the diastere-
oselective protonation of enolates. Deprotonation of an equimolar diastereoisomeric mix-
ture of δ-lactams (α-S, N-R)-143 and (α-R, N-R)-143 with n-BuLi, followed by the
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addition of ammonium chloride, gives the single diastereoisomer (α-S, N-R)-143 in very
good yield (equation 38)449. Diastereoselective protonation appears to occur on the less
hindered face of the enolate complex 144 with potential coordination/delivery from the
neighbouring CH2OLi tether449. The (α-S, N-R)-143 diastereoisomer can be deuteriated
in the α-position, with some loss of configuration purity, by the same deprotonation with
n-BuLi, followed by deuteriation with EtOD (equation 39)449.
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Significant progress has been made towards the understanding of proton delivery151,

152,165. Diastereomeric silyl ethenyl ethers 145 and 148 decompose on addition of TBAF
and AcOH into the corresponding enols 146 and 149, which yield with AcOH two
complementary bicyclic ketones (147 and 150, respectively), in different degrees of
diastereomeric purity (equations 40 and 41)450. Two different proton transfer processes
take place: Bicyclic ketone 147 is formed by external delivery of a proton to 146 on its
less hindered face (equation 40); the complementary ketone 150 is formed by protonation
of 149 on its more hindered face (equation 41)450, invoking internal proton delivery from
the intermediate pyridinium acetate 151. For a more sterically demanding and weaker
acid, such as phenol, the diastereoselectivity increased for 147 but reversed for 150450.
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This change from an external versus an internal proton delivery mechanism has also
been shown to occur for a pair of complementary ethenyl silyl ethers with tethered hydrox-
ylmethyl and aminomethyl groups (152 and 155, equations 42 and 43)451. On treatment of
the silyl enolates with TBAF and acetic acid they give the corresponding enols (153, 156),
which undergo protonation by different routes, to yield their respective ketone diastere-
omeric tautomer (154, 157). Protonation of enol 153 occurs through external proton
transfer on its less hindered face to give exclusively the ketone 154, the level of diastere-
oselectivity being independent of the concentration of acetic acid used. On the other hand,
protonation of enol 156 occurs on the more hindered face through internal proton transfer
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involving an intermediate ammonium ion, with the levels of diastereoselectivity found
to be highly dependent on the concentration of acetic acid; at low concentration exter-
nal protonation of the less hindered face was dominant, as in equation 42, whereas at
higher concentrations internal protonation was preferred due to efficient ammonium ion
formation.
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G. Cahiez, J. Org. Chem., 69, 8525 (2004).
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I. LIST OF ABBREVIATIONS

acac acetylacetonato (2,4-pentanedionato) anion
acacCN 3-cyano-2,4-pentanedionato anion
bpyn N-tert-butyl-a-(2-pyridyl)nitrone
bqdi o-benzoquinonediimine
bzac benzoylacetonato anion
cod 1,5-cyclooctadiene
coe cyclooctene
cpba m-chloroperbenzoic acid
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CV cyclic voltammetry
CVD chemical vapour deposition
c-Hex cyclohexyl
dbm dibenzoylmethanato anion
dca 9,10-dicyanoanthracene
ddq 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
DFT density functional theory
dik β-diketonato anion
dipy 2,2′-dipyridyl
dme 1,2-dimethoxyethane
dpb 1,1′-(1,3-phenylene)bis(4,4-dimethyl-1,3-pentanedionato) dianion
dpm dipivaloylmethanato anion
dppz dipyridophenazine
ECE electrochemical chemical electrochemical
en ethylenediamine
hfacac 1,1,1,6,6,6-hexafluoroacetylacetonato anion
hmpa hexamethylphosphortriamide
lda lithium N ,N-diisopropylamide
lhmds lithium hexamethyldisilazide
LMCT ligand-to-metal charge transfer band
MLCT metal-to-ligand charge transfer band
mob 1,1′-(1,3-phenylene)bis(7-methyl-1,3,5-octanetrionato) tetranion
NIS N-iodosuccinimide
NXS N-halosuccinimide
opda o-phenylenediamide dianion
Pc phthalocyaninato dianion
PET photoinduced electron transfer
phen 1,10-phenathroline
prc propylene carbonate
py pyridine
SCE saturated calomel electrode
sqdi o-benzosemiquinonediimide anion
tmeda N ,N ,N ′,N ′-tetramethylethylenediamine
ttfs tetrathiofulvenylthiol

II. INTRODUCTION

The first volume devoted to the chemistry of enols appeared in 19901. The present chapter
on the redox properties of metal enolates aims to show or confirm how the redox concepts,
which play an important role in inorganic chemistry, may find useful application also in
organic chemistry.

Considering that the volume on enols1 did not refer specifically to redox processes and
that the one-electron oxidation of enols produces enol radical cations which are more stable
than the corresponding tautomeric ketone ions, in distinct contrast to the thermochemistry
of the neutral species2 – 4, this chapter will deal also with the reactivity of electrogenerated
enol radical cations5.

In view of the profusion of material concerning metal enolates as intermediates in the
organic synthesis, the chapter has been organized as follows: (i) enolates of main group
elements will be treated separately from those of the transition metals; (ii) the redox
reactions will be organized according to the nature of the triggered process (cycliza-
tion, coupling etc.); (iii) silyl enolates will receive particular attention in Section III.B;
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(iv) β-diketonates, which represent a milestone in the evolution of the coordination chem-
istry of transition metals, will be addressed separately for redox reactions involving
the transition metal or the β-diketonato ligand or both, whereas the large amount of
electrochemical processes, which generally occur on the metal, will be discussed in
Sections IV–VI; (v) it was considered useful to discuss some related derivatives such
as substituted β-diketonates and polyketonates; (vi) the redox chemistry of complexes
containing ligands strictly related to β-diketonates but not containing the dionato func-
tionality such as mono- and dithio-β-diketonates6 or acylpyrazolon-5-onates7 will not be
included in this chapter.

III. METAL ENOLATES MO−C=C
A. Redox Reactions of Enolates of Main Group Elements

Most metal enolates which participate in a wide variety of fundamental processes
involving C−C bond formation, such as alkylations, aldol additions, Michael reactions and
acylations8, are alkali-metal enolates, particularly lithium enolates. The decisive role of the
metal for these reactions was first appreciated when Stork9 demonstrated that an enolato
anion can be transformed into silyl enolates, purified by distillation or chromatography,
and then converted back to the anion. Recently new reagents containing main group
elements, such as magnesium, or alkali metals and magnesium or zinc couples have been
considered as alternative bases, showing in some cases higher selectivity with respect to
the related lithium amides10. In the following sections, redox reactions of metal enolates
of main group elements will be presented with particular reference to the two pivotal
species in this field, i.e. lithium and silyl enolates.

1. Synthesis of α-hydroxy carbonyl compounds
α-Hydroxy carbonyl compounds are valuable intermediates in organic synthesis and

are key structural units of many biologically active natural products such as sugars,
pherormones, antibiotics, terpenes and alkaloids. Many routes to their synthesis have been
developed. In the present section reactions involving oxidation of enolates to α-hydroxy
carbonyl derivatives will be considered.

The reaction of lithium enolates with molecular oxygen has been used for the α-
hydroxylation of several substrates. The carbanion generated in the reaction of N ,N-
dialkylamides or esters with alkyl lithium reagents undergoes rapid oxidation under mild
conditions when treated with molecular oxygen. The reaction produces an α-hydroperoxide
intermediate which is cleanly reduced with sodium sulphite to the α-hydroxo derivatives11

(equation 1).

O

X
RCH2

O

X
RCH

OOH

Na2SO3
O

X
RCH

OH
2. O2

X = NR2, OR

1. lda

(1)

As shown in equation 2, the lithium enolate oxidation with O2, followed by sodium
sulphite reduction, has been applied with success to oxidation of the enolate derived
from 1: the nature of the reducing agent has been decisive for the direct preparation
of the hepatoprotective agent Clausenamide (2)12. As a matter of fact, 2 forms when
the treatment with O2 is done in the presence of triethyl phosphite as reducing agent,
whereas sodium sulphite reduction affords compound 3. It has been postulated that the
transformation 1 → 3 occurs through the intermediacy of the peroxide 4.
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The sodium enolate 5a undergoes oxidation in air giving the δ-hydroxy-γ -keto-carbox-
ylic acid 6 in high yields after acid hydrolysis: this compound can be further transformed
into the methyl ester of (d ,l)-trans-chrisantemic acid (7, equation 3)13. Compound 6 can
also be obtained from the potassium enolate 5b but only under slight pressure of pure
oxygen13.

OM O

OM
O

CO2H

OH

CO2Me

(5) (a) M = Na
      (b) M = K

2. H3O+

(6)

(7)

M = Na, air, DMSO
M = K, O2, DMSO

1.

(3)
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Although enolates can be directly oxidized to α-hydroxo derivatives by shaking solu-
tions of the enolate under an O2 atmosphere14, the absence of an added reducing agent
makes the dioxygen oxidation inapplicable to systems containing an enolizable methyl
or methylene group because of the formation of complex product mixtures. Enolates
of ketones, esters and lactones having α-methylene or α-methyne groups, 8, can be
oxidized to α-hydroxocarbonyl compounds by the molybdenum(VI) peroxo complex
MoO(O2)2žpyžHMPA (MoOPH, equation 4)15. Thus, the treatment of the carbonyl com-
pound with a 5–10% excess of lda followed by addition of crystalline MoOPH at low
temperature and washing with sodium sulphite affords the α-hydroxy-substituted prod-
ucts. The intermediate formation of 9 is based on the known tendency of ‘MoO5’ chelates
such as MoOPH to transfer one of the peroxidic oxygens rather than the oxo ones16.
3-Phenylpropionates of chiral alcohols derived from (+)-camphor behave similarly and
are oxidized by MoOPH with high diastereoselectivity17.

R′C
O

CH2R R′C
O

CHR Mo

O

L L

O

O
O
OH

C

R

R'C

O

R'C

O

CHR

OH

lda

(8) (9)

MoOPH
−

−

(4)

Dibenzyl peroxydicarbonate has been used for the oxidation of both chiral and achi-
ral lithium or potassium enolates to form carbonates of α-hydroxy carbonyl compounds.
Dibenzyl peroxydicarbonate, prepared from aqueous hydrogen peroxide and benzyl chlo-
roformate under basic conditions18, was preferred for mechanistic studies to the commonly
used MoOPH in view of the easier preparation of 18O-labelled compounds19.

Another route to the preparation of α-hydroxy derivatives consists of the transformation
of enolates into silyl enolates and their subsequent oxidation. Oxidation of trialkylsilyl
enolates with peroxyacids, most frequently cpba, has been applied for preparation of
α-hydroxy- and α-acetoxy aldehydes or ketones. Reactions require mild conditions and
generally give good yields of the expected compound20. Mechanistic investigations sug-
gest the intermediate formation of epoxides which evolve to the final products via 1,4-silyl
group migration.

Evolution of the method has allowed the insertion of two oxygen atoms in a single step
(e.g. preparation of α-α′-dihydroxy ketones)21. Depending on the structural features of the
silyl enolate, treatment of a mixture of enolate and solid KHCO3 with cpba, followed by
acidification, affords the α-α′-dihydroxy ketone in good yields. When bulky tripropylsilyl
groups are present (equation 5a), the hydroxy siloxy ketone 10 is the major product. The
conversion of 11 to 12 shown in equation 5b is highly chemoselective.

OSiPr3 O

OSiPr3
OH

KHCO3, cpba

(10)

(5a)
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OSiMe3
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H
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OH

O

OH

1. KHCO3, cpba
2. H3O+

(11) (12)

(5b)

Another interesting example taken from the synthesis of natural products is reported in
equation 6. Epoxidation of 13 with cpba affords a mixture of 14a and 14b, which can be
directly desilylated with tetrabutylammonium fluoride to give d ,l-isospongiadiol (15)22.

O
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OSiMe2Bu-t

H
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Bu4NF

O

O

OH

H

H

HO

cpba

(13)

(15)

(14)  (a) R = H
         (b) R = OSiMe3

(6)

Hydrogen peroxide in the presence of catalytic amounts of methyltrioxorhenium(VII),
ReMeO3, is a convenient and efficient method for the α-hydroxylation of ketones23. Par-
ticularly interesting is the H2O2/cetylpyridinium peroxotungstophosphate system which,
under phase transfer conditions, provides a facile method for preparing aldehydes with
one carbon atom less than the parent precursors24. The ratio of the products changes with
the experimental conditions.

Other oxidizing agents capable of converting silyl enolates into α-hydroxy carbonyl
derivatives are OsO4/4-hydroxymorpholine25 or the HOFžMeCN complex prepared by
bubbling nitrogen-diluted fluorine into aqueous acetonitrile26, which has the advantage of
short reaction times and high yields, at least on the substrate reported in the study.
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An hydroxy group may be introduced into the α′-position of α,β-unsaturated diketones
using triphenylphosphite ozonide27, a well known chemical source of singlet oxygen28a.
Singlet oxygen in the presence of tetraphenylporphirine as sensitizer has been used to
convert the trimethylsilyl enolates of pinacolone or of isopropyl phenyl ketone to the
corresponding α-hydroxy ketones (via the intermediacy of an α-trimethylsilyl peroxy
ketone)28b.

Optically active α-hydroxy-keto functional units are widespread in natural products
and have been frequently used for convenient building blocks in organic synthesis29.
Adam and coworkers reported that optically active α-hydroxy ketones can be obtained by
oxidation of the corresponding silyl enolates with various oxidizing agents in the presence
of manganese(III) adducts of optically active Shiff bases30, or with in situ generated
dioxirane from a fructose-derived ketone (equation 7)31.

R1

R2

OSiMe2R3

O
O

O
O

O

O

R1

R2

OH

O
1.

2.  Hydrolysis

*

(7)

The great diversity of metal enolates makes their oxidation one of the most versatile
methods for the preparation of species containing the α-hydroxy carbonyl functionality,
and some attention should be paid to examine how the nature of the oxidizing agent affects
the diastereoselectivity of the reaction. In 1984, Davis and coworkers32 introduced racemic
trans-(±)-2-(phenylsulphonyl)-3-phenyloxaziridines (16), for the asymmetric hydroxyla-
tion of enolates. The availability of N-sulphonyloxaziridines, e.g. 17 and 18, as pure
enatiomers makes control of the stereoselectivity by the reagent possible33. Oxidation is
fast even at low temperature: however, lithium enolates give lower yields than the sodium
and potassium analogues, probably due to the counteranion dependency of the ionic hemi-
aminal intermediate 19, which is thought to be involved in the oxidation (equation 8)32,34.
The synthesis and application of oxaziridines in organic synthesis has been exhaustively
reviewed33.
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N
Ph

PhSO2

N

O2
S

O

R

X
X

O

N
Y

S
O2

(16) (17) (18)

Oxaziridines are unique among nitrogen-containing compounds in having a configu-
rationally stable nitrogen atom at ordinary temperature33, making possible asymmetric
oxidations. Moreover, the nitrogen and carbon stereocentres are adjacent to the active-site
oxygen atom, thus the asymmetric induction is postulated to be high. As a matter of fact,
the enantioselective oxidation of prochiral enolates with (camphorylsulphonyl)oxaziridine
(18, Y = H) produces the corresponding α-hydroxy carbonyl derivative in good yields and
high enantiomeric excess33. For example, hydroxylation of the sodium enolate of deoxy-
benzoin 20a with (+)-18 (X = Y = H) at −78 ◦C affords (+)-(S)-benzoin 21 in 84%
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yield and >95% enantiomeric excess (equation 9)35. Similarly, (S)-2-hydroxy-1-phenyl-
1-propanone (22) is produced in 95% enantiomeric excess by oxidation of the sodium
enolate of propiophenone 20b, using (+)-18 (X = Cl, Y = H)36 as oxidizing agent.
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(9)

Oxidation of the lithium enolate of 1-tetralone 23 to (−)-2-hydroxy-1-tetralone 24, the
AB ring synthon of the antitumour antibiotic rhodomycinones, with (+)-18 (X = OMe,
Y = H, equation 10) resulted in much better enantiomeric excess values (ee >94%) than
hydroxylation with other oxaridines37.

OOMe

OMe

OOMe

OMe

OH1. lda

(24)(23)

2. (+)-18 (X = OMe, Y = H)
(10)

2. Oxidative coupling

The oxidative coupling of enolates, reported for the first time in 193538, represents
an interesting application of enolates in organic synthesis. Examples of these reactions,
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which can proceed through intra- and intermolecular paths, are shown in equations 11a–c.
Most commonly, lithium enolates were treated with oxidants such as iron(III), copper(II),
cerium(IV) salts or halogens. Examples of both types of coupling reactions are discussed
in this section.
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a. Intramolecular oxidative cyclization. The intramolecular oxidative coupling of bis-
enolates is an attractive alternative to the well known Dieckman cyclization39 or to the
acyloin condensation40 and has been successfully applied for the preparation of three-,
four-, five- and six-membered rings41. Copper(I), copper(II), nickel(II), silver and iron(II)
salts have been used as oxidizing agents. For example, 2,2-dialkyl-1,3-cyclopentanedione
and functionalized spiro[4.n] ring systems can be obtained by oxidative coupling of
dilithium enolates of 3,3-dialkyl-2,4-pentanedione with copper(II) triflate42.

The oxidative cyclization by copper(II) chloride of the ketone diolate derived from 1,8
diacetylbiphenylene (equation 12) represents a key step in the preparation of cycloocta
[def ]biphenylene-1,4-dione (25)43.

COMe COMe OO OO

1. lda

2. CuCl2 or I2

(25)

(12)
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The experience acquired on the manganese(III)-based free radical cyclizations44 sug-
gested to Snider and coworkers that these salts could not be used for the cyclization
of ε,ζ -unsaturated enolates due to further oxidation of the desired product. On chang-
ing the oxidant from Mn(OAc)3ž2H2O to (NH4)2[Ce(NO3)6] or to Cu(OTf)2, δ,ε- and
ε,ζ -unsaturated silyl enolates could be obtained in good yields (equation 13). It is inter-
esting to note that the oxidation of lithium enolates affords the dimeric 1,4-diketone
because intramolecular coupling of the enol radical with the alkene cannot compete with
intermolecular coupling of the very reactive enolate45.

OE

C

O

C C C

H

R

H

R O

(CH2)n

O
H

H

H

O
H

H

H

R =
n = 1, 2

E = Li

E = SiMe3, SiMe2Bu-t

Ce(IV) or Cu(II)

+

n

n

n

(13)

Kende46 – 49 and Whiting50 reported radical cyclizations of equilibrium-generated eno-
lates onto phenolates induced by K3[Fe(CN)6]; however, these cyclizations were limited
to the most acidic carbonyl precursors such as 1,3-diketones (equation 14a) or nitroalkyl
compounds (equations 14b and 14c).

HO

O

O

K3[Fe(CN)6]/KOH

CH2Cl2

O

OO

(14a)
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HO (CH2)4NO2
K3[Fe(CN)6]/KOH

CH2Cl2
O

NO2

citric acid

O

(14b)

(CH2)3

NO2

HO
O

O2N

K3[Fe(CN)6]/KOH

CH2Cl2
(14c)

In a series of papers on the total syntheses of alkaloids, Baran and coworkers have
recently reported that enolates of carbonyl compounds undergo oxidative coupling with
indoles and pyrroles in the presence of oxidants such as copper(II) and iron(III) salts51 – 53.
A detailed study of the oxidative cyclization reported in equation 15 has shown that 26 is
converted into 27 with the highest yields when Fe(acac)3 is the oxidant, presumably due to
its high redox potential (+1.1 V vs. the ferrocenium/ferrocene couple in THF solution54),
which is the most positive among all the oxidizing agents tested for the transformation.

N

N

O
OMe

O N

pmb

boc

N

N

O

OMe

O N

pmb

boc

2. Fe(acac)3

(26) (27)pmb = p-methoxybenzyl
boc = t-butoxycarbonyl

1. lda

(15)

Paquette has reported55 an intramolecular oxidative coupling using ferric chloride to
prepare the intermediate 30 for the synthesis of cerorubenic acid-III. Addition of the
dienolate of 28 to FeCl3 in dmf at −78 ◦C produced the cyclopropane intermediate 29
in 54% yield (equation 16). Although the mechanism of this oxidative cyclization is
not discussed in the paper, it is likely that a one-electron transfer pathway is involved.
Copper(II) salts have also been utilized for intramolecular enolate coupling, but they
proved to be somewhat less effective in the present context.
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O

O

O

O

O

2. FeCl3

(28) (29) (30)

1. lda (2 eq.) (16)

An elegant synthesis of (±)-hirsutene (32) was developed by Cohen and coworkers56.
The key step of the synthesis is the one pot, completely stereoselective, oxidative cyclopen-
tannulation of dienolate 31 with two equivalents of FeCl3 in dmf (equation 17). CuCl2
was also tested, but proved inferior. The formation of a single diastereoisomer of the
triquinane intermediate (31′) is useful and suggests that stereochemical equilibration may
occur at some stage. This annulation procedure can also be extended to cyclohexanone
enolates.

O OLi OLi

PhS SPh

FeCl3

O O

PhS SPh
H

H

H

H

(31)

(32)

DMF

(31′)

(17)

b. Intermolecular couplings. Intermolecular oxidative coupling of enolato anions has
been studied extensively especially as far as their oxidation to 1,4-dicarbonyl com-
pounds is concerned57, which are important precursors for the synthesis of cyclopen-
tanones, furan, thiophene and pyrrole ring systems. Several oxidizing agents such as
halogens (bromine57,58 and iodine57,58), lead(IV) acetate59, copper(II)-, iron(III)- and sil-
ver salts60, (NR4)2[Ce(NO3)6], R = H61, Bu62 and early transition metal derivatives such
as TiCl463,64, vanadium(V) alkoxide VO(OR)Cl2

65 and Mn(OAc)3ž2H2O were used66.
Titanium enolates derived from organometallic or coordination compounds of titanium(IV)
such as Ti(OR)4, TiCp2Cl2, will be discussed in Section III.C. Although an oxidizing agent
of general use is yet to be found, some of the mentioned ones allow preparation of the
desired compound with high stereoselectivity and high yields.
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In 1995, Helmchen and coworkers58i reported that no stereoselectivity was observed
when the achiral deprotonated substrates shown in equation 18 were oxidized by cop-
per(II) pentanoate or diiodine to the carbonyl derivatives, the rac/meso ratio of 33a being
57/43 and of 33b 48/52. However, when chiral amides were subjected to the same reac-
tion conditions, the (S,S) isomer 33c was formed with a diastereoselectivity higher than
99%.

E

O

E
E

O

O
2. I2 or Cu(II)

MeN N

O

Ph

(33) (a) E = t-BuO

(b) E =

(c) E =

O N

O

1. lda

(18)

Analogously, after enolization with lhmds, hypervalent iodine compounds such as
PhI(OAc)2 have been used for the stereoselective synthesis of 2,3-disubstituted succi-
nates by using the chiral oxazolidinone auxiliary (4S)-4-(phenylmethyl)-2-oxazolidinone
(equation 19)58e.

R1

N O

OO

R2
R1

N O

OO

R2

R1

NO

O O

R2

2. PhI(OAc)2

1. lhmds
(19)

A wide series of oxidants, spanning from TiCl4 to iodine, has been used in the oxida-
tive homocoupling of chiral 3-arylpropionic acid derivatives aimed at the preparation of
lignans58f. The R,R-selectivity in the reactivity of 34 has been explained by a radical
coupling mechanism (equation 20). The initially formed lithium (Z)-enolate may trans-
form into the titanium enolate 35, which undergoes oxidation to the radical intermediate
36 via a single electron transfer process. The syn-Z-type radicals 36 couple each other at
the less hindered β-side (si face) to give the R,R-isomers 37 stereoselectively.

The same research group has recently reported58g that the oxidative homocoupling
of chiral aroylacetic acid derivatives proceeds stereoselectively when the sodium eno-
late derived from 38 is oxidized with bromine (equation 21). Good stereoselectivity was
also observed in the oxidative homo- and heterocoupling reactions of the lithium eno-
lates of chiral 3-phenylpropionamides with iodine, copper(II) pentanoate and ferrocenium
hexafluorophosphate58h.
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N X
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O
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2

(38)

O

O

1. NaH, THF

(21)

Symmetrical (equation 22a) and unsymmetrical 1,4-diketones (equations 22b and 22c)
are obtained in good yield with the vanadium(V) alkoxo derivatives VO(OR)Cl2 (R = Et,
i-Pr)65. The same reagent induces cross coupling between allyl silanes and silyl enolates
to γ ,δ-unsaturated ketones. Noteworthy is the fact that only traces of the homocoupled
1,4-diketones and 1,5-hexadienes are produced.

OSiMe3

VO(OR)Cl2

OSiMe3

O O

n = 0, 1n n n

n
(22a)
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R

OSiMe3

VO(OR)Cl2

R

O

O

n = 0, 1

OSiMe3

n n

(22b)

R1 R4

R3

OSiMe3

R2

OSiMe3

R5

VO(OR)Cl2 R1

R2

O

R3 R4 R5

(22c)

Titanium tetrachloride in dichloromethane behaves similarly and succinates can be
obtained starting from lithium or silyl enolates63a. For example, as shown in equation 23,
the ketene silyl acetals 40, obtained from the lithium enolate 39, undergo smooth oxidative
dimerization in the presence of TiCl4 to give the succinates 41 in high yields, regardless
of the substitution pattern at the α-position of the starting esters63b. It is interesting to
observe that Lewis acids such as BF3žOEt2 or SnCl4 do not promote these reactions to any
extent and ZrCl4 acts as Lewis acid to promote Claisen condensation, strongly suggesting
that the reaction described by equation 23 proceeds via an electron transfer process.

OR3

OSiMe3
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R2

TiCl4

OR3

OLi

R1

R2

Me3SiCl

OR3

OTiCl3

R1

R2
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C

CO2R3

CO2R3
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R2

R1
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R1R2CHCO2R3
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[R1R2CCO2R3]

(40)

(41)
(39)

R1

Me
i-Pr
BnO
BnO
PhO

R2

Me
H
H
H
H

R3

Me
Et
Me
i-Pr
Me

.

(23)

Silver enolates are proposed as reactive intermediates in the reaction of silyl enolates
with Ag2O in dmso. An important feature of the reaction is the regiospecific formation
of 1,4-diketones60j. Sessler and coworkers reported60e that the key step in the preparation
of β-substituted tetra- and hexaalkylterpyrrols is the copper(II) triflate-mediated oxidative
coupling of the lda-derived enolates of α-keto pyrrols. The coupling reaction shown in
equation 24 produces a mixture of distereoisomers which does not require separation and
can be directly converted to the corresponding terpyrroles.

Oxidative coupling of silyl bis-enolates to 1,4-diketones (equation 25) occurs with a
variety of oxidizing agents such as [Fe(phen)3](PF6)3, (NH4)2[Ce(NO3)6] and Cu(OTf)2

67.
The high d ,l-diastereoselectivity of the coupling is attributed to the energy difference in the
transition states of the two diastereomorphic approaches. The steric interactions between
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the phenyl and the methyl groups are smaller for the lk-conformation (equation 26a)
than for the ul-one (equation 26b), thus the preferred formation of the rac- over the
meso-diastereomer is evident. The steric influence of the substituents at the silicon atom
on the diastereoselectivity can be additionally observed by considering that the reaction
of the tris enolate [Me2C=C(Ph)O]3SiMe with (NH4)2[Ce(NO3)6] affords the rac-isomer
of the 1,4-diketone in 64% yield and 97% stereoselectivity68.
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H
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Unsymmetrical 1,4-diketones have been prepared in good yields by (NH4)2[Ce(NO3)6]
oxidative cross coupling between 1,2-disubstituted and 1-substituted trimethylsilyl eno-
lates61a. The same cerium(IV) compound has been also applied to the preparation of
6-oxo-α,β-unsaturated carbonyl compounds: trimethylsilyl dienolates are easily oxidized
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to α-carbonylallyl radicals which add to enolic C−C double bonds with high γ -regioselec-
tivity (equation 27)61b.

OSiMe3

OSiMe3

OEt

O

Ce(IV)

O

OEt

O

O(51 %)

(27)

Ruzziconi and coworkers used the ceric ammonium nitrate promoted C−C forming
reaction to prepare polycyclic homo- and heteroaromatics starting from aryl-substituted
silyl enolates61c,d and, more recently, the same strategy has been applied to the preparation
of fluorinated naphthaldehydes and naphthyl ketones61e.

B. Silyl Enolates: A Class of ‘Masked Enolates’
Silyl enolates are a class of electron-rich, non aromatic compounds which can be

described as ‘masked enols or enolates’ since hydrolysis following their reaction yields
ketones69; they can be purified by distillation or chromatography, and then converted back
to the enolate anion. The electron-rich character of these species can be used for oxidation
reactions and examples have been described in the preceding sections. In this section,
additional examples of chemical, PET and electrochemical redox reactions involving silyl
enolates will be discussed, for a better appreciation of these interesting species in organic
synthesis.

1. Chemical oxidation methods

Chemical oxidation of silyl enolates has been performed with a variety of inorganic
and organic oxidants such as ozone, copper(II) salts, Pb(OAc)4, Ag2O, hypervalent iodine
compounds such as iodosobenzene in methanol, (NH4)2[Ce(NO3)6], xenon difluoride,
tetranitromethane, halogens, nitronium-, diazonium- and triphenylmethyl salts, chloranil
and ddq.

Ozonolysis results in cleavage of the double bond as in the case of 42 (equation 28)70.
Other examples are the syntheses of the ambrosia bettle pheromone lineatin (43, equation
29)71 and vernolepin (44, equation 30)72.

OSiMe3

C CO2HHO(CH2)42. NaBH4

(42)
Me

H
1. O3 (28)

OSiMe3
AcO AcO CO2Me

O

O

O

O

(43)

(29)



9. Redox chemistry and electrochemistry of metal enolates 479
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Me3SiO

H
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O
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O

O
2. NaBH4

(44)

O

O

OH
1. O3

(30)

Another reagent suitable for this transformation is t-butyl peroxide in the presence of
catalytic amounts of MoO2(acac)2 (equation 31)73 or titanium silicalite-174. Considering
that regiospecific generation of silyl enolates can be achieved under kinetic or thermody-
namic control, the reaction paths shown in equation 31 constitute an interesting method
for regiospecific α-cleavage of ketonic precursors.

O

OSiMe3

OSiMe3

CO2H

CO2H

COMe

CO2HMoO2(acac)2

t-BuOOH

MoO2(acac)2

t-BuOOH

(31)

Sensitized photooxidation of silyl enolates with singlet oxygen followed by reduc-
tion of the hydroperoxides with PPh3 in methanol has been used for the preparation of
chiral and achiral ketones such as (R)-6-methyl-2-cyclohexen-1-one starting from (R)-2-
methylcyclohexanone75.

As it will be pointed out in more detail in Section III.D, the keto–enol tautomer-
ization effectively converts a relatively electron-poor carbonyl acceptor into the cor-
respondingly electron-rich olefinic donor5a. Such an umpolung76 allows the conven-
tional nucleophilic additions at the carbonyl centre (e.g. Grignard reaction) to be readily
replaced by electrophilic substitution at the α-carbon of ketones, aldehydes and esters77.
α-Methoxylation of aliphatic, aromatic and hetorocyclic ketones was achieved via oxida-
tion of the corresponding silyl enolates with iodosobenzene–BF3(OEt2)78. For example,
cyclohexanone silyl enolate and the sterically hindered species t-butyl methyl ketone
(pinacolone) silyl enolate were converted into the corresponding α-methoxy ketones in
almost quantitative yields. The reactions are considered to take place through the addition
of PhI−O−BF2 [generated from (PhIO)n and BF3(OEt2)]78 to the silyl enolate with for-
mation RC(=O)CH2−I(Ph)(OBF2), which is the synthetic equivalent of the carbocation
[RC(=O)CH2]+.

Silyl enolates are useful starting materials for the smooth α-halogenation of ketones,
which can be carried out by oxidation with N-halosuccinimides79, halogens80 and iodoben-
zenedifluoride or xenon difluorides81. As shown in equation 3281d, the reaction of 45 with
XeF2 gives a 1:1 mixture of α-fluoroketone diastereoisomers 46a and 46b.
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N
H

H
N
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X YO

(46) (a)  X = H, Y = F
(b)  X = F, Y = H

AcN AcN

(45)
(32)

Various α-nitro ketones, widely used as synthetic intermediates, have been prepared
by reaction of silyl enolates with tetranitromethane in the dark at room or low tem-
perature or under photochemical conditions82. The highly coloured solutions are due to
intermolecular 1:1 electron donor–acceptor complexes formed between the enolate and
tetranitromethane. The formation of similar vividly coloured complexes with electron
acceptors such as chloranil, tetracyanobenzene and tetracyanoquinonedimethane readily
establishes silyl enolates as electron donors83. The formation of radical cations as reactive
intermediates has been confirmed.

Another α-nitrating agent of silyl enolates is nitronium tetrafluoborate, NO2BF4, which
reacts with cyclic ketones such as cyclohexanone or cycloheptanone affording α-nitro
ketones in ca 40% yield. On the other hand, the bicyclic silyl enolates reported in
equation 33 are formed in high yields (R = H, 90%; R = CO2Me, 86%)84.

OSiMe3MeO2C

Me3SiO CO2Me

R

R

OMeO2C

O CO2Me

R

R

NO2
O2N

NO2BF4

R = H, CO2Me (33)

α-Arylation of silyl enolates with aryldiazonium tetrafluoborate, [PhN=N]BF4, pro-
ceeds smoothly in pyridine with dinitrogen evolution85. Substituents on silyl enolates
exhibited quite a large influence on the yield of α-aryl ketones. By taking into consider-
ation that the reaction of metal enolates with aryl halides, a well established method for
the formation of C−C bonds, cannot be applied to the insertion of an aryl group (aryl
halides are generally resistant to nucleophilic substitution), the importance of this class
of enolates in organic synthesis is enhanced.

Hydroboration–oxidation of cyclic silyl enolates provides a simple way to trans-
1,2-diols; the intermediate monosylilated, α′-hydroxysilylenolate may be isolated under
appropriate working conditions (equation 34)86.

B2H6
OSiMe3

H2O2/OH−

OSiMe3

OHn
n = 0, 1, 2

n

(34)

Trialkylsilyl enolates can be oxidized to the corresponding α,β-unsaturated ketones
with trityl tetrafluoborate or trityl methyl ether in the presence of BF3OEt287. It has
been observed that the use of trityl cations often leaves substantial amounts of saturated
ketones. The amount of these species can be reduced by the use of ddq as in the case of
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the preparation of cholest-1-en-3-one (48) from the �2,3-silyl enolate of cholestan-3-one
(47, equation 35)88.
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Me3SiO
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H

H

H
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H

H

H

(47) (48)

(35)

The reaction of the silyl enolate of cyclohexanone with ddq, initially believed to involve
allylic hydride abstraction, was later established to involve two substrate–quinone adducts:
the thermally stable 49 and the thermally unstable 50 (equation 36)89.
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•
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(36)

2. Photoinduced electron transfer reactions

Because of the high selectivity often observed and the mild reaction conditions required,
PET provides a powerful tool for carrying out single electron transfer reactions90. By
photochemical oxidation excitation of either the electron donor or the acceptor, the redox
properties of the respective species change. For example, 9,10-dicyanoanthracene in its
singlet state (dca*) is a powerful oxidant (E1/2

red = +1.28 V vs. Ag/AgNO3 with an
electronic excitation energy of the singlet state ES1 of 2.89 eV in acetonitrile)91,92;



482 Guido Pampaloni and Piero Zanello

1,4-dicyanonaphthalene behaves similarly (E1/2
red = +1.67 V vs. Ag/AgNO3; ES1 of

3.74 eV in acetonitrile)93. Mattay and coworkers reported about the PET-oxidative cycliza-
tion of various alkyl- and aryl-substituted 1-triethylsilyloxy-1,6-heptadienes92 and mono-
cyclic silyl enolates tethered to an olefinic (equations 37a and 37b) or to a silylacetylenic
side chain (equation 37c)94 to the corresponding ketones with catalytic amounts of sen-
sitizer like dca. The PET cyclization strategy has been also applied to the synthesis of
novel steroid backbones95.
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H

(37b)

SiMe3
Me3SiO

SiMe3
H

H

O Me3Si

H
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Detailed studies of the mechanism of these reactions have been performed by Mattay96

and by Kochi97. The former has shown that the endo/exo regiochemistry of the ring
closure reaction can be controlled either by variation of the silyl group or by addition of
polar molecules such as alcohols (probably the source of hydrogen in equations 37a–c).
Based on solvent and salt effects, Kochi has proposed97b,c that the oxidation of enols to
ketones in the presence of activated chloranil proceeds via photoactivation of chloranil
which reacts with the silyl enolate through two competing pathways, namely oxidative
elimination to the ketone and oxidative addition to the adduct 51 (equation 38). Non-polar
solvents such as dichloromethane favour the oxidative eliminations, while polar solvents
such as acetonitrile direct the reaction towards the oxidative addition. More strikingly,
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the presence of an inert electrolyte such as [Bu4N]PF6 in CH2Cl2 diverts the predominant
pathway towards the oxidative elimination with respect to oxidative addition.
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Noteworthy is the identification of the intermediate 52 in the oxidation of the trimethyl
silyl enolate of cyclohexanone with photoactivated chloranil97a. Compound 53 has been
isolated and characterized by X-ray diffraction methods97b.
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On the basis of the results of cyclization reactions on model compounds, accompanied
by a number of DFT calculations, Mattay and coworkers have established that radical
cations are reactive intermediates in the PET-mediated oxidative cyclization of the silyl
enolates, although the contribution of a radical pathway could not be excluded98.

3. Electrochemical syntheses

As far as the use of electrochemical oxidation of metal enolates in organic synthesis is
concerned, more than 30 years ago the electrochemical oxidation of lithium ester enolates
was used for the preparation of succinate esters99. An excellent review on the applications
of anodic electrochemistry in organic synthesis has been published100.

In a recent study101, Wright and coworkers described the preparation of annulated
furan systems through a two-step annulation reaction involving an electrochemically-
induced ring closure between a furan and a silyl enolate. The reaction is quite general
for the formation of six-membered rings in good yields and can be applied in the
presence of different functional groups, such as acyclic or five-, six-, seven-membered
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bicyclic- (equation 39) and acyclic trimethylsilyl enolates. It is interesting to observe
that these reactions do not proceed to any extent when using chemical oxidants such as
(NH4)2[Ce(NO3)6], VO(OCH2CF3)Cl2 and Mn(OAc)3ž2 H2O, which react with electron-
rich olefins. The only alternative to electrochemical oxidation is the use of the sta-
ble [tris(p-bromophenyl)aminium] hexachloroantimoniate102. Unfortunately, the amine
byproducts are removed with difficulty from the primary products of the reaction. The
best results for the conversion of enol ethers to annulated furans are attained with the
use of direct anodic oxidation at a carbon anode in CH3CN in the presence of LiClO4 as
supporting electrolyte, 2,6-dimethylpyridine as acid scavenger and 2-propanol as cation
trap103.

O O
H

Me3SiO O

(39)

Anodic oxidation couples the pendant arm and the silyl enolate fragments of 54 to
give the annulated product 55 (equation 40)104, a key intermediate in the synthesis of
hamigerans, an unusual halogenated marine natural product105.

Me3SiO

OMe

MeO

OMe

MeO

O

OMe

MeO

O

+

(54) (55) (56)

H

(40)

The surprising factor of the reaction, which shows how intriguing and constantly inno-
vative synthetic chemistry can be, is the fact that the annulation reaction reported in
equation 40 occurs in satisfactory yields in the absence of an alcohol additive (the cation
scavenger), which is normally used in these reactions100. As a matter of fact, when the
reaction was performed at a carbon anode and current density of 0.5 mA cm−2, the hydrol-
ysed ketone 56 was formed as the main product and the yield of 55 was only 5% when
using a 4/1 CH3CN/i-PrOH mixture as solvent. The 55/56 molar ratio turned 6.5/1 (67%
yield) in the absence of alcohol, the other experimental condition being essentially the
same104.

C. Redox Reactions of Enolates of Transition Metals and Lanthanides

Transition metal enolates were introduced into organic synthesis in 1981 by Reetz and
Peter, who reported that titanium enolates are easily accessible using cheap reagents, dis-
tillable and miscible in THF, ether, methylene chloride or pentane, and display pronounced
erithro selectivity in reactions with aldehydes106. Since then, the importance of these ver-
satile nucleophiles has steadily increased and compounds which can be represented as 57
or 58 have been identified.

Due to their oxophilic nature, early transition metals show general properties which
somehow recall those of the main group elements and lanthanides107 and afford O-bonded
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O
M

R CH2

O

M
R

(57) (58)

enolates 57. On the other hand, middle-to-late transition elements are expected to have
the carbon-bound structure 58. This is especially true when the enolates of heavier met-
als are concerned due to the generally observed increase of the M−C bond energy on
descending a vertical sequence of transition elements107. Thus, transition metal enolates
may provide a unique system for comparing the structure and reactivity of metal–oxygen
to metal–carbon bonds. In this section are presented some redox reactions involving tran-
sition metal enolates, mainly of titanium; however, other systems such as zirconium and
middle-to-late transition metal enolates are also considered.

The most studied O-bonded transition metal enolates are titanium enolates106. The
reason for their success has been recognized in the fact that titanium enolates show an
enhanced stereochemical control in C−C bond-forming reactions over simple lithium
enolates and the possibility of incorporating chiral ligands at the titanium centre, a pos-
sibility which has lead to enantioselective aldol reactions with excellent enantiomeric
excess. Moreover, titanium enolates have been used in oxidation reactions with remarkable
diastereoselectivity.

In a series of papers, Itoh and Mikami have reported the high yield, radical α-trifluoro-
methylation of ketones using titanium enolates and MefI/BEt3 as free radical generator108

and trifluoromethylating agent109. The use of excess lda and Ti(OPr-i)4 in the preparation
of the titanium enolate represents the key to the success of the reaction (equation 41). Inter-
est in this reaction stems from the fact that in general, the radical α-trifluoromethylation
of ketones via lithium enolates is complicated by the easy defluorination of the α-CF3
ketone by the parent enolate109. For this reason, less reactive enolates such as silyl or
germyl enolates have been initially used instead of lithium enolates110.

OTiLn

R2

R3
R1

O

R2

MefR1

R3

MefI/BEt3

O

R2

R3
R1

1. lda (excess)
2. Ti(OPr-i)4 (41)

More recently Ito and Mikami observed111 that the titanium reagent is not indispensable
in the case of highly basic lithium enolates derived from cyclic ketones or silyl enolates,
for which the reactions are very fast (ending in ca 1s to 5 min) and afford high yields of
the α-trifluoromethylation products. A tentative radical mechanism has been proposed for
these processes110a involving reaction of the Mef ž free radical with the enolate to give
a radical intermediate which reacts with another MefI molecule to afford Mef ž and the
a-trifluoromethylation product (equation 42).

MefI
BEt3 CF3 CF3

OLi OLi
MefI

− Mef
CF3

O
•

(42)

Based on the optimization of the structures of titanium and lithium enolates, it has
been shown that, although Ti−F bonds are stronger than Li−F bonds112, the stability of
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the titanium enolate, i.e. the success of the radical a-trifluoromethylation, comes from the
linearity of the Ti−O−C bond with consequent reduction of M · · · · F interactions: the cal-
culated M−O−C bond angles are in fact 170.2 and 121.9◦ in the titanium and the lithium
enolates 59 and 60, respectively109a.

O

C

Ti

F
F

F

O

C

Li

F
F

F

170.2°
121.9°

(59) (60)

Titanium enolates deriving from titanium(IV) alcoholates, amido or mixed chloro-
cyclopentadienyl derivatives of general formula R1R2C=C(R3)COTiL3 have been oxi-
dized to α-hydroxyketones by several oxidizing agents such as dioxygen113, dimethyl-
dioxirane114, t-BuOOH and its lithium salt115, the diastereoselectivity of the reactions
depending on the substituents on titanium and the oxidizing agent. For example, high
yields but low stereoselectivity occurs in the oxidation of the trisalkoxyenolate 61 with O2
(equation 43), while the oxidation of mixed ligand chlorotitanocene and alkoxy enolates
derived from camphor with t-BuOOH115 or with dimethyloxirane, racemic oxaziridine or
molybdenum peroxides114c affords the corresponding α-hydroxyketones with high (>95%)
diastereomeric excess (equations 43a–d).

R
X

OTi(Oi-Pr)3

O2

R
X

O

OH

(61)

R = Bu, Ph, Bn
X = i-Pr2N, t-BuO

(43)

OTiCp2Cl OHO

2S,3R,6S-isomer

O O (43a)

OTiCp2Cl OHO

2R,3R,6S-isomer

BaO/t-BuOOH (43b)

O O

OTiCp2Cl O

OH

H

exo-isomer

(43c)
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OTiCl(OPr-i)2 O

H

OH

endo-isomer

LiOOBu-t (43d)

Adam and Korb have attributed the higher stereoselectivity of titanium enolates relative
to the corresponding lithium enolates in the oxidations with dimethyldioxirane to the steric
demand of the oxidizing agent: for the chlorotitanocene enolate, the high preference of
the exo-isomer for all the oxidants is due to the presence of the steric demanding titanium
fragment ligated to the enolate114c. Remarkably, the nature of the oxidant determines the
stereochemistry of the product: in the case of dimethyldioxirane, the 2S,3R,6S-isomer
of menthone (equation 43a) and the exo-isomer of camphor (equation 43c) were formed
with dimethyldioxirane as oxidant. On the other hand, the use of t-butylperoxides provided
high stereoselectivity for the 2R,3R,6S-isomer (equation 43b) and for the endo-isomer
(equation 43d). The difference in the behaviour of the two oxidants has been attributed
to the different modes of attack of the oxidant on the titanium enolate. In the case of the
peroxide, the first step of the reaction involves ligand exchange and the peroxy function
activates a titanium-assisted oxygen transfer115. By contrast, dimethyldioxirane probably
does not coordinate to titanium114b and the TiL3 fragment behaves as a bulky substituent
favouring the formation of the exo-isomer.

In the attempt to oxidize allenyl enolates derived from the allenyl ester 62 to α-
hydroxyallenes following the procedure used by Adam and coworkers114a – c (i.e. depro-
tonation of the substrate with lda, trans-metallation of the lithium enolate with TiCp2Cl2
and treatment of the titanium enolate with dimethyldioxirane), Hoffmann-Röder and
Krause found that the procedure suffers from the poor reactivity of the titanium enolate
towards dimethyldioxirane116, thus leading to unsatisfactory conversion of the substrate
(equation 44). Transmetallations to the corresponding zinc, boron or aluminium enolates
with ZnCl2, Zn(OTf)2, BBu2OTf or AlEt2Cl did not give better yields. Using ZrCp2Cl2
instead of TiCp2Cl2 led to good yields of ethyl 2-hydroxy-3,4-dienoates, which are valu-
able precursors of chiral 2,5-dihydrofurans117.

C CO2Et
R1

R2

R3

O O
C CO2Et

R1

R2

R3 OH

1. lda
2. Transmetallation

3.

(62)

(44)

Copper(I)-catalysed conjugate additions to zirconocene are supposed to have zirco-
nium enolates as intermediates, which can be oxidized with N-halosuccinimides (equation
45)118.

Cp2Zr

Pr

Pr

[Cu(I)]

O
O

Cp2
Zr

Pr

Pr

NXS

O

X

Pr

Pr

X

(45)
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Another example of zirconium enolate oxidation is the facile reaction of the enolate
63 with molecular oxygen to give a mixture of α-hydroxy ketone 64 and hydroperoxide
65 (equation 46)119.

R2 O ZrCp2Cl

R3

R1

R1
O

R2

R3

OOH

R1
HO

R2

R3

O

+

(64) (65)(63)

O2

NaHCO3/H2O

(46)

Oxidation reactions of isolated titanium and zirconium enolates are rather uncom-
mon, examples being the reaction of 66 with [Fe(phen)3](PF6)3 (equation 47a)120 and
oxidation of the thermally stable five-membered chelate 67 with dioxygen or bromine
(equation 47b)121.

Ph

O TiCp2Cl Fe(III)
Ph

Ph

O

O
(66)

(47a)

Cl3Ti
O

OR

X
CO2R

O2 or Br2

X = OH, Br
(67)

(47b)

For the sake of completeness, it should be mentioned that at variance with the corre-
sponding silyl enolates, the oxidation of titanium bis(enolates) with a variety of oxidants
does not show any diastereoselectivity in the formation of the enolate coupling product67b.
On the basis of crossover experiments, it has been shown that the C−C bond formation
occurs via an intramolecular route in the case of the silyl derivatives and intermolecularly
in the case of the titanium derivatives.

Although several research groups have been interested in transition metal enolates to
use the metal centre as a potential site of asymmetry in the design of chiral catalysts,
examples of well defined redox reaction involving middle to late transition elements
and lanthanides are scarce in the literature. Based on Pearson’s theory of hard and soft
acids and bases122, it has been proposed that combining a hard ligand with a soft late
transition metal centre may lead to weak metal–heteroatom links, resulting in reactive
late metal–heteroatom bonds.

The O-bonded ruthenium(II) enolato derivatives 68 undergo thermal reductive elimi-
nation under carbon monoxide atmosphere to give acetone and the carbonyl derivative 69
(equation 48)123.

Ru

L

L

L H

L O

CH2
CO Ru

L

L

L

L
CO

O

+

(68) (69)

(48)
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A C−C coupling reaction has been observed in the reaction of LnCp*2CH(SiMe3)2
(Ln = La, Ce) with enolizable ketones such as acetone or 3-pentanone124. A plausible
mechanism for this reaction, which proceeds with elimination of one mole of CH2(SiMe3)2,
invokes formation of the lanthanide enolate 70, coordination of a second molecule of
ketone to the metal centre to give 71 and C–C coupling with the enolate to yield the final
product (equation 49).

O

R

HCp*2Ln

RR

O

O

R

HCp*2Ln

R

Cp*2Ln

O

O

R

R

R

H

R

LnCp*2CH(SiMe3)2

(70)

(71)

− CH2(SiMe3)2

(RCH2)2C=O

(RCH2)2C=O

R

(49)

As far as late-transition elements are concerned, it is worthwhile to discuss some
reactions occurring at C-bonded nickel and palladium enolates. Treatment of the nickel
complex 73, derived from the alkynylenone 72 and Ni(cod)2, with dry dioxygen yielded
the [3.1.0]bicyclohexane derivative 75 (equation 50), with the carbene species 74 as pos-
sible intermediate125.

Ph

O

R
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Ni

O
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O
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O

O
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(72) R = H, Ph

(73) (75)

(74)

tmeda

+

−

(50)
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Recently, Culkin and Hartwig reported examples of arylpalladium enolates that are
sufficiently stable to be isolated in pure form, but reactive to undergo reductive elimina-
tion of α-aryl carbonyl compounds in high yields (equations 51a and 51b)126. Of special
interest is that the isolation of a large number of palladium(II) enolates has allowed one
to account for the dependence of the enolate coordination to palladium on the ancillary
ligands. For example, it happens that the C-bound isomer is favoured if the enolate is
located trans to a phosphine (equation 51a), but the O-bound form if favoured if located
trans to an aryl group (equation 51b).

P
Ph2

Pd

Ph2
P Ar

R1

R2

OR

Ar
R

O

R1

R2

 [PdLn]+ (51a)

Pd
PPh2Et

EtPh2P O

Me

ArR1

R2

Ar

O

R1
R2

Me

[Pd(PPh2Et)n]+ (51b)

D. Electrochemistry of Enols and Enolato Derivatives
The discovery that sterically crowded β-carbon enols are kinetically stable constitutes

the milestone towards the elucidation of the electron transfer ability of enolates127,128.
Based on this, Schmittel and coworkers started an accurate examination of their redox apti-
tude, and how it could be reflected on their chemical reactivity. In particular, they pointed
out how the predominance of ketones over enols in the neutral keto/enol equilibrium could
be inverted upon one-electron oxidation5a. These findings opened up interesting possibil-
ities for new synthetic procedures. Starting from available ketones, the small amount of
enol present in equilibrium can be oxidized by suitable oxidants and the resulting radical
cation can be trapped by nucleophiles. For example, 1-(p-methoxyphenyl)propan-2-one,
which has an enol [1-(p-methoxyphenyl)propen-2-ol] content of only about 0.0001%129,
reacts with tris(p-methoxyphenyl)aminium hexachloroantimonate in methanol to give the
α-methoxyketone 76130. Comparable yields are obtained with [Fe(phen)3](PF6)3. The prod-
ucts isolated in the reactions are consistent with the mechanism reported in equation 52.

OMe
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OMe

HO

OMe

HO

MeOH
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(76)

+

− e−

•

(52)
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1. Enols and enolato anions

The archetype of stable enols is represented by the 2,2-dimesityl enols 77, which
undergo oxidation to the corresponding benzofurans 78 (equation 53)131 – 136. Electro-
chemical studies allowed one to ascertain that the commonest and simplest mechanism
involved in such electron-transfer-induced conversion is that shown in equation 54. As a
matter of fact, the step triggering the enol → benzofuran conversion resides in the first
one-electron oxidation, which is accompanied by a chemical transformation leading to a
product which undergoes a further one-electron oxidation (the ECE mechanism)137 to the
α-carbonyl cation 79, which rapidly cyclizes. Schematically, the two-electron transfers
involved in the ECE process can proceed at the same potential value (peak A + B in
Figure 1)134, or, in the case of the deprotonated enolates, at separated potential values
(peaks A and B in Figure 2)131c. In both cases, the most anodic step C is assigned to
the reversible benzofuran ⇀↽ benzofuran monocation oxidation. The fact that the enolato
anions exhibit separate anodic processes is not unexpected when considering that the
well known sequence catecholate dianion → semiquinonate → quinone proceeds through
separate reversible one-electron removals137, whereas catechol is oxidized in a single
two-electron step, which possesses features of chemical reversibility only under adequate
pre-treatment of electrode surfaces138.

O

Mes

R
oxidation

(78)

OH

RMes

(77)

(53)

The extent of chemical reversibility of the ECE electron transfers depends either on
the type of enol or on the solvent. In general, non-coordinating dichlomethane favours the
chemical reversibility as opposed to the coordinating acetonitrile. Furthermore, the ECE
mechanism can be in some cases enriched or complicated by further intermediates, thus
making in some cases the voltammetric profiles more intriguing. Such a complication can
be observed in the redox mechanism involved in the oxidation pathway of the dimesityl

A + B

positive potential values

C

FIGURE 1. Representative cyclic voltammogram of a 2,2-dimesityl enol in which the two electron
removals involved in the ECE determining steps proceed at the same potential value134. Reproduced
from Reference 134 by permission of Wiley-VCH
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enol bearing an ethynylferrocenyl substituent139. The formal electrode potentials for the
ECE process exhibited by the 2,2-dimesitylenols and the respective benzofurans oxidation
are compiled in Table 1.

Mes

OH

R
Mes
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R
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O
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+

+

− e−

+
(79)

−H+

− e−

− e−

−H+

•

•

+

(54)

Enols sterically protected at the β-carbon have also been investigated. In general, the
cyclic voltammetric response exhibits only the already mentioned ECE process, while
the reversible benzofuran oxidation is not detected. The pertinent electrode potentials are
compiled in Table 2. In the case of the enolato species, the ECE process probably proceeds
through separated one-electron oxidations as those of Table 1.

A B
C

positive potential values

FIGURE 2. Representative cyclic voltammogram of a 2,2-dimesityl enolate in which the two electron
removals involved in the ECE determining steps proceed at different potential values131c. Reproduced
from Reference 131c by permission of the Royal Society of Chemistry
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TABLE 1. Formal electrode potentials (vs. SCE) for the enol-centred oxidations exhibited by the
2,2-dimesityl enols (77) and their derived benzofurans (78)

R E
◦′ (V) E

◦′ (V) E
◦′ (V) Solvent Reference

1st oxidation 2nd oxidation (benzofuran
oxidation)

H +1.00 a +1.00 a — MeCN 131a,b
−0.34 b , +1.06 a +0.75 a,b , +1.06 a +1.41 131b

Me −0.51 b , +1.07 a +0.60 a,b , +1.07 a +1.38 MeCN 131b
t-Bu +0.97 a +0.97 a — MeCN 131

−0.62 b , +1.03 a +0.54 a,b , +1.03 a +1.32 131b
Vi +1.08 a +1.08 a — MeCN 134
CH=CHMe +1.03 a +1.03 a +1.16 a MeCN 134
CH=CMe2 +0.90 a +0.90 a — MeCN 132
C≡CPh +1.11 a +1.11 a +1.40 a MeCN 134
C≡C-C6H4OMe-4 +1.07 a +1.07 a +1.25 MeCN 134
Ph −0.44 b , +1.00 a +0.63 a,b , +1.00 a +1.26 MeCN 131c

+1.06 +1.06 — MeCN or CH2Cl2 131d
4-Tol −0.47 b , +0.96 a +0.61 a,b , +0.96 a +1.20 MeCN 131c

+1.03 +1.03 — MeCN or CH2Cl2 132
Mes −0.36 b , +1.15 a +0.65 a,b , +1.15 a +1.33 MeCN 131c

+1.15 +1.15 — MeCN or CH2Cl2 132
4-An +0.96 +0.96 — MeCN or CH2Cl2 132

+0.90 +0.90 +1.08 MeCN 132, 134, 136
4-C6H4-NMe2 +0.52 a +0.52 a +0.62 MeCN 135, 136
3,4-C6H3(OMe)2 +0.90 a +0.90 a +1.08 MeCN 136

+0.97 a +0.97 a — CH2Cl2
α-C10H6OMe-5 +0.91 a +0.91 a +1.04 MeCN 136

+1.03 a +1.03 a — CH2Cl2
2-Thi −0.39 b , +0.92 a +0.63 a,b , +0.92 a +1.10 MeCN 136, 140

+1.03 a +1.03 a — CH2Cl2
3-Thi −0.60 b , +0.92 a +0.92 a — MeCN 136, 140
2-C8H9S c −0.38 b , +0.85 a −0.66 a,b , +0.85 a — MeCN 140
2-Fu −0.39 b , +0.92 a +0.66 a,b , +0.92 a +1.07 MeCN 140

+1.02 a +1.02 a CH2Cl2
C≡C-Fc +0.56 a,d +0.56 a,d +1.30 a,e MeCN 139

a Peak-potential values for irreversible processes.
b Deprotonated enol.
c 2-C8H9S = 2-tetrahydrobenzothienyl.
d Partially overlapped by the ferrocene-centred oxidation.
e Followed by an irreversible oxidation to benzofuran dication.

2. Group 4 enolates

As for stable enols or enolates, the kinetic stability of metal enolates is obtained by
shielding the 2,2-β-carbon atom of the enol core. The stable titanium enolates 80–83
have been studied electrochemically up to the present67b,68,120a,b,143. As illustrated repre-
sentatively in Figure 3 for a titanium monoenolate120b, the most stable titanium enolates
undergo a first oxidation to the corresponding unstable monocations (peak A), followed
by a second oxidation of the pertinent enols formed by mesolytic cleavage of the O−Ti
bond consequent to the first electron removal (peak B, equation 55). This redox process
is followed by a third oxidation of the corresponding benzofurans generated by the usual
cyclization of the α-carbonyl monocations (equation 54), peak C. The formal electrode
potentials of the redox processes are summarized in Table 3. It should be noted that oxi-
dation of the titanium enolate with R = CH3, R1 = R2 = H, does not undergo cyclization
to a benzofuran.
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TABLE 2. Formal electrode potentials (vs. SCE) for the first oxidation of the

substituted enols of general formula
R1 OH

R2 R3

R1 R2 R3 E
◦′ (V) Solvent Reference

Mes Me Mes +1.26 a MeCN 131a,b
Mes Ph H +1.08 a MeCN 131a,b
Ph H Ph –0.14a,b thf 141
Ph Ph Ph –0.23b,c thf 141
Ph C≡N H –0.42 b dmso 142
4-C6H4Cl C≡N H –0.38 b dmso 142
4-Tol C≡N H –0.51 b dmso 142
4-An C≡N H –0.60 b dmso 142
Ph C≡N Me –0.51 b dmso 142
4-C6H4Cl C≡N Me –0.46 b dmso 142
4-Tol C≡N Me –0.55 b dmso 142
4-An C≡N Me –0.66 b dmso 142

a Peak-potential values for irreversible processes.
b Deprotonated enol.
c Partial chemical reversibility.
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A

B

+0.2 +0.4 +0.6 +0.8 +1.0

C

E (V, vs. Fc+/Fc)

FIGURE 3. Cyclic voltammogram of the titanium mono-2,2-dimesitylenolate 80 (R = R1 = Me,
R2 = Ph, Pt electrode, MeCN, scan rate 0.2 V s−1)120b. Reproduced from Reference 120b by per-
mission of Wiley-VCH
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•
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Titanium dienolates display cyclic voltammetric profiles more complicated than those of
the monoenolates. In Figure 4143 process A + B consists of oxidation to the corresponding
dienolato monocation overlapping with oxidation of the α-carbonyl radical formed by
mesolytic cleavage of the O−Ti bond; process C arises from oxidation of the cationic
titanium monoenolate formed on O−Ti cleavage; process D is oxidation of the generated
enol, and process E is assigned to oxidation of the final benzofuran product. Table 3 lists
the oxidation potentials of the most important steps.

Regarding the sterically unprotected complexes 82 and 83, either the monoenolato or the
dienolato derivatives display an irreversible oxidation in MeCN solution (Ep = +0.93 V
for 82; Ep = +0.74 V for 83; vs. SCE)67b,120b,143, which in both cases ultimately leads
to 2,3-dimethyl-1,4-diphenyl-1,4-butanedione.

Electrochemical studies have been also devoted to zirconium enolates68,120c. All com-
plexes undergo one-electron oxidation followed by the usual path to the corresponding
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TABLE 3. Formal electrode potentials (vs. SCE) for the redox processes of the titanium mono-
enolates 80a and dienolates 81

R R1 R2 E
◦′ (V)

titanium
enolate

oxidation

E
◦′ (V)
enol

oxidation

E
◦′ (V)

benzofuran
oxidation

Solvent Reference

Titanium monoenolates 80a
H H H +0.79 a — — MeCN 120a,b

+0.88 b — — CH2Cl2
Me H H +0.83 a — — MeCN 120a,b
Me Me H +0.83 a +1.06 a +1.45 MeCN 68, 120a,b

+0.89 b — — CH2Cl2
Me Me t-Bu +0.69 a +1.03 a +1.32 MeCN 68, 120b

+0.55 b — — CH2Cl2
Me Me Ph +0.77 a +0.99 a +1.26 MeCN 68, 120b

+0.70 b — — CH2Cl2

Titanium dienolates 81
H — — +0.66 a +1.11 a +1.47 MeCN 68, 143

+0.66 b +1.24 a +1.44 CH2Cl2
Ph — — +0.66 a +0.94 a +1.26 MeCN 68, 143

+0.58 b — — CH2Cl2
a Irreversible process.
b Partial chemical reversiblity.

A+B

D

E

+0.20.0 +0.4 +0.6 +0.8 +1.0 +1.2

C

E (V, vs. Fc+/Fc)

FIGURE 4. Cyclic voltammogram of the titanium bis-2,2-dimesitylenolate 81 (R = H, Pt electrode,
CH2Cl2, scan rate 0.2 V s−1)143. Reproduced from Reference 143 with permission. Copyright 1999
American Chemical Society

benzofurans. As in previous cases, the anodic process is irreversible in acetonitrile solu-
tion, whereas partial chemical reversibility is apparent in dichloromethane (Table 4). In
agreement with the higher electron density on zirconium relative to titanium, the zirco-
nium enolates are easier to oxidize by about 0.1 V with respect to the corresponding
titanium enolates.
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TABLE 4. Formal electrode potentials (vs. SCE) for the one-
electron oxidation of the zirconium enolates 80b68,120c

X R Ep (V)/MeCN E
◦′ (V)/CH2Cl2 a

Cl H +0.84 +0.96
Cl t-Bu +0.71 +0.82
Cl Ph +0.80 +0.83
Me H +0.90 +0.85
Me t-Bu +0.69 +0.74
Me Ph +0.74 +0.75

a Partial chemical reversibility.

TABLE 5. Formal electrode potentials (V, vs. SCE) for the one-electron
oxidation of shielded silyl enolates [Mes2C=C(R1)O]nSiMe4 −nR2 68,120c

n R1 R2 Ep (V)/MeCN E
◦′ (V)/CH2Cl2 a

1 Ph Me +1.04 +1.08
1 Ph t-Bu +1.12 +1.06
1 Ph 4-An +1.07 —
2 H Ph +1.29 +1.27
2 Ph Me +1.14 —
2 Ph Ph +1.20 +1.13
3 Ph — +1.18 +1.14

a Partial chemical reversibility.

TABLE 6. Formal electrode potentials (vs. SCE, in ace-
tonitrile) for the irreversible oxidation of unshielded silyl
enolates [MeCH=C(Ph)O]2SiR1R2 67b

R1 R2 Ep (V)

Me H +1.68
Me Me +1.50
MeCH=C(Ph)O− Me +1.52
MeCH=C(Ph)O− MeCH=C(Ph)O− +1.55

3. Silyl enolates

The electrochemistry of the shielded and unshielded silyl enolates has been investi-
gated67b,68,143,144. As in the case of the shielded titanium analogues, all the dimesitylsilyl
enolates display the usual oxidation to the corresponding benzofurans. In some cases,
reversible oxidation of the latter is also detectable68. The pertinent oxidation potentials
are reported in Table 5.

As in the case of the related titanium complexes, the oxidation of the unshielded silyl
enolates affords the related 1,4-diketones67b (Table 6).

IV. SIMPLE β-DIKETONATES

β-Dicarbonyl compounds have been of considerable interest to inorganic, organic and
physical chemists. β-Diketonates (especially the acetylacetonato anion) have been appre-
ciated by inorganic chemists as useful chelating ligands. Organic chemists have used them
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in reactions such as the malonic synthesis, the Knoevenagel condensation, the Michael
addition etc. Physical chemists have used β-dicarbonyl compounds to study the keto/enol
equilibrium which, due to a 1,3 hydrogen shift, affords in solution mixtures of the keto
and of the enol form 84 and 85, respectively. Exhaustive review papers have dealt with
this topic145.

R1 R3

O O

R2 H
R1 R3

O OH

R2

(84) (85)

As Section IV will be mostly devoted to 2,4-pentanedione, acacH, it is worthwhile to
dwell on this well studied species. The rate of interconversion between the keto and the
enol form of acacH is rather slow at room temperature146, thus they can be simultaneously
detected by NMR spectroscopy: it has been observed that the lower the polarity of the
solvent, the higher the percentage of the enol tautomer145c. Electron diffraction studies147

indicate that in the gas phase acacH adopts the enol configuration with a keto/enol ratio
of 8/92. More recently, an X-ray analysis of acacH, carried out at 110 K148, showed
that it exists as a mixture of the two enol forms 86 and 87, with the enolic hydro-
gen atom equally distributed over two positions close to the oxygen atoms as in 88.
It should be noted that inclusion compounds containing different host molecules show
different ratios of acacH in the enol form. For example, acacH exists as a dynamically
averaged 1:1 mixture of 86 and 87 in an inclusion complex with 1,1′-binaphthyl-2,2′-
dicarboxylic acid as host149, while 1,1-bis(p-hydroxyphenyl)cyclohexane and (4R,5R)-
trans-4,5-bis(hydroxydiphenylmethyl)-2,2-dimethyl-1,3-dioxolane include acacH in pure
enolic form150.

OOH O OOH O
H

(86) (87) (88)

......

The proton in position 3 in the keto form and the hydroxyl proton in the enol form
of β-diketones are acidic and their removal generates β-diketonato anions, forming the
broad class of the β-diketonates with every main group and transition element, the lan-
thanides and the actinides. Beyond the academic interest, β-diketonato complexes have
been used as extracting and complexing agents, for chromatographic separations, as molec-
ular precursors in CVD techniques and as liquid crystal phases (metallamesogens). Several
reviews have been published on this topic151.

A. Redox Reactions

1. Reactions involving the metal

a. Reductions, oxidations and oxidative addition reactions. Transition metal β-dike-
tonates are interesting starting materials for the preparation of organometallic compounds
due to their easy preparation from readily available starting materials. Alkyl complexes
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of iron(II) have been obtained in good yields by reaction of Fe(acac)3 with trialkylalu-
minium or alkoxodialkylaluminium compounds in the presence of triphenylphosphine152a,
dppe, dppe = 1,2-bis(diphenylphosphino)ethane152b, or dipy153 (equation 56) and have
been used as catalytic precursors for the oligomerization of butadiene153 and the poly-
merization of styrene, methylmetacrylate and acrylonitrile152.

Fe(acac)3

dppe, −30 °C

FeEt2(dipy)2

FeMe2(dppe)2

FeMe2(dppe)2

FeEt(acac)(PPh3)3

PPh3, −30 °C

dipy, −30 °C

AlMe3

PPh3, −30 °C

AlEt3

AlMe2(OMe)

AlEt2(OEt)

(56)

The Fe(acac)3 reduction with alkylaluminium compounds in the presence of phosphines
strongly depends on the reaction conditions (equation 57). Control of the reductant-
to-iron molar ratio and the reaction temperature allows the isolation of intermediates
such as FeEt2(dppe)2, which converts into the dihydride FeH2(dppe)2 on increasing the
temperature154.

Fe(acac)3
AlEt3 or AlEt2(OEt)

dppe

Fe(acac)2(dppe)

FeEt2(dppe)2 FeH2(dppe)2
−78 0 °C

Fe(C2H4)(dppe)2Al/Fe = 6.7

0 °C

−78 °C

Al/Fe = 6.7

−5 °C

Al/Fe = 6

(57)

Alkylaluminium compounds in the presence of the proper ligands have been used as
reducing agents for molybdenum(III), manganese (II) and nickel(II) acetylacetonates in the
preparation of MoH(acac)(dppe)2

155, Mn2(CO)10
156, Ni(PPh3)2(C2H4)157 and the nitrogen-

bridged [Ni(PHex-c3)2]2N2
158. Dihydrogen as reductant of Ru(acac)3 in the presence of

carbon monoxide has been used for the preparation of Ru3(CO)12
159.

Alkyllithium compounds smoothly reduce Ce(acac)4 to the cerium(III) derivative Li[Ce
(acac)4]. On increasing the Li/Ce molar ratio, organocerium compounds of composition
Li3[CeR3(acac)3] are formed. With Grignard reagents, products of the type Ce(acac)3žRMg
(acac) are obtained160.

Bis(cyclopentadienyl)cobalt(II), CoCp2, or hexacarbonylmetalate anions of niobium
and tantalum, [M(CO)6]−, have been used as reducing agents for the preparation of
titanium(III)161, and niobium(I) and tantalum(I) derivatives162.

Zinc amalgam reduction of Ru(acac)3 in the presence of olefinic N- or O-donor chelat-
ing ligands affords the corresponding complexes 89 of ruthenium(II)163.

Well resolved EPR spectra of stable dianion radicals of β-diketonate have been observed
in the reaction of transition metal β-diketonates of manganese(III), iron(III), cobalt(III)
and copper(II) with Grignard reagents164. On the basis of the spectral pattern and of
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Ru

O

O
L O

O

L           = chelate olefinic ligand

(89)

R2

R1

O

O

MH

(90)

•

deuteriation experiments, it has been proposed that stable dianion radicals of the β-
diketonate exist as the metal complexes 90 (R1 = R2 = Me, Ph, t-Bu; R1 = Me, R2 = Ph).

More recently, Ingrosso and coworkers have studied the reaction of some cobalt(III)
β-ketoenolates with trifluoroacetic acid165 observing a ligand-to-metal electron transfer
process which affords radical species and cobalt(II) derivatives. Depending upon the nature
of the β-ketoenolates, the radicals can be described as the cationc cobalt(III) derivatives
containing a β-ketoenolyl radical 91, or as cationic β-ketoenolates of cobalt(IV), [CoL3]+.
On the basis of detailed synthetic and EPR studies, it has been shown that trifluoroacetic
acid promotes the formation of strong oxidant, cationic cobalt(III) centres by the grad-
ual removal of β-ketoenolate ligands from the coordination sphere of the starting CoL3
species. The proposed electron transfer steps, protonation and loss of one diketonate fol-
lowed by Co(III) to Co(II) reduction closely resembles that reported by McKellar and
West in 1974166.

R

R

O

O

CoL2H

+

(91)

•

Metal acetylacetonates M(acac)n (M = Mn, Fe, Co, Al, Cr, n = 3; M = Zn, Cu, n = 2)
react with the stable 2,2-diphenyl-1-picrylhydrazyl (dpph) free radical, with formation of
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2,2-diphenyl-1-picrylhydrazine and reduction of the metal167. In the case of Cu(acac)2, a
copper(I) derivative formulated as Cu(dpph)(acac) was obtained: on the basis of IR, NMR
and UV-VIS spectra, the authors propose that the coordination of dpph to copper occurs
through the picryl ring168.

Oxidative addition reactions of dihydrogen169, iodine170, alkyl halides171 and Hg(CN)2
172

to carbonyl, olefin or phosphine substituted derivatives of rhodium(I) and iridium(I) have
been described. In order to determine the effect on the rate of the reaction, the kinet-
ics of the oxidative addition of Hg(CN)2 to Rh(dik)(P(OPh)3)2 has been studied172. A
second-order rate law coupled to large negative values of the activation entropy suggest an
associative mechanism which probably proceeds via a cyclic three-centred transition state
(equation 58). Analogous results were obtained with Ir(dik)(cod)173.

Hg(CN)2

slow
Rh(dik)

(PhO)3P

(PhO)3P
Rh(dik)

P(OPh)3

CN
Hg

(PhO)3P

NC
Rh(dik)

P(OPh)3

CN
NCHg

(PhO)3Pfast

≠

(58)

The hydrido-vinyl species of iridium(III), Ir(acac)(H)(C2H3)L(Pi-Pr3), L = py, i-Pr3,
obtained from Ir(acac)(C2H4)(Pi-Pr3) via intramolecular oxidative addition of a coordi-
nated ethylene ligand under UV irradiation169a, represents a useful starting material for
the preparation of vinylidene iridium complexes.

The oxidative additions of alkynes, hydrosilanes and hydrostannanes to M(acac)(coe)P
(Hex-c)3, M = Rh, Ir, have been studied by Esteruelas and coworkers169b,c. Particularly
interesting is the reaction of 92 with dihydrogen (equation 59), affording a rare example of
a silyl trihydride derivative, and shows that the acetylacetonato ligand is able to stabilize
either the +3 or the +5 oxidation states of iridium.

HSiEt3

P(Hex-c)3

H

P(Hex-c)3

SiEt3
H2

H

H

H

P(Hex-c)3

SiEt3(acac)Ir (acac)Ir (acac)Ir
− coe

(92)

(59)

Cobalt(III) 1,5-dialkyl-2,4-pentanedionate derivatives have been obtained by oxidation
of CoL2 with hydrogen peroxide in water174. Analogously, the vanadium(IV) derivative
VO(acac)2 is oxidized by I2 to the polyiodide [VO(acac)2]I5

175. Charge transfer complexes
of general formula [M(acac)nI]I3 (M = Fe176, Co177, n = 3; M = Ni, n = 2178) have been
isolated and characterized from the reaction of M(acac)n with diiodine.

b. Reactions induced by amines or phosphines. Goswami and coworkers have shown
that Ru(acac)3 reacts with arylamines at ca 130 ◦C with oxidative dimerization of the ary-
lamine and formation of diimine complexes of ruthenium(II) (equation 60)179. The overall
transformation 93 → 94 (equation 61) consists of the oxidative dimerization of 93, fol-
lowed by oxidation of the resulting dimer to the diimine ligand 94. The production of H+
during the oxidative dimerization justifies the yield increase on addition of triethylamine.
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NH2R

NEt3, D
Ru

O
O

O
O N

N

R

R

O   O = acac

R = H, Me, OMe, Cl

Ru(acac)3

H

(60)

N NHR

R

NH22R + 4e− + 4H+

(93)

(94)

(61)

In the course of studies on the design and synthesis of new metal compounds containing
labile ligands in cis-positions as antitumour agents, Kabanos and coworkers180 reported
a series of dichelates of vanadium(III) containing two terminal chlorine atoms, prepared
by reaction of a vanadium(IV) precursor with dipy or phen in acetonitrile (equation 62).
Although the cis- and the trans-isomers of VCl2(dik)(N N) were observed in solution,
only the cis-isomer was obtained in the solid state. On the basis of the thermodynamic
parameters obtained from variable temperature 1H NMR experiments and DFT studies,
this finding has been attributed to the greater stability of the cis-isomer due to better
solvation by polar molecules such as acetonitrile. In view of the detection of 3-chloro-
2,4-pentanedione in solution, it has been suggested that the reaction in equation 62 takes
place with formation of diketonato radicals.

VCl2(dik)2 + N^N VCl2(dik)(N^N) +  dik

dik = acac, bzac
N^N = phen, dipy, 5,5'-Me2dipy, 4,4'-t-Bu2dipy

•

(62)

Other reactions dealing with the reduction of β-diketonates by amines have been
reported by Nemykin and coworkers, such as the reduction of LnPc(dik)2, Ln = Sm,
Eu, Gd and Lu, with aliphatic amines with formation of amine radicals identified by
EPR181, and by Yamamoto and coworkers182, stating that pyridine promotes the reduc-
tion of NiR(acac)(PPh3), R = Me, Et, to Ni(PPh3)2(C2H4) with formation of methane or
ethane, depending on R.

As far as the reactions with phosphines are concerned, hexacoordinated rhodium(III)
complexes cis-[RhMe(dik)(PPh3)(CH3CN)]BPh4, dik = acac, bzac, are reduced by PPh3,
the [MePPh3]+ cation being formed as a result of intramolecular methyl transfer from
Rh(III)183.

The reaction of Pd(acac)2 with PBu3 proceeds with addition of the phosphine and
change of the coordination mode of one of the two acetylacetonato ligands from the
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O,O ′-coordinated to the C-bonded mode form 95 (equation 63)184. Reduction of 95 to
Pd(PBu3)4 is observed in the presence of adventitious water, PBu3 being the oxygen
acceptor giving the phosphine oxide OPBu3.

O

O

Pd

O

O
PBu3

O

O

Pd

PBu3

O

O

(95)

(63)

The reaction of the dinuclear Rh(I) acetylacetonate carbene derivatives 96 with tertiary
phosphines gives the mixed 0- and +2-valent compound 97 (equation 64)185, a rare com-
bination of two atoms of the same metal in different oxidation states. Such complexes,
containing a d9-Rh(0) and a d7-Rh(II) metal centre, are diamagnetic and are characterized
by a metal–metal single bond.

O

O

Rh

C

O

O

Rh
C

Sb

R R

R R
Rh

C
O

O

Rh

C

R R

R R

O

O

R′3P
PR′3

R = Ph, p-Tol; PR′3 = PPh3 − ni-Prn; n = 0–3

(96) (97)

i-Pr3

(64)

It has been observed that a series of 2,4-alkanedionato adducts of cobalt(III)(salen),
salen = bis(salicylideneaminato) dianion, undergo a thermally induced, intramolecular
one-electron transfer reaction to cobalt(II)bis(salicylideneaminato)186. The concomitant
formation in the gas phase of a mixture of the β-diketone (not more than 50%), methanol,
ethanol and acetone has been explained as follows186: the thermally induced, homolytic
fission of the Co−Odik bond gives a β-diketonato radical which abstracts a hydrogen atom
from a second β-diketonate to form the corresponding diketone, whereas the dehydro-
genated β-diketonato radical decomposes into compounds of lower molecular weight.

Shimizu and coworkers have recently reported that the Ru(II) → Ru(III) oxidation
takes place when Ru(acac)2(CH3CN)2 is refluxed in 2-methyl-propanol for 24 h with for-
mation of the µ-oxo derivatives as described in equation 65187. The authors do not point
to the source of the oxygen atom but it is reasonable that it comes from the solvent or
from adventitious air. The structure of 98 has been determined by single-crystal X-ray
diffraction and it has been found that it contains a [Ru4(µ3-O)2]8+ core where two acety-
lacetonates, coordinated to Ru1 via oxygen atoms, link to Ru3 and Ru4 with the 3-carbon
atom of the acetylacetonate. This fact, together with the values of the bond distances and
angles, suggests that the acetylacetonato ligands bonded to Ru1 are in the ketonic form
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with sp3-hybridized methyne carbon atom, thus justifying the boat conformation assumed
by these ligands.

Ru2

Ru1

O O

O
O

O
O

Ru4
O

O
OO

Me
O

O

Ru3
O

O
O

O

Me

O
O

Ru(acac)2(CH3CN)2

(98) O   O = acac

Ru3(acac)6(m3-O)+

(65)

The first example of a symmetric triangular mixed-valent triruthenium complex 99 has
been obtained by thermal treatment of Ru(acac)2(MeCN)2 with substituted 2-thiouracil
(equation 66)188. Although the usual coordination mode of the acetylacetonate is present
in the trinuclear compound, the γ -carbon atom of one of the coordinated acetylacetonato
units of the parent Ru(acac)2(MeCN)2 links to a ruthenium atom forming the trinuclear
network. The factors which are primarily involved in the ruthenium-mediated C−S bond
cleavage of the stable thiouracyl are not clear. It was suggested that the process starts
with the initial coordination of thiouracyl to ruthenium followed by cleavage of the C−S
bond and subsequent nucleation188.

O

O

Ru
O

O

Me

N

N

OH

SHR

O

O
Ru

Me

O

O

O

O
Ru

O

O
SH

R = H, Me

Ru(acac)2(CH3CN)2

(99)

EtOH, NEt3, ∆

(66)

c. Photochemical reductions. Quantitative photochemical studies of metal diketo-
nates began in the late 1960s and were concerned with metals such as chromium(III)189,
manganese(III)190, iron(III)190, cobalt(III)191, rhodium(III)192, nickel(II)193, copper(II)194

and platinum(II)195. In general, UV irradiation in solution leads to the photoreduction
of the complex196. For example, copper(II) and nickel(II) diketonates in deoxygenated
ethanolic solutions are photoreduced by 254 nm irradiation (excitation at the LMCT) and
the overall reaction can be presented as in equation 67. The main photoproducts are metal-
lic copper or nickel and β-diketone. However, the reaction pattern is more complex and
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proceeds by a photochemical reduction from ML2 to ML followed by a thermal reaction
to M(0).

ML2
hn (254 nm)

EtOH
M + 2HL (67)

In the case of trivalent transition metal diketonates, ML3, such as manganese, iron or
cobalt, photolysis at the LMCT band in hydrogen-atom-donating solvents (SH) leads to
the formation of a ML2 derivative and β-diketone, the quantum yield depending on the
excitation wavelength and the solvent. The mechanism reported in equations 68a–c has
been postulated, where [ML2L]ž represents the species which formally contains the M(II)
cation bound to the β-diketonato radical [L]ž.

hn
[ML2L]ML3

• (68a)

[ML2L] ML2 + [S]• + SH • + HL (68b)

ML2 + 2SH ML2(SH)2 (68c)

The reactions reported above can explain most experimental results for MLn photoly-
sis189d. However, it has been observed that flash photolysis of tris(1,1,1-trifluoroacetyl-
acetonato)cobalt produces [ML2L]ž species which can undergo intramolecular rearrang-
ment and additional reaction with the solvent191b.

Recently, the formation of both colloidal copper and films on the nanometer scale by
irradiation of ethanol solutions of commercially available Cu(acac)2 has been described194b.
During the optimization of the experimental conditions, the authors could demonstrate
that some of the mechanisms of photoreduction should be reformulated. In particular, the
authors did not get evidence of copper(I) derivatives and their eventual thermal dismutation
reaction. It appeared that the photoreduction is sensitized by the acacH released during the
reaction.

Kunkely and Vogler have shown194c that Cu(hfacac)(cod) in hexane undergoes photo-
chemical release of cod, induced by a Cu(I) → π*(cod) MLCT excitation, with formation
of Cu(hfacac), which rapidly disproportionates to copper metal and copper(II), a well
known reaction in the field of copper(I) chemistry and especially easy to carry out in the
case of copper(I) fluoro-substituted diketonates197.

Traverso and coworkers reported198 that the irradiation of U(dik)4, dik = acac, dbm, at
the wavelengths of the intraligand and LMCT transitions causes the reduction of U(IV) to
U(III) as the primary photoprocess. Reoxidation of U(III) to U(IV) due to halogen abstrac-
tion takes place in halocarbon solvents. When U(acac)4 was photolysed at the wavelengths
of the f–f transitions in dichloromethane in the presence of dioxygen (equations 69a–d),
a photooxygenation reaction was observed forming bis(dik)dioxouranium(VI) and acety-
lacetone (equation 69c). These compounds probably arise from the unstable peroxo deriva-
tive formed by the oxidative addition of dioxygen to the eight-coordinated uranium(IV)
(equation 69b)198.

U(acac)4
hn

[U(acac)4]* (69a)

[U(acac)4]∗ + O2 → (acac)4U
O

O
(69b)
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→ [UO2(acac)2] + 2(acac)−(acac)4U
O

O
(69c)

2(acac)−  + CH2Cl2 → 2acacH + products (69d)

d. Kinetic studies in solution. The kinetics of homogeneous redox reactions involv-
ing β-diketonato complexes has been studied by several groups. Examples are (i) the
reaction of [Mn(acac)2(H2O)2]+ with thiosulphate in perchloric acid medium showing
first-order kinetics with respect to the complex and fractional order with respect to both
thiosulphate and H+ 199, (ii) the reduction of M(acac)3 (M = Mn, Co) with [Fe(dmf)6]2+ in
propandiol-1,2-carbonate involving an intramolecular electron transfer through a binuclear
intermediate [(acac)2Mn−acac−Fe(dmf)5]2+ and formation of Mn(II) and Fe(acac)3

200

and (iii) reduction of Ru(acac)3 in acidic medium, involving an outer-sphere electron
transfer with [Ti(H2O)6]3+ and [Ti(H2O)5(OH)]2+ as reductants201 (the latter Ti(III) com-
plex cation acting when the Ru(III) complex does not contain good bridging ligands such
as NH3

202). An inner-sphere mechanism has been observed203 when a formyl substituent
is introduced in the γ -position of the β-diketonate (e.g. 3-formyl-2,4-pentanedionate =
facac), thus the reaction of Ru(facac)(acac)2 and Ti(III) involves formation of a binuclear
Ru(III)/Ti(III) intermediate (equations 70a and 70b) and a subsequent rate-determining
electron transfer within the conjugated base of the intermediate (equation 70c).

Ru(facac)(acac)2 + [Ti(H2O)6]3+

−−−→ [(acac)2Ru(III)(facac)Ti(III)(H2O)6]3+ (70a)

[(acac)2Ru(III)(facac)Ti(III)(H2O)6]3+

−−−→ [(acac)2Ru(III)(facac)Ti(III)(H2O)5OH]2+ + H+ (70b)

[(acac)2Ru(III)(facac)Ti(III)(H2O)5OH]2+

−−−→ [(acac)2Ru(II)(facac)Ti(IV)(H2O)5OH]2+ (70c)

A similar mechanism has been proposed for the reaction of titanium(III) salts with
[Co(N-acacCN)(NH3)5]2+, where N-acacCN is coordinated to cobalt through the N
atom204,205.

The reduction of cobalt(III) acetylacetonates with chromium(II) salts has been studied in
detail. In particular, a series of mixed chelates has been investigated to elucidate changes of
the rate constants and mechanisms based on ligand field effects206. As far as chromium(II)
salts are concerned, the rate constants of the reduction of [Co(acac)3−nenn]m+ vary approx-
imately as predicted from ligand field arguments, with the weaker field acetylacetonate
conferring a faster rate of reduction, kobs = 28.5 M−1 s−1 for n = 0, than the stronger
field ethylenendiamine, kobs = 1.1 × 10−4 M−1 s−1 for n = 3.

In general, it has been observed206,207 that mixed [Co(III)(dik)bis(ethylendiamine)]
complexes of general formula 100 react with chromium(II) salts at least partially via inner-
sphere attack of the reducing agent either at the coordinated oxygen of the β-diketonate
or at the substituent X. In the case of [Co(acac)2(en)]+ both inner- and outer-sphere
mechanisms are involved with formation of different chromium(III) compounds and the
transition state 101 has been proposed208.

The 1,3-phenyl-substituted compound [Co(dbm)(en)2]+ reacts with Cr(II) according to
a different mechanism: the attack of chromium(II) occurs on the central carbon atom
affording the transition state 101′ 208.
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An inner-sphere intramolecular electron transfer has been observed also in the reaction
of chromium(II) salts with [Co(N-acacCN)(NH3)5]2+ 204. This reaction proceeds via the
binuclear intermediate [(NH3)5Co(N-acacCN)Cr]4+, which evolves to [Co(NH3)5(H2O)]2+
and [Cr(O,O ′-acacCN)(H2O)4]2+ 204,209. The mechanism is supported by the observation
that addition of non-reducing metal ions such as Zn(II), Ni(II) or Ba(II) to the reaction
mixture causes a decrease of the rate constant204.

2. Reactions involving the diketonate

Reactions at the β-diketonato ligand can involve either a simple attack at the carbon 3
of the diketonate or C−C bond formation or total degradation of the ligand.

Johnson and Lewis reported210 that thallium(I) β-diketonates react with Pd(cod)X2
or Pt(cod)X2, X = Cl, Br, I, SCN, to give β-diketonyl cyclo-ene derivatives (102), the
structure of which was assigned on the basis of NMR and IR spectroscopies (equation 71).

M(cod)X2

M(dik)

O

O
R

R′
HX

M

O

O
R

R′
Tl(dik)

M

O

O
R

R′
X

X

M = Pd, Pt
X = Cl, Br, I, SCN

(102) R = Me, Ph, R′ = Me, Ph

(71)

Carbon–carbon bond formation involving the C-atom in position 3 of the acac ligand
has been observed in the reaction of Pd(acac)2 with hexafluoro-2-butyne (equation 72)211.
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The square-planar coordination geometry of palladium is retained but two O-donor atoms
have been replaced by two carbon atoms.

Pd

O O
Me

MefMef

Me

AcAc

Mef Mef

Pd(acac)2
Mef Mef (72)

Hexafluoro-2-butyne undergoes 1,4 addition by reaction with Rh(dik)(diolefin) (dik =
acac212, dpm213, dbm214; diolefin = cod, norbornadiene), with formation of a C−C bond
between the alkyne and the methyne carbon atom of the β-diketonate. Additional trimer-
ization of hexafluoro-2-butyne to hexakis(trifluoromethyl)benzene and η4-arene coordina-
tion of the latter to rhodium affords 103 (equation 73).

Mef
Mef

Mef

Mef

Mef

Mef

Rh
O

O R
R

MefMef

Rh(dik)(cod)

(103) R = Me, t-Bu, Ph

Mef Mef

(73)

The reaction between Rh(dpm)(CO)2 and hexafluoro-2-butyne at room temperature
gives the dicarbonyl derivative 104, which transforms into 103, R = t-Bu214, at high
temperature in the presence of hexafluoro-2-butyne. The same compound 103, R = t-Bu,
is formed on heating Rh(dpm)(CO)2 and the alkyne (equation 74).

Mef Mef

r.t.

Rh Rh

MefMef

COCO

Mef
Mef

Mef

Mef

Mef

Mef
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O
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MefMef

Rh(dpm)(CO)2

110 °C

(104)

O

Ot-Bu

t-Bu

Mef Mef

110 °C

Mef Mef (74)

A similar C−C bond coupling involving the methyne carbon atom of the metal-
coordinated β-diketonate is observed when (η4-cyclohexadienyl)tricarbonyliron tetraflu-
oborate is treated with Co(acac)3 in the presence of triethylamine as proton acceptor. The
reaction is fast at room temperature but gives only low yields of 105 (equation 75)215.
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Examples of aliphatic C−C bond cleavage at the methyne carbon atom of a β-diketonate
have been reported. For example, when 106 is reacted with dioxygen in the presence of
tetramethylammonium hydroxide (equation 76), cleavage of the bond between the car-
bonylic and the methyne carbon atoms and activation of O2 produces the dibenzoato
derivative 107, the structure of which is stabilized by H-bonding to an oxygen atom of
the benzoates and the hydrogen atoms of a nickel-coordinated water molecule216. When
the reaction is performed under an atmosphere of 18O2, labelled oxygen atoms are incor-
porated into the carboxylate ligand and carbon monoxide is found in the gas phase, thus
suggesting that the C−C bond cleavage occurs twice at the methyne carbon atom216.
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Another example of C−C bond cleavage at the methyne carbon atom has been found
when arylazo derivatives of palladium(II) acetylacetonate 108 are photolyzed in air (equa-
tion 77)217. Since Pd(acac)2 does not undergo C−C bond cleavage on irradiation under the
same experimental conditions, a reaction mechanism involving the azo derivative has been
postulated (equation 78) based on a kinetic study. The energy absorbed by the azo ligand
is transferred to palladium and the excited palladium promotes the electron transfer from
an acetylacetonato group. The acetylacetonato radical species 109 thus produced reacts
rapidly with molecular oxygen giving the intermediate 110, which decomposes through
C−C and C−O bond cleavages217 to a dinuclear Pd(II) compound (108′) with bridging
acetato groups.
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Me

Me

hn /O2
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R
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R
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O
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Me
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(77)

In a series of papers published more than forty years ago, Arnett and coworkers reported
the reactions of several metal β-diketonates with dioxygen at 100 ◦C in diphenylether218.
The exhaustive oxidation of Fe(acac)3 produced water, CO2, biacetyl, acetic acid, acety-
lacetone, mesityl oxide and an iron-containing amorphous residue. It was observed that the
rate of decomposition depended upon the β-diketonate: taking acac as 1, the relative rates
changed from 7.1 for dbm to very small values for 3-phenylacetylacetonate and dpm. The
inertness of the 3-phenyl (and 3-benzyl) derivatives was interpreted as evidence that the
methyne hydrogen is the site of attack in the rate-determining step and that this pathway
is blocked by its replacement. The inertness of the dpm chelate may be the result of the
steric hindrance of the flanking t-butyl groups on attack at the methyne position218a,b. A
weak dependence of the decomposition rate on the metal was also observed218a.

The reaction of metal diketonates with NOx (x = 1, 2) has been reported219. NO2
reacts with substituted M(acac)n derivatives of Fe(III), Mn(II) and Cu(II) affording the
iminoxy radical 111. The radicals presumably are formed after decomposition of the
chelate complex, in view of the fact that the EPR parameters of the free radical are not
influenced by the metal ion and that the same radical is also obtained by reaction of the
corresponding free ligand and NO2

219.
On the basis of an EPR analysis, the reaction of M(acac)n with NO2 (at room temper-

ature it is present as N2O4) has been proposed to occur via a step-by-step oxidation of
the metal complex with final formation of metal nitrates and the iminoxy free radical 111
(equation 79). The presence of a donor–acceptor complex between M(acac)n and N2O4
has been postulated for the electron transfer to dinitrogen tetroxide.
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A similar reaction mechanism (donor–acceptor complex followed by the formation
of a free radical from the diketonate) has been postulated also in the reaction of metal
diketonates with ozone220, which is very fast. In the case of Co(acac)2, formation of
the Co(acac)3 complex was detected by UV-VIS spectroscopy while formation of Cr(V)
species was observed by EPR during ozonation of Cr(acac)3 solutions.

According to Collman and coworkers221 and Calvin and coworkers222, each chelat-
ing ring in metal β-diketonates has a cyclic π-orbital formed by the combination of a
vacant d-orbital of the central metal atom with the 6π-electron orbital of the ligand. In
spite of some doubts about this bonding situation in metal β-diketonates223, these systems
undergo typical electrophilic substitution reactions at the methyne sp2 carbon atom. As
a matter of fact, as early as 1925, the first electrophilic substitution reactions of metal
β-diketonates were reported224 and tris(3-bromo-acetylacetonato)chromium(III) was iso-
lated by treating chromium(III) acetylacetonate with bromine in chloroform. However,
this sytem went unnoticed until 1959, when Cu(acac)2 was nitrated with N2O4 at the
methyne carbon atom225: since then numerous reports226 – 228 have appeared concerning
halogenation, nitration, etc. of β-diketonates.



512 Guido Pampaloni and Piero Zanello

NCS, NBS and NIS are the best reagents for halogenation of metal β-diketonates226,229,
the rate of bromination being much faster than that of iodination and chlorination228. Two
reaction mechanisms have been proposed to explain the halogenation: an ionic mechanism,
which is operative in polar solvents like chloroform, methanol and acetic acid226, and a
free radical one occurring in non-polar solvents like carbon tetrachloride230.

The usual nitrating mixture (sulphonitric acid) is not a good reagent for nitration
of chelate rings, as the latter undergo fast degradation; dinitrogen tetroxide nitrates in
low yields227. The 3-nitro-β-diketonates of copper(II), manganese(II), iron(III), cobalt(II)
and nichel(II) have been obtained in good yields in a direct, single-step process using
the corresponding metal nitrate, acetic acid anhydride and acacH or dbmH227b,d. The
reaction proceeds with formation of acetylnitrate (CH3CO2NO2) followed by its decom-
position to acetate and nitronium (NO2

+) ions. Sometimes, as in the case of the nitra-
tion of berillium acetylacetonate with copper nitrate trihydrate, formation of copper(3-
nitroacetylacetonate)2 takes place227d.

The rate of the electrophilic substitutions at the methyne carbon atom is higher in
methyl-substituted metal β-diketonates compared to their phenyl-substituted analogues.
The steric effect of a bulky group can also be illustrated by chlorination and nitration
reactions of Cr(dpm)3, which undergoes diketonate oxidation very slowly under forcing
conditions. The rate of the reactions also falls sharply when the methyl groups of metal β-
diketonates are replaced by CF3 groups and in some instances no reaction takes place228.
Joshi and Pathak231 reported the first electrophilic substitution reactions at chromium(III)
fluorinated diketonates: under controlled conditions, halogenation or nitration of the dike-
tonate was performed in good yields.

B. Electrochemistry

1. β-Diketones

It is long known that β-diketones, which exist as keto–enol tautomers, have a well
defined electron transfer ability232. In general, they exibit a first, partially chemically
reversible, one-electron reduction to the corresponding enolato monoanion (minor amounts
of the corresponding dimer are also formed), which in turn undergoes either a reduction
process or an irreversible oxidation. The electrode potentials of a selection of symmetri-
cally substituted (R1 = R3) β-diketones are reported in Table 7.

2. Transition metal β-diketonates

a. Group 5 elements. Vanadium(III) derivatives with the general formula V(dik)3 exhibit
in non-aqueous solutions either a chemically reversible one-electron reduction or two
sequential one-electron oxidations which, in spite of the redox activity of the ligands,
have been considered as metal-centred processes. The pertinent electrode potentials are
compiled in Table 8, together with those of related VO2+ complexes.

The electrochemical measurements indicate that the vanadium(IV) oxidation state of
the mentioned complexes is not indefinitely stable, probably because of homogeneous
reactions triggered by traces of water present in the nominally anhydrous solvents232a,232f.
Nevertheless, the [V(dik)3]SbCl6 (dik = acac, bzac) derivatives have been structurally
characterized233b so that their geometrical features can be compared with those of the
corresponding neutral complexes233f,233g.
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TABLE 7. Formal electrode potentials (vs. SCE) for the redox processes a exhibited by a selection
of β-diketones (84) in various solvents

R1 = R3 R2 E
◦′ (V)

(1st reduction)
Ep (V)

(2nd reduction)
Ep (V)

(oxidation)
Solvent Reference

Me H — −2.4 b,c –0.45 MeCN 232e
— −2.06 b,c +0.44 dmso 232f
— — +0.49 dmso 232g
— −2.25 c — thf 232h

Ph H −1.42 −2.28 +0.5 dmso 232a, d
−1.20 −2.06 +0.81 MeCN 232i

Mef H −0.62 −2.24 +1.32 MeCN 232i
4-C6H4F H −1.41 −2.3 — dmso 232a
Me C12H25 — −2.31 c — thf 232h
Me C16H33 — −2.47 c — thf 232h
Me C18H37 — −2.52 c — thf 232h

a The following formal electrochemical transformations take place:

keto–enol
+ e−

− e−

enolate
monoanion

+ e−

− e−

enolate
dianion

− e− oxidation

enolate
radical

fast chemical
reaction

1st reduction 2nd reduction

b Irreversible process.
c We assume that β-diketones are already converted into their enolate monoanions under the cited experimental
conditions.

TABLE 8. Formal electrode potentials (vs. SCE) for the redox changes of [V(dik)3]z a and [VO
(dik)2]z b complexes in various solvents

Complex E
◦′ (V)

(z: 2+ → +)
E

◦′ (V)
(z: + → 0)

E
◦′ (V)

(z: 0 → −)
E

◦′ (V)
(z: − → 2−)

Solvent Reference

[V(acac)3]z — +0.76 –1.42 — dmso 232f
— +0.93 –1.37 — Me2CO 233a
— — –1.38 — MeCN 234a

+1.14 +0.82 — — CH2Cl2 234b
[V(bzac)3]z +1.14 +0.82 — CH2Cl2 234b
[VO(acac)2]z — +0.81 –1.85 c –1.95 c dmso 232c

— — –1.53 — MeCN 234a

a The redox processes are: [V(dik)3]2+ + e−
−−−−⇀↽−−−−
− e−

[V(dik)3]+
+ e−

−−−−⇀↽−−−−
− e−

V(dik)3

+ e−
−−−−⇀↽−−−−
− e−

[V(dik)3]−.

b The redox processes are: [VO(dik)2]+
+ e−

−−−−⇀↽−−−−
− e−

VO(dik)2
+ + e−

−−−−⇀↽−−−−
− e−

[VO(dik)2]−
+ e−

−−−−⇀↽−−−−
− e−

[VO(dik)2]2−.

c Irreversible process.
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A few electrochemical studies have been also addressed to the structurally characterized
(XRD235) VO(acac)2

232e,f,234. It undergoes oxidation to [VO(acac)2]+ by a process which
seems to be reversible in the short times of cyclic voltammetry, but coupled to chemical
complications in the longer times of exhaustive electrolysis232f. One of its salts has been
spectroscopically identified as [VO(acac)2](I5)175. VO(acac)2 also undergoes irreversible
or partially reversible reduction processes, particularly in the presence of uncomplexed
acac, which ultimately afford [V(acac)3]232f,234a. The pertinent electrode potentials are
listed in Table 8.

b. Group 6 elements. Most of the electrochemical investigations have dealt with
Cr(dik)3 complexes234b,236. Such chromium(III) complexes display the sequential Cr(III)
→ Cr(II) → Cr(I) reductions which, in spite of features of chemical reversibility in the
time scales of polarography or cyclic voltammetry, are accompanied by slow release of
ligand236c,h. However, no experimental measurement on the lifetimes of such reduction
products has been carried out in the longer times of exhaustive electrolysis; this is probably
due to the markedly negative potential values at which the reduction occurs. Moreover, no
crystal structures of compounds containing the [Cr(dik)3]n− anions are available, whereas
a number of structural data are available for the neutral chromium(III) complexes237.
The formal electrode potentials of the redox changes exhibited by representative, sym-
metrically substituted, Cr(dik)3 complexes are reported in Table 9. Complexes containing
different substituents in the R2 position have been also examined236b,h, from which it is
evident that the redox potentials are quite sensitive to the electronic effects of the sub-
stituents. It has been shown that linear relationships hold between the formal electrode

TABLE 9. Formal electrode potentials (vs. SCE) for the redox changes of selected [Cr(dik)3]z

complexes in various solvents

dik E
◦′ (V)

(z: 0 → −)
E

◦′ (V)
(z: − → 2−)

Solvent Reference

CH(CHO)2
− −1.32 −1.82 dmso 236b

−1.52 — CH2Cl2 236g
acac −1.73 −2.16 dmso 236b

−1.94 −2.40 MeCN or Me2CO 236h
−1.72 — Me2CO 236c
−1.85 −2.10 MeCN 234b
−1.81 −2.10 MeCN 236a
−1.86 −2.15 MeCN 236f
−2.12 a — CH2Cl2 236e
−2.04 — CH2Cl2 236g
−1.94 −2.31 dmf 236i

hfacac −0.40 −1.48 dmso 236b
−0.40 — CH2Cl2 236g
−0.20 −0.86 MeCN or Me2CO 236h
−0.15 −0.84 MeCN 234b

dbm −1.26 −1.72 dmso 236b
−1.48 — CH2Cl2 236g
−1.63 −2.13 MeCN or Me2CO 236h

dpm −2.12 — MeCN or Me2CO 236h

a Partially overlapped by the solvent discharge.
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TABLE 10. Formal electrode potentials (vs. SCE) for the redox
changes of [Mn(acac)3]z in various solvents

E
◦′ (V)

(z: 0 → +)
E

◦′ (V)
(z: 0 → −)

Solvent Reference

+0.03 Me2CO 236c
+0.97 −0.09 MeCN 234b, 238a
+0.97 −0.13 238c
— −0.2 thf 238d
+0.95 −0.05 prc 238a
— −0.07 238b

potentials of the first reduction and the Hammett σ constants of the substituents236b,h,
implying that also the frontier orbitals are affected by the ligand.

c. Group 7 elements. To the best of our knowledge, Mn(acac)3 is the only tris(β-
diketonate) complex of manganese which has been studied by electrochemical tech-
niques234b,236c,238. It exhibits in non-aqueous solvents either a one-electron oxidation or
a one-electron reduction, which display a prevailing character of chemical reversibil-
ity (Table 10). While the crystal structure of the neutral manganese(III) complex is
available237, there are no structural data either on [Mn(acac)3]+ or [Mn(acac)3]− con-
taining species which could be used to support the chemical reversibility of the pertinent
electron transfers. It is in fact expected that the chemical reversibility of an electrochemi-
cal process is associated to small changes of the structural parameters of the reduced and
oxidized species137 (as obtained via a XRD study of the species involved in the redox
process). Crystal data are available instead for the neutral Mn(hfacac)3

239 and the ionic
[Mn(bpyn)2(hfacac)][Mn(hfacac)3]240a and [FeCp2][Mn(hfacac)3]240b derivatives240, the
electrochemical behaviour of which is still unknown (although it has been estimated that
the pertinent formal electrode potential is about +0.5 V (vs. SCE) in CH2Cl2 solution240b).

A number of Mn(dik)2 complexes have been also prepared, which are best described
as [Mn(dik)2(X)2], X = N- or O-donor ligand. The crystal structures of the neutral
species Mn(acac)2(H2O)2 and of the oxidized one, [Mn(acac)2(H2O)2]ClO4, have been
reported241, but no pertinent electrochemical investigations have been performed.

d. Group 8 elements. As easily predictable, electrochemical investigation on Fe(dik)3
complexes in various solvents revealed the Fe(III) → Fe(II) reduction234b,236a,c,f,237,242,
which in most cases appeared as chemically reversible. The respective electrode potentials
are compiled in Table 11. It has to be noted that Fe(acac)3 also undergoes an irreversible
oxidation236f,242d. As in the case of manganese β-diketonates (see Section IV.B.2.c), crys-
tallographic data involving iron(III) and iron(II) β-diketonates are available only in the
case of the fluorinated derivatives Fe(hfacac)3

243 and [Fe(bpyn)2(hfacac)][Fe(hfacac)3]240a.
The Ru(dik)3 complexes have been the subject of numerous electrochemical investiga-

tions in different media (from aqueous to non-aqueous solvents, to molten salts)236d,242c,244.
Their typical electron transfer ability is illustrated in Figure 5, which refers to Ru(acac)3
in MeCN solution242c. In most solvents Ru(dik)3 complexes display either a one-electron
oxidation or a one-electron reduction, both the processes exhibiting features of chem-
ical reversibility in the short times of cyclic voltammetry. However, the Ru(III) →
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TABLE 11. Formal electrode potentials (vs. SCE) for
the redox changes of selected [Fe(dik)3]z complexes in
various solvents

dik E
◦′ (V)

(z: 0 → −)
Solvent Reference

acac −0.67 MeCN 236a, 237
−0.64 MeCN 236f
−0.69 MeCN 242b
−0.65 MeCN 242c
−0.62 MeCN 242d
−0.69 prc 242b
−0.58 Me2CO 236c
−0.66 Me2CO 242b
−0.64 dmf 242b
−0.67 CH2Cl2 242e

hfacac +0.02 MeCN 237b
+0.03 MeCN 242d
−0.02 CH2Cl2 242e

dbm −0.49 MeCN 242d
−0.54 CH2Cl2 242e

dpm −0.87 prc 242b

−1.4 −0.6 +0.2 +1.0 +1.8

E (V, vs. SCE)

FIGURE 5. Cyclic voltammogram of Ru(acac)3 (Pt electrode, MeCN)242c. Reproduced from Refer-
ence 242c by permission of Elsevier

Ru(IV) oxidation seems to be coupled to chemical complications in the longer times
of bulk electrolysis. Table 12 summarizes the formal electrode potentials for the sequence
Ru(IV) → Ru(III) → Ru(II) of symmetric Ru(dik)3 complexes.

As in the case of the chromium(III) derivatives, a linear relationship between the
Ru(III) → Ru(IV) and Ru(III) → Ru(II) formal electrode potentials and the electronic
effects of the substituents244a,d,f,g,j,k,l has been observed for the Ru(dik)3 complexes. In
spite of the preparation of some ruthenium(II) compounds containing the [Ru(dik)3]−
monoanion244a,b,k,245, no crystal structure is available for ruthenium(II) or ruthenium(IV)
congeners.

The intramolecular electron exchanges among the different metal sites of polynuclear
β-diketonate–metal complexes are a matter of intrinsic interest, especially as far as the
stabilization of mixed-valent oxidation states is concerned246. Obviously, the pertinent
electrochemical pattern, while becoming richer and richer, also tends to become more
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TABLE 12. Formal electrode potentials (vs. SCE) for the redox changes of
selected [Ru(dik)3]z complexes in various solvents

dik E
◦′ (V)

(z: 0 → +)
E

◦′ (V)
(z: 0 → −)

Solvent Reference

acac +1.09 −0.75 CH2Cl2 242c
+0.94 −0.89 CH2Cl2 244o
+1.14 −0.70 thf 242c
+1.00 −0.74 MeCN 242c

— −0.72 MeCN 244c
+1.03 −0.74 MeCN 244d,f,g,i–k
+0.98 −0.78 MeCN 244n, o

— −0.79 dmf 242c
— −0.73 dmf 236d, 244a

+1.11 −0.70 dmf 244m
+0.68 — MeNO2 244j

hfacac — +0.73 MeCN 236d, 244a
— +0.76 MeCN 244g,j,k
— +0.67 dmf 244j
— +0.27 MeNO2 244j

dbm — −0.50 dmf 236d, 244a
+1.04 −0.52 MeCN 244d,g,j

dpm +0.92 −1.04 dmf 236d, 244a,j
+0.97 −1.00 dmf 244m
+0.85 −1.05 MeCN 244d,g,j,k
+0.43 — MeNO2 244j

complicated. The discussion will be limited to a series of binuclear ruthenium(III) tris(β-
diketonate) complexes 112, in which the two ruthenium centres are separated by sub-
stantially linear spacers. Binuclear ruthenium complexes with more complex connecting
bridges247 or formed by heteroleptic mononuclear units248 have also been reported.

O

O
R

R O

O
R′

R′

O

O
R′

R′

Ru

O

O
R

RO

O
R′

R′

O

O
R′

R′

Ru spacer

(112)

Let us start with the complex in which the two ruthenium(III) tris(β-diketonate) centres
are directly connected by an LL bridge with no spacer (R = R′ = CH3, (acac)2Ru(LL)Ru
(acac)2; R = CH3, R′ = t-Bu, (dpm)2Ru(LL)Ru(dpm)2)

244n. As illustrated in Figure 6,
which refers to (acac)2Ru(LL)Ru(acac)2, such complexes undergo two stepwise oxidations
and two stepwise reductions, all having features of chemical reversibility. The involved
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−1.2 −0.8 −0.4 0.0 +0.4 +0.8 +1.2

E (V, vs. SCE)

FIGURE 6. Cyclic voltammogram of (acac)2Ru(LL)Ru(acac)2 (Pt electrode, CH2Cl2, scan rate
0.1 V s−1)244n. Reproduced from Reference 244n with permission. Copyright 2004 American Chem-
ical Society

electron transfer sequence is shown in equation 80. A qualitatively similar electrochemical
response is given by the complexes having a sulphide or a disulphide spacer244o.

+ e−

− e−

+ e−− e−

Ru(II) Ru(II)

Ru(III) Ru(II)Ru(III) Ru(III)Ru(IV) Ru(III)Ru(IV) Ru(IV)
+ e−

− e−

+ e−

− e−

(80)

A somewhat different picture (Figure 7) is given by 112 (R = CH3, R′ = t-Bu, spacer =
−C≡C−C≡C−)249, exhibiting the usual stepwise reduction pattern Ru(IV)−Ru(IV) →
Ru(III)−Ru(IV) → Ru(III)−Ru(III). Instead of the two-step reduction from Ru(III)−
Ru(III) to Ru(II)−Ru(II) shown in equation 80, this proceeds in a single two-electron
step, which means that the mixed valent Ru(III)−Ru(II) form is quite unstable. The
same behaviour is exhibited by the related complexes having a 1,6-hexatriynediyl, a 2,5-
thiophenediyldi(2,1-ethynediyl) or a 9,10-anthracenediyldi(2,1-ethynediyl) spacer250. The
formal electrode potentials of the redox changes discussed above for all the binuclear
complexes are reported in Table 13.

The stability of the mixed-valent species Ru(IV)−Ru(III) and Ru(III)−Ru(II) can be
at first determined by the separation of the respective oxidation or reduction sequences,
i.e. the higher the separations between the two stepwise processes, the higher the stability
of the mixed-valent systems. In all cases, but for those in which a single two-electron
step was detected, the Ru(IV)−Ru(III) and Ru(III)−Ru(II) systems belong to the partially
delocalized mixed-valent systems.

−1.2 −0.8 −0.4 0.0 +0.4 +0.8 +1.2 +1.6

E (V, vs. SCE)

FIGURE 7. Cyclic voltammogram of 112 (R = CH3, R′ = t-Bu, spacer = −C≡C−C≡C−) (Pt elec-
trode, CH2Cl2, scan rate 0.1 V s−1)249. Reproduced from Reference 249 with permission. Copyright
1992 American Chemical Society
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As far as the Os(dik)3 complexes are concerned, to the best of our knowledge the
only electrochemical investigation reported to date deals with Os(acac)3

251, which under-
goes the reversible Os(III) → Os(II) reduction at E

◦′ = −1.24 V, vs. SCE, in MeCN
solution244a. Significantly, the reduction potential is more negative than the corresponding
process for the iron(III) and ruthenium(III) homologues, in agreement with the higher
stability of the high oxidation states on descending a vertical sequence of transition
elements107.

e. Group 9 elements. Many electrochemical studies have focussed on Co(dik)3 com-
plexes234b,236a,f,238b,242c,252. Generally, they display two reduction processes: the first is
attributed to the Co(III) → Co(II) passage, whereas the second process should afford
cobalt(0) via ligand release. It is commonly accepted that also the Co(III) → Co(II) reduc-
tion is coupled to release of ligands, affording Co(dik)2, in different solvents. It should
be noted that conflicting results have been obtained in MeCN: some reports describe the
process as followed by chemical complications234b,242c,252e, whereas other reports state its
chemical reversibility238b,252c,e. Table 14 compiles the formal electrode processes, limited
to the symmetrically substituted derivatives. Crystallographic data are available237 for neu-
tral or reduced β-diketonate species such as Co(acac)3

253, E[Co(acac)3], E = NBu4
+ 254a,

Na+ 254b, and [Co(bpyn)2(hfacac)][Co(hfacac)3]240a.
Electrochemical investigations have been carried out on Co(dik)2 complexes in various

solvents236a,238b,252a,b,255. As can be seen in Table 15, most derivatives undergo irre-
versible electron transfer processes. Partially chemically reversible reduction processes
have been detected only for Co(dbm)2 complex. In fact, the slow release of ligand upon
reduction is assumed from the appearance of the voltammetric profile of the free ligand
at potential values more negative than those of the metal-centred processes255. Further
support to the chemical irreversibility of these redox changes has been adduced from the
fact that only crystal structures of neutral Co(II) complexes are available237, suggesting
that the reduced species are probably not stable. It should be noted that in coordinating
solvents it is unlikely that the investigated complexes might maintain their solid state
tetrahedral geometry.

TABLE 14. Formal electrode potentials (vs. SCE) for the redox changes of
selected [Co(dik)3]z complexes in various solvents

dik E
◦′ (V)

(z: 0 → −)
E

◦′ (V)
(z: − → 2−)

Solvent Reference

acac −0.38 — MeCN 238b
−0.27 — MeCN 252a
−0.43 a — MeCN 234b
−1.15 a,b — MeCN 242c
−0.90 a,b — MeCN 236f
−0.34 — MeCN 252c,e,f
−0.25 a — Me2CO 236c
−0.80 a — dme 252a
−0.64 a — dmf 252d

hfacac3 +0.50 −1.25 b MeCN 252c,f
dbm −0.13 −1.95 MeCN 252c,f

−0.05 −1.85 dmf 252b
dpm −0.40 — MeCN 252c,f

a Coupled to chemical complications.
b Peak-potential value for irreversible processes.
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TABLE 15. Formal electrode potentials (vs. SCE) for the redox changes of selected [Co(dik)2]z

complexes in various solvents

dik Ep (V)
(z: + → 0)

E
◦′ (V)

(z: 0 → −)
E

◦′ (V)
(z: − → 2−)

Solvent Reference

acac +0.32 −1.84 a,b −1.98 a,b MeCN 236a
— −1.95 a,b — MeCN 238b
— −1.96 a,b — dmf 252b
— −2.2 c — dme 252a

dbm — −1.58 c −1.80 c dmf 252b
— −1.59 c −1.78 c 255

a Coupled to fast chemical complications.
b Peak-potential value for irreversible processes.
c Coupled to slow chemical complications.

The only electrochemically studied rhodium derivative, Rh(acac)3, exhibits an irre-
versible one-electron oxidation (Ep = +1.70 V, vs. SCE, in MeCN solution)242c and an
irreversible two-electron reduction (Ep = −2.21 V, in THF solution)256. The same sit-
uation holds for Ir(dik)3 complexes. At variance with the rhodium derivative, Ir(acac)3
shows a chemically reversible one-electron oxidation (E◦′ = +1.15 V, vs. SCE, in MeCN
solution)242c and an irreversible two-electron reduction (Ep = −2.60 V, in THF solution).
No crystallographic data of species containing the [Ir(acac)3]+ cation are available237.

f. Group 10 elements. The crystal structures of derivatives containing the [Ni(dik)3]−
anion are known237, but no pertinent electrochemical data are available. Electrochemical
investigations have been carried out only on Ni(acac)2

234b,236a,f,238b,252a, which exhibits
irreversible electron transfer processes (Table 16). In particular, it is assumed that it under-
goes a two-electron reduction with separation of nickel metal. Moreover, it is evident from
the data of Table 16 that the investigations carried out in MeCN solution do not refer to
the original molecule but to the solvated species Ni(acac)2(MeCN)2.

The only electrochemical study available on palladium derivatives reports that Pd(acac)2
in acetonitrile undergoes an irreversible two-electron reduction to palladium metal (Ep =
−0.97 V, vs. SCE)236a.

g. Group 11 elements. Compounds containing the [Cu(hfacac)3]− anion have been
isolated and characterized237, but no pertinent electrochemical data are available, apart
from the attempt to attribute to the couple [Cu(hfacac)3]− → [Cu(hfacac)3]2− a reduc-
tion potential similar to that of the [Cu(hfacac)2] → [Cu(hfacac)2]− 257couple. The redox
activity of a number of copper(II) β-diketonates has been studied by electrochemical

TABLE 16. Formal electrode potentials (vs. SCE) for the redox changes of Ni(acac)2
in different solvents

Ep (V)
(z: + → 0)

Ep (V)
(z: 0 → −)

Ep (V)
(z: − → 2−)

Solvent Reference

−1.8 — dme 252a
+0.28 −1.30 −1.47 MeCN 236a
— −1.47 −1.47 MeCN 238b
+0.15 −1.50 −1.50 MeCN 236f
— −0.72 −1.01 MeCN 234b
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TABLE 17. Formal electrode potentials (vs. SCE) for the redox changes of selected
[Cu(dik)2]z complexes in different solvents

dik E
◦′ (V)

(z: 0 → −)
E

◦′ (V)
(z: − → 2−)

Solvent Reference

acac −0.61 b — MeCN 234b
−0.61 a −0.61 a MeCN 236a
−1.05 a −1.53 a MeCN 236f
−0.67 b −0.67 b MeCN 238b
−0.67 b −0.67 b MeCN 258b
−0.50 a −0.50 a Dioxane:H2O (3:1) 258a
−1.34 a −1.34 a CH2Cl2 236e

hfacac −0.40 b — MeCN 234b
−0.36 b −0.65 b MeCN 258b
+0.04 a +0.04 a Dioxane:H2O (3:1) 258a

dpm −0.82 b −1.61 a MeCN 258b
−0.69 a −0.69 a Dioxane:H2O (3:1) 258a

dbm −0.38 a −0.38 a Dioxane:H2O (3:1) 258a

a Coupled to fast chemical complications.
b Coupled to slow chemical complications.

techniques234b,236a,e,f,238b,258. Depending upon the nature of the β-diketonato ligand, they
may exhibit a single two-electron reduction or two separate one-electron reductions. In
any case, the electron transfer processes are coupled to more or less fast release of the
diketonato ligand, which means that copper(II) is the only stable oxidation state in the
system. Table 17 summarizes the formal electrode potentials for the Cu(II) → Cu(I) →
Cu(0) reductions of selected copper(II) β-diketonates.

h. Lanthanides. The electrochemical investigation of lanthanides β-diketonates is
scarcely developed and the studies are limited to cerium and europium.

Electrochemical investigation of Ce(acac)3
234b,238b have been performed, but the exis-

tence of such species in solution is doubted because of its high reactivity towards hydrol-
ysis or dioxygen. In addition, no crystal structure is available for Ce(dik)3 derivatives237.
A couple of investigations have been concerned with the octacoordinated Ce(acac)4

259,
which undergoes reduction to the corresponding cerium(III) monoanion [Ce(acac)4]− at
potentials between −0.02 and −0.06 V (vs. SCE). Although the process seems to be
accompanied by a rather slow release of diketonate, a number of compounds containing
the [Ce(dik)4]− anion has been isolated and structurally characterized237, showing that
these species are stable, at least in the solid state. In particular, the crystal structures
of the unsymmetrically substituted redox couples Ce(dik)4, dik = MefC(O)CHC(O)Bu-
t260, MefC(O)CHC(O)Thi-2261, are available. At variance with cerium complexes, the
existence of Eu(dik)3 is established, even if the pertinent crystal structures show the
presence of water or pyridine molecules to complete the octacoordination of the central
europium(III) ion237. The scanty electrochemical investigations indicate that Eu(acac)3
displays the Eu(III) → Eu(II) reduction with features of chemical reversibility in the
short times of voltammetric techniques, even if no data are available on the stability
of [Eu(acac)3]− at longer times. The marked difference of the redox potentials in MeCN
(–0.67 V vs. SCE) or dmf (–1.55 V vs. SCE) is probably due to the different coordinating
ability of the two solvents.

A number of crystal structures of derivatives containing the [Eu(dik)4]− are available237

but, at variance with the cerium complexes, the electrochemical investigation of a number
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of europium compounds in MeCN solution revealed that they only display ligand-centred
processes232g. It is likely that the strong coordination of the central europium(III) causes
the Eu(III) → Eu(II) reduction to shift beyond the potential at which the solvent itself
becomes redox active (the cathodic discharge of the solvent).

i. Actinides. The thorium(IV) complex, Th(acac)4, is the only β-diketonate studied
by electrochemical techniques238d. It exhibits a first Th(IV) → Th(III) reduction (E◦′ =
−2.16 V, vs. SCE, THF solution) with features of partial chemical reversibility due to
the probable release of [acac]− ligand, followed by an ill-defined cathodic step attributed
to the reduction of [Th(acac)4]− and/or [acac]−, which almost overlaps with the solvent
discharge.

Electrochemical investigations have dealt with either UO2(dik)2, or U(dik)4 complexes.
Most investigations on UO2(dik)2 derivatives have been carried out in coordinating sol-
vents such as dmso or dmf, so that they actually refer to solvated molecules such as
UO2(dik)2(solvent)2

262a – e. Only in CHCl3 solution262f has it been assumed that the com-
plex under study is actually UO2(dik)2. In this medium, both UO2(acac)2 and UO2(dbm)2
undergo a chemically reversible U(VI) → U(V) reduction. On the other hand, in coor-
dinating solvents such as dmso or dmf, the one-electron reduction of most complexes
is accompanied by chemical complications, which are probably due to the competitive
coordination of the solvent itself (it is assumed that the diketonate may act as unidentate
ligand in the uranium(V) species). The formal electrode potentials of the U(VI) → U(V)
process for selected complexes in various solvents are compiled in Table 18.

No crystal structure of derivatives containing the [UO2(dik)2]− anion is available237.
Like Th(acac)4, the uranium analogue, U(acac)4, in thf solution exhibits the U(IV) →
U(III) reduction at very negative potential values (E◦′ = −2.2 V, vs. SCE), which is
partially chemically reversible238d. A previous report stated that in propylene carbonate or
MeCN solution, U(acac)4 exhibited two reduction steps at about −0.8 V and −1.2 V, vs.
SCE, respectively263, but the purity of the sample has been questioned238d. The presence of
chemical complications following the U(IV) → U(III) step has been also pointed out for
the unsymmetric U(dik)4 with dik = MefC(O)CHC(O)Bu-t in dmso or dmf solution262c.

TABLE 18. Formal electrode potentials (vs. SCE) for
the one-electron reduction of [UO2(dik)2]z complexes in
various solvents

dik E
◦′ (V)

(z: 0 → −)
Solvent Reference

acac −0.71 CHCl3 262f
−0.95 a,b dmso 262a
−1.06 a,b dmso 262c
−1.06 a,b dmso 262e
−1.01 a,b dmf 262d

hfacac −0.49 b dmso 262b
−0.57 b dmso 262c

dpm −1.22 b,c dmso 262c
dbm −0.67 CHCl3 262f

−0.89 a,b dmso 262b

a Coupled to slow chemical complications.
b [UO2(dik)2(solvent)2], see text.
c Coupled to fast chemical complications.
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V. FUNCTIONALIZED β-DIKETONATES

A. Redox Reactions

Many efforts have been made in the last decades to modify the electronic and steric
properties of β-diketones by synthesizing derivatives of 84 with R1, R2 and R3 substituents
other than alkyl or aryl groups, to prepare polyfunctional coordinating ligands with higher
complexity and functionality. The examples reported in this section have been limited to
cases which have been studied from the redox viewpoint and, in particular, β-diketonates
derived from 113–116.

Bu-t

O OPPh2

R1 R3

O O

R2

O O

E

OO

E

O O

OO

Se Se

(113) (116) (a) R1 = Fc
(b) R2 = Fc
(c) R1 = R3 = Fc

(114) E = S, Se (115)

The diketone o-(diphenylphosphino)benzoylpinacolone (113, dpbpH) exists in the enol
form in dichloromethane solution and its enolato anion (dpbp) behaves as tridentate
P ,O,O-ligand, affording homodinuclear (Cu(I) or Ag(I)) and heterodinuclear (Cu(II)
together with Ir(I), Pt(II) or Ru(III)) complexes264. The dinuclear complex Cu2(dpbp)2
(117) reacts with dibenzoyl peroxide or m-chloroperbenzoic acid yielding the mixed-
valence Cu(I)−Cu(II) complexes 118 (equation 81)264b. Moreover, oxygenation of 117 in
dichloromethane involves both ligand and metal-centred oxidations and gives two prod-
ucts: the dinuclear Cu(II) complex 119 containing a trigonally planar copper(I) linked to a
square-pyramidal copper(II) by two dpbp ligands (equation 82), and the methoxy-bridged
derivative 120, obtained by fractional crystallization of 119 from methanol264d.
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CH2Cl2
117

(82)

The bis-β-diketones linked by sulphur or selenium, 114, which are present in the
enol form in solution265 react with transition metal cations to give the ligand (acetonitrile)
substitution products266 and S−S, S−C and Se−C bond cleavages247a,267. For example, the
ruthenium(II) complexes Ru(dik)2(NCMe)2 (dik = acac, dpm) react at room temperature
with 114 (E = S), to give the ruthenium(II) compound 121 (equation 83), following an
S−S bond fission. When the reaction is performed in refluxing acetone, addition of 114 to
the fragment Ru(dik)2, formed on the dissociation of acetonitrile from Ru(dik)2(NCMe)2,
takes place and the sulphur-bridged dinuclear derivative 122 is formed247a.

O

O
Ru

O
O

O

S
O

S
O

RuRu
O

Ru(acac)2(NCMe)2

+

(122)(121)

114, E = S

O O = acac

O O

O
O

OO

O
O

(83)
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Yamazaki and coworkers have observed S−S (equation 84a) and S−C or Se−C (equa-
tion 84b) bond fission in the reaction of 114 (E = S, Se) with [PtCl(PMe2Ph)3]PF6

267a

or cis-PtCl2(PMe2Ph)2
267b, respectively. On the other hand, 115, which exists in the keto

form268, reacts with Pt(PPh3)4 producing the Se,O-bonded platinum(II) chelate 123: two
possible intermediates, evolving into 123 via Se−Se bond fission and Pt(I) nuclei or Se−C
bond fission and Pt(0) nuclei have been proposed (equation 85).

O
H

O
S S

O

H
O

[PtCl(PMe2Ph)3]PF6 PhMe2P
Pt

PhMe2P O

S
O

(114)

(84a)

O

H
O

E E
O

H
O
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PhMe2P

Pt
PhMe2P E

E O

O

(114) E = S, Se
(84b)
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O
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O
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C

C
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(123)
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O

(85)

Perhaps the most notorious metal-containing dicarbonyl ligands are the ferrocenyl dike-
tonates derived from 116a–c, first synthesized by Hauser in 1958–1961269. Their metal
derivatives show interesting electrochemical properties (see Section V.B). As far as the
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redox reactions of ferrocenyl diketones are concerned, it has been reported that the man-
ganese(II) complex Mn(dik)2, dik = FcC(O)CHC(O)Me, is oxidized by stoichiometric
amounts of permanganate ion to the manganese(III) derivative Mn(dik)3 in the presence
of excess diketone (116a, R3 = Me)270a.

A detailed kinetic study of the oxidative reaction of MeI to Rh(dik)(CO)(PPh3), dik =
FcC(O)CHC(O)Mef has appeared270b.

Treatment of palladium(II) β-diketonates or PdCl(diferrocenyl-β-diketonato)PPh3 with
NBS affords γ -bromo substituted species271.

B. Electrochemistry

Insertion of redox-active functions in β-diketonato–metal complexes increases their
redox activity. Particularly useful has been the introduction of ferrocenyl or tetrathio-
fulvenyl substituents; other redox active fragments such as benzoquinone diimines or
polypyridines have been also exploited. Frequently, the electrochemical investigation has
been focussed on such redox-active substituents rather than on the whole metal–diketonato
framework. This section will be limited to well known, representative, mononuclear
complexes, but we shall omit complexes such as MCp2(acac) (M = Ti272, V273), the elec-
trochemistry of which is typical of metal-sandwich complexes137, as well as complexes of
metals in low oxidation states containing π-acids as ligands, such as Rh(dik)(CO)2

274. In
addition, we will limit our survey to well known, representative, mononuclear complexes.

1. Group 6 elements

The octahedral complex Cr[CH3C(O)CHC(O)Fc]3 displays a single ferrocenyl oxida-
tion at +0.58 V, vs. SCE (CH2Cl2 solution), which is lower by about 60 mV than that
of the free 1-ferrocenyl-1,3-butanedionato ligand, thus suggesting that the chromium(III)
diketonate donates electron density to the ferrocenyl appendices270a. As a consequence,
the Cr(III) → Cr(II) reduction, which is partially overlapped by the solvent discharge236e

in Cr(acac)3, cannot be detected. The simultaneous oxidation of the three ferrocenyl units
means that they are electronically isolated from each other.

2. Group 7 elements

The manganese derivative Mn[CH3C(O)CHC(O)Fc]3 is oxidized at potential values
50 mV lower than that of the free ferrocenyl ligand. In addition, it exhibits the chemically
reversible Mn(III) → Mn(II) reduction at −0.36 V270a which, as expected, appears slightly
more negative than that of Mn(acac)3 (Section IV.B.2.c.).

The electrochemistry of manganese(II) complexes bearing functionalized tetrathiaful-
valene (ttf) ligands directly linked to the manganese(II) centre, trans-Mn(dik)2(ttf)2, or as
substituents in the β-diketonate itself, Mn(ttf-substituted-β-diketonate)2, has been reported.
In benzonitrile solution, the complex with 4,5-ethylenedioxy-4′,5′-(4-pyridylethylene-1,2-
dithio)tetrathiafulvalene (124), trans-Mn(hfacac)2(124)2, exhibits two reversible oxidation
processes at the same potential values of the free ttf-based ligand (E◦′ = +0.52 V and
+0.83 V, vs. SCE, respectively), thus indicating that no significant flow of electron density
between the {Mn(hfacac)2} fragment and the axially coordinated 124 is operative275.

A slightly different behaviour is observed for the complex with the 3-(4,5-bis(methyl-
thio)tetrathiafulvalen-4-ylthio)-2,4-pentanedionato anion (125), Mn(125)2

276. It undergoes
two oxidation processes (E◦′ = +0.50 V and +0.79 V, vs. SCE, in 4:1 CH2Cl2:C2H5OH)
which are shifted towards less negative potential values by about 30 mV relative to
those of the protonated 125, thus indicating that the functional group attached to acac
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S
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S

(124)

N

S

S

S

S S

MeS

MeS

O

O

(125)

−

as a substituent withdraws electron density from the rest of the complex framework. No
electrochemical data involving the {Mn(dik)2}fragments are reported.

Insertion of ferrocenyl substituents is a common way of increasing the redox activity
of metal β-diketonates (see also Section V.A), as is the case of Mn(hfacac)2L2 complexes
where L = 5-ferrocenylpyrimidine (126) or ferrocenylpyrazine (126′)277. Because of the
instability of the cis- (127) and trans- (127′) forms of Mn(hfacac)2L2 in organic solvents,
their redox activity has been studied in the solid state. They undergo a single ferrocene-
based oxidation at potential values slightly lower than that exhibited by the respective
uncoordinated ligands (+0.32 vs. +0.37 V in the case of 127 vs. 126 and +0.35 vs.
+0.38 V in the case of 127′ vs. 126′). At variance with trans-Mn(hfacac)2(124)2, some
electronic effects seem to be operative between the {Mn(hfacac)2} fragment and the
ferrocenyl ligands. The appearance of a single oxidation process suggests that the two
ferrocenyl groups are electronically independent.

Fe N

N

Fe N

N

(126′)(126)

O

Mn

O

L

L

O

O

L

Mn

L

O

O

O

O

(127) cis-Mn(hfacac)2L2
L = 126, 126′

(127′) trans-Mn(hfacac)2L2
L = 126, 126′
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3. Group 8 elements

The ferrocenyl-substituted complex Fe[CH3C(O)CHC(O)Fc]3 is more easily oxidized
by about 60 mV (CH2Cl2) than the diketone CH3C(O)CH2C(O)Fc itself270a. It also under-
goes the Fe(III) → Fe(II) reversible reduction at E

◦′ = −0.88 V (vs. SCE) which, as
a consequence of the increase of electron density on the iron-diketonato fragment, is
slightly shifted towards more negative potential values with respect to that of Fe(acac)3
(E◦′ = −0.67 V)242e.

The ruthenium(III) β-diketonato 128 exemplifies well how the electron transfer activity
of β-diketonato metal complexes can be increased by the proper insertion of redox-active
groups244e. 128 undergoes the following electrochemical processes (Figure 8): (i) the
reversible (in the cyclic voltammetric time scale) one-electron reduction steps Ru(III)
→ Ru(II) → Ru(I) → Ru(0) (E◦′ = −0.47, −0.65, −0.80 V, respectively, vs. SCE);
(ii) the Ru(III) → Ru(IV) oxidation (E◦′ = +1.03 V); (iii) the concurrent one-electron
oxidation of the three ferrocenyl units (E◦′ = +0.45 V); (iv) the acetylacetonate-centred
oxidation (E◦′ = +0.64 V).

O

O

O O

O

ORu

(128)

Fc

Fc

Fc

A more limited reversible redox chemistry is displayed by Ru(dik)3 where one of the
β-diketonato groups is [FcC≡CC≡CCAc2]− 249. It undergoes the ferrocenyl oxidation at
E

◦′ = +0.55 V (vs. SCE, MeCN), followed by the Ru(III) → Ru(IV) process at E
◦′ =

+1.01 V. The Ru(III) → Ru(II) reduction occurs at E
◦′ = −0.81 V.

−1.2 −0.8 −0.4 0.0 +0.4 +0.8 +1.2

E (V, vs. SCE)

FIGURE 8. Cyclic voltammogram of Ru[CH3C(O)C(CH=CHFc)C(O)CH3]3 (128) (Pt electrode,
MeCN)244e. Reproduced from Reference 244e by permission of the Royal Society of Chemistry
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TABLE 19. Formal electrode potentials (vs. SCE) for the redox changes exhibited by Ru(acac)2
(bqdi), bqdi = o-HN=(C6H3R)=NR′, complexes in acetonitrile

R R′ E
◦′ (V) E

◦′ (V) E
◦′ (V) E

◦′ (V) Reference
Ru(IV) → Ru(III) a Ru(III) → Ru(II) b bqdi/sqdi c sqdi/opda d

H H +1.56 e +0.38 −1.13 −2.10 e 179
H Ph +1.60 e +0.41 −1.05 −2.04 e 179
p-Me p-Tol +1.53 e +0.33 −1.14 −2.09 e 179
p-MeO p-MeOC6H4 +1.48 e +0.27 −1.17 −2.15 e 179
p-Cl p-ClC6H4 +1.66 e +0.52 −0.87 −1.94 e 179
m-NH2 m-H2NC6H4 — +0.35 −1.14 −1.82 e 278

a For the process [Ru(IV)(acac)2(bqdi)]2+ + e−
−−−−⇀↽−−−−
− e−

[Ru(III)(acac)2(bqdi)]+.

b For the process [Ru(III)(acac)2(bqdi)]+
+ e−

−−−−⇀↽−−−−
− e−

Ru(II)(acac)2(bqdi).

c The process consists of the one-electron reduction of the diimine.
d The process consists of the one-electron reduction of the o-benzosemiquinonediimide anion.
e Peak-potential value for irreversible processes.

A series of N-substituted o-benzoquinonediimines, o-HN=p-C6H3R=NR′, adducts of
Ru(acac)2, have been characterized from the electrochemical viewpoint179,278. Since the
ligand is able to undergo reversible stepwise reduction to sqdi and opda, the adducts
exhibit in MeCN solution either the Ru(II) → Ru(III) → Ru(IV) oxidations or the
benzoquinonediimine-centred reductions (Table 19). When using dppz (129)279 as ligand,
the adduct Ru(acac)2(dppz) undergoes the stepwise Ru(II) → Ru(III) → Ru(IV) oxidation
at E

◦′ = −0.03 V and +1.49 V (vs. SCE, MeCN), respectively, and the monoelectronic
dppz reduction at E

◦′ = 1.15 V.

N

N N

N

(129)

Table 20 compares the formal electrode potential of the Ru(II) → Ru(III) redox change
in Ru(acac)3 and the complexes obtained on replacement of one acac anion for o-
benzoquinonediimines and dppz, It is evident that all the redox-active ligands are more
electron-withdrawing than acac, and the benzoquinonediimine ligands are much more
electron-withdrawing than dppz.

4. Group 9 elements

From a qualitative viewpoint, the electrochemical behaviour of Co[CH3C(O)CHC(O)
Fc]2 is substantially similar to that of the previously described chromium, manganese



9. Redox chemistry and electrochemistry of metal enolates 531

TABLE 20. Formal electrode potential (vs. SCE) for the Ru(III) → Ru(II)
redox change in Ru(acac)3 and Ru(acac)2(L) complexes in acetonitrile

Complex E
◦′ (V)

Ru(III) → Ru(II)
Reference

Ru(acac)3
a −0.74 242c

Ru(acac)2(o-HN=C6H4=NH) b +0.38 179
Ru(acac)2(o-HN=C6H4=NPh) b +0.41 179
Ru(acac)2(dppz)b −0.03 279

a For the process [Ru(III)(acac)3] → [Ru(II)(acac)3]−.
b For the process [Ru(III)(acac)2(L)]+ → [Ru(II)(acac)2(L)].

and iron complexes (Sections V.B.1, V.B.2 and V.B.3, respectively), with one ferrocenyl
centred oxidation (E◦′ = +0.59 V, vs. SCE) and one metal-centred reduction (partially
reversible at E

◦′ = −0.90 V)270a. Unexpectedly, the reduction process seems to occur at
potential values markedly less negative that that of Co(acac)2 (Section IV.B.2.e), even if
the pertinent data in CH2Cl2 solution are lacking.

As illustrated in Section IV.B.2.e, Rh(acac)3 exhibits an irreversible one-electron oxi-
dation and an irreversible two-electron reduction in MeCN solution. The introduction of
an anthrylmethyl group in the γ -position of one of the acac ligands as in 130 modi-
fies the redox activity of the entire complex256. The irreversible two-electron reduction
of Rh(acac)3 (Ep = −2.21s V, vs. SCE, thf) moves anodically by about 0.3 V (Ep =
−1.88 V) and is followed by a reversible, anthryl-centred reduction (E◦′ = −2.14 V). In
addition, no rhodium-centred oxidation is detected. Since the anodic shift of the Rh(III)
→ Rh(I) step indicates that the anthrylmethyl group pushes electron density towards the
rhodium(III) core, it does not seem possible that the lack of the Rh(III) → Rh(IV) process
might be due to its anodic shift beyond the solvent discharge.

O

O

O

O

O

O
Rh

H2
C

(130)

5. Group 10 elements

The nickel(II) derivative, Ni[CH3C(O)CHC(O)Fc]2, displays the usual ferrocenyl-
centred oxidation (E◦′ = +0.58 V, vs. SCE) and the partially reversible metal-centred
reduction (E◦′ = −0.88 V)270a, which occurs at potential values less negative than that
of Ni(acac)2 (Section IV.B.2.f.).

The solid state electrochemistry of Ni(hfacac)2L2 complexes (L = 126, 126′) shows
that the ferrocene-based oxidations occur at potential values lower by about 50 mV than
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those exhibited by the corresponding uncomplexed ligands L277, thus confirming the slight
interaction of the {Ni(hfacac)2} unit with the ferrocenyl subunits.

S

S

S

S S

MeS

MeS

O

OH

SMe

(131)

The β-diketone ttfs-acac-H 131 has been prepared and the electrochemistry of the
nickel(II) complex trans-Ni(ttfs-acac)2(py)2 has been studied in CH2Cl2 solution280. It
shows two, almost overlapping, one-electron oxidations at about +0.4 V, vs. SCE, fol-
lowed by a single two-electron oxidation at +0.72 V. All the processes have features
of chemical reversibility and are considered as ttf centred. In particular, the first two
electrons should be removed stepwisely from the two ttf units.

6. Group 11 elements

The copper(II) complex trans-Cu(hfacac)2(124)2 exhibits two reversible oxidation pro-
cesses at the same potential values of the uncomplexed ttf-based ligand 124275 in ben-
zonitrile solution.

Solid state electrochemistry studies on Cu(hfacac)2L2 (L = 126, 126′) show that the
ferrocenyl subunits are easier to oxidize by about 30 mV than in the free ligand. A
copper(II)-centred reduction is present at about +0.07 V, vs. SCE277.

Finally, the copper(II) β-diketonate Cu(125)2 displays two oxidation processes at poten-
tial values less positive by about 50 mV (4:1 CH2Cl2:EtOH) with respect to those of
protonated 125276.

7. Actinides

The electrochemistry of the uranium(IV) and thorium(IV) complexes M(acac)2L (L =
Pc, oep dianions) has been studied in benzonitrile solution281. In the complexes of both
elements, a series of reversible redox processes have been detected, most of which are
centred on the macrocyclic rings (Table 21).

TABLE 21. Formal electrode potentials (vs. SCE) for the redox changes exhibited by actinide
complexes [M(acac)2L]z in PhCN

M L E
◦′ (V)

(z: 2+ → +)
E

◦′ (V)
(z: + → 0)

E
◦′ (V)

(z: 0 → −)
E

◦′ (V)
(z: − → 2−) a

Reference

Th Pc +1.12 a,b +0.73 a −0.85 a −1.29 a 281a
oep +1.15 a +0.76 a −1.57 a — 281b

U Pc +1.26 a,b +0.79 a −0.83 a −1.28 a 281a
oep +1.26 a,b +0.58 c −1.56 a — 281b

a Ring-centred process.
b Peak-potential value for irreversible processes.
c Metal-centred process.
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VI. POLYKETONATES

A. Redox Reactions

The presence of β-carbonyl groups with at least one proton on the carbon between
them allows a keto/enol tautomerism to occur and, under appropriate conditions, the eno-
lic proton can be removed. The β-δ-tricarbonyl compounds are the higher analogues of
the β-diketonates and can take triketone, monoenol and dienol forms in their tautomeric
equilibrium282 (equation 86); accordingly, they can behave as bidentate or tridentate lig-
ands to form metal chelate complexes283.

O O O O O O
H

O O O
H H

(86)

The 1,3,5-triketones are potentially dinegative, tridentate ligands and the well-developed
π-system of the dianion gives to the ligands a preference for a planar configuration, thus
precluding tridentate coordination to one metal ion. For example, copper(II) and heptane-
2,4,6-trione give mononuclear (132) and dinuclear complexes (133)284.

O

O

O

Cu

O

O

O
O

O

O

Cu

Cu

O

O

O

(132) (133)

The tetraketone 1,7-diphenyl-1,3,5,7-heptanetetraone (dbbaH3, 134), containing three
enolizable protons, has been prepared284b and several heterotrinuclear metal complexes
135, containing the uranyl cation UO2

2+ and other bivalent metal cations, have been
isolated and characterized285.
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Ph

O O O

Ph

O

Ph

OOO
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U M U

O

O

O

O

(134) (135) M = Fe(II), Mn(II), Ni(II), Co(II), Cu(II)
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To the best of our knowledge, only two papers on the oxidation of polyketonates have
been published. Lintvedt and coworkers have observed286 that the binuclear complex
Co2(dbba)2py4 (136) reacts with O2 in pyridine/benzene affording the binuclear derivative
137, derived from the oxidation of the 4-methyne carbon of both ligands to carbonyl
groups (equation 87). At variance with the β-diketonates, which are decomposed upon
oxidation at the methyne carbon atom (Section IV.A.2), the CH2 → C=O oxidation at
C4 in the tetraketonato complex does not destroy the dianion character of the ligand,
preserving the complex coordination.

Ph

O O O

Ph

O

Ph

OOO

Ph

O

Co Copy py py py
O2

Ph

O O O

Ph

O

Ph

OOO
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O

Co Copy py py py

O

O

py

(136) (137)
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1 3 5 7

(87)

O O

Bu-t

O

OO

t-Bu

O
Ni NiNi

OH

HO O2

O O

t-Bu

O

OO

t-Bu

O
NiNi

py

py

O

HO

Py

O

OH

py

O O

Bu-t

O

OO

t-Bu

O
NiNi

OH

HO

O

O

py

(138)
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(139)

2 4 6

(88)

Ligand oxidation and rearrangement together with loss of one metal cation is observed
in the reaction of dioxygen with the trinuclear nickel(II) complex Ni3(dmot)2(OH)2
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(MeOH)4 (138) in pyridine (equation 88, MeOH has been omitted for the sake of clari-
ty)287. Product 139 of equation 88 clearly shows that one nickel(II) cation is lost and
that dmot was converted into 2-t-Bu-2-hydroxy-3,5-dioxohexanoate(2−). The ligand has
undergone both an oxidation and migration of the t-butyl group from the terminal car-
bonyl at C6 to the adjacent C5. In addition, a hydroxy group is found on C6 in the
final product. The authors explain these changes by considering an oxidation at C5 of the
original ligand and attack by OH− on the C6 carbonyl, followed by a benzylic acid type
rearrangement287.

B. Electrochemistry
1. Metal triketonates

As pointed out some time ago288, the electrochemistry of the dicopper complex of
the series M2(1,3,5-triketonate)2 (140) posed some problems of interpretation. It was at
first thought that the copper(II) complexes should display a single two-electron reduc-
tion [Cu(II)−Cu(II) → Cu(I)−Cu(I)], with features of chemical reversibility in the short
reaction times of cyclic voltammetry284c,d,289a. Later, it was stated that they undergo a
single two-electron reduction only in the presence of alkali metal ions. In the absence
of such cations, the Cu2(1,3,5-triketonate)2 derivatives undergo the stepwise sequence
Cu(II)−Cu(II) → Cu(II)−Cu(I) → Cu(I)−Cu(I), the second one-electron reduction being
irreversible and located at rather negative potential values284e,289b,c.

R′R

OOO
MM

RR′

OOO

(140)

In contrast, the Ni2(1,3,5-triketonate)2 derivatives display two relatively close-spaced
one-electron reductions [Ni(II)−Ni(II) → Ni(II)−Ni(I) → Ni(I)−Ni(I)]290. For both cop-
per and nickel the mixed-valent species [M(II)−M(I)] were unstable, in spite of the
potentially higher stability of the [Cu(II)−Cu(I)] intermediate. The formal electrode poten-
tials of the reduction processes of the Cu2- and Ni2(1,3,5-triketonate) complexes are
compared in Table 22.

TABLE 22. Formal electrode potentials (vs. SCE) for the redox changes exhibited by [M2(1,3,5-
triketonate)2] z complexes 140

M R R′ E
◦′ (V)

(z: 0 → −)
E

◦′ (V)
(z: − → 2−)

Solvent Reference

Cu(II) Me t-Bu −0.87 — dmf 284e
Cu(II) Me Ph −0.82 — dmf 284e

−0.85 −1.35 a dmso 289c
−0.79 −1.4 a py 289c

Ni(II) Me Ph −1.59 −1.77 dmf 290

a Irreversible process.
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2. Metal tetraketonates

Although tetraketonates can give mono-, di- and trinuclear metal complexes, most
investigations have dealt with uranyl-based complexes as, for example, the dianions
derived from 141a, dopb (m-bis(3,5-dioxohexyl)benzene dienolate), and 141b, dpb (1,1′-
(1,3-phenylene)bis(4,4-dimethyl-1,3-pentanedionato) dianion). The mononuclear U(VI)
complex UO2(dopb)262e in dmso solution undergoes a reversible U(VI) → U(V) reduc-
tion at potential values very similar to that of UO2(acac)2 (E◦′ == −1.06 V), but free
from the chemical complications accompanying the reduction of the latter: a half-life
of 3.7 hours has been assigned to the uranium(V) monoanion [UO2(dopb)]− 262e. As far
as the dinuclear complexes are concerned, the uranyl complex [(UO2)2(dpb)2(py)2] is
the only dinuclear complex studied from the electrochemical viewpoint291. The complex
undergoes a partially chemically reversible two-electron reduction (E◦′ = −1.17 V, vs.
SCE, py). The fact that the two uranium(VI) centres undergo the U(VI) → U(V) reduction
at the same potential value suggests that they are electronically independent.

R

O OH

R

OOH

(141) (a) R = Me
(b) R = t-Bu

A series of heterotrinuclear complexes of the tetraketone 134 has been character-
ized. In such complexes the two outer O4 compartments are occupied by a [UO2]2+
ion, whereas the central O4 compartment is occupied by a M(II) ion (M = Mn, Co,
Ni, Cu, Zn)285. As a typical example of the electrochemical behaviour of such com-
plexes, Figure 9 compares the cyclic voltammetric response of (UO2)2Zn(dbba)2(py)4
with that of (UO2)2Ni(dbba)2(py)4

285. The complex containing the redox-inactive zinc(II)
centre, (UO2)2Zn(dbba)2(py)4, affords two separate reductions at about −1.1 and −1.3 V
(vs. SCE), which are assigned to the U(VI) → U(V) reduction of each uranyl ion. The
insertion of the redox-active nickel(II) as central metal ion causes the appearance of the
further Ni(II) → Ni(I) reduction at about −1.5 V. A similar behaviour is exhibited by
(UO2)2Cu(dbba)2(py)4, with the only difference that the Cu(II) → Cu(I) reduction occurs
at about −0.5 V, thus preceding the two separate UO2

2+ reductions.
The trinuclear complexes containing manganese(II), iron(II) or cobalt(II) as central

ions, apart from the two uranyl-centred reductions, gave only irreversible oxidation steps.
It is evident that, at variance with (UO2)2(dpb)2(py)2, in this case the presence of the
central M(II) ion favours the electronic interaction between the two outer uranium(VI)
centres.

3. Metal hexaketonates

Both heterotetranuclear (UO2)2M2(mob)2(py)6 (142) and homotetranuclear Cu4(mob)2
(py)4 (143) complexes have been prepared from 1,1′-(1,3-phenylene)bis(7-methyl-1,3,5-
octanetrione)291,292.

Complex 142 (M = Zn) exhibits only a single two-electron reduction with features
of chemical reversibility (E◦′ = −1.06 V, vs. SCE, py), attributed to the simultaneous
U(VI) → U(V) transition of the two not-interacting uranyl ions291. A similar behaviour
is exhibited by 142 (M = Co) and 142 (M = Ni) in pyridine solution (E◦′ = −1.12
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−1.5 −1.0

E (V, vs. SCE)

−0.5

(a)

(b)

FIGURE 9. Cyclic voltammetric responses of (a) (UO2)2Zn(dbba)2(py)4 and (b) (UO2)2Ni(dbba)2
(py)4 (Hg electrode, dmf, scan rate 0.2 V s−1)285. Reproduced from Reference 285 with permission.
Copyright 1984 American Chemical Society
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and E
◦′ = 1.18 V, respectively). Changing the solvent to dmso, which allows a larger

cathodic window, the simultaneous Ni(II) → Ni(I) reduction of the two Ni(II) centres
can be observed (E◦′ = −1.82 V); see Figure 10291. The fact that both the two couples
of uranyl and nickel(II) centres (and probably uranyl and cobalt(II) centers too) undergo
single two-electron steps indicates that, at variance with the heterometallic triketonates
(UO2)2M(dbba)2(py)6 discussed in Section VI.B.2, the interposition of the phenylene moi-
ety between the two triketonato compartments creates a barrier to their mutual electronic
communication.

A rather different behaviour is attributed to 142 (M = Cu), exhibiting a single four-
electron reduction (E◦′ = −0.82 V, py) which suggests that, for some unclear synergistic
interaction, the two uranyl ions and the two copper ions undergo their simultaneous one-
electron reduction at about the same potential value. It is hence implied that the copper(II)
reductions induce the two uranyl ions to anticipate by about 0.3 V their one-electron addi-
tions relative to the other heteronuclear complexes 142. In this connection it is also useful
to consider the voltammetric behaviour of the homonuclear complex 143 (Figure 11)292,
undergoing two partially overlapping two-electron reductions at about E

◦′ = −0.7 and

−2.0 −1.6

E (V, vs. SCE)

−1.2 −0.8 −0.4

FIGURE 10. Cyclic voltammogram of (UO2)2Ni2(mob)2(py)6 (Hg electrode, dmso:py = 95:5, scan
rate 0.5 V s−1)291. Reproduced from Reference 291 with permission. Copyright 1990 American
Chemical Society

E (V, vs. SCE)

−1.0 −0.8 −0.6 −0.4

FIGURE 11. Cyclic voltammogram of Cu4(mob)2(py)4 (Hg electrode, py, scan rate 0.5 V s−1)292.
Reproduced from Reference 292 with permission. Copyright 1990 American Chemical Society
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−0.9 V, which suggests a very weak interaction between the two Cu2 halves. Such an
interaction could be responsible for the unexpected behaviour of (UO2)2Cu2(mob)2(py)6.
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(d) N. Krause, M. Laux and A. Hoffmann-Röder, Tetrahedron Lett., 41, 9613 (2000).

115. M. Schulz, R. Kluge, M. Schüßler and G. Hoffmann, Tetrahedron, 51, 3175 (1995).
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I. INTRODUCTION

Transition metals have been used as catalysts for industrial processes as early as the 19th

century1 – 4 and are currently used in the manufacture of bulk chemicals such as n-butanal
(hydroformylation) and acetic acid (carbonylation), as well as in the generation of fine or
specialty chemicals. While the development of novel catalysts is the subject of intense
research, metal enolate complexes have always played a predominant role in this eco-
nomically and environmentally important area of chemistry. The purpose of this chapter
is to provide a short and concise review on the recent advancements of several catalytic
reactions employing well-defined β-diketonato metal complexes. As enolates are among
the most utilized reactive intermediates in organic synthesis5 – 9, their role as intermediates
in catalytic transformations is widespread and beyond the scope of this chapter. However,
the reader is encouraged to peruse several excellent reviews for a more detailed account
of this exciting area of catalysis10 – 12. Likewise, metal enolates are frequently used as
precursors to impregnate heterogenous catalysts. As the active catalytic species in these
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systems does not usually contain a metal enolate fragment, these systems are not discussed
in any detail in this chapter. The use of metal enolates as polymerization catalysts will be
discussed in another chapter. Although metal enolates have been investigated for every
conceivable catalytic reaction, this review focuses on those where these easily prepared
and readily available complexes have made a considerable impact in catalysis in the past
few years.

Metal enolates are used in a plethora of catalyzed reactions and the following examples
are meant to show the immense utility of these remarkable compounds. As with all
catalytic processes, a number of different metal complexes can also be used to facilitate
the desired transformation. Several catalytic reactions have been highlighted in this review
to show where metal enolate complexes have played a significant role in recent years.
Many stimulating developments remain to be discovered, however, and publications using
these complexes are coming out even as this chapter is being finalized. Clearly, the ease
of synthesis and availability of metal enolates makes them extremely attractive complexes
for any number of catalyzed reactions. The following acronyms are in use throughout the
chapter:

acac acetylacetonato eda ethylenediamine
AHF asymmetric hydroformylation EXAFS extended X-ray absorption fine
bom benzyloxymethyl structure
cat catecholato, C6H4O2

2− hfac hexafluoroacetylacetonato
cod 1,5-cyclooctadiene ipr N ,N ′-bis-(2,6-
coe cyclooctene diisopropylphenyl)
dce dichloroethane imidazol-2-ylidene
dcpb 1,4-bis(dicyclohexylphosphino) nbd norbornadiene

butane pin pinacolato
dibalh diisobutylaluminum hydride pmb p-methoxybenzyl
dpm 2,2,6,6-tetramethylheptane-3,5- py pyridine

dionate quinap 1-(2-diphenylphosphino-1-
dppbenz 1,2-bis(diphenylphosphino) naphthyl)-isoquinoline

benzene tbs t-butyldimethylsilyl
dppe 1,2-bis(diphenylphosphino) XANES X-ray absorption near edge

ethane structure

II. HYDROFORMYLATION
One of the areas where β-diketonato metal complexes have made significant contributions
in the last few years has been catalyzed hydroformylations. Hydroformylation is one of
the most industrially important catalyzed reactions, covering an annual product of almost
eight million tons of aldehydes and alcohols. This reaction is used to convert light alkenes
(1, mainly C2 and C3) into C3 and C4 aldehydes by reaction with syn-gas, CO/H2. A
generic metal catalyzed hydroforymlation reaction showing both branched (2) and linear
(3) products is illustrated in equation 1. Subsequent conversion of these aldehydes into
the corresponding alcohols provides feedstock for the generation of polyvinyl chloride
(PVC) plasticizers and detergents. Although initial catalysts were derived from cobalt,
rhodium catalysts are used at present, as they require lower pressures and afford higher
selectivities. Recent applications of this reaction have extended to producing intermediates
for fine chemicals (vitamins, flavors and fragrances) and pharmaceuticals (ibuprofen).
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Several excellent reviews on the rhodium catalyzed hydroformylation have recently been
published13 – 19.

R R

CHO

R
CHO+catalyst

CO/H2

(2) (3)(1)

(1)

Although RhH(CO)(PPh3)3 (4) is widely recognized as one of the most versatile cata-
lysts for the hydroformylation reaction, the ease of synthesis, stability and ability to fine
tune the electronic and steric environments around the metal center by the addition of
ligands makes complexes of the type Rh(acac)(CO)2 (5) and Rh(acac)(H2C=CH2)2 (6)
very valuable precatalysts for this reaction20,21. To improve selectivities and activities for
these systems it is critical to have a detailed knowledge of the nature of the catalytic inter-
mediates and the kinetics of the catalytic cycle. While the catalytic mechanism proposed
by Wilkinson in 196822 is still generally accepted as being correct, key intermediates in
the reaction have remained elusive. Likewise, van Leeuwen and Claver have noted that
the kinetics of the hydroformylation reaction has not been discussed in much detail13.
Work by Poliakoff and George has shown that in situ FT-IR and polymer matrix tech-
niques can be used in the hydroformylation of 1-octene, 1-butene, propene and ethene,
using either 5 or Rh(acac)(CO)(PPh3) (7), to characterize acyl rhodium intermediates23.
The kinetics of the hydroformylation of soybean oil by ligand-modified Rh(acac)(CO)2
(5) catalysts has also been examined24. More recently, Rosales and coworkers have con-
ducted a kinetic study of the hydroformylation of 1-hexene using 5 and one equivalent of
dppe. The reaction proceeded with good selectivity to give linear to branched ratios close
to 2. The initial rate was found to be first-order with respect to [Rh] and a fractional order
with respect to substrate concentration. The kinetic and mechanistic work in this study
suggested a mechanism involving RhH(CO)(dppe) (8) as the active catalytic species with
hydrogenolysis of the acyl intermediate (dppeRhC(O)H, 8′) as the rate-determining step
at low hydrogen pressure and migratory insertion of the alkene into the Rh−H bond at
high hydrogen pressures25.

Other metal enolates are still being examined for equation 126, yet the most common
catalyst systems are based on Rh(acac)L2

27 – 35. For instance, the interaction between 5
and human serum albumin has been found to be an active hydrosoluble nanostructured
biocatalyst for the hydroformylation reaction36. Most of the work in this area, however,
has involved reactions using modified phosphine and phosphite derivatives. Indeed, van
Leeuwen and coworkers found that bulky monodentate phosphite/rhodium systems are
highly active and selective hydroformylation catalysts for a wide range of substrates,
including di- and trisubstituted alkenes37. An interesting study by Reetz and Li, outlined
in equation 2, demonstrated that mixtures of monodentate achiral ligands could be used
to improve product selectivites. For instance, reactions of t-butyl methacrylate (9) using
Rh(acac)(CO)2 (5) and two equivalents of phosphite (12) gave predominately a branched
(10) to linear (11) ratio of 2.7:1, but with a considerable amount of hydrogenation product
(33%). Changing to a heterocombination of ligands including one equivalent of 12 and
one of phosphine 13 increased the branched to linear ratio to 6.4:1 and reduced the amount
of hydrogenation product to 5%. Unfortunately, while selectivities increased in this mixed
reaction, conversion of starting material was only 32% compared to 55% for the homocom-
bination using the phosphite ligands38. The electronic effects induced by two identical or



554 Stephen A. Westcott

two different phosphorus ligands on the regioselectivity of the rhodium-catalyzed hydro-
formylation of propene has been investigated using DFT-based calculations39.

H3C
H3C CH3

CHO

H3C
CHO+

Rh(acac)(CO)2 (5) + L2

(10) (11)

CO2Bu-t

CO2Bu-t

CO2Bu-t

(9)

CO/H2 (2)

P

MeO

OMe

MeO

3

O

O
P OMe

(12) (13)

In a related study, Klosin, Whiteker and coworkers have reported a correlation between
the dihedral angle in a series of biaryl-bridged bisphosphite Rh(acac) complexes and
selectivities for the hydroformylation of allyl cyanide and vinyl acetate40. Smaller dihe-
dral angles were found to generate products with increased regio- and enantioselectivity.
DFT calculations suggested that the decreased dihedral angles led to smaller P-Rh-P bite
angles. These results were somewhat surprising, as large bite angles have previously been
correlated with increased hydroformylation regioselectivity41.

As phosphonites and phosphites are susceptible to degradation, a number of studies
have focused on developing new phosphine ligands. For instance, Breit and coworkers
have designed a class of phosphabarrelene (16) based rhodium catalysts for the effective
hydroformylation of cyclohexene (14a) and cycloheptene (14b) (equation 3) to give cyclo-
hexane products (15). Of singular interest is the observation that these catalyst systems
enable a selective hydroformylation of an endocyclic C=C double bond without gener-
ating any products arising from a competing alkene isomerization42. In another study,
the hydroformylation of 1-octene occurs rapidly (rates up to 800 h−1) when carried out
in supercritical CO2 using the catalyst system derived from Rh(acac)(CO)2 (5) and [1-
propyl-3-methylimidazolium][Ph2P(3-C6H4SO3)] (17). The catalyst system was stable for
at least 40 h with very low levels of metal leaching (0.5 ppm)43.

Rh(acac)(CO)2 (5) + 16

CHO

n n

(14) (a) n = 1
(b) n = 2

(15) (a) n = 1
(b) n = 2

CO/H2 (3)
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PPh

R
R

(16) R = Ph, i-Pr, 2,4-xylyl

N N

Ph2P SO3
−

(17)

+

One of the most important breakthroughs in this area has been the development of chi-
ral catalysts for enantioselective hydroformylation. Although Consiglio and coworkers44

reported the first highly enantioselective variant in 1991 using a bisphosphine PtCl2/SnCl2
system, rhodium acac complexes containing phosphinophosphite ligands were later found
to catalyze the hydroformylation of styrene with excellent selectivity (up to 95% ee)20,45.
Since this seminal work, a considerable amount of research has focused on the AHF
reaction46 – 48. For instance, Huang, Bunel and coworkers have reported that the com-
bination of Rh(acac)(CO)2 (5) and TangPhos (20) is an active catalyst for the AHF of
norbornylene (18) under mild conditions to give 19 with ee up to 93% (equation 4)46.

(18)

Rh(acac)(CO)2 (5) + 20

CO/H2

(19)

OHC
(4)

P H

Bu-t

H

Bu-t

(20)

Another area of interest has included modifying phosphine and related ligands so that
reactions can be conducted in non-traditional media, especially those solvents that play a
critical role in green chemistry49 – 62. A number of excellent and comprehensive reviews
are now available that provide a detailed summary of work in this area63,64.

One of the crowning achievements of catalysis occurs when the reaction is used in the
synthesis of natural products, pharmaceuticals, fine chemicals or other industrially relevant
compounds65 – 68. Tolterodine (23), an important drug used to treat urinary incontinence,
has been prepared in high yields66, utilizing the rhodium-catalyzed hydroformylation of
a 1,1′-bisarylalkene (21) to give 22 as a key step in the synthesis (equation 5). Likewise,
catalyzed hydroformylation of glycals (24) using 5 gave low yields of 2-formylpyrans
(25a, 25b) and high yields of 3-formylpyrans (26a, 26b) (equation 6). C-branched sugars
are key components in many natural products and antibiotics67. Lastly, this versatile
catalytic reaction has also been applied to the synthesis of a potential BC-ring subunit
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of bryostatin (28), a remarkably potent anticancer agent, via the hydroformylation of 27
(equation 7)68.

 Rh(acac)(CO)2 (5) + L

CO/H2

OH

CHO

OH

OH

N(Pr-i)2

(21) (22)

(23)

(5)

O

RO

RO

RO

O

RO

RO

RO

CHO

O

RO

RO

RO

CHO

(a) R = Bn, 8%
(b) R = Ac, 14%

(a) R = Bn, 92%
(b) R = Ac, 86%

+

(24) (25) (26)

 Rh(acac)(CO)2 (5) + L

CO/H2
(6)

pmbO Otbs

Obom

pmbO Otbs

Obom

O

H

(27)

Rh(acac)(CO)2 (5) + L

CO/H2

(28)

(7)

III. OXIDATION
Another area where metal β-diketonates have made a significant impact is in the oxida-
tion of alkanes69 – 74, alkenes75 – 78 and alcohols79 – 84. A number of different metal com-
plexes have been used in these reactions, including Pd(acac)2 (29)85, Co(acac)3 (30)69,76,
Fe(acac)3 (31)72, a bimetallic Pd(II) complex containing a 1,3,5-triketone ligand77, MCl
(acac)(PPh3) (32) where M = Ni, Co, Cu78, Mn(acac)3 (33)79, MoO2(acac)2 (34)83, VO
(acac)2 (35)74,75,84 and VO(hfac)2 (36)82. In the latter study, the oxidation of α-acetylenic
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alkanols (37) to the corresponding ketones (38) was improved by using 36 as a catalyst
instead of 35 (equation 8). Addition of excess hexafluoroacetylacetone was also required
to improve product yields82. A remarkable study by Fürstner and Nagano reported the
oxidation of a furyl alcohol (39) using t-BuOOH and catalytic amounts of 35 to give
40 in the total synthesis of ipomoeassin B and E (equation 9). Ipomoeassin B and E are
extracts from morning glory (Ipomoea aquamosa), which are harvested from the Suriname
rainforest, and have displayed considerable cytotoxicity86.

1 mol% VO(acac)2 (35)
5 mol% Hhfac

sieves
80 °C, O2 (1 atm)

OH

R

O

R

R = H, n-C4H9, n-C6H13(37) R = H, n-C4H9, n-C6H13(38)

(8)

2 mol% VO(acac)2 (35)O

OH
O

O

OH

(39) (40) 71%

t-BuOOH (9)

A considerable amount of work in this area has also focused on using Schiff base com-
plexes derived from diketonato precatalysts87 – 91 as well as heterogeneous β-diketonates
complexes92 – 95. Peyrovi and coworkers reported that the oxidation of alcohols using t-
butyl hydroperoxide could be catalyzed with Co(acac)3 (30) immobilized between layers
of bentonite92. Interestingly, complex 30 has also been used as an anti-skinning agent
in oxidative crosslinking reactions96. To avoid skinning in the can, the cobalt-catalyzed
decomposition of hydroperoxides has been used in the paint industry to promote the dry-
ing of paint. In a related study, Mn(acac)3 (33) was found to function as both a radical
initiator and as a catalyst for hydroperoxide decomposition for the autooxidation of ethyl
linoleate, a model compound for the active binding molecule in alkyd paints97. The oxi-
dation of 13C-labelled ethyl linoleate has been monitored by 13C-NMR spectroscopy and
33 appears to be less effective in decomposing ROOH than the combination of 33 and
2,2′-bipyridine98. Mn(acac)3 (33) has also been found to catalyze the oxidation of N-alkyl
amides using microwave irradiation with t-BuOOH99.

A number of metal β-diketonates have been used to catalyze the oxidation of sulfides to
sulfoxides, important synthetic intermediates for the construction of various biologically
active molecules100 – 105. For example, an elegant study by Ishii and coworkers demon-
strated that VO(acac)2 (35) selectively catalyzed the sulfoxidation of adamantane (41) by
SO2/O2 to give 1-adamantane sulfonic acid (42) (equation 10)105. Although a number of
metal acac complexes were examined as catalysts for this reaction, all but the vanadium
compound failed to promote the sulfoxidation. The catalytic oxidation of triarylphosphines
using the palladium complex Pd(acac)2 (29) has also been investigated106.

cat. VO(acac)2 (35)
SO2/O2

AcOH
40 °C, 2 h

SO3H

(41) (42)

(10)
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As with all catalytic reactions, recent advances in oxidation chemistry have been used
in developing systems that use environmentally benign water107 or ionic liquids108 – 111 as
solvents. The economical, soluble and easily prepared complex Cu(acac)2 (43) is an active
and selective catalyst for the oxidation of secondary alcohols in ionic liquids at room
temperature110. Further discussion of these reactions can be found in several excellent
reviews111 – 114.

Epoxides are versatile intermediates that have great value in synthetic organic chem-
istry and chemical technology and are readily prepared by the oxidation of alkenes with
various oxygen sources in the presence of a catalyst. A number of metal enolate com-
plexes are effective catalysts for this reaction, including MoO2(acac)2 (34)115,116 and
VO(acac)2 (35)117. The vanadium complex is an active and selective catalyst for the epox-
idation of α-hydroxyl vinyl sulfoxides (44), which proceeds via initial oxidation to give
the corresponding unsaturated sulfones, followed by an unusual regio- and stereoselec-
tive epoxidation to give anti-oxiranes (equation 11). This methodology was subsequently
applied to the preparation of carbohydrate derivatives. Interestingly, β-diketonates zir-
conium complexes, such as [Zr(acac)3]ClO4 (46), have been used in the catalytic ring
opening of the resulting oxiranes118.

r.t.

OH

S

O

R′′R

R′

OH

SO2R′′
R

R′
O

(44) (45) 54–91%

cat. VO(acac)2 (35)
t-BuOOH

(11)

β-Diketonate epoxidation catalysts have also been successfully grafted onto polymer
supports119 – 123. Grafting Ni(acac)2 (47) complexes onto polybenzimidazole resulted in
active catalysts whereas no activity was observed in reactions using an aminomethylpyri-
dine methacrylate-type resin119. EXAFS results and XANES simulations suggested that
use of rigid polybenzimidazole results in vacancies in the metal-coordination sphere,
allowing for catalysis to occur. A proposed mechanism for this reaction is based on trans-
fer of an oxygen atom to the alkene by an acylperoxy radical. This radical arises from
the reaction of molecular oxygen (or a peroxide) with a transient acyl radical generated
by a Ni(III) intermediate and an aldehyde, commonly used as a coreactant124.

Aziridation of alkenes (48), the nitrogen atom transfer process analogous to epoxidation,
is also of considerable interest, as the resulting aziridanes (49) are useful intermediates
in organic synthesis of pharmaceuticals and agrochemicals. A number of Lewis acids are
known to catalyze this reaction, including Cu(acac)2 (43). Recent developments in this
area include immobilizing this precatalyst using an amine-functionalized hexagonal silica
support125 or activated carbon126 and polymer supports127. Likewise, copper complex 43
dissolved in an ionic liquid has been reported to be an active and recyclable catalyst
system for the aziridation of alkenes using PhI=NTs as the nitrene donor. The ionic
liquid phase containing the catalyst was recovered and reused for several cycles without
any appreciable drop in activity, as shown for the aziridation of styrene (equation 12)128.
In a related study, Mancheño and Bolm have shown that the iron complex Fe(acac)3
(31) can be used to catalyze the imination of sulfides and sulfoxides in the presence of
iodinanes129.
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cat. Cu(acac)2 (43)
ionic liquid

PhI=NTs
r.t.

NTs

(48) (49)

(12)

IV. HYDROGENATION
The ability of transition metals to catalyze the addition of dihydrogen to unsaturated
organic molecules has many industrial applications. Unlike oxidations that primarily use
either early or middle group metals, late metals are particularly active for catalyzed hydro-
genations. Although not particularly common, metal enolates such as Pd(acac)2 (29)130,
Co(acac)3 (30)131, Fe(acac)3 (31)132, Ni(acac)2 (47)133,134, Rh(hfac)(dcpb) (50)135 and
Ru(acac)3 (51)136 have also been used for this reaction. The ruthenium catalyst system
consisting of 51, P(octyl)3 and p-toluenesulfonic acid (p-TsOH) was effective in the
reduction of succinic anhydride (52) to give γ -butyrolactone (53) (equation 13). p-TsOH
was found to enhance reaction rates and increase selectivites to give the desired product
in up to 95% yield136. Considerably more effort has focused on using heterogeneous sys-
tems derived from these metal enolates137 – 144. For instance, supported iridium catalysts
prepared by atomic layer deposition of Ir(acac)3 were found to be effective for the hydro-
genation of toluene137. Hydrogen transfer reactions have also been reported using iron145

and ruthenium146 acac catalyst systems.

Ru(acac)3 (51) + P(octyl)3

p-TsOH
H2

O
OO

O
O

(52) (53)

(13)

V. ADDITION OF MAIN GROUP COMPOUNDS
A considerable amount of research has focused on using metal enolates as catalysts for
the addition of main group hydrides to unsaturated organic molecules. Indeed, some of
the most active and selective catalysts for the metal-catalyzed hydroboration reaction
are based on the addition of diphosphine ligands (L2) to Rh(acac)(coe)2 (54). This is
the only catalyst system known to facilitate the addition of catecholborane (HBcat) to a
tetrasubstituted alkene147. A reaction mechanism is shown in Scheme 1 and is believed to
proceed via initial oxidative addition of catecholborane to give a putative hydrido boryl
intermediate (i). Coordination of the alkene to the metal center (ii) followed by insertion
into the Rh−H in either an anti-Markovnikov (iii) or Markovnikov (iv) fashion with
subsequent reductive elimination gives the corresponding organoboronate ester products
(v) and (vi), respectively. The unusual regioselectivity in favor of branched products
(vi) observed in hydroborations of vinylarenes (R = Ar) is believed to arise when the
rhodium center can best stabilize a benzylic intermediate (iv).

Hydroboration of Rh(acac)(coe)2 (54) + L2 with excess HBcat affords acacBcat and
the zwitterionic complex Rh(η6-catBcat)L2 (55), which is believed to be the catalyst
resting state in these reactions. Variation of the ligands has a profound effect on these
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reactions and products derived from a competing dehydrogenative borylation pathway can
sometimes dominate148 – 152. Enhanced regioselectities for the hydroboration of vinylarenes
in supercritical CO2 using Rh(hfac)(coe)2 (56) and phosphine ligands have been observed
with monodentate phosphines153. An excellent review by Crudden and Edwards describes
recent advances in the metal-catalyzed hydroboration reaction154.

The diboration (addition of B−B bonds) of alkenes has also been the subject of con-
siderable effort155 and an elegant review by Beletskaya and Moberg has recently appeared
on the metal-catalyzed element–element addition to alkenes and alkynes156. Of particular
importance in this area is the work by Morken and coworkers who designed the cat-
alytic asymmetric carbohydroxylation of alkenes using a domino diboration cross-coupling
oxidation reaction157 – 159. The addition of B2cat2 was accomplished using a chiral cata-
lyst system derived from Rh(acac)(nbd) (57)/(S)-quinap and the resulting 1,2-diboron
compounds (58) were reacted in situ with aryl halides. The less hindered B−C bond
was selectively transformed into the corresponding cross-coupled product whereupon the
remaining B−C bond was subsequently oxidized to give the corresponding alcohols (59)
(equation 14).

Rh(acac)(nbd) (57)
(S)-quinap

B2cat2

R
R

Bcat

Bcat
Suzuki–Miyaura
cross-coupling

Oxidation R
Ar

OH

(1) (58) (59)

(14)

The addition of B−Si bonds to dienes has also been catalyzed by a number of metal
enolate complexes156,160 – 164. Although early work by Ito and coworkers used a nickel
system consisting of Ni(acac)2 (47) and dibalh161, recent studies by Gerdin and Moberg
have found that Pt(acac)2 (60), dibalh and a chiral phosphoramidite catalyzed the enan-
tioselective silaboration of 1,3-cyclohexadiene (61) using PhMe2SiBpin (62) to give 63
with 70% ee (equation 15)162. Related nickel catalyst systems gave essentially racemic
products and palladium complexes were inactive. Interestingly, attempts to catalyze the
silaboration of acyclic 1- and 1,4-substituted 1,3-dienes (64) resulted in a new dispro-
portionation reaction with equimolar mixtures of allylsilanes (65) and dienylboranes (66)
(equation 16)163.

Pt(acac)2 (60)
dibalh

chiral PN ligand
B

O

O
PhMe2Si+ PhMe2Si B

O

O

(61) (62) (63) (15)

+

Bu
Bu

B
OOBu

SiMe2Ph
Bu

(65) (66)

+

Bu
Bu

(64)

62

Ni(acac)2 (47) + PEt3

toluene, 80 °C

(16)
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Highly enantioenriched (E)-allylic silanes have been generated from optically active
allylic alcohols using a palladium catalyzed intramolecular bis-silylation (Si−Si addition)
with a subsequent and highly stereospecific Si−O elimination165. The overall reaction
proceeded with nearly complete conservation of the enantiopurity of the starting allylic
alcohol (67) (equation 17) to give 68 in high yields. Other metal complexes such as
Rh(acac)(CO)2 (5)166 – 168 and MoO2(acac)2 (34)169 have been used in the related hydrosi-
lation reactions (addition of Si−H bonds). While much less is known about the addition
of Sn−H bonds to alkenes using metal enolates, this may be due to the observation that
the platinum complex Pt(acac)2 (60) catalyzes the dehydrogenative stannylation of tin
hydrides to give dihydrogen and distannanes170. The carbamoylstannation (addition of
Sn−CONR2) of alkynes (69) using Rh(acac)(CO)2 (5), however, afforded (Z)-β-stannyl-
α,β-unsaturated amides (70) selectively171. Reactions using Ni(cod)2 (72) resulted in
products with a reversal of regioselectivity (71) (equation 18).

Pd(acac)2 (29)
isocyanide

O Ph

Me

SiPh2

PhMe2Si

Me
Ph

SiMe2Ph

H

(67) (68) 98.1% ee

n-BuLi
(17)

SnMe3

CON(i-Pr)2

CON(i-Pr)2

SnMe3

Rh(acac)(CO)2 (5)
toluene, 110 °C

Ni(cod)2 (72)
toluene, 110 °C

(71) 49%

(69)

(70) 78%

Me3SnCON(i-Pr)2

Me3SnCON(i-Pr)2

(18)

The addition of N−H bonds to unsaturated organic molecules using metal enolates
has also received considerable attention. Recoverable and reusable catalyst systems based
on the copper complex Cu(acac)2 (43) immobilized in ionic liquids have been used for
the insertion of α-diazo compounds into amines172 and for the aza-Michael reaction173.
A related hydroaminomethylation (tandem alkene hydroformylation followed by reduc-
tive amination) reaction using Rh(acac)(CO)2 (5) and a bisphosphite catalyst system has
been used to synthesize biologically active tertiary amines (75) from the addition of allyl
ether (73) and secondary amine (74) (equation 19)174. This reaction is highly regiospe-
cific in favor of the linear products and tolerant of many functional groups including
aryl chlorides. Hydrogenation is believed to occur using a rhodium species where the
phosphite ligands are not coordinated to the metal center. The hydroaminocarbonylation
of alkynes to give the corresponding 1,4-diamide derivatives could also be catalyzed by
Rh(acac)(CO)2 (5); however, yields were considerably lower than with other rhodium
catalysts175.
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Rh(acac)(CO)2 (5)
400 psi CO/H2

75 °C

N
H

O O
+

N

HN

Cl

Cl

N
H

O O

N

N

Cl

Cl

(73) (74)

(75) 67%
branched:linear 37:1

(19)

The intermolecular hydrophosphination of phenylacetylene (76, equation 20) with di-
phenylphosphine using Ni(acac)2 (47) and (EtO)2P(O)H has been reported to give alkenyl-
phosphine (77) in high yields176. Alkenylphosphines are an important class of ligands
whose applications have been limited by the lack of a simple and convenient synthetic
procedure. This reaction gave the corresponding syn-addition products with a mixture
of α- and β-adducts. Selectivities could be fine-tuned by judicious choice of catalyst
precursor used to facilitate this reaction.

Ni(acac)2 (47)
(EtO)2P(O)H

80 ˚C

(76) (77) 90%

C C HPh
C C

HPh2P

HPh
   Ph2PH+ (20)

The hydration of nitriles (78, equation 21) is another area of intense interest for the
preparation of industrially and pharmaceutically important amides (80) and carboxylic
acids (81). Although a number of transition metals can be used to catalyze this important
reaction177, recent work has shown that Ru(acac)2 (79) complexes with diphenyl-2-
pyridylphosphine (PPh2py) ligands were extremely active catalysts with turnover frequen-
cies of up to 20,900 h−1 178,179. This reaction is believed to proceed via initial activation
of the nitrile by coordination to the Lewis acidic metal, where a vacant coordination site
arises from a η2 → η1 acac isomerization. Nucleophilic addition of water is then promoted
by hydrogen bonding with the Lewis basic pyridine moiety of the PPh2py ligand.

Ru(acac)2 (79)

(78) (80)

C NR
R

NH2

O
(81)

R

OH

O
H2O

– NH3

H2O+ (21)
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The addition of O−H bonds to alkenes has been accomplished with Ru(acac)3 (51)
for the chemoselective tetrahydropyranylation of n-butanol (82) with 3,4-dihydro-2H -
pyran (83) and other alcohols under solvent-free conditions to give 84 in high yields
(equation 22)180. While a number of other metal enolates, including Pd(acac)2 (29),
Co(acac)3 (30) and VO(acac)2 (35), were also effective in catalyzing this reaction, highest
yields were achieved with the ruthenium complex. In a related study, the same ruthenium
catalyst was also active in the solvent-free acylation of alcohols and amines181. The addi-
tion of methanol to propylene oxide to give 2-methoxy-1-propanol derivatives has been
catalyzed using a clay-supported Zr(acac)3

+ (46) catalyst system182. This heterogeneous
system showed a rate increase and improved selectivities compared with the analogous
homogeneous catalyst system.

OH

O OO

Ru(acac)3 (51)

r.t.

(82) (83) (84) 99%

+
(22)

β-Vinyl sulfides have been prepared by the catalytic addition of the S−H bond of
thiols (85) to terminal alkynes (86) under solvent-free conditions using the nickel complex
Ni(acac)2 (47)183. High alkyne conversions (up to 99%) were achieved after 30 min at
40 ◦C in favor of the corresponding Markovnikov products (87) (equation 23). Other
metal acetylacetonate complexes were examined for this reaction, but none showed any
improvement over the nickel catalyst. Mechanistic details suggest that alkyne insertion
into the Ni−S bond is important to the catalytic cycle and that nanosized structural units
comprised of [Ni(SAr)2]n represent the active form of the catalyst. Isothiocyanates184 and
vinyl sulfides185 have been produced in related Rh(acac)(H2C=CH2)2 (6) and VO(acac)2
(35) catalyzed sulfenylation reactions of aryl cyanides and aryl acetylenes, respectively.

Ni(acac)2 (46)+

SH
S

40 °C, 8 min

(85) (86) (87) 82%

(23)

Enantioselective fluorination reactions catalyzed by chiral palladium enolate complexes
have been the subject of considerable research186 – 188. For instance, the fluorination of
acyclic β-ketoester (88, equation 24) using N-fluorobenzenesulfonimide (NFSI) gave
product 89 in high yields and with excellent enantioselectivity (ee up to 94%)186. This
reaction can be carried out in environmentally benign alcoholic solvents and provides
valuable synthetic building blocks that find applications in medicinal chemistry, chemical
biology and material sciences.

Pd(acac)2 (29)

chiral ligand

(88) NFSI
(1.5 equiv)

(89)

Ph

Me

CO2Bu-t

O

PhO2S SO2Ph
N

F

Ph

Me

CO2Bu-t

O

F

+
(24)
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VI. C−C BOND FORMATION

Catalytic carbon–carbon bond-forming reactions are among the most important types of
transformations in organic synthesis and metal enolate complexes have played an impor-
tant role in this field189 – 195. Of significance is the recent discovery that iridium acetylacet-
onato complexes catalyze the intermolecular hydroarylation196 – 198 and hydrovinylation199

of unactivated alkenes. The active catalyst is a unique complex [Ir(µ-acac-O,O ′,C3)
(acac-O,O ′)(acac-C3)]2 (90) and the reaction is believed to proceed via arene C−H
activation200 – 204 to generate a bis-acac, phenyl-Ir(III) intermediate. Hydroarylations pro-
ceed to give the anti-Markovnikov straight-chain alkyl benzenes (91) with high selectivity
(equation 25), and only minor amounts of the branched product (92).

Ir catalyst (90)
R

R

+

R

(1) (91) major (92) minor

+

H

(25)

Metal enolate complexes have also been used to catalyze the allylation of carbonyl
compounds205 – 207, addition of aldehydes to 1,3-dienes208 and alkynes209 as well as the
addition of alkenes to alkynes210 and indoles211. In the latter study, 5 mol% of Pd(acac)2
(29) and 10 mol% of PPh3 were found to be an effective catalyst system for the cou-
pling of N-methylindole (93) with a variety of 2-acetoxymethyl-substituted electron-
deficient alkenes, including methyl 2-(acetoxymethyl)acrylate (94) (equation 26). Sub-
stituted indoles (95) constitute an important class of biologically active natural products
and synthetic routes to these valuable compounds have therefore attracted considerable
attention.

Pd(acac)2 (29) + 2 PPh3+
OAc

80 °C, AcOH
N
Me

CO2Me
N
Me

CO2Me

(93) (94) (95) 84%

(26)

Other palladium acetylacetonate complexes have also been developed for cross-coupling
reactions. Indeed, an acac palladacycle complex has recently been observed to effectively
catalyze both the Suzuki–Miyaura and Heck reactions212. Likewise, the N-heterocyclic
carbene complex Pd(acac)Cl(ipr) (96) is an excellent catalyst for the formation of C−N
and C−C bonds (equation 27)213,214. These catalysts were effective for coupling of ketones
(97) with a wide range of substrates, including unreactive aryl halides such as 98 and
sterically hindered and heterocyclic aryl chlorides, to give products like 99 in high yields.
The catalyst precursor was readily prepared from commercially available Pd(acac)2 (29)
and ipr.hydrochloride.

There has also been interest in using metal enolate complexes to catalyze cross-
coupling reactions with organoantimony compounds215, organophosphanes216, organosi-
lanes (Hiyama couplings)217,218 and organotin compounds (Stille cross-coupling reac-
tions)219. The palladium complex Pd(acac)2 (29), along with an appropriate ligand, such
as PPh3, PMe3, AsPh3, SbPh3, P(OPh)3 etc., were employed for the Stille reaction of
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dihalogen pyridine derivatives (100) with a number of substituted thienyl organotin com-
pounds (101) to give 102 (equation 28). Also of considerable interest is the cobalt220,221

or iron222 – 228 catalyzed coupling of Grignard reagents. An elegant study by Itami, Yoshida
and coworkers223 has shown the first examples of a catalyzed cross-coupling of alkenyl
sulfides (103) with Grignard reagents (104). This reaction proceeded selectively at the
S–alkenyl bonds (equation 29) to give the desired styrenes (105) with almost no cross-
coupling (106) taking place at the competing S–aryl bonds.

(96)
t-BuONa+
60 °C, toluene

Cl

O O

O

O

Pd

Cl

N

N

Pr-i

Pr-i

Pr-i

Pr-i

(97) (98) (99) 97%

(27)

S
SnBu3N

N
N

BrBr

Pd(acac)2 (29)
P(OPh)3

reflux, xylene

+

N
N

N

S

S

SS

(100) (101)

(102)

S
(28)

The cross-coupling of organozinc compounds has been accomplished using a num-
ber of metal enolate complexes, namely Rh(acac)(H2C=CH2)2 (6)229, Co(acac)3 (30)230,
Ni(acac)2 (47)231 – 233, Li(acac) (107)234,235 and Cr(acac)3 (108)236. For instance, complex
47 proved to be an extremely effective catalyst system for the Negishi cross-coupling
of arylzinc halides (109) with aryl (110), heteroaryl and alkenyl halides, triflates and
nonaflates to give the corresponding biaryl compounds (111) (equation 30). The solvent
played an important role in these reactions and optimal conditions were found with 8:1
mixtures of THF and N-ethylpyrrolidinone (nep). Only 0.05 mol% of the nickel complex
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was required to successfully catalyze these reactions236. Similar reactions with binuclear
magnesium–copper reagents237 – 239 and other couplings have also been reported240.

Fe(acac)3 (31)
thf

r.t., 22 h

S MgBr

MeO MeO

MeO

(103) (104) (105) 74%

(106) 2%

+

+
(29)

Ni(acac)2 (46)
thf-nep

+

BrZnBr

r.t., 6 h

MeOMe
(109) (110) (111) 88%

MeMeO
(30)

Metal enolate complexes are well known to play a major role in a number of cat-
alyzed addition reactions241 – 247. For instance, Lerum and Chisholm have reported that
the combination of Rh(acac)(CO)2 (5) and tris(o-methoxyphenyl)phosphine was an excel-
lent catalyst system for the 1,4-addition of alkynes (112) to unsubstituted vinyl ketones
(113) to give the corresponding substituted alkynes (114)247. Both aryl and alkyl alkynes
were effective in this reaction and, unlike most organometallic addition reactions, this
reaction also proceeded in aqueous solvent mixtures and reactions were tolerant of func-
tional groups such as primary alcohols and alkyl chlorides (equation 31). The mechanism
of the reaction is proposed to start by ligand substitution of CO with the phosphine, fol-
lowed by coordination and oxidation of the C−H bond of the alkyne. This is followed by
coordination of the vinyl ketone with subsequent insertion of the alkene group into the
rhodium–carbon bond to give a transient oxo-allylic-type intermediate, whereby reductive
elimination of the C−H bond gives the corresponding product.

Rh(acac)(CO)2 (5)
P(C6H4OMe-2)3

benzene, refluxO

BzO +
BzO

O
(112) (113) (114) 61% (31)

One of the most important contributions in metal enolate catalysis is the conjugate
addition of arylboronic acids (115) to vinyl ketone derivatives (116) to give the corre-
sponding aryl ketones (117) (equation 32)248 – 259. A number of advances have recently
been reported260 – 262, including reactions with imine derivatives263,264 and asymmetric
1,4-addition reactions264 – 269. Indeed, the asymmetric addition of arylboronic acids (115)
to N-t-butanesulfinylimino esters (118) has been catalyzed by Rh(acac)(coe)2 (54) and
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dppbenz in an effort to generate protected arylglycines (119), important components in
several drugs (equation 33). The reaction is tolerant of many functional groups and selec-
tive cleavage of the sulfinyl group or ester can be readily accomplished without loss
in stereochemical purity264. The rhodium-catalyzed asymmetric conjugate addition of
arylboronic acids to coumarins (120) using Rh(acac)(H2C=CH2)2 (6) was also found
to proceed with excellent enantioselectivity (>99% ee) to give the corresponding (R)-4-
arylchroman-2-ones (121) (equation 34). Optimal conditions were found in reactions using
the chiral biarylbisphosphine ligand (R)-Segphos (122). This methodology has been suc-
cessfully applied to the synthesis of (R)-tolterodine (23), as an alternate synthetic route
to this important urological drug265. Excellent reviews on these conjugate additions have
already appeared and the reader is encouraged to read these articles for a deeper insight
of these interesting rhodium-catalyzed reactions270 – 274.

Rh(acac)(CO)2 (5)
phosphine

MeOH/H2O, reflux

O
+

B(OH)2 O

(115) (116) (117) 99%

(32)

Rh(acac)(coe)2 (54)
dppbenz

dioxane, 70 °CAr
B

OH

OH
+N

OMe

S
O

H

O

NH

OMe

S
O

Ar

O

(118) (115) (119) 61–90%
diastereoselectivity 99:1

(33)

Rh(acac)(CH2=CH2)2 (6)
1 equiv. (122)

dioxane/H2O (10:1)
+

B(OH)2

O O O O

Ph

(115) (120) (121) 88%
> 99% ee

(34)

(122)

PPh2

PPh2

O

O

O

O
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Another area of considerable interest in this field is the metal-catalyzed cyclization or
cycloaddition reactions275 – 286. For example, Ojima and coworkers have reported that 5 cat-
alyzed the silane-initiated cyclization of enediynes (123)279,280 to give the corresponding
bicyclopentyl products (124) in excellent yields (equation 35). Reactions with alkatriynes
gave fused tricyclic compounds via a silylcarbotricyclization process. Related studies by
Krische and coworkers describe the diastereoselective cycloreduction and cycloaddition
reactions using a Co(dpm)2-silane catalyst system281,282. Likewise, Mori and coworkers
have found that a nickel catalyst system effectively catalyzed the asymmetric carboxyla-
tive cyclization of bis-1,3-dienes (125). High enantioselectivites for 126 were achieved
when (S)-MeO-MOP (127) was used as a chiral ligand (equation 36). Unsymmetrical bis-
1,3-dienes were also used in this study and reactions proceeded with high selectivity283,284.

Rh(acac)(CO)2 (5)
PhMe2SiH

CO (1 atm)

EtO2C

EtO2C

CO2Et

CO2Et
CO2Et

CO2Et

H

H

SiMe2Ph

EtO2C

EtO2C

(123) (124) 55%

(35)

Ni(acac)2 (47)
(127)

CO2, ZnMe2
CH2N2

TsN TsN

H

H

CO2Me

(125) (126) 71%
> 93% ee

(36)

PPh2

OMe

(127)

Related cyclopropanation reactions have also been reported using metal enolate cata-
lysts287 – 289. In a recent study, Aggarwal and Grange289 found that Cu(acac)2 (43) was an
excellent catalyst for the asymmetric sulfonium-ylide-mediated cyclopropanation reac-
tion, which was used to prepare an important precursor to pharmacologically active
(+)-LY354740 from the addition of 128 to give a mixture of exo (129) and endo (130)
products (equation 37). In these reactions, a chiral sulfide was used and high enantiose-
lectivies were obtained (95% ee) but with relatively low diastereocontrol. Metal enolates
could also be used to catalyze the asymmetric ring opening of bicyclic hydrazines290.
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Cu(acac)2 (43)
sulfide, eda

60 °C, 1,2-dce

exo

O O

+

CO2Et

H

H

O

CO2Et

H

H

endo(128) (129) (130)

(37)

VII. ISOMERIZATION
Metal enolates have played a limited role in the metal-catalyzed isomerization of al-
kenes291,292. As illustrated in a comprehensive review by Bouwman and coworkers,
ruthenium complex Ru(acac)3 (51) has been used to isomerize a wide range of substi-
tuted double bonds, including allylic alcohols (131), to the corresponding ketones (132)
(equation 38)293. The isomerization of allylic alcohols affords products that have useful
applications in natural product synthesis and in bulk chemical processes294. An elegant
review by Fogg and dos Santos shows how these complexes can be used in tandem cataly-
sis, where an alkene is subjected to an initial isomerization followed by a hydroformylation
reaction295.

cat. Ru(acac)3 (51)

130 °C, 30 minR

OH

R

O

(131) (132)

(38)
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52. M. G. Pedrós, A. M. Masdeu-Bultó, J. Bayardon and D. Sinou, Catal. Lett., 107, 205 (2006).
53. H. Jin, B. Subramaniam, A. Ghosh and J. Tunge, AIChE J., 52, 2575 (2006).
54. K. Kunna, C. Müller, J. Loos and D. Vogt, Angew. Chem. Int. Ed., 45, 7289 (2006).
55. H. Jin and B. Subramaniam, Chem. Eng. Sci., 59, 4887 (2004).
56. D. Guha, H. Jin, M. P. Dudukovic, P. A. Ramachandran and B. Subramaniam, Chem. Eng.

Sci., 62, 4967 (2007).
57. Q. Peng, C. Deng, Y. Yang, M. Dai and Y. Yuan, React. Kinet. Catal. Lett., 90, 53 (2007).
58. J. Dupont, S. M. Silva and R. F. de Souza, Catal. Lett., 77, 131 (2001).
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I. ABBREVIATIONS
* When it appears after a boldface number it denotes an anion derived

from a molecule by deprotonation.
** When it appears after a boldface number it denotes a dianion derived

from a molecule by double deprotonation.
2,5-HDMF 4-hydroxy-2,5-dimethyl-3(2H )-furanone
3,4-HP 3-hydroxy-4(1H )-pyridinone
AA ascorbic acid
ACC 1-aminocyclopropane-1-carboxylate
CoA Coenzyme A
COX cyclooxygenase
DAS645 1-t-butyl-3-(2,4-dichlorophenyl)-5-hydroxy-1H -pyrazol-4-yl-2-chloro-4-

methylsulfonylphenyl methanone
DAS869 1-t-butyl-5-hydroxy-1H -pyrazol-4-yl-6-methylsulfonyl-4′-methoxy-2-

methyl-1,1′-biphenyl-3-yl-methanone
DFT density function theory
EI enzyme–inhibitor complex
EPR electron paramagnetic resonance
ES enzyme–substrate
EXAFS extended X-ray absorption fine structure
HEMF 4-hydroxy-5-(or 2)-ethyl-2(or 5)-methyl-3(2H )-furanone
HMS hydroxymandelate synthase
HPPD 4-hydroxyphenylpyruvate dioxygenase
IC50 the concentration required for 50% inhibition
KA kojic acid
mer meridional
NSAID non-steroid anti-inflammatory drug
PDB Protein Databank
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PEP phosphoenolpyruvate
PG phosphoglycerate
PGA 2-phospho-D-glyceric acid
PGI phosphoglucose isomerase
PMI phosphomannose isomerase
PPA polyporic acid (2,5-dihydroxy-3,6 diphenyl-1,4-benzoquinone)
QD quercetin 2,3-dioxygenase
ROS reactive oxygen species
shmt1 serine hydroxymethyltransferase gene
TIM triosephosphate isomerase
TPQ 2,4,5-trihydroxyphenylalanine quinone
UMP uridine monophosphate
XANES X-ray absorption near edge spectrum

II. INTRODUCTION
A. Scope of the Chapter

The enol functionality is one of the most widely distributed and diverse groups found
in chemical and biological systems and processes. This functional group is a chemical
Janus in terms of its specific interactions due to its capability to form two tautomers. With
these ‘two faces’ it can act both as H-bond-acceptor (keto form) and donor (enol form).
Although the keto form is the more stable tautomer, the enol form can be stabilized greatly
at the transition state in many enzymatic transformations, via H-bonding and coordination
to metal ions. Thus, the enol functionality can serve as a template for design of transition-
state analogues toward specific enzymes for the treatment of metabolism-related disorders
or for organism-specific inhibitors.

The chemical, physical, structural and spectroscopic aspects of enols and metal eno-
late complexes can be found in several chapters in this volume. This chapter offers an
overview about the biological aspect of enols and metalloenolates, providing a broad view
about their significance, structure, function and reactions in the biological systems and
in medicine. To improve the understanding of the special interactions of metal enolates
in such systems, most figures and a few chemical structures of this chapter are shown
also as color stereoplot plates designed for ‘relaxed eye viewing’. This can be achieved
by placing the figure at arms-length distance (ca 0.5 m) and focusing at a point ca 2 m
away, whereby the reader can see three images, with the central one in stereo view. More
about stereo viewing can be found elsewhere (http://en.wikipedia.org/wiki/Stereoscopy).

B. Enol-containing Natural Products

Many enol-containing compounds show broad bioactivities, serving as enzyme cofac-
tors, antibiotics, enzyme inhibitors, antioxidants and potential pharmaceuticals. A few
examples are discussed in this section, wherein the enol moieties in the structures and
the enolate metal-binding sites are highlighted. The enediol-containing vitamin C (ascor-
bic acid, 1) plays an important role in photosynthesis and serves as a cofactor for
enzymes involved in the biosynthetic pathways of collagen in animals and ethylene
and anthocyanines in plants1. These functions are mainly attributed to its high reduc-
tion potential to keep the metal center in several enzymes at reduced states, such as the
Fe-containing enzymes prolyl hydroxylase for the production of hydroxyproline and 1-
aminocyclopropane-1-carboxylate (ACC) oxidase for ethylene synthesis. The ubiquitous
flavonoid family is comprised of thousands of compounds with a three-ring molecular
framework (2) and can carry the enol moiety, wherein the rings may be derivatized,
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such as the flavonols quercetin (3a), kaempferol (3b) and myricetin (3c). Many of them
have been demonstrated to exhibit antibacterial, antiviral and antiprotozoan activities and
are well established antioxidants and free radical scavengers2. Flavonoids are thus pro-
posed to be beneficiary toward oxidative stress-related disorders and diseases2,3, including
inflammation, cardiovascular diseases, cancer and neurodegenerative diseases.

A number of marine natural products containing the enol functional group exhibit
bioactivities. For example, (a) sorbicillactone A (4) from Penicillium chrysogenum sepa-
rated from the interior of the sponge Ircinia fasciculata was active against HIV, showed
neuroprotective potential and was selectively active against L5178y lymphoma cells4,
while its multi-enol dimeric derivative bisorbicillinoid (5) from P. terrestre was found to
be antiproliferative5; (b) a couple of hydroxybenzoquinone derivatives, e.g. the cytotoxic
2-(2,3-dihydrosorbyl)-3,6-dimethyl-5-hydroxy-1,4-benzoquinone (6), are also metabolites
from the latter fungus6; (c) the marine fungal diterpenoids libertellenones (e.g. 7) are
found to be cytotoxic against the colonic epithelial HCT-116 cell lines; and (d) the
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tetracyclines (such as Aureomycin, 8) isolated from various Streptomyces species are
broad-spectrum antibiotics which act against protein synthesis through binding to ribo-
somes (Section IV.H)7,8.

Mimosine (9) is a natural occurring amino acid with a hydroxypyridone residue isolated
from many species (e.g. Leucaena leguminous trees) of the Mimosoideae subfamily. It
exhibits a wide range of bioactivities, including anticancer9, anti-inflammatory10, antifun-
gal and antibacterial11, metabolic antagonism12 and enzyme inhibition13. Kojic acid (10a),
a secondary metabolite of fungal fermentation in the Japanese koji process14, is an inhibitor
of the dinuclear Cu(II)-containing enzymes tyrosinase and polyphenol oxidase15 and the
mononuclear Cu(II)-containing quercetin 2,5-dioxygenase16 and has served as a potential
lead for antineoplastic drug discovery17. Kojic acid has been utilized as the precursor for
the production of the flavoring food additives maltol (10b), also natural-occurring in beer,
coffee, roasted malt and the genus Cichorium, and ethyl maltol (10c). The five-member
ring D-glucose/fructose metabolite 2,5-HDMF (furaneol, 11) and analogues afford a pleas-
ant aroma in fruits such as banana and strawberry18,19 and have been used as flavoring
food additives.

N
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HO

HOOC O
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HO

R2R1

O

OHO

(10) (a) R1 = H, R2 = CH2OH
(b) R1 = Me, R2 = H
(c) R1 = Et, R2 = H

(9) (11)

The ‘alpha acids’ in hops and their isomeric forms ‘iso-alpha acids’ are enol-containing
compounds which include humulone (12a), cohumulone (12b) and adhumulone (12c)
and their corresponding isomers such as cis-isohumulone (13). The latter is formed at
high temperatures from 12a20 and is the key ingredient for the bitter taste of beers.
These compounds were found to inhibit angiogenesis21, induce differentiation22, suppress
cyclooxygenase-2 gene transcription23, inhibit bone reabsorption24, show antibacterial
activities25 and improve insulin sensitivity26, thus offering significant medicinal values.

Mushrooms and various fungi and lichens are rich in enol metabolites and many exhibit
significant bioactivities27, such as usnic acid (14)28 which serves as a regulator for plant
growth and shows antitumor and antibiotic activities29,30. The widely distributed quinone
polyporic acid (15a, PPA) from the Purple-Dye Polypore mushroom (Hapalopilus nidu-
lans) and other sources is a weak inhibitor (IC50 = 0.1 to >1.5 mM31,32) of dihydroorotate
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dehydrogenase (an enzyme involved in the synthesis of the uridine nucleotide, UMP).
This compound and its derivatives are widely distributed in various fungi and lower
plants such as lichens, and have been shown in some early studies to exhibit anticancer33

and antioxidant34 activities. The PPA derivatives atromentin (15b) and leucomelone (15c)
are found to be specific inhibitors (IC50 = 0.24 and 1.57 µM, respectively) toward the
enoyl-acyl-carrier protein reductase, FabK, during fatty acid synthesis in Streptococcus
pneumoniae, but not the enzyme from either Escherichia coli or Staphylococcus aureus
even at 200 µM35. PPA is also considered the precursor for other enol metabolites in
various mushrooms, such as suillusin (16) isolated from the edible mushroom Suillus
granulatus36. The fungal meroterpenoids boviquinone-3 (17a) and boviquinone-4 (17b)
originating from 3,4-dihydroxylbenzoic acid contain the same dihydoxyquinone core as
PPA, but with a farnesyl and a geranylgeranyl side chain, respectively, and follow different
biosynthetic pathways37. The grevillins A, B and D (18a–c, respectively) are a group of
pyrandione pigments present in certain toadstools of the genus Suillus. Syntheses of this
family of pigments have been attempted to obtain potential pharmaceuticals38; however,
no bioactivity has been as yet reported.
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In addition to the above examples, there are still a large number of bioactive natural
products and various synthetic and semisynthetic enol-containing compounds that serve as
potential and promising drugs for various therapeutic purposes such as the non-peptidyl
HIV inhibitor Aptivus (tipranavir; Section IV.I) and the third-generation tetracycline
antibiotics (Section IV.H). The structure and function of the metal complexes of some
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enol-containing natural products and (semi)synthetic compounds are further discussed in
Section III. It is worth noting that not all enol-containing natural products, biochemicals
and pharmaceuticals have been reported to form metal complexes despite the fact that
many of them are comprised of well defined metal binding site(s), such as the α-ketoenol
and β-ketoenol moieties in the above compounds. Whether or not metal ions are involved
in the bioactivities of these potential metal-binding enolates should be further explored in
future investigations.

C. Enols and Enolates in Chemical Reactions

Many chemical reactions and biological processes are associated with the formation
and utilization of enols and enolates. A π-bonded enol intermediate is proposed to be
an important step in the catalytic mechanism of the well known Wacker process for
the preparation of acetaldehyde from ethylene. Enols (19′) are the first product during the
hydration of alkynes, frequently catalyzed by Hg2+, which eventually convert into ketones
(19) through proton migration. Such proton-mediated enol–ketone isomerization is called
tautomerization (equation 1) which dominates the chemistry of ketones and aldehydes, as
well as their involvements in biological processes. Several crystal structures discussed in
this chapter show a metal–enolate bond distance shorter than that of metal–keto, reflect-
ing higher stability of the former when formed. In a simple case such as acetone, the
tautomerism is highly unfavorable toward enol, with an equilibrium constant in the order
of 10−9. Thus, enols are usually only the intermediates in many reactions associated with
ketones and aldehydes discussed below. When the enol intermediates can be stabilized
through H-bonding or by deprotonation and binding to one or more metal ions, particularly
in β-diketones, reactions can be greatly accelerated as seen in enzyme-catalyzed reactions
with an enol or a metal enolate intermediate discussed in later sections. In the case of
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β-diketones, both electronic and steric effects can affect the tautomeric equilibrium,
wherein the enol form is frequently stabilized via the internal hydrogen bond between
the ketone and the enol39. The natural product curcumin from the curry spice is a good
example for the tautomerism between β-diketone 20 and β-ketoenol 20′ (equation 2),
with the latter suggested to be the predominant form40.

O OH

(19) (19′)

(1)

HO OH

OMe

HO

O

OH

OMe

H

(20′)

(20)

O

O O

(2)

The formation of a C–C bond in chemical reactions can take place by means of
Claisen (equations 3 and 4) or aldol (equation 5) condensation, which are the foundations
for many biosynthetic processes while their reverse reactions serve as the basis for many
metabolic pathways. In the former case, two esters or one ester and a carbonyl compound
react in the presence of a strong base to yield β-ketoesters (equation 3) or β-diketons
(equation 4), whereas two carbonyl compounds are used in the latter reaction to yield
α,β-unsaturated ketones (equation 5).
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In these condensations, the deprotonation of the α proton of a carbonyl-containing
molecule by a strong base results in the formation of an enolate (a tautomeric form of
α-ketocarbanion; equation 6) which performs nucleophilic attack at the carbonyl group
of a second molecule to form β-ketoester, β-ketoaldehyde or β-diketon, which are the
tautomeric forms of β-ketoenols. Moreover, several other reactions such as isomerization
of α-substituted ketones, halogenation of aldehydes and ketones, Michael addition of
ketones and alkylation of ketones also take place through an enolate intermediate. The
keto–enol conversion (equation 6) can be either base- or acid-catalyzed, wherein a Lewis
acid interacts first with the keto moiety followed by deprotonation in the latter case. Since
metal ions are Lewis acids, the acid-catalyzed keto–enol conversion can thus be expected
to be mediated by metal ions. The role of metal ions as Lewis acids in biological systems
is well established via the formation of coordination bonds or charge interactions, which
will be further discussed in the following sections.
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D. Stabilization of the Enol Functional Group in Biological Processes

In addition to serving as structural motifs, enols and enolates are involved in diverse
biological processes. Several enol/enolate intermediates have been proposed to be involved
in glycolysis (Section IV.A), wherein cis-enediol 21 is proposed to be an intermediate
in the catalytic mechanism of phosphohexose isomerase and an enol-containing enamine
intermediate (22) has been proposed in the catalytic pathway of class I aldolase. In the
case of glucose–fructose (aldose–ketose) isomerization, removal of the proton on C1–OH
produces the aldose while deprotonation of C2–OH yields the ketose, which is accompa-
nied by protonation at the C2 and C1 positions, respectively. There are several cofactors
that are involved in various biological reactions, such as NAD(H)/NADP(H) in redox
reaction and coenzyme A in group transfer reactions. Pyridoxal phosphate (PLP, 23) is a
widely distributed enzyme cofactor involved in the formation of α-keto acids, L/D-amino
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acid isomerization, decarboxylation and group transfer reactions in many enzymes. During
the catalysis of a specific PLP-dependent enzyme, a Schiff base is first formed through
condensation between the active aldehyde group of PLP and a lysine side chain in the
active site. This covalently linked enzyme–cofactor is then followed by decarboxylation
or deprotonation to yield a quinonoid intermediate (24), which is a resonance form of its
corresponding carbanion (25).

The Lewis acidity of a functional group in the biological systems can be significantly
affected by H-bonding or binding to one or more metal ions, wherein the apparent ion-
ization constant pKa

app is greatly controlled by the binding constant pKf in the form of
pKa

app = pKf + pKa, where pKa is the intrinsic ionization constant. Thus, the function of
a H-bond donor in one system may be equivalent to that of a metal ion in another system,
such as the similar role of proton and metal ions as Lewis acids which has been suggested
in the tautomerization of certain α-heterocyclic ketones41. Because either a metal ion or
a general acid can interact with a Lewis base, such as an enolate, in different systems,
examples about both cases are given to provide a clear picture about the functions of
the metal ion and Lewis acid in the systems. The nucleophile in the active site of serine
protease (a serine residue) is H-bonded to a histidine residue, whereas the nucleophile
in the active site of metalloproteases (a water molecule) is bound to a metal. The nucle-
ophilicity and the Lewis acidity of the serine in serine protease is enhanced via H-bonding
with the histidine (as reflected by the decrease in its pKa

app), which in turn is H-bonded
to an aspartate (i.e. Ser195, His57 and Asp102 as the ‘catalytic triad’; Figure 1A)42. In
all metallohydrolases, except alkaline phosphate, a coordinated water serves as the nucle-
ophile with its nucleophilicity greatly enhanced by the metal center to give a pKa

app value
about 7 or much lower in case of acid metallohydrolases, affording the better OH− nucle-
ophile under physiological conditions or acidic environments. The nucleophilicity of the
coordinated water is also further enhanced by H-bonding with a general base such as an
aspartate or a glutamate, wherein the nucleophilic water is sandwiched by the metal and
the H-bond acceptor glutamate and was dubbed ‘metallotriad’43 to reflect the three-party
H-bonding network and the key role of the metal center. Serralysin in Figure 1B is an
example44. In alkaline phosphatase, it is Ser102 that serves as the primary nucleophile,
not a water molecule. The nucleophilicity of this Ser is greatly enhanced via binding to a
Lewis acidic Zn(II) ion in the active site, as opposed to the H-bonding to a Lewis basic His
in the case of serine proteases. In the case of the catalytic triad in serine protease and the
metal–serine active center in alkaline phosphatase, the Lewis basicity of the nucleophilic
Ser is greatly enhanced to perform the primary nucleophilic attack at the scissile peptide
or phosphoester bond, followed by secondary nucleophilic water attack to complete the
hydrolytic cycle.
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FIGURE 1. (A) Catalytic triad in the serine protease trypsin (PDB ID 1AKS), wherein the nucle-
ophilicity of the nucleophilic Ser195 is dramatically enhanced by H-bonding (dotted lines) with H57.
(B) The ‘metallotriad’ active site in serralysin (PDB ID 1SRP), showing the sandwiched nucleophilic
water (in the form of hydroxide) by the active-site Zn(II) and Glu177 via a coordination bond and
a H-bond

In some extreme cases, such stabilization in the biological systems may have significant
consequences. For example, the tautomeric imine–enol form of thymine enables it to form
H-bonding with guanine (26, dR = deoxyribose) instead of the normal adenine pair (27),
wherein the enol is stabilized via H-bonding with the keto group on guanine which causes
mismatch in the structure of the DNA double helix.
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Similarly, the enol and enolate configurations can be stabilized by a H-bonding donor
(28; such as an Arg side chain), by interacting with a metal ion (28′) and/or by a H-
bonding acceptor (28′′; such as a His imidazole ring). An example is given in a recent
structural study45 about the biosynthesis of the fluorophore in the green fluorescent pro-
tein (GFP) from the jellyfish Aequorea victoria46 that is formed through cyclization and
oxidation of an internal tripeptide motif of Ser65, Tyr66 and Gly67. The mature form
of GFP exhibits intense fluorescence at 508 nm when excited with UV light that can
be monitored to learn about the folding of the protein and formation of the fluorophore,
as shown in a recent mutagenesis study46a. On the basis of the crystal structure45, an
intermediate enolate is formed upon reduction and is H-bonded with Arg96 (Figure 2).
The participation of Lewis acid/base in enol/enolate function is also observed in the
conversion of glucose-6-phosphate to fructose-6-phosphate by phosphoglucose isomerase
during glycolysis, wherein an intermediate (Z)-1,2-enediolate is proposed which is stabi-
lized by the positive side chain of Arg272 (Section IV.A.1)47. The proposed mechanism
for the production of the mature form of GFP based on the crystal structure of the
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FIGURE 2. The active center of the wild-type GFP (PDB ID 1W7U), showing H-bonding of the
fluorophore, where Arg96 stabilizes the intermediate enolate form during formation of the oxidized
fluorescent form (Plate I)

reduced variant Ser65-His66-Gly67 (2FZU) is shown in equation 7, with the following
steps: (a) cyclization, (b) dehydration, (c) enolization and stabilization via H-bonding with
Arg96, (d) peroxidation and (e) removal of hydrogen peroxide.
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Coenzyme A (CoA) is broadly involved in various biological group-transfer processes,
such as the biosynthesis of polyketides. The fungal and bacterial metabolite 1,3,6,8-
tetrahydroxy-naphthalene (THN, 29) is biosynthesized from polyketide intermediates48.
In some fungi, THN eventually polymerizes to form 1,8-dihydroxynaphthalene-melanin
which is a virulent factor in the cell walls of the fungus Wangiella dermatitidis, causing
phaeohyphomycosis in humans49. After oxidation into the enol-containing flaviolin (30) by
a monooxygenase, THN can also be incorporated into pharmacologically active meroter-
penoids (natural hybrid compounds of polyketide and terpenoid) by bacteria, such as the
neomarinone (31)50 from Streptomyces species. During the synthesis of polyketides by
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FIGURE 3. (A) Crystal structure of pentaketide chromone synthase with a bound CoA in the active
site (2D3M, Plate II). (B) The active site showing part of the bound CoA and the three catalytically
significant side chains. The Cys side chain is oxidized to −SO2

− in the crystal structure (Plate III).
The reduced −SH group of Cys177 is needed for catalysis
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polyketide synthases (Figure 3)51, an acyl group is transferred to and from the active-site
Cys with the assistance of malonyl-CoA via a geminal thioenolate intermediate. Herein,
malonyl-CoA and the intermediate are further stabilized by H-bonding with a His and
an Asn side chain in the active site (Figure 3B). The mechanism for the formation of
polyketide is proposed to follow two steps: Formation of malonyl-CoA follows the trans-
fer of the acyl group from acyl-CoA to the Cys side chain (32), which is followed by
decarboxylation to form the enolic thiocarboxylate intermediate 33. It is followed by acyl
transfer from the acylated Cys to result in polyketide extension.

Like the H-bonding in the above examples, metal ions also serve as general acids and
are involved in stabilization of enolate intermediates in many biological processes which
are discussed in the following sections.

III. METAL ENOLATES IN BIOLOGICAL SYSTEMS

A. Metal Complexes of Enolates

The enol tautomer is usually a stronger acid than the keto tautomer as reflected by the
small keto-to-enol equilibrium constant. Upon deprotonation, however, the resulting eno-
late is stabilized via resonance structures analogous to the resonance in carboxylate with a
higher charge density on the carbonyl O due to its larger electronegativity. Consequently,
metal ions are expected to interact with enolates through the more electronegative O. A
number of metal complexes of enolate-containing compounds and metal enolate reaction
intermediates are known or proposed and structures determined wherein the binding of
metal ions to the oxygen is revealed. In rare cases such as the enol intermediate proposed
in the well known Wacker Process for the production of aldehyde from ethylene and
dioxygen on a Pd(II) catalyst, the enol is bound to the metal as a π-base (34)52.

Pd

Cl

Cl

H OH

(34)

Stable metal complexes can be favorably formed when a bidentate metal-binding site
is available, such as α- and β-diketone moieties which are the tautomeric forms of α- and
β-ketoenols. Some β-diketonate complexes of paramagnetic lanthanides such as Pr(III),
Eu(III) and Yb(III) have been extensively utilized as paramagnetic shift reagents for struc-
tural assignment of molecules with complicated stereochemistry prior to 2D techniques in
NMR spectroscopy53. Their syntheses and application are discussed in separate chapters
in this volume. The examples below provide some dynamic and structural basis for better
understanding of metal enolates in biomolecules and biochemical processes.

B. Enol-containing Biochemicals and Pharmaceuticals and Their Metal
Complexes

There are many biochemicals and drugs that contain the enol functional group. Some
examples of enol-containing natural products are given in Section II.B (1–18). The enol
group is commonly found in drugs, of which many are inhibitors toward specific enzymes.
For example, among the enolic thiofuranones 35, containing the 4-hydroxybutenolide
moiety in vitamin C (1), antibiotic thiolactomycin54 (36) slows down the proliferation
of the protozoan Plasmodium falciparum at IC50 ca 50 µM. This was suggested to take
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place via inhibition of type-II fatty acid synthase (IC50 = 5 to >25 µM), but not of
β-ketoacyl acyl-carrier-protein synthases (IC50 > 330 µM)55. The type-II fatty acid syn-
thase in P. falciparum is different from the type-I enzyme in human, thus serves as a
valid target for chemotherapy and drug discovery toward malaria. The side chains of
the thiofuranone ring can be modified to afford various derivatives with different activi-
ties toward protozoans55,56, such as the derivative with R1 = n-propyl and R2 = n-decyl,
showing inhibition toward P . falciparum cultured in red blood cells (IC50 = 10 µM),
Trypanosoma cruzi (IC50 = 56 µM) and T. brucei (21 µM)56.

The carbonyl functionality is one of the most abundant functional groups in biomole-
cules and pharmaceuticals, including many α- and β-carbonyl derivatives of ketones and
aldehydes and their enol tautomers, which upon deprotonation can form entropy-favored
5-membered (37) and 6-membered (38) chelates with metal ions. In this section, the role
of metal ions in the action of some enol-containing biochemicals and pharmaceuticals and
the structures of their metal complexes are discussed.

O OO O

Mn+
Mn+

− −

(37) (38)

1. Biochemicals

a. Ascorbic acid. The antioxidant D-ascorbic acid (AA, 1, vitamin C) is a lactone
of D-glucose origin. AA is a ubiquitous molecule in eukaryotes, except a few species
including humans who cannot synthesize this molecule in their body. It is a multifunctional
molecule57, serving as an antioxidant, a precursor for oxalate and tartrate synthesis and
a cofactor for numerous enzymes including Cu- and Fe-containing oxygenases and the
recently discovered hypoxia-inducible factor-1-modifying hydroxylase58. It participates
in a variety of processes in plants, including photosynthesis, photoprotection, cell growth
and syntheses of many important plant molecules including the hormones ethylene and
gibberellins as well as the plant pigments and antioxidants anthocyanins. It is involved
in the synthesis of hydroxyproline for cell division and expansion and hydroxylation of
lysine in collagen cross-linkage. Despite its biochemical and medicinal significance, its
synthetic pathway in plants was not fully understood until very recently59. The most recent
discovery that ascorbate serves as a reducing agent toward the peroxidase peroxiredoxin
1-Cys family pointed to another previously unidentified biological redox couple60, wherein
a Cys side chain in the active center undergoes a redox cycle between the reduced thiol
group (−SH) of Cys and its corresponding oxidized sulfenic acid (−SOH) instead of the
more common disulfide (−S−S−) oxidized form of Cys.

The molecular structure of AA provides a few preferred bidentate metal-binding sites,
which have been demonstrated in a few crystal structures of metal-ascorbate complexes.
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Along with penicillic acid, AA is the prototypical member of the tetronic acid (TA)
family which contains a 4-hydroxybutenolide moiety (and its tautomer, equation 8). The
hydroxybutenolide moiety is also found in the yellow/orange pigment pulvinic acid (39)
and various derivatives in many lichens and fungi which were observed to exhibit anti-
inflammatory and antimicrobial activities61,62. Several tetronic acid derivatives have been
synthesized and shown to exhibit significant inhibitory activities toward bacterial peptido-
glycan biosynthesis63. As in the case of β-diketones and 3-ketoenols, TA compounds have
tautomeric equilibrium between their enol and keto forms. For AA, there is tautomerism
between the ene-diol form (1) with the acidic OH protons and the β-ketolactone form
(40) with an acidic C2–H proton (pKa = 4.25), resulting in some unique metal-binding
configurations.
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The coordination chemistry of various metal complexes of AA has recently been
reviewed64. Many metal complexes of AA have been investigated with various spec-
troscopic methods; however, only a small number of complexes have been characterized
with X-ray crystallography. Early spectroscopic studies of mono- and divalent metal bind-
ing of AA did not provide conclusive metal-binding modes. However, it seemingly has
a preferred binding toward the C2–C3 enediol site for transition metal binding, yet no
crystal structures were determined in those studies65,66. The binding of alkali and alka-
line earth metal ions with ascorbic acid has been investigated with DFT67. The preferred
binding of alkali metal ions in water is through C2-O and C3-O, while the alkaline earth
metal ions Be(II), Mg(II) and Ca(II) prefer binding with C1-O and C2-O of the ascorbate
anion.

Metal ascorbates are frequently associated with redox chemistry, particularly when the
metal is redox active, which includes most transition metal ions68. The redox activity
of AA also leads to decomposition of its Co(II) and Gd(III) complexes into oxalate
complexes69. AA is considered a major reductant for Cr(IV) to yield Cr(III)70. Reduction
of CrO3 with excess of AA affords a Cr(III)–ascorbate complex71. However, the structure
of this complex was not determined. Since Cr(III) has been demonstrated to play a role
in glucose metabolism72, it is thus important to investigate further the reduction of high-
valent Cr species by AA and binding of AA to Cr(III).

The Fenton reaction was discovered more than a century ago, wherein a potent oxi-
dation chemistry is taking place by Fe(II) in the presence of H2O2. The reaction cycle
can be described in equations 9 and 10 under reduction conditions, wherein AA can
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serve as the reducing agent toward Fe(III) reduction73. Thus, the attempt to prepare
an Fe(III)–ascorbate complex may result in the Fenton reaction. Nevertheless, Fe(II)–
ascorbate complexes may be prepared under anaerobic conditions and Fe(III)–ascorbate
complexes may also be obtained at low temperatures. Iron ascorbates were prepared and
their stoichiometry proposed to be Fe(III):ascorbate = 1:274, a polymeric Fe(II)–ascorbate
complex75 and a dinuclear and a trinuclear mixed-valence Fe(II)–Fe(III) complex76 with
bridging hydroxo ligands. The oxidation states, ligand binding and electron configuration
of the metal centers in these complexes were determined with magnetism measurements,
EPR, X-ray absorption spectroscopy (EXAFS and XANES) and Mössbauer spectroscopy.
The oxidative activity of these complexes was also revealed from oxidative DNA cleav-
age. However, the lack of crystal structure of these complexes prevents any conclusion
to be made about their structures. Dietary AA shows mild pro-oxidant properties at low
Fe concentrations, yet serves as a strong antioxidant against oxidative stress and DNA
damage in the liver induced by high concentrations of dietary Fe77.

Fe(II) + H2O2 −−−→ Fe(III) + HOž + OH− (9)

Fe(III) + e− −−−→ Fe(II) (10)

Fenton chemistry is also observed for the Cu(I)–Cu(II) redox cycle with AA as a reduc-
ing agent. Free radicals formed in Fe and/or Cu Fenton chemistry have been considered
the cause of oxidative stress in living systems due to damage to proteins, nucleic acids and
membranes78, related to cancer, aging, heart diseases, arthritis, diabetes and neurodegen-
erative disorders such as Parkinson’s and Alzheimer’s diseases. The non-specific cleavage
of nucleic acids by the Fenton chemistry renders DNA footprinting to provide structural
insight into DNA and its protein and drug complexes79. Under anaerobic conditions, a
polymeric Cu(II)–AA complex was obtained, presumably containing enolate binding and
alkoxide bridging from AA80. However, the lack of crystal structure prevents conclusive
assignment of its structure.

Pt complexes of AA represent a group of medicinally significant metal complexes.
Cisplatin (cis-diamminedichloroplatinum) is one of the most prescribed anticancer drugs
used for various types of tumors and cancers81. The coordination chemistry and reactivity
of cisplatin and its interaction with DNA have been extensively investigated with var-
ious methods and reviewed82. Pt–AA complexes are also of medical significance. The
structures of a few cis-diaminoplatinum(II)–ascorbate complexes have been determined
with spectroscopic and crystallographic methods83, showing a cis configuration due to
the bidentate nature of AA and the associated ligands. These complexes were found to be
highly active in the S180a tumor screening. The cis-1,2-diaminocyclohexane–Pt complex
41 is organometallic, binding ascorbate through C2 and the deprotonated C5-hydroxyl
group. Such a binding pattern reflects the significant acidity of the C2-H proton that is
attributable to its position next to two carbonyl groups. 195Pt NMR reveals the (trans-
1,2-diaminocyclohexane)–Pt complex also binds AA through C2 in a similar fashion83,
Crystallographic and 195Pt and 1H NMR analyses suggest that the binding of AA to vari-
ous Pt complexes of ethylenediamine and its N ,N ′-methyl-substituted derivatives follows
the same pattern as 41, whereas a few diphosphine (R2P∩PR2)–Pt complexes, R2P∩PR2 =
bis(diphenylphosphino)methane, bis(diphenylphosphino)ethane or bis(diphenylphosphino)
propane, bind AA as in 4284.

A few metalloenzymes are involved in AA metabolism or require AA as a cofactor,
including ascorbate oxidase and prolyl and lysyl hydroxylase. The structure and function
of these enzymes are discussed in Section IV.C.
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b. Flavonoids. The anthocyanin pigments and flavonoids (e.g. hydroxyl derivatives of
2 and 3) are ubiquitously distributed in plants. They display antimicrobial and antifungal
properties, which largely contribute toward growth and development of plants85. Some of
these compounds are also antiprotozoal agents with IC50 in the low µM range through
inhibition of the fatty acid biosynthetic pathway of the parasites86. Flavonoids show var-
ious beneficial activities to human health87, such as antihepatotoxic, anti-inflammatory,
antiatherogenic, antiallergenic, antiosteoporotic, anticancer and neuroprotective prop-
erties85,88. These biological activities can be credited to their involvement in signaling89,
interaction with enzymes, ability to scavenge reactive oxygen species (ROS) and free
radicals and chelate metal ions90 – 92.

The involvement of metal ions in the color of anthocyanins and flavonoids was dis-
covered almost a century ago, whereby the different colors of flowers originated from the
same molecules under different conditions93. The crystal structure of the pigment complex
affords better understanding of the color and the role of metal ions94, where Fe(III) and
Mg(II) bind anthocyanins via the catechol moiety and Ca(II) binds flavone glycosides
through a vicinal diol on the glycone.

Many flavonoids are highly hydroxylated on all the three rings, such as quercetin (43),
which created a few potential metal-binding sites, including α-ketoenolate (site II on
ring C), β-ketophenolate (site I from rings A and C95) and catechol (site III on ring B).
Formation of 1:1 Cu and Fe complexes with several flavonoids was shown by EI-MS,
along with 1:2 (e.g. 44 and 45), 2:2 and 2:3 metal-to-flavonoid complexes less frequently96.
Rutin contains a disaccharide side chain linked via the enol moiety, leaving only ‘site I’
for metal-binding to form complexes with various metal-to-flavonoid ratios97.
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Metal binding causes changes in the antioxidant properties and the color of flavonoids
from yellow to green, due to shift in the charge-transfer transition from λmax ca 380 to ca
450 nm (Figure 4). Quercetin (43) and baicalin (from the Chinese medicinal herb Scutel-
laria baicalensis) alleviate mouse liver injury caused by Fe overload, presumably due
to their metal-binding capability that attenuates the oxidative stress caused by the excess
Fe98. Metal chelation by the catechol moiety, which is converted to a quinone form, has
been proposed for the mechanism of antioxidation99. Moreover, the Fe(III) and Cu(II)
complexes of flavonoids with 1:2 metal-to-flavonoid ratio were found to be more effec-
tive than the bare flavonoids in scavenging superoxide generated by xanthine/xanthine
oxidase reaction100 and by the use of the DPPH (1,1-diphenyl-2-picrylhydrazyl) radical
scavenging method on Fe, Cu, Zn and Al complexes of a few flavonoids101. Spectropho-
tometric and electrochemical methods show that quercetin (43) binds Cu(II) and Fe(II) in
a lipid bilayer102, which presumably plays a role in protecting the cell membrane from
peroxidation.

Cu(I) and Cu(II) ions bind 3-hydroxyflavone to form a square-planar complex 44 with
trans configuration103 (EPR spectrum of the Cu(II) complex: g|| = 2.252, g⊥ = 2.085;
UV-vis spectrum, λmax nm (ε M−1 cm−1): 268 (3470), 433 (28180) and 719 (53)104).
Tetragonally distorted octahedral and square-planar configurations of Cu(II) complexes
are common, due to the Jahn–Teller distortion of d9 Cu(II) complexes and a large gain
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FIGURE 4. Electronic spectra of quercetin (solid trace; λmax = 383 nm) and its Co(II) complex
(dashed trace; λmax = 448 nm) in DMSO. (Dr. W. Tay is acknowledged for acquiring the spectra in
the laboratory.)
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of ligand field stabilization energy. In the presence of pyridine, six-coordinate Cu(II)
and Ni(II) complexes are formed with two flavonolate anions in the equatorial positions
with a trans configuration and two pyridines in the axial positions105. When equimo-
lar amounts of flavonol, 2,2′-bipyridine (bipy) and metallic copper in acetonitrile are
mixed at room temperature, a mixture of several compounds is produced with an average
stoichiometry of [Cu(I)(flavonolate)(bipy)]106. Upon standing at room temperature, red
crystals of [Cu(I)(bipy)2]2[Cu(I)(flavonolate)3] are obtained, in which the Cu–O(keto)
bond (2.151 Å) is longer than the Cu–O(alkoxo) bond (2.069 Å).

These Cu–flavonol complexes were utilized as model systems for the investigation
of the metal active site of the Cu-containing quercetin 2,3-dioxygenase (Section IV.E).
In the Cu(II) complex of 3-hydroxyflavone and bipy (46, perchlorate salt)107, bipy can
mimic the N-rich metal coordination in the active site of the enzyme (see Section IV.E).
The complex has a square-pyramidal coordination sphere with the flavone, which is bound
to the Cu(II) via its α-ketoenolate moiety, and bipyridine at the basal positions and a per-
chlorate weakly bound at the apical position (Cu–O(perchlorate) = 2.425 Å). In DMF
solution the complex undergoes oxygenation reaction to yield the oxygenated product
Cu(O-benzoylsalicylate)2 with a rate constant of 8.7 × 10−3 M−1 s−1 at 373 K104. Several
analogous Cu(I) and Cu(II) complexes of flavonolate have been prepared and characterized
to show the α-ketoenolate binding mode108, including a Cu(II)–N ,N ,N-tribenzyl-1,4,7-
triazacyclononane complex which binds a flavonolate to form a 5-coordinate ternary
complex108a.
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Oxygenation and cleavage of the flavonolate in these complexes are observed which
mimic that of quercetin 2,3-dioxygenase. For example, the red complex [Cu(I)(bipy)2]2
[Cu(I)(flavonolate)3] turns into green with absorptions 421 and 615 nm (ε = 14,100 and
54 M−1 cm−1, respectively) upon exposure to O2 to yield [Cu(II)(bipy)(flavonolate)(2-
HOC6H4COCO2)] of square pyramid structure with the oxidatively cleaved and hydro-
lyzed product 2-HOC6H4COCO2

− bound at the axial position via the carboxylate group
(Cu–O = 2.231 Å); the chelate contains a Cu–O(keto) bond of 2.190 Å and a very
short Cu–O(alkoxo) bond of 1.760 Å106. A ternary Cu(II) complex of 3-hydroxy-4H -
benzopyran-4-one and 1,3-bis(2-pyridylimino)isoindoline (47)109 has a distorted square-
pyramidal geometry with the tridentate 1,3-bis(2-pyridylimino)isoindoline ligand occupy-
ing three of the basal positions, the enolate at the fourth basal position (M–O = 1.95 Å)
and the keto at the apical position with a longer M–O bond (2.30 Å) as in other metal
enolates. Treatment of 47 at 100 ◦C with O2 yields acetylsalicylate which binds to the
Cu(II) center, analogous to the reaction catalyzed by quercetin dioxygenase; however, no
control experiments were reported under the same conditions.
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The Cu(II)–quercetin complex shows DNA cleavage activity110. Its structure was not
determined and cannot be compared with the simple 3-hydroxyflavonone complexes (44,
46, 47) described above owing to the three potential metal-binding sites in quercetin (43).
The uniform cutting pattern suggests the lack of preferred binding sites on DNA for the
complex, making this complex a potential DNA footprinting reagent.

The crystal structure of the purple Fe(III) complex of 3-hydroxyflavone (45) has an
octahedral coordination sphere with a 1:2 Fe(III)-to-flavone ratio and a Cl− ion at an axial
position111. Similar to the Cu(II) complexes, the Fe(III)–O(enolate) bond distances (1.935
and 1.981 Å) are significantly shorter than the Fe(III)–O(keto) bond distances (2.136 and
2.119 Å). The Fe(III) center has a rhombic magnetic environment based on EPR studies.
Complete cleavage of pUC18 plasmid DNA by this Fe(III)–flavonoid complex (30 µM)
took place in 15 minutes in the presence 1 equivalent of ascorbate/H2O2 and was still
observable without ascorbate, which is attributed to the reduction capability of the bound
flavonoid to yield Fe(II) and initiate the oxidative DNA cleavage110.

The Zn(II)–flavonolate complex undergoes oxidative cleavage analogous to the Cu
complexes112. This is adduced to a charge redistribution on the flavonolate ligand taking
place upon Zn(II) binding, allowing oxygen attack at the enolate moiety with subsequent
oxygenation and cleavage of the 2,3-bond, as observed in quercetin dioxygenase.

Quercetin (43) forms a 1:1 complex with vanadyl, VO2+ (S = 1/2), as shown by elec-
tronic spectroscopy113. The change in the charge transfer band of quercetin upon VO2+
binding is similar to that of Co2+ binding (Figure 4). The EPR spectrum of this complex
at 140 K displays the typical eight-line pattern (due to I = 7/2 of 51V) for the axial V(IV)
center with g|| = 1.940, g⊥ = 1.979, A|| = 174 × 10−4 cm−1 and A⊥ = 64 × 10−4 cm−1,
similar to those of the VO2+ –maltol and related complexes discussed below. No signif-
icant antitumor activity of this complex against osteoblasts was observed; however, the
complex stimulates type-I collagen production and slightly inhibits alkaline phosphatase
specific activity, two biomarkers of osteoblastic differentiation. This complex stimulates
the phosphorylation of extracellular regulated kinase (ERK) in a dose–response man-
ner, suggesting a possible mechanism in its bioactivity and for promoting osteoblast
differentiation.

Flavonoids and their metal complexes exhibit a unique redox chemistry, acting both
as antioxidants to protect against potential oxidative damage, e.g. in the presence of
ROS, and as prooxidant that may result in oxidative damage, depending on the reaction
conditions. A fine balance of these two pathways thus determines the characteristic role
of this biologically and medicinally important family of natural products.

c. Mimosine and analogues. The naturally occurring amino acid mimosine (9), first
isolated from Mimosa pudica, is produced in large quantities in the seeds and foliage
of the leguminous tree subfamily Mimosoideae and the genus Leucaena114. This enol-
containing natural product exhibits a potential allelopathic effect (inhibition of the growth
of other plants)115, antineoplastic and other bioactivities (e.g. serving as a product-like
inhibitor toward the dinuclear Cu enzymes catechol oxidase and tyrosinase)9 – 13,116 and
has been reported to be toxic to animals (e.g. inhibition of wool growth)117. The toxic
effect of mimosine in Leucaena leaf meal and its analogue 2,3-dihydroxypyridine on live-
stock can be greatly decreased by adding mineral supplements (especially Fe2(SO4)3)118,
presumably because the metal binding can prevent their binding to and inhibition of some
metalloenzymes.

Mimosine is metabolized into 2,3-dihydroxypyridine, which can be detected at concen-
trations of up to 1.1 mM, and 3-hydroxy-4(1H )-pyridinone (3,4-HP) at up to 0.96 mM in
ruminants fed with L. leucocephala119. The latter can be further degraded by ruminants
in some part of the world, indicating that location-specific microbes may be involved in
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the degradation process. Obligatorily anaerobic, Gram-negative, rod-shaped bacteria were
isolated from the rumen contents of a goat in Hawaii which can use both 3,4-HP and its
isomer 3-hydroxy-2(1H )-pyridone (3,2-HP) as well as arginine and histidine as substrates
for growth120. Comparisons of the 16S rRNA sequence of one strain of the ruminant
bacteria revealed it to be a new genus and species, named Synergistes jonesii.

Mimosine blocks cell cycle progression in the late G1 phase, thus inhibiting DNA repli-
cation in the chromosomes of mammalian nuclei at the replication forks by repressing
deoxyribonucleotide metabolism via inhibition of the enzyme ribonucleotide reductase121

and iron chelation122. Mimosine is also able to inhibit the activity of the transcription of
the cytoplasmic serine hydroxymethyltransferase gene (shmt1 )123. A mimosine-responsive
transcriptional element is found within the first 50 base pairs of the human shmt1 pro-
moter, wherein a consensus Zn-sensing metal regulatory element (MRE) is located at
positions 44–38. Mutation of the MRE attenuated the transcription repression induced by
mimosine, whereas introduction of mimosine eliminates MRE-binding activity in nuclear
extracts from MCF-7 cells attributed to mimosine chelation of Zn. Moreover, this com-
pound induces apoptosis in the HL60 human tumor cell line124.

The speciation and stability constants of the Cu(II), Ni(II), Zn(II) and VO(II) com-
plexes of mimosine (9) were determined125. The Cu(II) and VO(II) complexes adopt a
coordination chemistry analogous to the those of maltol (discussed below). The Zn(II)
complex of the deprotonated mimosine analogue 48 has a 1:2 distorted square-pyramidal
structure with trans configuration and a water molecule at the apex (49)126. Pb(II) forms
a 1:2 complex with 48, which further interacts with one enolate of an adjacent Pb(II)
center via Pb–O bridges (2.64 Å) to yield a dinuclear Pb complex (50)126. Vanadate
(with a +5 oxidation state on V) forms with 48 the 1:1 [VO2(48*)(OH)(H2O)]− and 1:2
[VO2(48*)2]− complex anions, as shown by potentiometry, cyclic voltammetry and NMR
and EPR spectroscopies127, with 51V NMR peaks at −502 and −476 ppm, respectively,
similar to the maltol complexes (peaks at −509 and −496 ppm) discussed in the next
section.
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The tetradentate ligand 51 shows much better binding affinities with Ni(II), Cu(II) and
Zn(II) than 48, from which it was derived128. A wide variety of mimosine (9) analogues are
at positions 1 and 2129, such as 2-ethyl-3-hydroxy-1-(3-pyridylmethyl)-4(1H )-pyridinonate
(EPyHP) that forms a six-coordinate complex with Mo(VI) of formula [MoO2(EPyHP*)2]
(52, EPyHP∗ = conjugate base of EPyHP). The complexes of M+ (CO)3 cores with a few
carbohydrate-conjugated derivatives of 48 have been prepared, for example 53130. These
complexes are stable up to 24 h in the presence of excess cysteine and histidine. There
is no substrate or inhibitory activity observed at the concentrations tested. Nevertheless,
these complexes may still have potential as imaging and therapy agents since they might
be able to interact with glucose transporters in certain tumor types or accumulate in tumor
cells.
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In the 1:1 Pt(II) complex with mimosine (9), the Pt ion is coordinated to the N atom
of the ring and an O atom of the carboxylate group in a square-planar geometry, as
deduced from 13C and 15N NMR and IR spectroscopies131, with no confirmation by
crystallographic analysis. However, the N atom in the pyridinone moiety of the ligand in
the crystal structures of 49, 50 and 52 adopts a trigonal planar bonding configuration (sp2

hybridization) without an available lone pair, making this N less likely to serve as a ligand
in the case of this Pt(II) complex. Since cis-dichloro complexes of Pt(II) are clinically
important drugs in cancer chemotherapy8, the Pt(II) complexes of the pyridinones are of
great interest as lead drugs.
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A few multidentate ligands with 3,2-HP connected to a polyaza cycle have been syn-
thesized and their Cu(II) and Zn(II) binding determined132. The crystal structure of the
Cu(II) complex shows a square-planar coordination sphere of the Cu(II) center with two
coordinated 3,2-HP moieties (54). The cyclic amine in this complex is not bound to the
metal. The Cu–O (enolate) distance is shorter than the Cu–O (keto) distance by 0.04 Å,
similar to other complexes of keto-enolate ligand. Another chelating ligand (54′) derived
from 3,4-HP and iminodiacetic exhibits strong binding of trivalent metal ions such as
Fe(III), Ga(III) and Al(III), but significantly weaker of the divalent Zn(II)133. The 67Ga
complex of this ligand is cleaned from most tissues faster than the complex of the drug
deferriprone (48), mostly through the kidneys, making 54′ a potential drug for treating
metal overload without affecting essential metal ions like Zn(II).
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The condensation of 3,4-HP with deoxyribonucleotide results in a unique metal-binding
nucleotide (55) which can be incorporated into an oligonucleotide chain134. This oligonu-
cleotide has higher thermostability in the presence of Cu(II) compared with an A–T pair,
wherein Cu(II) binds to 3,4-HP from each strand to form a double helix (56). When
the Fe(II)–mimosine complex is introduced to plasmid DNA, cleavage of the supercoiled
form is observed in the presence of H2O2 and dithiothreitol135. The observations described
in this section point to mimosine (9) and its analogues as the leads for further exploration
of their potential application as metal chelators and therapeutics.
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d. Kojic acid and pyranones. The derivatives of 3-hydroxy-4-pyranone, including kojic
acid (KA; 10a) and maltol (10c), and their metal complexes are well known for their var-
ious bioactivities136. KA, found in some traditional Asian fermented foods14 (soy sauce,
miso and sake), is the prototype member of this family. The metal-binding capability of
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kojic acid renders it a potent inhibitor toward several metalloenzymes, including Cu(II)-
containing (polyphenol) oxidases/oxygenases15 which are the key enzymes for biological
synthesis of the melanin pigments. Thus, KA has been widely used as a food additive
for preventing enzymatic browning and as a cosmetic agent for skin whitening. Owing
to its potential use as a drug lead, several derivatives of KA have been prepared137,138,
including some peptide derivatives at the 6-hydroxylmethyl group which serve as tyrosi-
nase inhibitors about 100 times more effective than KA itself with higher stability and
lower toxicity139.

The KA crystal consists of an extended H-bonding framework between the hydrox-
ymethyl and the 4-keto groups of contiguous molecules140. The high acidity of the
α-ketoenol moiety (pKa ca 7) makes it a good metal-binding site. The stoichiometry
of the complexes M(10a*)2 (M = Zn(II), Sn(II), 10a∗ = conjugate base of 10a) was
based on elemental analysis with no crystallographic confirmation141. Nevertheless, the α-
ketoenolate moiety is expected to be the metal-binding site in these complexes as in the
case of maltol complexes discussed below. The organometallic KA complex (Me)2Sn
(10a*)2

142 shows Cv mirror symmetry with cis-dimethyl octahedral geometry and a
Me–Sn–Me angle of 148◦, as opposed to the pseudo-C2 symmetry of the maltol complex
Zn(10b*)2(H2O)2 (see below). Estimates of the Me–Sn–Me angle were also obtained in
DMSO solution on the basis of the coupling constants: 2J (119Sn, lH) = 83.3 Hz (143◦)
and 1J (119Sn, 13C) = 746 Hz (135◦). The Mn(II) and Zn(II) complexes of KA exhibit sig-
nificant radioprotective effects against lethal doses of γ -irradiation in mice143. The crystal
of Ca(10a*)2(10a)2 (57) has an octacoordinated Ca(II) center of pseudo-D2d symmetry,
with the kojinate and KA ligands distinguished by their different Ca–O bond lengths144.
A high coordination number, frequently 7–8, is quite common in Ca(II) complexes and
proteins.

Many metal complexes of the food flavoring natural product maltol (10b) and its ana-
logues have been synthesized and characterized136. The Zn(II) complexes Zn(10b*)2(H2O)
and Zn(10b*)2(H2O)2 have 5- and 6-coordination spheres, respectively, with two chelating
maltol conjugated bases (10b*)126,145. The hexacoordinated complex (58) has a distorted
octahedral coordination sphere with two water molecules occupying the axial position. The
two bound 10b* ligands are trans to each other and are slightly skewed from the metal
center (59). This structure is different from that of pentacoordinated square-pyramidal 49.
Since Zn(II) was found to normalize blood sugar levels in chemically induced and genet-
ically obese (ob/ob) mice146, the antidiabetic activity of this complex was checked. This
complex was determined to exhibit a significant insulin-mimetic activity through in vitro
assay of inhibited free fatty acids release from the epinephrine-stimulated rat adipocytes,
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showing IC50 = 0.59 mM which is lower than the control of VOSO4 (1.00 mM) and
ZnSO4 (0.81 mM)145.

Fe(III) and Al(III) can bind three 10b* anions to form a distorted octahedral complex
of mer configuration (60, with one of the Me groups pointing in the opposite direction
of the other two)147, with the Fe–O enolate bond distances (average 1.987 Å) shorter
than the Fe–O keto ones (average 2.065 Å). The Fe complex 60 has been considered
as a potential drug for the treatment of iron-deficient anemia due to its large formation
constant, neutral charge, solubility in the pH 6–9 range and lack of toxicity. However, a
recent study of 60 revealed its apoptotic activity toward HL60 cells148, attributed to the
production of ROS which explained the prooxidant activity and cytotoxicity of maltol and
limited its clinic use.
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The vanadyl complex of maltol (10b) adopts a square-pyramidal coordination sphere
with two coplanar 10b* anions chelating the V atom in trans configuration and the
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O of VO2+ in the apex (61) at a short bond distance (1.596 Å)149. The ligand con-
figuration of this complex was suggested to undergo trans–cis equilibrium in solution.
51V NMR shows the binding of maltol (10b) to vanadate (VO4

3−) to form complexes
[VO2(10b*)(OH)(H2O)]− (δ = −509 ppm) and [VO2(10b*)2]− (δ = −496 ppm), the sig-
nals of which are distinctly different from those of vanadate and its oligomeric forms at
−559, −572, −576 and −584 ppm under the same conditions. The latter vanadate com-
plex is also formed via aerobic oxidation of 61 in the presence of excess amount of 10b.
The change in oxidation states was confirmed by electrochemical and EPR measurements.
Dimaltolato complexes of vanadyl and vanadate supported on carbamated silica gel show
catalytic activity in the oxidation of cyclopentane and cyclooctane with O2 (ca 10–14 atm
at 150–160 ◦C) to yield the corresponding ketones as the main products and alcohols in
smaller amounts150. The results suggest metal complexes of natural products should be
further explored as catalysts for catalytic transformations of organic compounds.

V complexes are known to exhibit insulin-mimetic properties from in vivo and in
vitro studies151. Because non-insulin-dependent type II diabetes is insulin resistant, but
not insulin deficient as in type I diabetes, it is highly significant that V complexes can
stimulate glucose metabolism without changing insulin concentration. For example, 61
exhibits insulin-mimetic activities in lowering glucose and lipids and was found to be 2–3
times more effective than VOSO4

152. More significantly, it is active when administrated
orally. Several metal complexes of maltolate, including [MoO2](II), Co(II), Cu(II), Cr(III)
and Zn(II), were tested for their insulin-enhancing activities in streptozotocin-diabetic
rats153. The first two complexes were shown to exhibit hypoglycemic activity.

Mn(II) complexes of this family of ligands and their analogues were prepared and
investigated with various physical methods, including X-ray crystallography, for the pur-
pose of finding potential therapeutics for the treatment of chronic Mn(II) overload (see
Section III.B.2.c)154. Mn(II) forms a dinuclear complex with ethyl maltol, determined to
be [Mn(10c*)2(H2O)]2 62 by crystallography154. Magnetic susceptibility measurement of
this complex in the temperature range of 5–300 K revealed a very weak ferromagnetic
coupling between the two Mn(II) centers, with a J value of 0.5 cm−1. The crystal struc-
ture of the Mn(II) complex of 10b could not be determined due to low solubility of the
complex, which shows a Mn(10b*)2 stoichiometry and is suspected to adopt a polymeric
chain structure in the solid state154. However, the 10b and 10c complexes of Mn(II)
in solution must have an analogous monomeric structure on the basis of their similar
spectroscopic and electrochemical properties, showing a ligand-to-metal charge transfer
transition at 330–340 nm, monomeric EPR spectra of g = 2.03 and A = 86 G, ESI-MS
spectra consistent with MnL2 and redox potential at �E1/2 ca 400 mM154.
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Anions 10a*–c* form complexes with various first- and second-row transition metal
ions. Their Mo(VI) complexes have MoO2L2 stoichiometry and crystal structures similar
to 52, as the 10c* complex 63129,155, which was effective in lowering blood glucose and
free fatty acid levels similar to NaMoO4. Ru(III) forms 1:3 complexes with 10, analogous
to the Fe(III) complex. However, Ru(III)(10b*)3 adopt a mixed mer configuration (64,
Plate IV)156. The reduction potentials of Ru(10a*)3 and Ru(10b*)3 are virtually identical
at −1.13 and −1.14 V, respectively, for Ru(III) → Ru(II) and 0.52 V for Ru(IV) →
Ru(III) in acetonitrile due to the similar structure of the ligands, which also indicates the
complex favors the Ru(III) oxidation state. The Ru(III) complexes of 10b and10c show
antiproliferatory activity against the human breast cancer cell line MDA-MB-435S, with
IC50 values of 140 and 90 µM, respectively. A few Ru(III) complexes coordinated with
two 10b* ligands were characterized by X-ray crystallography157. The axial positions are
occupied by solvent molecules or other monodentate ligands. These complexes are kineti-
cally inert, thus the axial ligands are not prone to undergo exchange with the solvent. The
complexes also exhibit potential antitumor activity against the human breast cancer cell
line MDA-MB-435S with the MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay in phosphate-buffered saline.
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Organometallic complexes of Ru and other metals have been prepared and characterized
for the purpose of finding potential anticancer drugs158. Ru(II) enolate complexes of the
10 family with a bound η6-arene such as mesitylene or p-cymene and a chloride or CO
were characterized with crystallography159, e.g. 65 derived from 10b159a. The Os(II)–10c
analogue of 65 is also known159a. The structures of Ru(II)(10c*)2L, L = cod, (PPh3)2,
(Me2SO)2, complexes were determined160. NMR and crystallographic analyses point to a
mixture of different stereo isomers for the phosphine complex, whereas the cod complex
shows only one form. The former one is a catalyst for the dimerization of phenylacetylene
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in toluene at 50 ◦C. Further R&D of the metal complexes of pyranones will lead to new
drugs and catalysts.

Titanocene dichloride (Cp2TiCl2) exhibits anticancer activity, which triggered wide
investigation of Ti complexes for medicinal application161. Treatment of Cp2TiCl2 with
maltol (10b) affords a mixture of monomeric cis- and trans-Ti(10b*)2(OH)2 in 1:4
ratio162. Crystallization of the complex at pH 8.4 affords the tetranuclear [Ti4(10b*)8(µ-
O)4]ž18H2O. As shown by X-ray crystallography, it consists of an 8-membered Ti4O4 ring
with four oxide bridges and pseudo-octahedral coordination for the titanium atoms. 66
and 66′ (Plate V) are two different views of the complex without water of crystallization.

(66) (66′) Plate V

e. Furanones. These compounds are comprised of a large number of sugar metabo-
lites in the form of 3-(2H )-furanones (e.g. 67a,b) and 2-(5H )-furanones (e.g. 68a,b)163.
Ascorbic acid (1 = 68a, Section III.B.1.a) is the most studied member of the furanone
family which is involved in a number of significant biological processes as enzyme
cofactors. Many compounds of this family are key sweet and aroma ingredients in ripe
fruits18,19,164, beers165, wines166, soy souce167 and miso168, such as 2,5-HDMF (11 = 67a),
4,5-HDMF (sotolon, 68b), 4-hydroxy-5-methyl-3(2H )-furanone (HMF, norfuraneol, 67b)
and 4-hydroxy-5-ethyl-2-methyl-3(2H )-furanone (HEMF, homofuraneol, 69) and its tau-
tomer 4-hydroxy-2-ethyl-5-methyl-3(2H )-furanone (69′). HEMF originates from ribose
(the ring and the methyl group) and glucose (the ethyl group), as determined using stable
isotopes as tracers168. These compounds have a very low odor threshold of 20 ppb for
69, 60 ppb (pH 7) and 21 ppb (pH 3) for 67a and 23 ppm (pH 7) and 2.5 ppm (pH 3)
for 67b, greatly rendering their use as flavor enhancer in food industry163,164.

In addition to their pleasant aroma, these compounds also exhibit various biologi-
cal activities163, including serving as possible signaling molecules169 and antimicrobial
activities170. An isotope-tracing experiment on ripe strawberries pointed to glucose and
fructose as precursors of 2,5-HDMF (11 = 67a). Therein, D-glucose-1-d , -2-d and -6,6-d2
as well as D-fructose-1,2,3,4,5,6-13C6, -1-13C, -1-d and -6,6-d2 are converted into 67a and
its 4-methoxyl derivative18 through HMF (67b) and then the intermediate 4-hydroxy-5-
methyl-2-methylene-3(2H )-furanone (HMMF) that is reduced by an enone oxidoreductase
to yield 67a as determined by D-glucose-6-13C tracer171. More specifically, D-glucose-2-d
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is converted to 11-1-d or 11-6-d and the 4-methoxyl derivative, whereas D-glucose-4-d is
not converted. HMF (67b) yields several 2-substituted furanones by coupling with various
aldehydes and ketones164.

Structures of metal complexes of these furanone derivatives have not been reported,
despite the presence of the potential metal-binding α-ketoenolate moiety in these com-
pounds. Nevertheless, Cu(II) seems to be involved in the DNA cleavage activity of
furanones172, wherein 67a exhibits a high activity while 68b does not under the same
conditions (20 µM Cu(II) and �20 µM furanone). Unlike Cu(II), addition of Fe(III) to
67a does not result in DNA cleavage172. This DNA cleavage activity was considered to
be the reason for the mutagenic activity of 67a. The DNA cleavage activity and degrada-
tion of these compounds seems to be correlated with their activity toward the reduction
of Cu(II). In a different study, 69 (0.6 mM) was found to perform single-strained DNA
cleavage in the presence of 1 mM Fe(III). Spin-trapping experiments monitored with EPR
revealed the generation of hydroxyl radicals173. The furanone 67a inhibits aconitase (an
enzyme indicator for ROS) in the presence of Fe(II), possibly due to the production of
hydroxyl radicals, while 68b does not174. These studies suggest furanone compounds may
serve as prooxidants. Conversely, 69 was also found to be an inhibitor toward iron-induced
oxidation when using human erythrocyte membranes and low density lipoprotein (LDL)
as substrates under aerobic conditions. Western blot analysis indicated that aggregates of
band 3 protein and the level of thiobarbituric acid-reactive substances in LDL caused
by Fe ions decreased in the presence of 69175. Furanones exhibit antioxidative activity
toward free radical-induced lipid peroxidation and Cu-induced LDL oxidation176. These
results indicate that 69 protects against Fe- and Cu-induced oxidative modification of
biomolecules and cells.

No conclusive mechanisms mechanism can be adduced for the opposite prooxidative
and antioxidative activities observed for the metal complexes of these furanones owing
to the lack of both detailed structural and kinetic analyses. Whether the opposite results
can be attributed to different experimental conditions is also moot. Nevertheless, it is
reasonable to expect that the structures of metal–furanone complexes are similar to those
of the analogous metal–pyranone complexes discussed in Section III.B.1.d.

f. Quinone derivatives. There is a large number of hydroxyquinone and hydroxynaph-
thoquinone natural products27, such as PPA and derivatives (15a–c), the boviquinones
(17a,b) and flaviolin (30). Many members of this family of compounds are involved
in varied biological functions, e.g. serving as enzyme cofactors and as intermediates in
the production of bioactive compounds, and are potential candidates for drug discovery.
For example, topaquinone (70, see Section IV.D) in amine oxidase is involved in amine
metabolism; 7-hydroxymitomycins are precursors of the DNA-alkylation agents mito-
mycins catalyzed by a methyltransferase177 (mitomycin C is clinically used as an antitumor
agent); and the ubiquinone-like 5-n-heptyl-6-hydroxy-4,7-dioxobenzothiazole is a compet-
itive inhibitor toward the multisubunit membrane protein complex ubiquinol:cytochrome c
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oxidoreductase in respiratory and photosynthetic electron transfer chains178. The metabo-
lite ilimaquinone (71) from the sponge Hippospongia metachromia shows broad bioactivi-
ties, including influence on Golgi structure and function179, antiviral activity180, anticancer
activity181, inhibition of protein toxins like ricin182 and interaction with enzymes183.
Despite the presence of the potential metal-binding α-ketoenolate functionality in these
compounds, the roles of metal ions in the activities of many of these compounds are
largely unexplored.
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The hydroxyquinone lipids are a unique group of the hydroxyquinone family which
contains a linear hydrocarbon chain. Typical examples are the boviquinones (17), embelin
(72, n = 10) and rapanone (72, n = 12) from the Myrsinaceae family, sorgoleone (73a)
from the Sorghum species and maesanin (73′) and its derivatives from Maesa lanceolata.
Embelin is isolated from species in the Myrsinaceae family, including Ardisia japonica
used in traditional Chinese medicine, and is antifertile and anthelminthic. The ethnomed-
ical natural product rapanone from Myrsine guianensis184a and Lysimachia species184b

is antiparasitic184a and antifertile184c and an inhibitor185 toward degranulation (IC50 =
9.8 µM) and superoxide production (IC50 = 3.0 µM) in human neutrophils, phospholi-
pase A2 (IC50 = 2.6 µM) in human synovial fluid, as well as chronic and acute inflam-
mation in mouse and rat models. Sorgoleone is an allelochemical, a natural herbicide
repressing the growth of other plants present in their surroundings186. Several analogues
with various substitutions (e.g. ethoxysorgoleone 73b) and chain lengths are found in
root exudates. Maesanin and analogues such as dihydromaesonin and maesanol inhibit
the metalloenzymes lipoxygenase and 4-hydroxyphenylpyruvate dioxygenase as well as
the NADPH-dependent aldose reductase and aldehyde reductase187.

The naphthoquinone lawsone (74, hennotannic acid, natural orange 6) is a red–orange
pigment present in the leaves of henna (Lawsonia inermis) and the annual flower balsam
(Impatiens balsamica). Like flaviolin (30) and its oxidation product mompain, lawsone
is also an oxidative product of the naphthalene derivatives 29 and 1,3-dihydroxynaphtha-
lene188. These molecules are precursors for some pigments in various organisms, including
Streptomyces species. The α-ketoenol group of lawsone is highly accessible to Michael
addition. Thus, protein molecules can be modified by lawsone via nucleophiles such as
a Lys side chain, which permanently stains skin and hair by reacting with keratin. This
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staining technique has been utilized for thousands of years. The capability of lawsone
to form complexes with amino acids has recently been investigated for use in forensic
detection of latent fingerprints on paper surfaces189.

The binding properties of Fe(II) and Fe(III) to 3-substituted derivatives of 74 were
studied with Mössbauer spectroscopy, showing a small effect by the substituents190. The
binding of Fe(II) with 74 and its semiquinone was further investigated with electrochem-
ical and electronic spectroscopy, showing a 1:2 stoichiometry and a large formation con-
stant (3.5 × 1025 M−2) for the semiquinone [Fe(III)(74*)(74ž∗)] complex191. The Eu(III)
complexes of several compounds of this family have been investigated when seeking
further application192, although there is potential for lanthanide(III) luminescence-related
applications.

The Cu(II) complex [Cu(74*)2(H2O)2] (75) has a typical tetragonally distorted octa-
hedral geometry, with two trans bidentate 74* in the equatorial positions193. The crystal
lattice of 75 has a layered structure, where each coordinated water molecule is H-
bonded to a coordinated enolate of one complex and the unbound 4-keto group of an
adjacent complex in the next layer. Dideprotonated 3,3′-bilawsone, 2,2′-bis(3-hydroxy-
1,4-naphthoquinone), binds Cu(II) to form an extended trans complex framework (76,
Plate VI)194. With Cd(II), a one-dimensional linear coordination polymer is formed195.

(76) Plate VI
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Since the hydroxyquinone center of lawsone is redox active, binding of Cu(I) to this
compound results in internal electron transfer from Cu(I) to the quinone to afford a mag-
netically coupled Cu(II)–hydroxysemiquinone (Cu-74ž) center, suggested to be dimeric
[CuII(74ž) (74*)]2

196. Based on EPR and magnetic susceptibility studies, a ferromagnetic
coupling with a coupling constant of 28 cm−1 was suggested to be due to an exchange
coupling within Cu(II)–74ž while an antiferromagnetic coupling with a coupling constant
of −50 cm−1 was attributed to interdimer exchange coupling. Since the magnetic orbital
in Cu(II) is dx2−y2 , the presence of ferromagnetic coupling within the Cu(II)–74ž unit
indicates that the free radical in 74ž does not interact directly with the dx2−y2 orbital.
The lack of crystal structure to date does not allow a correlation between the magnetic
interaction and structure to be established. Since the quinone moiety is involved in several
copper enzymes, investigation of Cu–quinone and Cu–semiquinone complexes may pro-
vide further insight into the role of the quinone cofactors in the actions of these enzymes.
A number of derivatives of 2-hydroxy-1,4-naphthoquinone also show various biological
activities (Section III.B.2.d).

g. Tropolones. Tropolone (77) is a hydroxyl derivative of the unique 7-membered
tropone (2,4,6-cycloheptatrien-l-one) and is a functional moiety found in a large num-
ber of natural products197, such as colchicine (78) from plants of the genus Colchicum
for the treatment of gout, stipitatic acid (79a,) stipitatonic acid (80) from Penicillium
stipitatum (Talaromyces stipitatus)197,198, puberulic acid (79b) and puberulonic acid (81)
from several Penicillium species199. The aromatic structure of 79a was correctly deduced
by Dewar200; meanwhile, Nozoe was also accredited to the proposal of the aromaticity
in tropolone derivatives independently197. Many compounds of this family are found to
be antimicrobial agents in plants and fungi and also exhibit antiviral, antitumor, antiox-
idant, antiinflammatory, insecticidal and/or enzyme inhibitor activities201. For example,
β-thujaplicin (79c, hinokitiol197) and γ -thujaplicin (79d) isolated from Chamaecyparis
taiwanesis (Taiwanese cypress/hinoki) and Thuja plicata (western red cedar) exhibit
antibacterial and antifungal activities, improving the resistance of the wood to decay202.
Production of 79c occurs in response to oxidative stress by H2O2 but not by O2

ž− 203.

(79) (a) R1 = R3 = H, R2 = OH, R4 = CO2H
        (b) R1 = R2 = OH, R3 = H, R4 = CO2H
        (c) R1 = R2 = R4 = H, R3 = i-Pr
        (d) R1 = R2 = R3 = H, R4 = i-Pr

O
OH

O

OMe

OMe

OMe

OMe

N
O

O
OHR1

R2

R3 R4

(77) (78)

The tropolones form transition-metal complexes of high affinity constants, for example
[M(77*)3]− with M = Co(II), Ni(II) and Zn(II), but M(77*)2 with M = Cu(II)204. More-
over, these compounds form complexes with heavy metals (Os, Ir, Pt, Mo and W)205,
the lanthanides(III)206 and main-group metal ions (Ga, In, Sn, Sb and Pb)207 – 209; many
have crystal structures determined and some show biological activities and potential
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medicinal applications. The first-row transition metal complexes of 77 and derivatives
have octahedral geometry, with the ligands bound in the equatorial positions in case
of the 1:2 complexes. The stoichiometry and structure of the heavy-metal complexes
vary, affording Os(77*)3, Ir(77*)3, [Pt(77*)(PPh3)2]BPh4, OsO2(77*)2, MoO2(77*)2 and
W2O5(77*)2. The crystal structure of MoO2(77*)2 has a distorted octahedral geometry
with the two O atoms at cis positions, analogous to the structures of the MoO2 com-
plexes of mimosine (52) and KA (63). The tropolone–lanthanide complexes, [Ln(77*)4]−,
have an eight coordination sphere which is quite common for lanthanide complexes206.
Moreover, these ligands have been demonstrated to form organometallic compounds with
Rh+ as in the case of Rh(77*)(CO)PPh3

210. Those tropolones with a long hydrocarbon
chain bind Co(II), Ni(II), Cu(II), Zn(II), UO2(IV) and VO(II) to form metallomesogens211,
the metal-containing liquid crystals. The metal–tropolone core assists the alignment of
the molecules to afford the long-range orientation order of the mesomorphic properties
(e.g. 82, a Cu–hexadecyloxytropolone complex, Plate VII). The tropolones are effec-
tive inhibitors for several metalloenzymes, presumably attributed to their metal-binding
capability (Section IV.I).

(82) Plate VII

2. Pharmaceuticals

a. Antibiotic tetracyclines. The broad-spectrum antibiotic activity of the tetracyclines
(TC)7,212 is attributed to inhibition of protein synthesis upon binding to ribosomes213.
There are two enol moieties in these antibiotics. The acidic oxy-groups at positions 1, 3,
10, 11 and 12 (see 8) of this antibiotic family are the potential metal binding sites, among
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which the 11,12-β-ketoenol functionality is the primary one214. The crystal structure of
the drug-bound ribosome subunit has been determined with X-ray crystallography215.
Many Mg(II) ions are revealed in the structure, of which one that is associated with the
nucleotides C1054, G1197 and G1198 may also be involved in the interaction with a
bound TC via the 11,12-β-ketoenol functionality. This functionality has also been deter-
mined to be the Mg(II) binding site in the repressor TetR–Mg(II)–TC ternary complex
of tetracycline resistance in bacteria, where the TC–Mg(II) complex is anchored to the
TetR protein through His100 and a few H-bonds (83, see Section IV.H). Binding of the
Mg(II)–TC complex to the TetR protein turns on the TC-resistance mechanism in bacteria,
with efflux of the drug through the membrane as the Mg(II)–TC complex.
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TCs are well documented to bind various metal ions, including alkaline earth metals,
Al(III) and transition metals VO(II), Cr(III), Mn(II), Fe(II/III), Co(II), Ni(II), Cu(II) and
Zn(II)216 – 220. TC can form 2:1 TC–metal complexes with 3d transition metal ions in
non-aqueous solution, in which the metal is bound at the 2-amido and 3-enolate chelating
sites216. TCs are present in plasma mainly in the Ca(II)-bound form or Mg(II)-bound form
to a lesser extent, when they are not bound to proteins such as serum albumin. Thus, the
bioavailability of TCs should be dependent upon the physical and biochemical properties
of their metal complexes instead of their metal-free form.

b. Oxicam anti-inflammatory drugs. The family of the non-steroid anti-inflammatory
drugs (NSAID) comprises a large number of compounds, such as oxicams, salicylate
derivatives, ibuprofen, diclofenac and their analogues, indomethacin, some cyclooxy-
genase-2 (COX-2) inhibitors, etc. The Cu(II) complexes of several NSAIDs exhibited
better therapeutic activities relative to the free drugs, which triggered an extensive inves-
tigation of the physical, structural and spectroscopic properties and biological activities
of the metal complexes of this family of drugs221.

Piroxicam (84, Feldene in the US), a non-selective COX inhibitor with both analgesic
and antipyretic properties, is one of the most used NSAIDs and serves as prototype of
the oxicam family. This drug is utilized to relieve the symptoms of arthritis, menstrual
pains or cramps and fever. It is also used in veterinary medicine to treat certain neoplasias
expressing COX receptors, such as bladder, colon and prostate cancers222. Variation on
the structure of piroxicam has produced several other analogues with the benzene ring
replaced by a thiophene ring and/or derivatives of the amide moiety, including meloxicam
(85, a thiazole amide), isoxicam (86, an isoxazole amide), tenoxicam (87a, a thiophene
derivative) and lornoxicam (87b, a chlorothiophene derivative).

The oxicams have several potential metal-binding sites, i.e. the enolate, the carbonyl-O
of the amide, the deprotonated amido-N and the N atom on the pyridine/thiazole/isoxazole
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ring. Bidentate metal binding with these groups is also possible. The crystal structures
of a number of metal complexes reveal various metal-binding modes. A monodentate
N–Pt bond is formed by the pyridyl group of 84 in the complex trans-dichloro-η2-
ethylene-(84)Pt(II)223. An early study revealed that both 84 in the complex [Cu(84)2
(DMF2)]2+ are coordinated to the metal via the N of the pyridyl group and the O of the
amide with a trans configuration. The two DMF molecules in this complex occupy the
axial positions to afford a tetragonally distorted octahedral geometry224, showing a typical
EPR spectrum of g|| = 2.06 and g⊥ = 2.29 and a superoxide dismutase-like activity225.
However, a square pyramidal geometry is adopted in the Cu(II)–85 complex with only
one DMF ligand at the axial position226.

Isoxicam (86) forms a 2:1 complex with Cu(II) (88)226 where the two coordinated 86
anions have different binding modes: one through the isoxazole N heteroatom and the
O of amidate, and the other through the O of the amide (1.90 Å) and enolate (1.88 Å).
The crystal shows π-stacking. An attempt to prepare the Cu(II) complex of piroxicam-
cinnamate (cinnamic ester of 84 at the enol site) resulted in an unexpected complex (89)226,
which is not simply a cleaved product of the ligand. A mechanism was proposed to involve
methanolysis of the amide moiety of a coordinated piroxicam by the Lewis acidic Cu(II)
to afford a methyl ester and 2-aminopyridine; attack of the latter at the cinnamate ester
bond affords N-2-pyridylcinnamide. The final complex (89) has two coordinated methyl
ester molecules through enolate in a trans configuration and a coordinated N from a
pyridyl moiety at the axial position, attaining a square-pyramidal geometry.

The complex Cu(84)2(DMF)2 was found to exhibit antiproliferation activity226. Cyto-
toxic tests of this complex against about 50 human cancer cells showed an average growth
inhibition factor GI50 value of 54 µM, and was as low as 20 µM against several can-
cer lines. Higher activities were found toward ovarian, non-small lung, melanoma and
central nervous system cancer cell lines, better than the widely used anticancer cisplatin
analogue carboplatin (GI50 = 102 µM). Direct binding of Cu–84 and Cu–85 complexes
with DNA proceeds probably through intercalation, suggesting a possible mechanism for
the anticancer activity of these complexes227.

Several organotin complexes of the oxicams and other NSAIDs have been tested against
Mycobacterium tuberculosis228. The complexes n-Bu2Sn(84**), n-Bu2Sn(87a**) (90)229,
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Me2Sn(87b**) and n-Bu2Sn(87b**)230 have a unique tridentate binding mode through
the pyridyl N, the enolate O and the amidate N. In contrast, the organotin complex with
84, Ph2Sn(84*)2

231, has octahedral geometry with the trans ligands bound through the
enolate O and amide O atoms.
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c. Deferiprone for iron overload. Mimosine analogues have high affinity toward Fe(III)
due to the 3-hydroxy-4-pyridinone moiety (9 and analogues in Section III.B.1.c), showing
a high affinity constant log(β3) in the range of 34.7–37.7232. They have been investigated
as potential clinical chelating agents233 for the treatment of iron overload234. Deferiprone
(48, Ferriprox) is used clinically as an orally administered chelating agent for the treat-
ment of transfusional iron overload and as alternative therapy in patients with thalassemia
major when there is deferoxamine intolerance or unavailability235,236. Despite its wide use
in the rest of the world, it has limited accessibility in the US due to failed phase III trial
and controversies. It is quickly absorbed through the stomach into the blood stream within
minutes to a couple of hours, and is cleared after 8 hours237. Recently, a combined chela-
tion treatment of iron overload in juvenile hemochromatosis with 48 and desferrioxamine
B has been demonstrated to effectively prevent heart failure238.

The 3-hydroxy-4-pyridinone moiety in the mimosine drug family is responsible for
metal binding (Section III.B.1.c). The structure of a number of such complexes was deter-
mined by X-ray crystallography. The 3:1 complexes of 48 with Fe(III)239, Al(III), Ga(III)
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and In(III)240 have virtually the same crystal structure241, with a distorted octahedral coor-
dination sphere and the M–O(enolate) bond shorter by ca 0.03 Å than the M–O(keto)
bond. The crystal structure of the complexes may vary significantly, depending on the
metal nucleus, for example 49–51 for the Zn and Pb complexes.

There are a few analogues of hydroxy pyridinone with substituents at positions 1,
2 and/or 6, for example Me, CONHMe and Me in CP502, Me, CONMe2 and Me in
CP509 and the much improved second-generation analogue L1All with All, Me and H,
respectively242. Fe(III) binds three CP502* anions to form a complex with mer con-
figuration (91)243. Two of the ligands form internal H-bond (dotted line) between the
amide NH and the coordinated enolate-O. The same structure is preserved when N-Me
is replaced by N-c-Pr244. The complexes Fe(48*)3

239 and Mn(48*)3
245 have a similar

octahedral geometry, however with a fac configuration. Mn(48*)2Cl, on the other hand,
has a square pyramidal geometry with both 48* on the base in cis configuration and the
chloride ion at the apex245.
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Besides its use for treatment of iron overload, 48 has recently been recognized to
improve experimental autoimmune encephalomyelitis in mice, a model for multiple scle-
rosis and is under pilot trials for this disease246. This agent does not affect cell proliferation
or viability. A number of derivatives (92)247 of 48 were prepared, by inserting at the N1
position a covalently substituted phenol with various linkers (L), for the purpose of iron
chelation (by the hydroxypyridinone moiety) and antioxidation (by the phenol moiety).
The six reported derivatives are more potent inhibitors against lipid peroxidation and
four of the derivatives exhibit better protection of cells from iodoacetate-induced toxic-
ity at lower concentrations than 48248 and the antioxidants 2,6-di-t-butyl-4-methylphenol
(butylated hydroxytoluene; BHT), Trolox and the BHT analogue LY231617249. One
of the derivatives (L = CH2 and R = t-butyl) also exhibits better neuroprotection over
the combination of 48 and phenol. The Fe-binding properties of these derivatives were
not investigated. Owing to their similar metal-binding motifs, these derivatives can be
expected to show similar Fe-binding characteristics and affinities as Deferiprone (48).

d. Antimalarial hydroxynaphthoquinones and analogues. A number of naphthoquinone
derivatives have long been investigated for their therapeutic potential, particularly as
antimalaria agents250. Atovaquone (93) is a clinically promising drug for the treatment
of malaria, the AIDS-associated Pneumocystis carinii pneumonia and protozoan-caused
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toxoplasmosis251,252. It selectively inhibits the electron transport chain of parasites by
binding to the mitochondrial metalloprotein complex cytochrome bc1 as a ubiquinone
antagonist, collapsing the membrane potential at concentrations far lower than those
affecting the mammalian system253 The drug has been shown to block the iron–sulfur
protein subunit in cytochrome b-binding conformation, which prevents the necessary
domain movement of the iron–sulfur protein for electron transfer from cytochrome b-
bound ubihydroquinone to cytochrome c1 in the cytochrome bc1 complex178,254. Failure
of this specific interaction due to mutation of the cytochrome bc1 complex thus accounts
for the resistance toward this drug255. Atovaquone (93) is suggested to be H-bonded
with the coordinated His181 in the Fe–S center when the Fe–S subunit is docked onto
the cytochrome complex (Figure 5). The ubiquinone-like enol competitive inhibitor 5-n-
heptyl-6-hydroxy-4,7-dioxobenzothiazole (94) also interacts with the Fe–S center via the
coordinated His181. Although there is no direct interaction between atovaquone and the
metal center, this interaction is expected to change the Lewis basicity of the coordinated
His, which in turn can affect the redox potential of the Fe–S center (e.g. 93 binding raises
the midpotential by 75 mV256). In addition, inhibition of ubiquinone synthesis has also
been attributed to the drug resistance257.
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Atovaquone (93) exhibits a high inhibitory activity (Ki ca 1–10 µM) toward the uridine
phosphate-synthesizing enzyme dihydroorotate dehydrogenase32. This enzyme is FMN-
dependent and does not require a metal cofactor to catalyze the oxidation of dihydroorotate
to orotate in the biosynthesis of UMP. Inhibition of this enzyme by 93 has been investi-
gated with crystallography to reveal a specific interaction between the keto-enol moiety of
93 and Arg136 of the enzyme (Figure 5). It has been a promising target for drug design258

against cancer and arthritis and for development of new antibiotics toward Helicobacter
pylori (stomach ulcers and cancer) and Plasmodium (malaria).

Lapachol (95, from the lapacho tree, genus Tabebuia, family of the catalpa trees,
Bignoniaceae) and its analogues show very broad therapeutic capabilities259, including
activity against cancer which results in apoptosis and inhibition in metastasis, antimi-
crobial, antifungal, antimalarial and other activities260. However, clinical application of
lapachol is limited by its high toxicity. Lapachol forms complexes with many metal ions,
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(A) (B)

FIGURE 5. (A) Interaction of atovaquone with the Fe–S center (on left) in the cytochrome bc1
complex via H-bonding with the coordinated His (Plate VIII). (B) The active center of a class 2
dihydroorotate dehydrogenase (PDB ID 1UUM) with a bound inhibitor atovaquone (top ball-and-stick
structure), orotic acid (green) and riboflavin 5′-(dihydrogen phosphate) (FMN, pink) (Plate IX)
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including transition metals261, main group metals262 and lanthanides192,263. The crystal
structures of the Co(II), Ni(II), Cu(II) and Zn(II) complexes of 95 show 1:2 stoichiom-
etry, chelating through the keto–enolate functionality and trans configuration, e.g. the
Co(II) complex (95′) with two axially coordinated ethanol molecules.

3. Miscellaneous applications of metal enolates

a. Antitumor agents. Several metalloenolates are potential therapeutic agents for the
treatment of cancers. For example, some cis-diaminoplatinum complexes of ascorbic
acid (41, 42) were found to be highly active in the S180a tumor screening83. More-
over, pyranone derivatives are synthesized for the development of inhibitors toward
matrix metalloproteases (MMPs) as potential chemotherapeutic agents against cancers
owing to their strong affinity toward metal ions. New 5-carboxamido-3-hydroxy-4-pyrone
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derivatives have been synthesized and their activities toward MMPs checked264. The N-
biphenylylamide derivative 96a exhibits 21, 34, 34 and 33% inhibition at 100 µM against
MMP-1 (collagenase), MMP-2 (gelatinase A), MMP-3 (stromelysin) and MMP-9 (gelati-
nase B), respectively, while the thiopyranone analogue 96b exhibits more efficient 52, 94,
45 and 54% inhibition at 50 µM, respectively, and shows IC50 of 23 µM against MMP-2.
The Ni(II) complex of lapachol (95) was reported to exhibit significant radiosensitization,
which may enhance cell killing by irradiation during radiation therapy265.

N
H

O

X O

HO

(96) (a) X = O
(b) X = S

A number of organometallic compounds have been recognized to exhibit significant
antitumor activities158, including Ru/Os-arene compounds of pyranones (10)159 (e.g. 65,
Section III.B.1.b). The antitumor activities of metal complexes are largely attributed to
their DNA binding capability266. The affinity of these organometallic Ru/Os–10b com-
pounds toward nucleotides was investigated by NMR spectroscopy. Purine bases (A and
G) were found to bind selectively, but not pyrimidine bases (C and T), with binding
constants of 7400 and 25700 M−1 for 9-Et-G binding to the Ru compound 65 and its
Os analogue, respectively159a. However, despite their nucleotide binding capability, these
Ru/Os(p-cymene)(10b)Cl complexes were found ineffective toward the human lung A549
and ovarian A2780 cancer cell lines at concentrations up to 50 µM. These organometallic
Ru/Os–10b complexes undergo hydrolysis to afford a dimer of [Ru/Os(p-cymene)]2(OH)3
under the biological testing conditions159a.

The β-diketone functionality undergoes tautomerism with the β-ketoenolate function-
ality, e.g. acetylacetone and curcumin in equation 2, and becomes a very good metal
chelating agent upon deprotonation. A number of organometallic compounds containing
β-diketonate chelating ligands as ‘tuning agents’ to adjust the antitumor activity have
attracted much attention267. For example, changing the chelating ligand from ethylenedi-
amine (en) to acac in the Ru(η6-arene) core significantly affects the nucleobase binding
selectivity268. The en complex binds selectively to guanine (via N7), but not adenine, and
to cytosine and thymine in the absence of guanine, but still not adenine. Conversely, the
acac complex has comparable affinity toward guanosine and adenine (via N1 and N7), but
little to cytidine and thymine. The crystal structures of the Ru(η6-arene)L (L = acac and
analogues) complexes with the N-7-bound adenine have been resolved (e.g. the biphenyl
derivative 97)268a. Organometallic Ru(II)–arene complexes comprise a large pool of poten-
tial chemotherapeutic drugs158, including [Ru(arene)(β-diketonate)Cl]+, that are as active
as the cisplatin analogue carboplatin269. These compounds target DNA via binding to
nucleobases. The structure–activity correlation of several compounds of this family has
also been investigated270. Some show a lack of cross-resistance with the commonly used
anticancer drugs cisplatin and adriamycin from cancer cells.

b. Biosensors and imaging agents. Biological luminescent sensors have been widely
utilized for the visualization of fine structures in cells, recognition of specific biolog-
ical processes such as signaling271, investigation of protein/enzyme functions and ion
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sensing under various conditions272. A few luminescent macrocyclic complexes of lan-
thanide(III) β-diketonates (e.g. 98a–c) have been recently synthesized273. For example,
98a, Ln = Eu(III) and triflate counterions, emits red fluorescence at pH 7.4. The β-
diketonate ligand dissociates in acidic or alkaline solutions, quenching the complex emis-
sion and exhibiting blue fluorescence due to the dissociated diketone ligand. The bio-
logically important anions bicarbonate and lactate bind more strongly to Eu(III) and can
replace the β-diketonate ligand, quenching the red Eu(III) luminescence. An analogue of
this complex (which, however, does not contain an enolate moiety) with Tb(III) in place
of Eu(III) was also synthesized by the same research group and was demonstrated to
sense monobasic phosphate ion (H2PO3

−)274.
N-substituted 3-hydroxy-4-pyridinones (such as mimosine 9) form complexes with

Ga(III), suggesting that the 67Ga complexes have potential application as a nuclear imag-
ing agent275. Tc-99m compounds have been widely used as diagnostic nuclear imaging
agents. The glycoside complex 53 and its 99mTc(I) analogue have potential as imaging and
therapeutic agents, since they may interact with glucose transporters in certain tumor types
or accumulate in tumor cells. Tropolone (77) forms complexes with 99mTc276, 111In277 and
67Ga208 which have been verified as a hydrophilic blood labeling agent (Tc), as tracer for
platelets labeling (In) and as radiopharmaceutical agents (In and Ga).

IV. METALLOENOLATES AND ASSOCIATED ENZYMES
Enols are involved in many biological processes as inhibitors, cofactors, substrates, inter-
mediates or products. When serving as inhibitors, they frequently are drugs and/or can
be the leads for the design of more potential drugs, such as the inhibiting effects of
atovaquone (93) on cytochrome bc1 and dihydroorotate dehydrogenase mentioned in
Section III.B.2.d254. Enols are intermediates in many biological processes such as in sugar
metabolism (e.g. during glucose isomerization, triosephosphate isomerization and forma-
tion of phosphoenolpyruvate and pyruvate), tryptophan biosynthesis (i.e. during formation
of 1-O-carboxyphenylamino-1-deoxyribulose-5-phosphate from N-5′-phosphoribosyl-
anthranilate) and catalysis by the members of the crotonase (enoyl-CoA hydratase) super-
family through an enolate-CoA thioester intermediate (e.g. reverse Dieckmann conver-
sion of 2-ketocyclohexanecarboxyl-CoA to pimelyl-CoA in the anaerobic degradation
of benzoate by Rhodopseudomonas palustris). Stabilization of these enol intermediates in
enzymes thus accounts for the significant enhancement of the reaction rates. Formation and
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FIGURE 6. Crystal structure of the active center of cytochrome P450 with two bound flaviolin
molecules in the active site (PDB ID 1T93, Plate X). The heme is coordinated to the protein chain
via Cys353 and H-bonded to Arg71, Arg295 and His351 via the two propionate groups. The two
flaviolin molecules are observed on the top of the heme in green and pink, the former is H-bonded
to Arg288

further reactions of enol-containing biomolecules and secondary metabolites frequently
require involvement of a metal center, wherein interaction of the enol moieties with the
metal to afford a metalloenolate is the key step. For example, the oxidation of flaviolin
(30) by the heme-containing oxidase cytochrome P450 158A2 from Streptomyces coeli-
color yields a polymer which is assumed to protect the bacterium from UV damage278.
The crystal structure of the ES complex revealed two flaviolin molecules in the active
site, presumably arranged for oxidative coupling between them (Figure 6)279. Formation
of oxidized flaviolin dimers was confirmed by NMR. When an electron-transfer chain
can be established, direct interaction of the enol moieties with the redox-active metal
center may not be necessary. There are many metabolic pathways wherein enolates are
suggested to be intermediates which are stabilized by H-bonding with protein side chains
or by binding to a Lewis acidic metal center. In this section, the metalloenolate centers
in enzyme catalysis are discussed.

A. Enols and Associated Enzymes in Glycolysis and Other Sugar Metabolisms

The glycolysis of glucose proceeds through several steps involving enol intermediates
to afford pyruvate, which can be converted into acetyl coenzyme A (acetyl-CoA) to
participate in the Krebs cycle. Kinetic and crystal structure studies point to the key role
played in enzyme catalysis by the stabilization of such intermediates on binding of enolate
to the metal ion(s) of the enzymes.

1. Enols in ketose–aldose isomerization

Ketose–aldose isomerases catalyze the interconversion of aldose and ketose in sugar
metabolism. Owing to their value in the sugar industry for the preparation of high-fructose
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(a ketose) syrup from the more readily available glucose (an aldose) from starch280, these
enzymes have been extensively investigated and a large number of crystal structures of the
enzymes from various sources have been solved. Xylose isomerase is a prototype of this
enzyme family which primarily catalyzes the interconversion of D-xylose to D-xylulose as
well as D-glucose to D-fructose under certain conditions in vitro. The catalytic domain has
the common structural motif of the eight-stranded α/β barrel (Figure 7A) and contains
a well conserved active site with two divalent metal ions (Figure 7B–D)281, of which
Mg(II), Co(II) and Mn(II) ions can activate the enzyme, whereas Ni(II), Ca(II), Ba(II),
Zn(II), Cu(II) and Hg(II) ions cannot282. Direct binding of substrate and analogues to
the metal center has been demonstrated by X-ray crystallography (Figures 7B,C, showing
binding of two hydroxylate groups to the metal)283 and EPR spectroscopy284, wherein only
one of the metal ions is involved in such binding as shown by site-directed mutagenesis
with one metal site abolished285. The sugar-like ascorbic acid has also been found to
bind to one of the metal ions via the 3,4-enediolate moiety (Figure 7D). The mechanism
proposed for the aldose (an α-hydroxy aldehyde, 99) to ketose (an α-hydroxy ketone, 101)

(A) (B)

(C) (D)

FIGURE 7. (A) Crystal structure of xylose isomerase. The 8 α-helices comprised of the α/β barrel
are labeled A–H (PDB ID 1XID, Plate XI). (B) The active site of xylose isomerase with a bound
cyclic glucose (1XIF, Plate XII). (C) The active site of xylose isomerase with a bound xylose in
linear form (8XIA) and the catalytically important Lys and His (green, Plate XIII). (D) The active
site of xylose isomerase with a bound ascorbate via its 3,4-enediolate site (1XID, Plate XIV)
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isomerization involves transfer of two hydrogens, taking place in either of two ways: path
a consisting of proton removal from C2 to yield an enediolate intermediate (100) followed
by a proton transfer from O2 to O1 and electrophilic attack of a proton at C1, through
an enediol intermediate as with triose phosphate isomerase (Section IV.A.3), or path b
consisting of a direct transfer of a hydride ion from C2–H onto the electropositive C1=O
carbon to yield an intermediate carbonium ion (100′) and a proton transfer from O2 to
O1283a,286. The ketose to aldose conversion involves reversal of these steps. However,
the crystallographic studies did not reveal an appropriate base for proton removal from
C2 (path a), whereas a hydride shift (path b) has gained further evidence from kinetic
studies287. A Lys and a His in the active site are considered important in the catalysis
(Figure 7C)288. Nevertheless, binding of substrates and analogues to the metal active
center in this enzyme (including enediolate binding of ascorbic acid, Figure 7D) points to
a possible stabilization mechanism of 100 or 100′, where an enol with a lower pKa than
an alkoxyl seems to be a more favorable state for binding to the metal center. Moreover,
metal binding can lower the apparent pKa, rendering deprotonation at a lower pH possible
even without an assistance of a general base.
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Some rare carbohydrates of significance in industry and medicine, such as D-tagatose
as a sweetener and an additive in many products289, can be produced from more abundant
sugars. For example, the conversion of D-galactose to D-tagatose and L-arabinose to L-
ribulose can be achieved by L-arabinose isomerase (AI)290. This enzyme from Escherichia
coli has a quaternary structure of a dimer of a trimer (Figure 8A) and a folding different
from the (α/β)8 barrel folding of xylose isomerase (Figure 7A) and the α/β folding of
phosphoglucose isomerase (PGI, Figure 9A), but is analogous to that of the metalloenzyme
fucose isomerase from E. coli (PDB ID 1FUI, active site shown in Figure 8C) which
nevertheless has a very low sequence homology (9.7%)291. A putative metal binding site
is observed in the AI structure, with ligands from the side chains of Glu306, Glu333,
His350 and His450 and two coordinated water molecules, analogous to that of fucose
isomerase (Figures 8B,C). However, the electron density at the putative metal site in AI
could not be fitted to a metal ion during refinement in the crystallographic study, yet the
conservation and similarity between His450, Glu306 and Glu333 with the metal-binding
ligands in fucose isomerase (His528, Glu337 and Asp361) suggest this site to be a metal-
binding site. It is quite intriguing that this metal binding site has no similarity to the
active-site metal centers in all the other sugar-metabolizing enzymes discussed herein,
such as xylose isomerase, Pyrococcus phosphoglucose isomerase and phosphomannose
isomerase. Nevertheless, kinetic studies of AI and its mutants from different sources do
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(A)

(B) (C)

FIGURE 8. (A) Crystal structure of the trimeric half of hexameric L-arabinose isomerase (AI, PDB
ID 2HXG, Plate XV). (B) Putative metal-binding active site of AI. However, Nε and Nδ of His350
do not point toward the proposed metal and may not be a ligand (Plate XVI). (C) Crystal structure of
the Mn(II)-binding site of L-fucose isomerase with a bound substrate analogue fucitol replacing two
coordinated water molecules seen in the structure of AI (PDB ID 1FUI, Plate XVII). The coordinated
water in this structure is at the location of the Nε atom of His350 in AI. The largest red circles in
Plates XVI and XVII represent coordinated water molecules

not reveal an essential role of Mn(II) for catalysis292. Further mechanistic studies and
structural studies with bound substrate or intermediate analogues are needed to reveal the
controversy about the putative metal-binding active site in AI.

During the classic Embden–Meyerhof pathway of glycolysis, glucose is first phospho-
rylated by hexakinase to yield glucose-6-phosphate (102), which is then catalyzed by PGI
to form fructose-6-phosphate (104). Fructose-6-phosphate is further phosphorylated and
then cleaved by aldolase (discussed in the next section). PGI catalyzes the interconversion
of the two sugar phosphate isomers. Interestingly, the PGI gene was found to be homol-
ogous to cytokine neuroleukin293, the differentiation and maturation mediator of myeloid
leukemia cells294 and the autocrine motility factor295. The serum activity of human PGI
also serves as a tumor marker in cancers296. Purified PGI has been demonstrated to be
able to cause the same changes in tumor cell motility and leukemia cell differentiation.
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The mechanism for the action of PGI is suggested to involve an enol intermediate
(103). The structure of rabbit PGI has been determined with or without a bound substrate
or analogue297. PGI from rabbit is a homodimer with each subunit containing two α/β
sandwich domains of 557 amino acids. However, as opposed to xylose/glucose isomerase
discussed above, PGI is not a metalloenzyme. The mechanism of catalysis, based on
the crystal structure of the rabbit and mouse enzymes297,298, comprises ring opening of
the cyclic sugar substrate, isomerization of the linear form and ring closure to form the
cyclic sugar product. The ring opening is assisted by the general acid His388 (sequence
of the mouse enzyme) and the general base Lys518 to yield the linear form of the sugar
substrate (102), followed by a rotation of the C3–C4 bond and proton abstraction by
the general base Glu357 to afford an enol intermediate (103) which is stabilized by H-
bonding interaction with Arg272, protonation at C1 of the enol, wherein isomerization to
104 occurs, followed by C3–C4 bond-rotation and cyclization to the final product.
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Archaea metabolize sugars through a modified Embden–Meyerhof pathway299.
The PGIs from hyperthermophilic archaea Pyrococcus furiosus300 and Thermococcus
litoralis301 are quite different from their eukaryote counterpart discussed above. The
PGI from P. furiosus is a homodimer of two 21.5 kDa subunits (Figure 9A), shares no
sequence similarity with the eukaryotic and bacterial counterparts, and is a metalloenzyme.
The enzyme can be deactivated by EDTA and fully recovered with ZnCl2

302, wherein the
metal is bound to the protein via His and Glu residues (Figures 9B–9D)302,303. The cis-
enediol-mimicking 5-phospho-D-arabinonohydroxamate is a potent inhibitor, suggesting
that catalysis goes through a cis-enediol pathway. NMR experiments point to chemical
exchange between C1 and C2 protons of the substrate and solvent during the catalysis by
the enzyme, which also reflects the formation of a cis-enediol intermediate since direct
hydride transfer would not allow such exchange to occur.

In the crystal structure of the substrate/product complex of the P. furiosus enzyme,
one carboxylate oxygen of Glu97 is 3.16 and 2.66 Å from C1 and C2, respectively,
pointing directly toward the C2H proton (Figure 9B). Similar distances (2.86 and 2.94 Å,
respectively) are seen in the corresponding structure of the hydroxamate-bound enzyme
(Figure 9C), suggesting that Glu97 may act as the catalytic base in this enzyme. This side
chain has also been determined to occupy a similar position as the general base Glu357
in rabbit PGI with respect to the bound 5-phospho-D-arabinonohydroxamate inhibitor,
further suggesting the role of Glu97 as a general base in P. furiosus PGI and that the
enzyme follows a cis-enediol mechanism. A schematic presentation of the mechanism
is shown below, wherein the metal-bound enolate (106) is formed by abstraction of the
proton on the C1 (105) or C2 (107) position by Glu97 which is followed by ketose–aldose
isomerization of the sugar.

The ring structure is the predominant form of the substrates glucose and fructose in
solution. Ring opening of a sugar substrate prior to isomerization catalyzed by the other
PGIs discussed above is assisted by a His side chain. The structure of a bound substrate
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(A) (B)

(C) (D)

FIGURE 9. (A) Crystal structure of the phosphoglucose isomerase (PGI) dimer from Pyrococcus
furiosus (PDB ID 2GC2, Plate XVIII). (B) The Zn(II) active site of PGI and a bound phosphofrucose
(2GC2, Plate XIX). (C) PGI with a bound 5-phospho-D-arabinonohydroxamate inhibitor (2GC0, Plate
XX). (D) PGI with a bound substrate mimic mannose 6-phosphate (2GC3, Plate XXI)
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mimic, mannose-6-phosphate, has been determined (Figure 9D). The overall structure
of the enzyme remains the same and the configuration of the phosphate moiety of the
substrate mimic and its interactions with the enzyme are also preserved, as compared to
those of the complex of a linear substrate. However, the metal is bound to a water molecule
instead of the ring moiety of the mimic. There is no side chain in P. furiosus PGI which
seems to play the same role as the His in other PGIs for ring opening. Since the active
center of this enzyme can accommodate a sugar of a closed-ring structure, its mechanism
is speculated to first bind a sugar substrate with its regular ring structure and then catalyzes
the ring opening prior to isomerization. The bound mannose-6-phosphate in Figure 9D
may be a ‘pre-Michaelis–Menten’ ES complex, which may be followed by metal binding.
More studies are needed to demonstrate such a hypothesis of the ring-opening step in the
action of this enzyme.

Isomerization is an important metabolic pathway for other sugar molecules, such as
the conversion of ribose-5-phosphate to ribulose-5-phosphate and vice versa by ribose-5-
phosphate isomerase. The latter is involved in CO2 fixation upon further phosphorylation
to generate ribulose-1,5-bisphosphate (Section IV.C). An enediolate is proposed to be an
intermediate during this isomerization, which is stabilized by H-bonding to some side
chains rather than metal ions discussed above304. Similar sugar-metabolizing enzymes in
bacteria are potential drug targets, such as the enzyme GmhA that catalyzes the conver-
sion of D-sedoheptulose-7-phosphate into D-glycero-D-mannoheptose-7-phosphate in the
guanosine diphosphate (GDP)–heptose pathway for the synthesis of lipopolysaccharide
in the outer membrane of Gram-negative bacteria. The structure of this enzyme has been
determined, from which an enediol has been proposed to be an intermediate during the
isomerization305. Once again, Asp65 and His180 serve as general bases for the cataly-
sis, rather than metal ion(s) as Lewis acid(s). Nevertheless, the significance of the enol
intermediate in isomerization reactions of carbohydrates is clearly demonstrated.

2. Stabilization of enol intermediates in aldolases and epimerases

Fructose-6-phosphate formed from the isomerization discussed above is further phos-
phorylated during glycolysis to fructose-1,6-diphosphate (108), which is then cleaved
by fructose-1,6-bisphosphate aldolase to afford dihydroxyacetone phosphate (109) and
glyceraldehyde-3-phosphate (110). This cleavage reaction is the reverse of an aldol con-
densation discussed in Section II.C and during gluconeogenesis. In the latter case, fructose-
1,6-bisphosphate aldolase catalyzes the reverse reaction herein via aldol condensation of
the ketose 109 and the aldose 110 to form linear fructose-1,6-bisphosphate (108)280b.
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There are two types of aldolase, type I in animals, plants, protozoa and algae and type
II in most bacteria, fungi, yeast, blue-green algae and the parasitic protozoan Giardia
lamblia. In type I aldolase, the cleavage is enabled by converting the carbonyl group to
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the more reactive Schiff base by a Lys side chain in the active site, which is followed
by C3–C4 bond cleavage to form glyceraldehyde-3-phosphate and an enol intermediate
covalently linked to the enzyme through the Lys. The enol intermediate is then converted
back to a Schiff base upon receiving a proton from a His side chain and followed by
cleavage of the Schiff base to yield the product dihydroxyacetone phosphate.

Type II aldolases are metalloenzymes which use Zn(II) to polarize the carbonyl group
next to the scissile site306. The Zn(II) ion in the active site can be replaced by other transi-
tion metal ions, Mn(II), Fe(II), Co(II) and Ni(II), to exhibit activities to different extents,
attributed to different Vmax values and similar Km values306. Since Km = (k−1 + kcat)/k1,
wherein k−1/k1 is the dissociation constant of the ES complex, the correlation between
Km, kcat and the dissociation constant can be determined. For example, a larger kcat (i.e.
Vmax/[E]) yet similar Km value of a metal derivative relative to other derivatives indicates
that the dissociation constant k−1/k1 must be smaller correspondingly, reflecting better
binding of the substrate to this derivative. Thus, the different Vmax but similar Km values
from the different metal derivatives of aldolase indicate different dissociation constants
for the ES complex of the derivatives, pointing to the importance of the metal in substrate
binding and catalysis. Crystal structures of the enzyme from E. coli (Figure 10A) and the
complex of the enzyme with the transition-state inhibitor phosphoglycolohydroxamate
show a dimeric structure with the (α/β)8-barrel folding pattern for each subunit and the
active-site metal bound to the enzyme through three His side chains (Figure 10B)307,308.
The very specific interaction of the enolate-mimicking inhibitor with the enzyme suggests
that a metal-bound enolate is likely to be the intermediate in the catalytic pathway of the
enzyme. The identity of the metal as Zn(II) is verified with its X-ray absorption edge at
9674.2 eV and the essential role of the residue Asp-83 (Asp-109 in the E. coli enzyme309)
in the active site during catalysis has also been demonstrated with D83A mutant in the
enzyme from the human parasite Giardia lamblia308. Recently, an aldolase isolated from
Deinococcus was determined to be a Mn(II)-specific enzyme310. Based on crystal structure
studies, an aldol condensation mechanism mediated by type II aldolase was proposed308

wherein Glu182 acts as a general base (111) to form an enolate intermediate bound to the
active-site metal (112, 113), followed by condensation (113, 114).

L-Ribulose-5-phosphate 4-epimerase catalyzes epimerization at the C4 position of L-
ribulose-5-phosphate to form D-xylulose-5-phosphate, allowing bacteria to utilize arabi-
nose as an energy source in the pentose phosphate pathway311. The enzyme from E. coli
is comprised of four equal 25.5 kDa subunits and shows very close resemblance to the

(A) (B)

FIGURE 10. (A) Dimeric structure of E. coli type II aldolase (PDB ID 1B57, Plate XXII). (B) The
active site showing a bound transition-state inhibitor (phosphoglycolohydroxamate), Zn(II), the coor-
dinated ligands and the catalytically important Asp (Plate XXIII)
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structure of L-fuculose-1-phosphate aldolase discussed above312. Like the aldolase, each
subunit of the epimerase is comprised of a typical α/β fold (nine β sheets are located
between 5 and 3 α helices) with one bound transition metal ion through three His residues
(His95, His97 and His171). The activity of the enzyme can be modified by replacing the
metal ion in the following increasing order: Mn(II), Co(II), Ni(II), Ca(II), Zn(II) and
Mg(II)313.

One mechanism proposed earlier was the formation of metal-bound enolate intermediate
via deprotonation at C3 position. However, a recent study failed to detect a significant
deuterium primary kinetic isotope effect which excludes this pathway and suggested an
aldolase cleavage mechanism314, where deprotonation of the substrate (115) is followed by
bond cleavage (116), analogous to the reversed reaction in aldose mechanism (114 → 113)
discussed above. Cleavage is followed by reposition of the fragments (117) and aldol
condensation (118) to complete the epimerization.

Recently, the crystal structure of epimerases from Agrobacterium tumefaciens315 and
Pseudomonas cichorii 316 have been determined. These enzymes belong to the family
of D-tagatose 3-epimerase (D-TE), which can efficiently catalyze the epimerization of
D-tagatose to D-sorbose and D-fructose to D-psicose. The Agrobacterium enzyme is spe-
cific toward D-psicose, and was dubbed D-psicose 3-epimerase. However, distinct from
the epimerases toward phosphorylated sugars discussed above, D-TEs catalyze the steric
conversion of non-phosphorylate sugar substrates. These enzymes have an overall (α/β)8
folding pattern with similar active site configuration, but different tertiary structure (i.e. a
tetramer for the A. tumefaciens enzyme and a dimer for the P. cichorii enzyme). However,
the protein folding pattern and the active-site structure of D-TE are quite different from
those of the epimerases discussed above. The active-site Mn(II) in D-psicose 3-epimerase
is coordinated by Glu150, Asp183, His209, Glu244 and two water molecules (Figure 11)
while the metal active site in Pseudomonas D-TE is also conserved with coordinated
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FIGURE 11. Active site of Agrobacterium D-psicose-3-epimerase (PDB ID 2HK1, Plate XXIV)
with a D-fructose substrate bound to Mn(II) through the hydroxylate groups at C2 and C3

amino acid side chains of Glu152, Asp185, His211 and Glu246. The catalytic mecha-
nism of D-TE is suggested to follow a deprotonation and proton transfer pathway315,316,
different from the aldolase-like mechanism of the epimerases discussed above. Herein,
proton abstraction by a general base (119) takes place to form a metalloenolate interme-
diate (120), which is then attacked by a general acid from the opposite side (121). Upon
binding to metal, the apparent pKa of a ligand would drop significantly. The coordinated
Glu244 thus might be too acidic to accept a proton. The general acid in the second step
is the coordinated Glu150, which is also too acidic to accept a proton in the first step at
neutral pH. This increase in acidity of the coordinated ligands may be partially compen-
sated by a possible lowering of the pKa of the α-proton and hydroxyl proton on C3 upon
metal binding. The E150Q and E244Q mutants did not show activities315, corroborating
the roles of Glu150 and Glu244 in the acid–base reaction mechanism. However, whether



11. Biological aspects of metal enolates 631

MnO

O

O
O

O−
E150

Asp183

H

R

CH2OH
O−

E244

H

MnO

O

O
O

O

E150

Asp183

H

R

CH2OH
O

E244

H

MnO
O

O

O−
E150

Asp183

R

CH2OH
O−

E244

O
H

H

(119)

(120)

(121)

His209
His209

His209

or not metal binding was affected by such mutations was not reported. Further studies are
needed to reveal the mechanism of these enzymes of wide potential application.

3. Enolates in triosephosphate isomerase

After fructose-1,6-bisphosphate is cleaved by aldolase to afford dihydroxyacetone phos-
phate (122) and glyceraldehyde-3-phosphate (124), the former is further converted to the
latter by triosephosphate isomerase (TIM). The structure of this enzyme has the proto-
typical ‘TIM fold’ as an (α/β)8 barrel (Figure 12), with the active site in one side of the
barrel. This protein folding pattern is also found in the structures of hexose isomerases.

FIGURE 12. Prototypical (α/β)8 barrel of the ‘TIM fold’ of triose phosphate isomerase, containing
a transition-state analogue phosphoglycohydroxamate inhibitor (PDB ID 3YPI, Plate XXV)
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The detection of tight binding for the inhibitors phosphoglycohydroxamate and phospho-
glycolate suggest that the transition state is an enolate intermediate. In the mechanism
for TIM action317 a Glu side chain acts as a general base catalyst, abstracting a proton
from 122 to form an enol intermediate (123), which is stabilized by H-bonding with a His
side chain. Further proton transfer yields 124, which is subsequently oxidized by glycer-
aldehyde phosphate dehydrogenase and phosphorylated to afford 1,3-bisphosphoglycerate,
dephosphorylated to yield 3-phosphoglycerate and rearranged to 2-phosphoglyceric acid
(PGA) by phosphoglycerate mutase. All this is followed by the next unique conversion
into phosphoenolpyruvate (PEP) by enolase discussed below. No metal ion is involved
in the action of TIM and there is no metallo-counterpart of TIM to date to perform
metal-mediated isomerization of trioses.
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4. Role of metal ions in enolases and the enolase superfamily

Yeast enolase (2-phospho-D-glycerate hydrolyase)318 is a dimeric enzyme of two iden-
tical 46,700 Da subunits. Like the structure of other sugar-metabolizing enzymes, the
overall feature of enolase is also an (α/β)8-barrel structure along with an α4β3-domain
at the N-terminus319. The active site is located at the center of the barrel (Figure 13A).
The high affinity Mg(II)-binding active site is coordinated to Asp246, Glu295, Asp320
and three water molecules. Upon binding of the transition-state inhibitor phosphonoace-
tohydroxamate, two of the coordinated water molecules are displaced (Figure 13B)320.
Another Mg(II) is also found in this crystal structure to bind to the inhibitor via one car-
boxylate oxygen and one phosphate oxygen, 4.19 Å away from the high-affinity Mg(II).
This binding mode was further confirmed by the use of Mn(II) as a paramagnetic probe
and monitored with EPR spectroscopy on the electron-nuclear magnetic interaction upon
binding of 17O-labeled (17O, I = 5

2 ) phosphopyruvate321. The substrate analogue phospho-
glycolate is bound directly to the active-site metal in the yeast enzyme (Figure 13C)322,
different from the lobster enzyme (discussed below) which suggests different possible
pathways or different snapshots of the EI complexes.

The enzyme catalyzes the interconversion by dehydration and hydration reactions
between PGA and PEP in glycolysis and gluconeogenesis, respectively. In the conversion
of PGA to PEP, the reaction is initiated by abstraction of the α-proton of the carboxylate
group to generate a phosphoenediolate intermediate that is stabilized by the Mg(II) ions.
The activation profiles and deuterium kinetic isotope effects321 suggest an ordered mech-
anism, wherein the PGA substrate binds to the enzyme before the second metal ion does,
while the release of the PEP product occurs after the departure of the second metal ion.
A unique crystal structure of an asymmetric dimer of yeast enolase was resolved with
the PGA substrate bound in one subunit (Figure 13D) and the PEP product in the other
one (Figure 13E)323. A mechanism on the basis of the crystallographic studies consists
of removal of the acidic C2–H proton of the substrate by a general base (125) to form a
gem-enediolate that is stabilized by the metal(s) (126), followed by β-elimination of the
C2–OH hydroxyl group to yield the phosphoenol ester product PEP (127).
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(A) (B)

(C) (D)

(E) (F)

FIGURE 13. Yeast enolase and its active site. (A) One subunit of the enzyme viewed from the top
of the (α/β)8 barrel and the active site (PDB ID 2ONE, Plate XXVI). (B) The active site shows the
coordinated ligands, a bound phosphonoacetohydroxamate and the second metal on the right (1EBG,
Plate XXVII). (C) The active site with the bound substrate analogue phosphoglycolate (6ENL, Plate
XXVIII). (D) The enzyme has a bound PGA substrate in one subunit (2ONE, Plate XXIX) and
(E) the PEP product in another subunit (Plate XXX) to form a mechanistically asymmetric dimer.
(F) Active site of lobster enolase with a bound phosphoglycolate inhibitor and those side chains
involved in specific interactions (1PDZ, Plate XXXI), showing an EI structure slightly different
from that of the yeast enzyme bound with the same inhibitor in (C), wherein the inhibitor is bound
to the metal
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The enolase from lobster has been expressed and the crystal structures of the apoenzyme
and a ternary complex with Mn(II) and the inhibitor phosphoglycolate determined324.
The Mn(II) ion is bound to three carboxylate side chains and three water molecules as
found in the crystal structure of yeast enolase. As opposed to the yeast enzyme shown in
Figure 13C, the phosphoglycolate inhibitor does not bind to the metal, but is H-bonded
to a coordinated water, and is next to His157, possibly the base that abstracts the C2–H
proton, which is followed by removal of the C2–OH hydroxyl group by the metal to
form the PEP product (Figure 13F). This suggested mechanism is different from that
proposed on the basis of the crystal structure of the yeast enzyme, but consistent with
earlier biochemical and spectroscopic data.

There are many enzymes in the functionally diverse enolase superfamily325. The overall
structural features of these enzymes are similar to the enolase structures, with an α/β barrel
active domain and a smaller domain (left lower domain, Figure 13A) where the essential
Mg(II) bound to two Asp and one Glu side chains on the third, fourth and fifth β strands.
In some cases, however, the active domain is better described as an (α/β)7β barrel (e.g.
Figure 14A). The enzymes in this superfamily include O-succinylbenzoate synthase326,
epimerases327, racemases328, the muconate and carboxy lactonizing enzymes (cycloiso-
merases) in bioconversion of catechol and protocatechuate, respectively329, acid-sugar

(A) (B)

FIGURE 14. (A) Structure of O-succinylbenzoate synthase of the enolase superfamily with an
(α/β)7β barrel active-site domain as labeled and an α/β domain at the lower-right side (PDB ID
1FHV, Plate XXXII). (B) The product O-succinylbenzoate (blue ball-and-stick structure in Plate
XXXIII) is bound to the active-site Mg(II) via the carboxylate functionality. The structure with a
bound substrate 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate (1R6W, red ball-and-stick
structure in Plate XXXIII) is superimposed onto the structure 1FHV to reveal the difference in
binding. One of the coordinated water molecules is replaced by the bidentate carboxylate of the
substrate
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dehydratases found in both bacteria and eukaryotes with six- and five-carbon sugars as
substrates330. The closeness of these enzymes has also been demonstrated by the easy cre-
ation of a ‘new activity’ via simple mutation, such as the detection of O-succinylbenzoate
synthase activity on the D297G mutant of L-Ala-D/L-Glu epimerase331. Members of this
superfamily catalyze reactions of diverse carbon-acid substrates by removal of the α-
proton of the substrates, first by a general base of a Lys side chain to form Mg(II)-stabilized
enediolate intermediates, followed by various reactions to complete the catalytic pathways
for different substrates. The crystal structures of the substrate- and product-bound com-
plexes of O-succinylbenzoate synthase have been resolved to show a binding difference
of the carboxylate functionality of the substrate and the product (Figure 14B)326,332. A
metal-bound bidentate gem-diolate is proposed to be the transition state on the basis of
these structures.

5. Metal–enolate interaction in pyruvate kinase

Dephosphorylation of PEP and transfer of the phosphate to ADP catalyzed by pyru-
vate kinase is the last step in glycolysis. The structures of this enzyme from various
species, bacteria and eukaryotes, are very similar. The catalytic domain of pyruvate kinase
(Figure 15) has an overall structural feature of the TIM-fold (α/β)8 barrel similar to the
structures of triosephosphate isomerase and enolase (Figure 12), with the active site inside
the barrel333. However, there is an extra all-β-strand subdomain in the structure of pyru-
vate kinase between the β3 strand and the α3 helix. The active center is located within the
barrel comprised of a metal ion coordinated to Glu271 and Asp295 in the rabbit enzyme
(Glu315 and Asp339 in the human enzyme, Figure 15B). According to the crystal structure
of the enzyme with the bound substrate analogue 2-phosphoglycolic acid (Figure 15C)334,
the catalytic activity depends on a monovalent cation interacting with the phosphate group
of the substrate. Interaction of a divalent metal ion Mn(II) or Mg(II) and an arginine side
chain can further polarize the phosphate group of the substrate to assist the phospho-
ryl transfer process by the enzyme. The structural similarity suggests that enolase and
pyruvate kinase may have evolved from a common ancestral multifunctional enzyme335.

Pyruvate kinase-catalyzed removal of phosphate from PEP (128) yields the unsta-
ble intermediate enol form of pyruvate (129), presumably stabilized by metal binding
(Figure 15B)336. The intermediate 129 undergoes fast acid-catalyzed conversion to the
keto form of pyruvate (130) (kH+ = 1.7 × 102 M−1 s−1) and can be further enhanced by
a general acid or base such as acetic acid (kHOAC = 0.13 M−1 s−1) and acetate (kOAc− =
0.65 M−1 s−1)337. One ATP molecule is generated for each pyruvate produced. Pyruvate
undergoes oxidative decarboxylation to yield acetyl-CoA and enter the citric acid cycle.

B. Rubisco

Ribulose-1,5-diphosphate carboxylase/oxygenase (Rubisco) is the key enzyme for
biofixation of CO2 in the Calvin cycle taking place in the chloroplasts338. Rubisco
catalyzes two competing reactions, carboxylation and oxygenation. During carboxylation
(which has a relatively small kcat), CO2 is added to C2 of the pentose substrate, followed
by cleavage of the C2–C3 bond to yield two molecules of 3-phosphoglycerate, passing
through a metal-stabilized enolate intermediate. In the presence of O2, the competing
photorespiration takes place, wherein O2 instead of CO2 attacks the C2 position to finally
yield one molecule each of 3-phosphoglycerate and 2-phosphoglycolate.

Over two dozen crystal structures of Rubisco have been resolved. For most cases, the
enzyme is assembled into a large complex with 4 large subunits (L; 475 residues) and 4
small subunits (S; 123 residues) assembled as a dimer (L4S4)2 of ca 550 kDa (Figure 16).



636 Li-June Ming

(A)
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FIGURE 15. (A) Structure of rabbit muscle pyruvate kinase (PDB ID 1PKN) showing three subdo-
mains: the all-β-strain domain (upper right in the structure, lavender in Plate XXXIV), the catalytic
domain (center, cyan in Plate XXXIV) and the α/β domain (lower-left back, brown in Plate XXXIV).
(B) The active site of the rabbit enzyme with a bound Mn(II) and the product pyruvate coordinated
to the metal (Plate XXXV). (C) The active site of the human enzyme with a bound Mn(II) and
the substrate analogue 2-phosphoglycolic acid coordinated to the metal and the essential K+ and
H-bonded to Arg116 (2VGB, Plate XXXVI)
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FIGURE 16. (A) Crystal structure of the Ca2+-substituted and inhibitor-bound ‘closed state’ of
spinach Rubisco showing the 16 subunits (L4S4)2 of the tertiary structure (PDB ID 1UPM, in Plate
XXXVII, L subunits in green/front and cyan/back and S subunits in purple/front and orange/back).
(B) The catalytic subunit showing the prototypical enolase folding pattern of an (α/β)8-barrel domain
and an α/β domain (Plate XXXVIII). (C) Active site of Rubisco with a bound substrate (1RXO)
occupying two of the coordination sites of Mg2+, in addition to the specific interactions with Lys175,
Arg295 and His298 (thin-line structures, Plate XXXIX). (D) Active site of Rubisco with a bound tran-
sition-state analogue 2-carboxyarabinitol-1,5-bisphosphate (1IR2), wherein all the three coordinated
water molecules are replaced by the inhibitor (Plate XL)

Variations of the tertiary structure are also observed in different organisms such as algae,
dinoflagellates and archaea338a,339. The active-site subunit of Rubisco has a prototypical
enolase fold with an (α/β)8-barrel subdomain and an α/β subdomain (Figure 16B). The
active site of the enzyme is comprised of a Mg(II) ion anchored to the protein backbone via
Asp203, Glu204 and the very unique carbamated Lys201 (−NH−COO−) in an octahedral
coordination sphere with three coordinated sites occupied by water molecules which can
be replaced upon substrate binding (Figure 16C). The post-translational modification of
Lys201 by a CO2 molecule to afford the carbamate is essential for the activation of the
enzyme. Herein, CO2 serves dual roles in the action of Rubisco, for the modification
of Lys201 to activate the enzyme and as ribulose carboxylation reagent. Other enzymes
also undergo carboxylation at Nζ of a Lys side chain that is involved in metal binding
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and catalysis340, for example, urease341 and phosphotriesterase342. Occupation by Mg(II),
Mn(II), Fe(II), Co(II), Ni(II), Cu(II) or Ca(II) in the active site yields the carbamated
Lys201343; however, Ca(II) fails to catalyze carboxylation344.

The reaction mechanism for the carboxylation and cleavage of the substrate ribulose-
1,5-bisphosphate has been extensively investigated (Figure 17)345. Upon substrate binding,
the ‘open structure’ of the active site of Rubisco becomes partially closed; during binding
of a transition-state inhibitor the active site adopts a ‘closed state’, which may reflect
the configuration of the transition state of the enzyme during catalysis346. Upon binding
to the active-site Mg(II), the substrate replaces two of the coordinated water molecules
(Figure 17a). Herein, the substrate-bound crystal structure of the enzyme reveals that the
C3 carbon retains its tetrahedral sp3 character and the substrate is bound to the metal
via the C3–O moiety, i.e. the substrate is bound in its 2-keto form rather than the 2,3-
enediolate347. Deprotonation of C3–H with the aid of the Lewis acidic Mg(II) and the
general base carbamated Lys201 affords an enolate (step i leading to b) accessible to attack
by CO2. The formation of an enolate intermediate was originally proposed by Calvin348,
which was later demonstrated by means of hydrogen isotope exchange experiments349. A
water molecule is displaced in step ii from b by CO2 to yield c, followed by step iii, a
base-promoted attack on the proximal enolate C=C double bond leading to complex d,
derived from a keto acid, which undergoes bond cleavage at C2–C3 (step iv) to yield
a 3-phospho-D-glycerate (3-PG) product and an enediolate product intermediate complex
e, which in step v undergoes protonation of the latter to yield 3-PG (f), to complete the
catalytic cycle. The formation of a 2-carboxyl intermediate has been verified by means of
crystallography with the transition-state analogue 2-carboxy-D-arabinitol-1,5-bisphosphate
(Figure 16D)350. The structure of the product-bound Rubisco has also been resolved to
further support the proposed mechanism351.

In the oxygenation reaction, O2 attacks at the C2 position of the enolate intermediate
and forms an ‘eneperoxide’ (=C−OOM) intermediate analogous to the metalloenolate

MgAla203

O

O

OH2

O
C3

C2

R1

H

O−

HN

Lys201

Glu204

MgAla203

O

O

OH2

O
C3

C2

R1

R2

OH
HN

Lys201

MgAla203

O

OO

O
C3

C2

R1

R2

OH
HN

Lys201

C
O

CO2

−OH

MgAla203

O

O
O

O
C3

C2

R1OH
HN

Lys201

CO

OH

R2
MgAla203

O

O

O C2

R1OH
HN

Lys201

C O−
MgAla203

O

OH2
O

O C2

R1O
HN

Lys201

C
O

H

S

P

O C3

R2

OH

+ + +
a b c

def

i ii

iii

ivv

+++

H+

H

Glu204

R2

Glu204

Glu204

H2O

Glu204
Glu204

FIGURE 17. Mechanism for the Rubisco-catalyzed carboxylation and cleavage of ribulose 1,5-
diphosphate
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center in the carboxylation process shown in Figure 17, which undergoes hydration and
release of water to yield one molecule each of 3-PG and 2-phosphoglycolate instead
of two 3-PG molecules as in the case of carboxylation pathway. In addition to the
carboxylation/oxygenation pathway, the enzymes of the Rubisco superfamily exhibit a
wide mechanistic diversity352, including the catalysis of the enolization of 2,3-diketo-5-
methylthiopentanyl 1-phosphate to afford phosphoacireductone in the methionine salvage
pathway (Section IV.F)353, wherein 5′-methylthioadenosine is converted to methionine. In
this case the enol intermediate is also expected to be stabilized by the active-site Mg(II)
ion.

C. Ascorbic Acid Biosynthesis and Biological Roles

Ascorbic acid (1) is a prototypical enolic compound with a variety of metal complexes
and plays a key role in biological redox reactions. Despite its significance and popularity,
the synthetic pathway of AA in higher plants has only very recently been revealed354,
showing that the plant pathway is different from that in mammals. The ultimate precursor
for ascorbic acid is glucose. In animals, glucose is eventually converted into L-gulono-
1,4-lactone (131a), followed by oxidation by gulonolactone oxidase to yield the keto
tautomeric form of ascorbic acid 3-keto-gulonolactone (40). Humans cannot synthesize
ascorbic acid for the lack of this enzyme. In plants355, glucose is converted to fructose,
mannose and then to galactose, which is oxidized to L-galactono-1,4-lactone (131b) and
then oxidized by galactonolactone oxidase to yield ascorbic acid. Upon further oxida-
tion, dehydroascorbic acid is formed and is commonly referred to as the ‘tricarbonyl
form (132); however, it is not supposed to be stable and has been suggested to adopt a
hemiacetal form (132′)356 under physiological conditions. Accordingly, the biosynthesis
of AA requires sugar-metabolizing enzymes, including phosphoketose and phosphoaldose
isomerases (Section IV.A) such as phosphomannose isomerase (PMI).
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PMI from the fungus Candida albicans is a metalloenzyme of 48.7 kDa, which cat-
alyzes the interconversion of phosphofructose and phosphomannose. The structure of
this enzyme is different from that of rabbit PGI (with an α/β-fold and not a metal-
loenzyme) and those of the few metallo-(phospho-)ketose/aldose isomerases discussed in
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(A) (B)

FIGURE 18. (A) Crystal structure of phosphomannose isomerase from Candida albicans (1PMI,
48.7 kDa), comprised of a central catalytic domain (Plate XLI, cyan), a β-roll domain (pink) and a
helices domain (brown). (B) The trigonal bipyramidal Zn(II) active site of the enzyme, showing the
coordinated water molecule and ligands (Plate XLII)

Section IV.A, such as xylose isomerase (Figure 7) and PGI from Pyrococcus (Figure 9).
The structure of Candida PMI is comprised of three domains (Figure 18A), two cupin-
fold domains (‘cupa’ as a small barrel with an extensive β-roll structure)357, of which
one is the catalytic domain and the other an extra β-roll domain, and a helix domain of
8 helices. The catalytic domain contains a Zn(II) ion bound to the protein via Gln111,
His113, Glu138 and His285 and a coordinated water molecule to afford a trigonal bipyra-
midal coordination sphere (Figure 18B). The PMI from Bacillus subtilis has a similar
overall structure (PDB ID 1qwr), but with a much shorter helix domain of only one helix;
the Zn(II) is bound to the protein via His98, Glu116 and His173 and a coordinate water
molecule to afford a trigonal bipyramidal coordination sphere, while the Gln111 of Can-
dida PMI is replaced by unbound Lys96. This comparison suggests that Gln111 and Lys96
may not play the role of metal binding, but may serve as a general acid or base. Reac-
tion mechanisms with hydride transfer or enediolate intermediate have been proposed.
However, the former one has been rejected based on the kinetic isotope effect. Thus,
the catalytic mechanism might involve metal binding of the substrate and stabilization of
the presumably enediolate intermediate as in other sugar-metabolizing metalloenzymes.
A recent theoretical study also suggests such a binding pattern and mechanism358.

AA (1) serves as a reducing agent in many biological processes. When an electron-
transfer chain can be established, direct interaction of the enol moieties of AA with the
redox-active metal center may not be necessary. In the case of ascorbate peroxidase, the
crystal structure of the ascorbate-bound complex reveals that the ascorbate molecule is
H-bonded to the 6-propionate group of the heme which presumably mediates electron
transfer from the bound ascorbate to the Fe-heme center in the enzyme (Figure 19)359.
The bound ascorbate is also H-bonded to Lys30 and Arg172. The former one undergoes
a significant conformational change upon ascorbate binding.

Ascorbate oxidase is a tetramer; each subunit has 552 amino acids and contains 4
copper ions, the type-I ‘blue copper’ center and the adjacent ‘trinuclear center’ (arranged
as a type-II center and a type-III dinuclear center) separated by β-sheets (Figure 20)360.
Ascorbate is oxidized to dehydroascorbate by dioxygen; however, it is not bound directly
to the metal center to be oxidized, but is proposed to bind near the type-I Cu site which
may facilitate electron transfer to oxygen, presumably in the tri-Cu cluster site. Since
humans cannot synthesize ascorbic acid, conservation of this important compound is
highly regulated. For example, the oxidized ascorbate can be transported into red blood
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FIGURE 19. Active site of ascorbate peroxidase (1OAF) with the heme anchored to the protein
via His163, containing a bound ascorbic acid substrate (pink molecule in Plate XLIII). Ascorbate is
H-bonded to the 6-propionate group of the heme and to Lys30 and Arg172 (orange)

FIGURE 20. Active center of ascorbate oxidase (PDB ID 1ASP, Plate XLIV) showing the blue
copper type-I site on the upper-right and the trinuclear center with a bound hydrogen peroxide that
mimics dioxygen binding. An electron is expected to be transferred from the bound substrate to the
type-I site, then to the trinuclear site and finally to the bound dioxygen which is eventually reduced
to water by two molecules of ascorbate

cells via a glucose transport protein which is expressed in humans to a larger extent than
in mammals that can synthesize AA361. Therefore, humans need only about 1 mg ascorbic
acid per kg of body mass per day whereas goats synthesize 200-fold that amount to fulfill
their need.

AA serves as an important cofactor for enzymes. Lack of AA in food causes scurvy in
humans due to inefficient collagen synthesis, caused by the inactivation of the Fe(II)-
activating prolyl hydroxylase and lysyl hydroxylase which catalyze the formation of
hydroxyproline and hydroxylysine as essential components for collagens. Prolyl hydroxy-
lases can also hydroxylate conserved prolyl residues in the alpha subunit of the hypoxia-
inducible transcription factor, which signals for proteasomal degradation of the transcrip-
tion factor362. The proper action of these hydrolases requires dioxygen, thus they can act
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as oxygen-sensors for transcriptional regulation of cellular response to chronic hypoxia.
AA is also a cofactor of the Fe-containing ACC oxidase363 for the production of the plant
hormone ethylene (with concomitant production of HCN and H2O) from ACC and the
Fe-containing anthocyanidin synthase364 during the biosynthesis of the flower-coloring
agents anthocyanidins from hydroflavonols (see Section IV.E).

D. Amine Oxidases

Amine oxidases (AOs) are a group of ubiquitous enzymes which catalyze the oxida-
tive deamination of amines, including amino acids and some neurotransmitters, to the
corresponding aldehydes with reduction of O2 to H2O2 as illustrated in equation 11 for a
primary amine365. The ammonia therein is generated as the nitrogen source in microor-
ganisms when amines are the sole nitrogen source. An important case in mammalians is
the oxidation of lysine side chains in tropocollagen, catalyzed by lysyl oxidase, a lysine-
specific AO, to yield an aldehyde, followed by cross-linking via aldol condensation and
dehydration to form an α,β-unsaturated aldehyde linkage.

RCH2NH3
+ + O2 + H2O −−−→ RCHO + NH4

+ + H2O2 (11)

The copper-containing AOs catalyze deamination of primary amines by a mono-Cu(II)
center (EPR signals at g⊥ = 2.06, g|| = 2.30 and A|| = 152 G, coordinated by three
His residues, Figure 21) in the active site in association with a post-transcriptionally
modified tyrosine side chain (Figures 21 and 22A), the p-quinone derived from 2,4,5-
trihydroxyphenylalanine (topaquinone or TPQ, Figure 22A, f), an α-ketoenolate moiety
showing an absorption at 472 nm (ε = 2400 M−1 cm−1)366. The formation of TPQ is
self-sustainable by the copper in the active site in the form of Cu(II) or Cu(I) and
dioxygen from the air (Figure 22A)367. The crystal structures of AO from the various
species Escherichia coli 368, Pisum sativum369, Arthrobacter globiformis370 and Hansenula
polymorpha371 and lysyl oxidase from Pichia pastoris372 have been resolved to provide
molecular features of the intrinsic cofactor TPQ, wherein the Cu is shown to bind to the
protein through three His side chains and is 2.37 Å from the enolate moiety of TPQ. This
conformation results in a non-productive enzyme as the active hydroxyquinone moiety is
blocked. The mechanism of TPQ formation in Figure 22A involves binding of the Tyr side
chain to the active-center Cu(II) (a); electron transfer from the bound phenolate to Cu(II)
to afford a phenol cation free radical and Cu(I) (step i leading to b); in step ii dioxygen

FIGURE 21. Active site structure of amine oxidase (PDB ID 1RKY, Plate XLV), showing the
coordinated ligands and the catalytically essential TPQ
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binds to Cu(I) to afford a Cu(II) superoxide center (c) coordinated to the phenoxy free
radical, which on step iii rearranges to o-quinone d; hydroxylation of d by Michael addi-
tion (step iv) yields intermediate e, which is further oxidized (step v) to generate TPQ (f)
and H2O2. Formation of TPQ has been investigated by means of spectroscopic and crys-
tallographic methods and chemical modeling373. Optical and crystallographic studies of
the mutant D298K (Asp298 is near the TPQ site) reveal the formation of Lys298-modified
TPQ374, further suggesting the self-formation mechanism of the cofactor in AO initiated
by the active-site copper.

The mechanism shown in Figure 22B has been proposed for the catalytic action of
AOs376. Once TPQ is generated by the Cu center, the enzyme becomes active when
it adopts a conformation with the 3-keto moiety pointing away from the Cu center
(a, Figure 22B). A Schiff base salt (b) is formed between a primary ammonium salt
substrate and the TPQ enolate anion; after proton transfer to neutralize the enolate moiety
(c) followed by hydrolysis, an aldehyde, the aminocatechol d and a Cu(II) center are
formed, in equilibrium with aminoquinone and Cu(I). Dioxygen binds to the Cu(I) center
to form Cu(II)-superoxide along with the aminoquinone e; Hž transfer from e to the super-
oxide yield Cu(II) hydroperoxide and TPQ monoimine (f), which transfers a proton to
the hydroperoxide to release H2O2 and form the Cu(II) enolate monoimine g; hydrolysis
of g yields an ammonium salt and regenerates the TPQ–Cu(II) enolate complex of the
active enzyme. In an alternative mechanism, dioxygen binds elsewhere and is reduced
directly by reduced TPQ and then binds to the Cu(II) center (e). The superoxide is fur-
ther reduced by reduced TPQ (f) to yield peroxide and subsequently released; meanwhile
an iminoenolate intermediate is formed (f → g), which is finally hydrolyzed to release
ammonia and regenerate the active enzyme.

E. Quercetin 2,5-Dioxygenase

The flavonoids are a most diverse group of natural products with a three-ring molecular
framework (2), many of which exhibit biological activities, for example, as antioxidants
and free radical scavengers, thus being beneficial for oxidative stress-related disorders
(Section III.B.1.b). Phenylalanine and malonyl coenzyme A are the two primary precur-
sors for the biosynthesis of flavonoids via the common intermediate metabolites 2′,4′,4-
trihydroxychalcone and 2′,4′,6′,4-tetrahydroxychalcone375. The latter is the precursor for
the flower-coloring anthocyanins and proanthocyanidins as well as the enolic flavonols
quercetin (3a), kaempferol (3b) and myricetin (3c). In the case of the flavonols, the α-
keto enol moiety is a potential metal-binding site (Section III.B.1.b). The oxidation of
leucoanthocyanidins to form anthocyanidins is the penultimate step in the anthocyanin
biosynthetic pathway which is catalyzed by Fe-containing anthocyanidin synthase376. The
metabolisms of these aromatic natural products require dioxygenases to open the stable
aromatic ring structures and insert oxygen atom(s). In this section, oxidation of enol-
containing flavonoid substrates by quercetin 2,5-dioxygenase and analogous enzymes and
the interaction of the enol moiety of the substrates and inhibitors with the metal center in
the enzymes are discussed.

Quercetin 2,3-dioxygenase (QD) is the only mononuclear Cu-containing dioxygenase to
date which catalyzes the cleavage of ring-C and incorporation of dioxygen into a flavonol
substrate such as quercetin (3a), to yield 2-protocatechuoyl phloroglucinol carboxylic
acid (133, Figure 23) with concomitant production of CO. The mechanism in Figure 23
goes through an electron transfer from the bound substrate to the active-site Cu(II) via
the ketoenolate functionality (a) to generate a free radical at C2 and a Cu(I) center (b),
which then can bind oxygen in two ways. Attack on the substrate by coupling of the
spin-doublet substrate and spin-triplet dioxygen (step i) forms an endoperoxide at C2
and C4 (c) followed by oxidative cleavage and removal of CO to yield 133. Attack of
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dioxygen on Cu(I) (step ii)377 – 379 yields a Cu(II) superoxide intermediate, like in the
case of Cu(II)-mediated phenol oxidation380, followed by coupling with the substrate free
radical (d), which undergoes rearrangement to form a lactone (e), similar to the mechanism
for extradiol catechol oxidase, or undergoes nucleophilic attack at the C4 carbonyl as in
step i381 and finally bond cleavage takes place with CO elimination to yield 133.

Several QDs from different sources have been isolated and characterized, including
those from a few Aspergillus species382. QD from Penicillium olsonii has been isolated
and sequence determined to be like those from Aspergillus383. A QD from Bacillus subtilis
as the YxaG gene product has recently been characterized as an iron-containing enzyme384.
This enzyme can be activated by various metals (Fe, Cu, Co and Mn), with the highest
activity found for the Mn derivative which can be formed stoichiometrically by growing
the bacteria in Mn(II)-containing media385. The turnover number of this Mn-QD (25 s−1)
is nearly 40-fold higher than the corresponding Fe-QD and is similar to the Aspergillus
enzyme. In an earlier study, the introduction of various metal ions into Bacillus apo QD,
however, has shown that the Co(II) and Cu(II) derivatives exhibit the highest activities,
whereas the Fe(II) reconstituted enzyme shows a much lower activity386. Further research
is needed to clarify the nature of metal binding and activation.

3-Hydroxyflavone and its derivatives form α-ketoenolate (L) complexes with metals
(M) of ML, ML2 and ML3 stoichiometry (Section III.B.1.b). Since QD from various
sources can be activated by different metal ions, the catalysis of QD has been mim-
icked with mononuclear Mn(II) and Fe(III) complexes of flavonols, Mn(II)(L)2(py)2 and
Fe(III)(L)3

387. Upon exposure of these complexes to dioxygen at 95 ◦C, CO production
and the formation of the O-benzoylsalicylic acid methylester can be detected with GC-
MS, analogous to the products found with QD catalysis. Using ca 60% 18O2 in the thermal



646 Li-June Ming

reaction yields a product where ca 60% of the molecules have both carboxylates labeled
and the rest is completely unlabeled, while CO is completely unlabeled. These model
reactions afford the same products as the QDs and are therefore assumed to proceed via
an endoperoxide intermediate.

The crystal structures of QD from Aspergillus japonicus and its substrate- and inhibitor-
bound forms have been determined378,388. This enzyme is a dimeric protein, wherein each
subunit of 350 amino acids has a bicupin folding pattern (Figure 24A)357, reminiscent of
the structure of PMI in ascorbic acid biosynthesis (Section IV.C). The N-terminal cupin
domain is the active domain which is comprised of a type-II copper center, whereas the
C-terminal cupin domain does not bind a metal ion. The copper in the active site is
coordinated to His66, His68, His112 and a water molecule with a distorted tetrahedral
geometry (Figure 24B) in the major conformer in the crystals, while the metal is also
coordinated with Glu73 to acquire a distorted trigonal bipyramidal coordination geometry
in the minor conformer. Glu73 is shown as a general base H-bonded to the coordinated
water in the major conformer. There are also two EPR-active species in the enzyme at
pH 6.0, a major species with g|| = 2.330 and A|| = 13.7 mT and minor species with
g|| = 2.290 and A|| = 12.5 mT; but only one species is observed at pH 10.0, which
suggests a pH-dependent conformational change at the active-site metal center389. Such
pH-dependent change was also observed in other metalloenzymes, such as the Cu(II)
derivative of isopenicillin N synthase390, wherein only one species at pH 6.0 but two
species at pH 7.1 are shown in the EPR spectrum.

Under anaerobic conditions, a substrate can bind to the active-site Cu(II) without being
converted to the product. The crystal structure of QD with bound quercetin (3a) or
kaempferol (3b) has been determined under anaerobic conditions (Figure 24C)391. The
substrate binds to the metal as a monodentate enolate ligand. The binding of a substrate
to the enzyme under anaerobic conditions was also investigated with EXAFS, wherein
a monodentate binding mode of the substrate was also suggested379. Conversely, the
inhibitor KA (10a) has been determined by crystallography to bind to the enzyme as a
bidentate α-ketoenolate ligand (Figure 24D). The binding of quercetin to QD under anaer-
obic conditions results in a single-species EPR spectrum with g|| = 2.336 and A|| = 11.4
mT389. The spectrum undergoes further change after substrate turnover, possibly due to a
carboxylate-bound product.

The crystal structure of the Fe-containing QD from B. subtilis (PDB ID 1Y3T)386 is
very similar to that of A. japonicus, in spite of having only 19% sequence identity and
39% similarity. As opposed to the Aspergillus enzyme, both cupin domains in the Bacillus
enzyme contain a metal binding site, coordinated to His62, His64, Glu69 and His103 in
one domain and His234, His236, Glu241 and His275 in the other domain. Herein, the
Glu is bound to the metal and also H-bonded to the coordinated water. Whether both
metal-binding sites function as the active sites and, if so, how these two active sites
act cooperatively during catalysis remains to be explored. Similar two-domain structures
with two active centers are also observed in the Fe-transport protein transferrin392 and
the bicupin enzyme oxalate decarboxylase393. The crystal structures of human (PDB ID
1J1L) and E. coli (YhhW gene; 1TQ5) pirin have also been resolved to have a structure
similar to that of QD394,395. On the basis of structures and sequence homology, pirin
has been assigned to be in the cupin superfamily. Pirin is identified to be a nuclear
protein widely expressed in dot-like subnuclear structures in human tissues, proposed
to be a transcription cofactor and may be involved in apoptosis, seed germination and
seedling development394,396. Pirins are found in a wide variety of organisms, ranging
from mammals, plants, fungi and even prokaryotes, and are highly conserved. The human
protein contains iron bound to three His and one Glu side chains, while the E. coli protein
was determined with a Cd ion in the metal-binding site to have only three His side-chain
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FIGURE 24. (A) Crystal structure of a subunit of the dimeric Cu-containing quercetin 2,5-dioxyge-
nase from Aspergillus japonicus (PDB ID 1JUH, Plate XLVI), (B) its active site (Plate XLVII) and
(C) its complex with the substrate kaempferol under anaerobic conditions (1H1M, Plate XLVIII).
The substrate quercetin is bound in a similar fashion as kaempferol (1H1I). Glu73 is not bound to the
metal, but H-bonded to the coordinated water (red sphere in Plate XLVII) in the resting enzyme (B),
with a coordinated ligand upon substrate binding. (D) Kojic acid binding of this enzyme (1GQH,
Plate XLIX). (E) The active site of anthocyanidin synthase (1GP5, cyan in Plate L) with a coordi-
nated cofactor α-ketoglutamate (KG) H-bonded to Arg298 and two bound substrate molecules (Dq).
One substrate is oxidized in the active site after 30-minute exposure to oxygen (1GP6, pink and
red in Plate L). Herein the proximal substrate is oxidized to quercetin (Qc) and α-ketoglutamate is
decarboxylated into succinate (Suc) and bound to the metal



648 Li-June Ming

ligands, despite the presence of a conserved Glu, possibly due to the different metal ion.
Both enzymes exhibit QD activity394.

Conversion of gentisic acid (134) to the enolic maleylpyruvic acid (135) is part of the
flavonone metabolic pathway, catalyzed by the Fe-containing gentisate 1,2-dioxygenase397.
The E. coli enzyme has an overall bicupin structure (2D40)398, like the structures of human
homogentisate 1,2-dioxygenase (1EY2)399 and QD. The metal is bound to the protein
framework through His104, His106 and His145 and three coordinated water molecules,
but not a Glu side chain. An EPR study with 17O-labeled substrates revealed significant
signal broadening upon binding of substrates labeled with 17O-carboxylate or 2-17OH,
but not with 5-17OH, indicating direct binding of the former groups with the metal400.
Docking of the substrate into the active site of the E. coli and the human enzymes also
suggests such a binding mode for the substrate398.
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Another important enzyme in flavonoid biosynthesis is the Fe-containing anthocyanidin
synthase376. The crystal structure of this enzyme was solved with two molecules of the
substrate analogue trans-2,3-dihydroquercetin bound in the active site next to Phe304 via
hydrophobic interaction (Dq; Figure 24E)401, but not coordinated to the metal ion. In one
of the substrates the C4=O moiety points to Fe at a distance of 4.14 Å and the proton on
the oxidizable C3 carbon is situated 6.18 Å from the metal. Upon exposure to oxygen,
the C2–C3 bond of the proximal substrate is oxidized to C2=C3–OH to yield quercetin
while α-ketoglutamate is decarboxylated to form succinate and bound to the metal through
one carboxylate (KG and Suc; Figure 24E). Despite the metal-binding capability of the
α-ketoenolate moiety, the quercetin product is not coordinated to the metal but is situated
at the same position as the original substrate (Qc; Figure 24E). The catalysis is proposed
to go through an active Fe(IV)=O center, followed by abstraction of the C3H proton,
hydroxylation and dehydration to yield the product401.

F. Acireductone Dioxygenase

Since cellular proliferation requires elevated levels of polyamines, the polyamine
biosynthetic pathway has thus become a therapeutic target for proliferative diseases
such as cancers402. During the synthesis of polyamines, the propylamine moiety
from S-adenosyl-3-methylthiopropanamine (Figure 25b), formed by decarboxylation
of S-adenosylmethionine (Figure 25a), is transferred to putrescine, H2N(CH2)4NH2,
to form spermidine, H2N(CH2)4NH(CH2)3NH2 or to spermidine to yield spermine,
H2N(CH2)3HN(CH2)4NH(CH2)3NH2, with concomitant production of 5′-methyl-
thioadenosine (Figure 25c). S-adenosylmethionine is also the precursor of ACC in plants
for the synthesis of the universal plant hormone ethylene (Section IV.C)363. Thus, a
buildup of c may have a feedback effect on polyamine and ethylene biosynthesis.
It is removed through the ‘methionine salvage’ pathway wherein c is converted to
methylthioribose, undergoes phosphorylation, isomerization to the corresponding 5′-
methylthioribulose-1-phosphate (Section IV.A.1), dehydration, enolation (Sections IV.A.4
and IV.B) and dephosphorylation to the dienol intermediate acireductone (Figure 25d),
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which is followed by methionine (g) regeneration (path i) via oxidative cleavage to 2-
keto-4-methylthiobutyrate (f) and transamination352.

The alternative oxidative cleavage of acireductone (Figure 25, path ii) produces 3-
methylthiopropanoate (e) along with formate and CO403, and cannot maintain regular
polyamine and ethylene synthesis due to methionine depletion. Interestingly, both oxida-
tive paths are catalyzed by the same enzyme, acireductone dioxygenase; however, the
pathway i is catalyzed by the enzyme when Fe(II) is in the active site while the pathway
ii is catalyzed by the enzyme when Ni(II) or Co(II) is in the active site. This enzyme was
thus referred to as ‘one protein, two enzymes’404. Since different metal ions have different
structural and chemical properties, changing of the active-site metal ion or ions in met-
alloenzymes can be expected to alter the catalytic properties of the enzymes which may
potentially broaden the applications of metalloenzymes405. Two recent examples are the
replacement of the native Zn(II) ion in carbonic anhydrase with the redox-active Mn(II)
ion to afford peroxidase activity406 and the substitution of the redox-active Cu(II) for the
Zn(II) in dinuclear aminopeptidase to exhibit catechol oxidase activity407.

A mechanism for acireductone (a in Figure 26) oxidation catalyzed by acireductone
dioxygenase was proposed408 wherein dioxygen attacks at position 1 (h) closes to 1,2-
endoperoxide d and yields 2-keto-3-methylthiopropanoate (g), or alternatively, closes to
1,3-endoperoxide i yielding 3-methylthiopropanoate (j); however, the role of different
metal ions in the process was not discussed. Later kinetic studies403 revealed that the
enzymes do not bind dioxygen in the absence of the substrate. Conversely, the substrate
can bind to the enzyme without dioxygen, most likely as a dianion, based on the UV-vis
spectrum of the ES complex. Free radical generation during catalysis was also excluded
from the studies therein by the use of a cyclopropyl substrate analogue. Whether or
not the substrate is bound to the metal was not certain in the studies. However, it has
been demonstrated that metal binding and deprotonation of a ligand can cause the same
change in spectral properties as shown by the orange-to-purple change for anthracyclines
and their metal binding409. Moreover, because metal ions can stabilize the enolate form
during catalysis, as with the metalloenzymes discussed in the preceding sections, inclu-
sion of a metal ion can be proposed with slight modification of the previously proposed
mechanism403,410. In path i for the Fe(II) enzyme, binding of the substrate to the metal
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FIGURE 26. Mechanism of acireductone oxidation catalyzed by acireductone dioxygenase, with the
atoms from O2 in boldface

precedes dioxygen binding to afford a transient Fe(III)–O–Ož moiety (b), followed by
attack at C1 (c), then at C2 to afford the 1,2-endoperoxide d, which then decomposes
to yield g and methanoate. Alternatively, a Baeyer–Villiger rearrangement of c, as in
the case of catechol dioxygenase381, affords intermediate e, which undergoes nucleophilic
attack by a metal-bound oxide to f, followed by reduction–hydrolysis steps to yield the
final products. In path ii for the Ni(II) or Co(II) enzymes, the active-site metal may be
restricted to a divalent oxidation state. Nevertheless, binding of the substrate to the metal
center may polarize the enol moiety and render dioxygen attack possible (h), which is
followed by a further nucleophilic attack to afford the 1,3-endoperoxide i (as the ‘metallo
counterpart’ suggested above403), from which CO is generated as a byproduct, as in the
mechanism for oxygenation and cleavage of quercetin by QD (Section IV.E).

Despite the fact that the metal can facilitate oxidative cleavage via polarization of
the enolate group, the substrate is known to undergo autooxidation and cleavage in
the absence of the enzyme, reflecting a non-metal-mediated reaction pathway. A recent
DFT calculation of the autooxidation of acireductone indicates possible involvement of a
free radical411. Path iii was proposed for the non-metal-mediated catalysis by the Fe(II)
enzyme, with intermediate h yielding the 1,2-endoperoxide d and the products of path
i410. Presumably, the C1–C2 bond cleavage could also be achieved through an exodiol
catalytic mechanism of dioxygenase by means of the binding of the 2,3-ketoenolate func-
tionality. The intrinsic roles of the different metal ions in the proposed pathways i and ii
and the substrate-binding coordination chemistry are inconclusive at this stage, and await
future exploration of structures of the enzymes with bound substrate or transition-state
analogues.

The Ni(II) and Fe(II) forms of the enzyme are separable on an anion exchange or a
hydrophobic column404. The crystal structure of the Ni(II) form from house mouse (PDB
ID 1VR3)412 and the solution structures of both the Ni(II) (1ZRR)410,413 and the Fe(II)
(2HJI)414 forms of the enzyme from Klebsiella pneumoniae have been resolved to be
comprised of a cupin-fold β-barrel (Figure 27A). The active-site metal (Figure 27B) has
a distorted octahedral coordination sphere and is bound to the protein framework via three
His and one Glu side chains, leaving two sites for water binding which presumably can
be replaced by substrate during catalysis. Future structural studies about substrate binding
modes in the ES complexes and the transition state are expected to provide further insight
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(A) (B)

FIGURE 27. (A) Crystal structure (1VR3) of house mouse acireductone dioxygenase showing a
cupin fold (Plate LI). (B) The active site showing a bound Ni(II) and two coordinated water molecules
(red sphere, Plate LII)

into the mechanisms for the two different pathways by the two different metal forms of
the enzyme.

A Ni(II) complex of tetradentate ligand 136 serves as a chemical model for the Ni form
of acireductone dioxygenase415. It can bind the substrate-analogous β-diketonate 137 to
form a ternary complex with a distorted octahedral coordination sphere (Figure 28)415a.
The crystal structure of this complex confirms the formation of a delocalized β-diketonate
structure since the two Ni–O distances are the same. In this case, the β-diketonate ligand
would bind to the metal as a monoanion, as opposed to the dianionic form of the substrate
upon binding to the enzyme403. CO is produced upon addition of O2 to the complex in
MeCN solution at room temperature. The final product of the reaction is the parent
complex with two coordinated benzoate anions. Further analysis of the products revealed
the presence of benzil (diphenylethanedione) which was suggested to be produced by a
path different from that of benzoate and CO415b. When 18O2 is used in the experiment, one
18O atom is incorporated into the benzoate product which indicates a dioxygenase activity.
If the β-ketoenolate binding mode of the substrate is indeed the reactive species, the
reaction at the step from h to i in the reaction mechanisms of the enzyme would undergo a
rearrangement of the coordination from 1,2-enediolate to β-diketonate. It was noted in this

O
HO

ON

NN

N

(136) (137)

−
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FIGURE 28. Structure of a chemical model complex of the Ni(II) variant of acireductone dioxyge-
nase: Tetradentate N ,N -bis(6-phenyl-2-pyridylmethyl)-N -(2-pyridylmethyl)amine (136) coordinated
to a Ni(II) chelate of monoanionic 2-hydroxy-1,3-diphenylpropan-1,3-dionate (137, on the right side)
acting as substrate analogue. In the distorted tetragonal bipyramidal complex, the tertiary amine, the
pyridine and the chelate (Ni–O bond lengths of 1.95 and 1.99 Å) are in the equatorial positions
while the two phenylpyridine moieties occupy the axial positions (Ni–N bond lengths of 2.27 and
2.32 Å)

modeling study that the dianionic form of the complex offered a ‘cleaner reaction with O2’
with a higher yield of labeled benzoate product, which was also proposed as an alternative
pathway avoiding generation of products such as benzil. These observations indicate the
binding mode, i.e. a monoanionic β-ketoenolate versus a dianionic 1,2-dienolate binding,
of the substrate may be of significance for the catalysis. Moreover, chemical modeling
of the corresponding catalysis by the Fe form of the enzyme is needed to provide further
mechanistic insight into the action of the enzyme in the methionine salvage pathway.

G. β-Diketone-cleaving Enzymes

The β-diketone and β-ketocarboxyl functional groups are commonly seen in natu-
ral products, such as the tetracycline antibiotics (8), the beer ingredient humulone (12)
and the food spice curcumin (20), in intermediate metabolites, such as those obtained
after cleavage of gentisate and other polyphenols as well as the oxidation product of
polyvinylalcohol416, and the products of Claisen condensation (equations 2 and 4); all
these compounds containing the β-diketo moiety coexist with their β-ketoenol tautomer.
Due to the acidic nature of the α-proton(s) and the polarity of the C=O bond, the β-
diketone moiety can be attacked by a general base and/or nucleophile and the intermediate
stabilized by one or more metal ions and/or via H-bonding during hydrolytic or oxidative
cleavage of the β-diketone moiety by several enzymes417.

1. Hydrolytic cleavage

The C–C bond is commonly considered inert toward hydrolysis relative to the more
hydrolytically accessible ester (C–O), thioester (C–S) and phosphoester (P–O) bonds,
and thus its hydrolysis has been considerably less studied. However, due to the acidity
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of the α-protons of a β-diketone or β-ketoester, the O=C–CHnC=O, n = 1, 2, bond
is prone to hydrolysis by several enzymes, by a retro-Claisen reaction (e.g. reversal of
equations 3 and 4), either by a hydroxide or another nucleophile, to produce a carboxylate
anion and a ketone418. Despite the lack of broad investigation, these unique hydrolytic
enzymes are ubiquitous.

The enzymes of the crotonase (enoyl-CoA hydratase) superfamily419 catalyze the
hydrolyses of β-ketocarboxy-CoA substrates at the Cα–Cβ bond by a retro-Claisen
pathway via nucleophilic attack at the keto group, bond cleavage to form an enolate
and proton transfer to form the products with −COO− and −C*H2CO-CoA moieties. An
inversion takes place at C*, verified using D2O as the nucleophile to produce −C*HDCO-
CoA420. These enzymes are not metalloenzymes, wherein the stabilization of the enolate
intermediates is through H-bonding with well-oriented peptide NH protons. Recently, a
new member of this superfamily from Rhodococcus was found to catalyze the conver-
sion of the bicyclic diketone 6-oxocamphor to R-campholinic acid421. An enzyme from
Anabaena catalyzes the convertion of 1-methylbicyclo[2.2.2]octane-2,6-dione (138) to
(S)-(4-methyl-3-oxocyclohexyl)acetic acid (141)422. Both enzymes act on substrates that
lack the acyl-CoA thioester moiety, but contain a β-diketone moiety and, according to the
crystal structures, the enolate intermediates are stabilized by H-bonding with a His side
chain rather than peptidyl NH groups. In the case of the Anabaena enzyme, the nucle-
ophilic water shown besides 138 is H-bonded to the dyad His144–Asp141, which greatly
enhances the nucleophilicity of water, analogous to nucleophilic Ser in the Ser–His–Asp
catalytic triad of serine proteases. Nucleophilic attack by water yields 139, which is fol-
lowed by bond cleavage and formation of enolate 140, stabilized by the His121 side chain.
The interactions and stabilization described herein are also seen in β-diketone metallohy-
drolases, wherein the metal ions serves as the Lewis acids, analogous to the protons in
the non-metalloenzymes.
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The cleavage of β-diketo acid is commonly seen in polyphenol metabolism and degra-
dation such as orcinol (5-methylbenzene-1,3-diol) catabolism in Pseudomonas putida.
Acetylpyruvate hydrolase (ca 38 kDa) is the terminal enzyme of orcinol catabolism,
catalyzing the conversion of acetylpyruvate into acetate and pyruvate (equation 12)423.
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However, the analogous maleylpyruvate, fumarylpyruvate, acetoacetate, oxalacetate and
acetylacetonate are not hydrolyzed by this enzyme. Mg(II), Mn(II), Co(II), Ca(II) or Zn(II)
enhance the enzyme activity, while Cu(II) is inhibitory. Three forms of acetylpyruvate
can be differentiated in aqueous solution by the 1H NMR signal of the methyl group,
namely diketone (2.21 ppm), enol (2.13 ppm) and hydrate (2.11 ppm) and also for the
similar 4-t-butyl-2,4- diketobutanoate, with much clearer methyl signals for quantitative
determination424. The enol signal undergoes the fastest decrease upon introduction of the
enzyme, pointing to the enol as the ‘true substrate’. A reaction mechanism was proposed
to involve binding of Mg(II) to deprotonated α-enolcarboxylate to form the ES complex
(142). The keto group is attacked by nucleophilic water to form a tetrahedral transition
state (143), followed by cleaving to yield the final products. This mechanism is analogous
to the hydrolytic pathways of various esters.
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Fumarylacetoacetate hydrolase (Figure 29A) hydrolyzes catalyzes the last step of the
tyrosine catabolism to produce fumarate and acetoacetate (equation 13). Mutations in this
enzyme result in the hereditary type-1 tyrosinemia with severe clinical abnormalities in the
liver, kidney and nervous system425. The mechanism for the hydrolysis of β-diketones has
been better revealed from the crystal structures of the Mn(II)-dependent fumarylacetoac-
etate hydrolase with a bound transition-state (144) analogue 145′ and with the two products
bound in the active site before being released426 (Figure 29). Compounds 145 and 145′
are transition-state analogues with inhibition constants Ki = 12 and 41 nM, respectively,
indicating the double bond may be important for recognition and binding of the substrates
and inhibitors. The deprotonated phosphinic acid functionality in 145 and 145′ mimics
the deprotonated gem-diol functionality of 144 after nucleophilic attack at the scissile car-
bonyl group. The significance of the fumaryl moiety in substrate specificity was suggested
from the inhibition by the transition-state analogue 4-(hydroxy-methylphosphinoyl)-3-oxo-
butanoic acid with a much higher Ki value of 85 µM426a. According to the crystal structure
of the transition-state EI complex, the substrate is expected to bind to the Mn(II) center
via the ketoacetate functionality and H-bonded to Arg142. As opposed to the metallohy-
drolases, wherein the nucleophilic water is activated by the metal center, the nucleophilic
water in this enzyme is activated by the dyad of His133–Glu364 analogous to the catalytic
triad Ser–His–Asp in serine hydrolases. Herein, the acidity of the substrate is expected
to be enhanced by the metal center, making the products better leaving groups. The tran-
sition state is further stabilized by interacting with the side chains of Arg237, Gln240 and
Lys253 (Figure 29B). After the cleavage of the β-diketone functionality, the acetoacetate
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product is still bound to the metal while the nucleophilic water seems to be regenerated
and is H-bonded with His133 and Glu199 as well as the carboxylate of fumarate product
(Figure 29C).

B:....

−O
O−

O

OO O

OH
H

−O

O

O

O− O−

OO
+

−O
O−

O

OO− OHO

−O P
O−

O

OO− OO

−O P
O−

O

OO− OO

(144) (145)

(145′)

(13)

2. Oxidative cleavage

m-Dihydroxybenzenes can be oxidized and cleaved to yield β-diketones or β,δ-
triketones. Catabolism of these products can be carried out by β-diketone hydrolases
(preceding section) or undergo further oxidative cleavage. The substrates for hydrolytic
cleavage by metallo-β-diketone hydrolases require a pyruvate moiety for binding to the
active-site metal; however, the β-diketone can be hydrolyzed by a non-metal hydrolase.
Cell extracts of a strain of Acinetobacter johnsonii, grown with acacH as the sole carbon
source, could convert acacH to acetate, lactate and pyruvate, with the latter two possibly
derived from methylglyoxal427. Involvement of a β-diketohydrolase was excluded since
acacH would be hydrolyzed to produce acetone, which, however, was not the case. The
isolated enzyme contains Fe and Zn and has molecular mass 16.6 kDa on SDS-PAGE,
but 64 kDa by native gel electrophoresis, suggesting a homotetrameric metalloprotein.
Various diketones were used as substrates but acacH was the most specific substrate.
Dioxygen is required in the cleavage of acacH and is incorporated into the products in
1:1 stoichiometry, whereas no H2O2 is produced428. Thus, the enzyme is an acetylace-
tone dioxygenase. Replacement of a Me group of acacH by a larger one, such as Ph
in benzoylacetone and t-Bu in pivaloylacetone, affords activities as low as ca 5% that
of acacH; however, 2-acetylcyclohexanone and the linear caproylacetone show significant
activity (56% and 30%, respectively). Acetylpyruvic acid and o-hydroxyacetophenone are
unaffected by this enzyme. The cleavage products of acacH are acetate and methylglyoxal



656 Li-June Ming

(A)

(B) (C)

FIGURE 29. (A) Crystal structure of fumarylacetoacetate hydrolase showing the Mn(II) ion bound
to the protein (PDB ID 2HZY, Plate LIII). (B) Active site showing the ligands (from upper left and
clockwise) Glu199, Glu201, Asp126 and Asp233, and catalytically important residues (pink, Plate
LIV) and a bound transition-state mimic 145′ (stick-and-ball). (C) Active site with bound fumarate
and acetoacetonate products (1QCO) before release (Plate LV)

in its monohydrate and dehydrate forms (1H NMR) and the latter are further oxidized to
pyruvate (equation 14)427,428. Use of labeled 18O2 results in 97% incorporation of 18O
into acetate and 70% into methylglyoxal429. The less-than-stoichiometric incorporation
in the latter case can be attributed to the exchange of the oxygen in methylglyoxal with
water via its mono- and dehydrated forms.
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Cleavage of asymmetric β-diketones occurs at the bond adjacent to the more electron-
deficient carbonyl carbon. For example, equation 15 shows that replacement of the methyl
group in 1-phenyl-1,3-butanedione by a trifluoromethyl group results in a reversal of
cleavage of the bond next to the benzoyl moiety from 83% (path i) to 8% (path ii). A
mechanism for this cleavage was proposed430 whereby the substrate is attacked by metal-
bound dioxygen (probably a superoxide) at the acidic Cα carbon of the substrate to form a
peroxo-β-diketonate intermediate (equation 15), followed by intramolecular nucleophilic
attack by the peroxo anion at the more electronegative carbonyl to generate a dioxetane
intermediate, which then undergoes rearrangement and elimination to yield the products.
Herein, reaction coordinate analysis of the catalysis suggests that the peroxo intermediate
is formed via concerted dioxygen reduction and C–O bond formation, aided by the metal
center. A recent chemical model study on oxidative cleavage of phenylpyruvate by a
few Fe(II) complexes suggests direct dioxygen attack at the enol double bond without
interacting with the metal431.
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The gene that encodes the A. johnsonii acetylacetone dioxygenase has been cloned and
the enzyme expressed and characterized to be the same as isolated before428. The enzyme
is deactivated by metal chelators and can gain partial activity by introducing Fe(II) to
the apo enzyme, while Fe(III), Mn(II), Co(II), Ni(II), Cu(II) and Zn(II) cannot regenerate
the activity. Sequence alignment and secondary structure prediction did not result in
any analogous metallodioxygenase. Nevertheless, it is not unexpected that proteins in
the same superfamily have very different sequences owing to divergent evolution. An
unpublished crystal structure of this enzyme was deposited in the Protein Databank (PDB
ID 3BAL). Previous biochemical investigations suggested that this enzyme functions as
a tetramer427,428, which is confirmed by the stable tetrameric structure of the enzyme
wherein the C-terminus of each subunit interacts with two other subunits of which one
forms a stable β-sheet interaction (Figure 30A). The folding pattern classifies this enzyme
to be in the cupin superfamily, analogous to the folding of acireductone dioxygenase and
quercetin dioxygenase discussed above. The active site of this enzyme (Figure 30B) also
bears the consensus His-x-His-x4-Glu sequence (x and x4 are non-conserved amino acids)
which provides the metal-binding ligands in the other metallo-cupin enzymes. However,
a site-specific mutagenesis study of this enzyme reveals the change of Glu69 to a Gln
does not significantly affect substrate binding, reduction of dioxygen and C–C bond
cleavage432. The crystal structure of the wild-type enzyme shows the side chain of Glu69
is on the other side of the β-sheet, pointing away from the active-site metal as opposed
to the coordinated Glu found in the other metallo-cupin enzymes. This may explain the
small influence caused by Glu69 → Gln mutation. Which residue plays the role of this
consensus Glu69 as in the other enzymes deserves further investigation.
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(A) (B)

FIGURE 30. (A) Structure of acetylacetone dioxygenase (PDB ID 3BAL), showing the C-terminal
interactions among the subunits (Plate LVI). (B) The active site of the enzyme (Plate LVII). Whether
or not there is any coordinated water was not revealed in the structure. The β strand from another
subunit is shown as the first strand (purple) in the extended β sheet

H. TetA and Tetracycline Resistance

The broad-spectrum TC antibiotics (e.g. 8) have gained limited usage in recent years due
to side effects and bacterial resistance433. Nevertheless, recent studies of the mechanism for
bacterial resistance of TCs have provided new insight into rational design of analogues and
new directions for finding new analogues of this antibiotic family. The antibiotic activity of
TCs is attributed to their binding to the ribosomes which inhibits protein synthesis434,435.
TCs have been reported to bind different forms of RNA, including ribosome, bulk RNA,
rRNA and ribozymes436. The low-affinity (Kd = 1–20 mM) TC binding to ribosomes at
the 30S subunit can induce a conformational change that prevents tRNA from binding
to the ribosome and results in interference of protein synthesis437. The binding of TCs
with 16S rRNA has been identified with photo-modification, activity assay, mutation and
crystallography436,438,439, which further confirms the significance of such binding in the
action of this antibiotic family. Two TC molecules can be bound to the RNA439a, of
which one involves a Mg(II) ion binding the drug at the 11,12-ketoenolate site. UV-vis
spectroscopic studies show that the Cu(II) complexes of TCs can interact with DNA by
intercalation and electrostatic interactions440.

TCs are well documented to bind metal ions441, such as VO(II), Cr(III), Mn(II), Fe(II),
Fe(III), Co(II), Ni(II), Cu(II), Zn(II) and Al(III) (Section III.B.2.a)442 – 446. TCs are present
mainly as Ca(II) complexes, and Mg(II) complexes to a lesser extent, in the plasma when
they are not bound to proteins such as serum albumin. Thus, the bioavailability of TCs
is supposed to be highly dependent upon the physical and biochemical properties of their
metal complexes. The slight variation in metal binding of different TCs has been corre-
lated to their pharmacodynamic behavior217b. The 11,12-β-ketoenol functionality of TCs
has been considered the primary metal binding site447, which has also been determined
to be the Mg(II) binding site in their RNA complexes discussed in the preceding para-
graph and in the repressor TetR-Mg(II)-TC ternary complex discussed in the next one. A
recent study indicated that TC forms 2:1 TC:metal complexes with 3d transition metal
ions in non-aqueous solutions, in which the metal is bound at the 2-carboxamido-3-enol
chelating site216. Moreover, formation of metal–TC complexes with different stoichiome-
tries, including 2:1, 1:1 and 1:2 TC:metal ratios, has been suggested in previous studies.
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Xanthate-modified cellulose binds metal–TC tetracycline complexes and is evaluated to
be an effective controlled release system for TCs complexes, owing to the metal-binding
properties of these antibiotics448.

The predominant TC-resistance mechanism in Gram-negative bacteria is active efflux
of the Mg(II) complex of the drug by the antiporter membrane protein TetA coupled with
proton uptake449. The expression of TetA is controlled by the repressor protein TetR.
Binding of TetR to the tet-operator prevents transcription of both tetR and tetA genes. A
conformational change of the TetR repressor occurs upon binding of metallo-TC450, which
results in the release of the repressor from the operator and initiation of TetA expression.
The crystal structures of the repressor TetR and the ternary complex TetR-Mg(II)-TC
(Figure 31A) have been resolved, confirming the induction of the conformational change
of the repressor upon binding of the Mg(II)–TC complex451 – 453. The tet-operator (146)
is composed of 15 base pairs, with a peculiar kind of 2-fold symmetry with respect to
the central T-A base pair (boxed sequences in 146). Upon Mg(II)-TC binding, significant
conformational changes of TetR are observed, including the DNA binding site451. Signif-
icant changes are also observed at helix-9, suggesting that the opening at the C-terminus
of helix-9 serves as the entrance for the drug as this opening is significantly narrowed
after TC binding451,452.

(146)

Mg(II) in the ternary TetR-Mg(II)-TC complex has an octahedral geometry; it is bonded
to the drug at the 11,12-β-ketoenolate functionality, as suggested in early metal-binding
studies, and to TetR via the imidazolyl side group of His100 (Figure 31B). Three water
molecules occupy the rest of the coordination sphere, of which two form H-bonds with
Thr103 and Glu147. The transition metal Ni(II) was also determined to occupy the same

(A) (B)

FIGURE 31. (A) TetR as a dimeric protein with ten α-helical structures (PDB ID 1BJY), of which
the first three helical bundles from the N-terminus of each subunit serve as the DNA binding site
(bottom part in the structure, Plate LVIII). (B) Metal binding via 11,12-ketoenolate of TC and other
specific interactions of tetracycline in TetR (Plate LIX)
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metal-binding site and retain the same coordination chemistry as Mg(II) in the TetR-
Ni(II)-TC complex454. Fe(II) can also form a ternary complex with TC and TetR in place
of Mg(II)450,455. An in vitro induction assay shows that Fe(II)-TC is a stronger inducer of
the Tet repressor than Mg(II)-TC by more than 1,000 times, suggesting that Fe(II) may
play a role in TC resistance in vivo455a. Understanding the specificity of TC binding to
TetR and the determination of the role of metal ions in the structure of the TC-M(II)-
TetR ternary complex is expected to lead to rational design of TC analogues that exhibit
broad-spectrum antibiotic activities yet are devoid of bacterial resistance, such as the
third-generation TCs of the glycylcycline family456.

I. Enols in Enzyme Inhibition

Owing to their H-bonding and metal-binding capabilities, the enol/enolate functionality
is found in a number of potent inhibitors toward enzymes. For example, the pyranone-
containing tipranavir (147, Aptivus by Boehringer–Ingelheim) is a unique member of the
inhibitors toward HIV protease since it does not contain a symmetric structure (as opposed
to the homodimeric structure of the protease) nor is it a peptide analogue (thus would not
be easily digested as those peptide inhibitors). Nevertheless, it is a very potent inhibitor
(Ki = 19 pM) with its enolic 4-hydroxyl group capable of H-bonding with the active-
site carboxylates in the protease (Figure 32). The hydroxyquinones atromentin (15b)
and leucomelone (15c) have been found to be specific inhibitors during bacterial fatty
acid synthesis in Streptococcus pneumoniae, but not in Escherichia coli or Staphylococ-
cus aureus35. The enolic thiofuranone derivatives 35 (e.g. R1 = n-propyl and R2 = n-
decyl) and 36 are also inhibitors of fatty acid synthase and have served as drug leads
against Plasmodium falciparum (malaria) and Trypanosoma (sleeping sickness)55,56. Sev-
eral tetronic acid derivatives exhibit significant inhibition toward bacterial peptidoglycan
synthesis (Kd = 0.19 µM for the derivative R1 = 2-naphthalene and (R2, R3) = vinyl-1-
naphthalene in equation 8 analogous to 39)63.
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In the case of metalloenzymes, the enolate functional group in inhibitors can bind
directly to the active-site metal center to afford stable enzyme–inhibitor complexes.
The 2-substituted derivatives of the unique amino acid mimosine (9) are found to be
inhibitors toward the Fe(II)-containing metalloenzymes lipoxygenase and ribonucleotide
reductase457, wherein the derivatives with a large group are found to be weaker inhibitors
toward 5-lipoxygenase, suggesting that this family of compounds inhibits the enzyme
by the size and shape of the molecules in addition to their hydrophobicity. The hydrox-
yquinone derivative maesanin (73c) and some of its derivatives are inhibitors of lipoxy-
genase, presumably due to the hydrophobic long chain present in these compounds458.

Mimosine (9) is an agonist in folate metabolism459 and suggested to be an inhibitor
toward the iron-containing ribonucleotide reductase121, the activity of the transcription of
the cytoplasmic serine hydroxymethyltransferase gene (shmt1 )123 and the copper enzymes
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FIGURE 32. Crystal structure of dimeric HIV protease with the bound inhibitor tipranavir (Q7K)
viewed from the direction perpendicular to the pseudo-twofold axis, wherein the enolic 4-hydroxyl
functionality is H-bonded to the active-site aspartate side chains (Plate LX)

tyrosinase157,460 and dopamine β-hydroxylase461. The binding of mimosine to oxyty-
rosinase replaces the bound peroxide as shown by the disappearance of the intense
O2

2−-to-Cu(II) charge-transfer transition at 345 nm (ε = 170,000 M−1 cm−1) and its bind-
ing to mettyrosinase is demonstrated by the appearance of a charge-transfer transition at
420 nm (ε = 800 M−1 cm−1)462. The mimosine-like kojic acid (10a) was also found to be
an inhibitor for the dicopper enzyme tyrosinase463 and the monocopper enzyme quercetin
2,3-dioxygenase (the structure of its EI complex is shown in Figure 24D)378.

The cyclic α-ketoenol tropolone (77) and some of its derivatives are inhibitors toward
several metalloenzymes. A few monoaryl- and bisaryldihydroxytropolones are found to
be potent inhibitors toward inositol monophosphatase with IC50 values in the low µM
range464. The crystal structure of this enzyme reveals three metal ions, Mg(II) or Ca(II),
in the active site involved in substrate binding and hydrolysis465. A modeling study shows
that the tropolone derivative puberulonic acid (81) binds to all the three metal ions in the
active site of this enzyme via the keto-enolate oxygens at 1, 2 and 3 positions as chelating
or bridging ligands466. Herein, 3-hydroxytropolone, with oxygen groups on three contigu-
ous positions of the cycle, binds two of the metal ions separated by 3.73 Å. Similarly,
2,7-dihydroxytropone is found to be also an inhibitor with IC50 = 75 µM, while tropolone
which lacks the three binding oxygens abreast is not inhibitory. The carboxylate in 81
herein plays little role in the inhibition. Conversely, the 6-membered pyrogallol (1,2,3-
trihydroxybenzene), which has the three contiguous oxygens superimposable to those of 3-
and 7-hydroxyltropolone, does not inhibit the enzyme. Tropolone and derivatives are also
effective inhibitors toward alkaline phosphatase which contains three Zn(II) ions in the
active site466, dopamine β-monooxygenase with two Cu(II) ions in the active site467, the
dinuclear Cu tyrosinase468 and polyphenol oxidase469, the mononuclear Mg(II)-containing
catechol-O-methyltransferase470 and the dinuclear Mg(II) ribonuclease H471.

We end this section on enzyme inhibition with a case study about 4-hydroxyphenyl-
pyruvate dioxygenase (HPPD) and disorders in tyrosine catabolism. After transamination
of tyrosine, 4-hydroxyphenylpyruvate (148) is formed which is then decarboxylated,
isomerized and oxygenated by HPPD472 to yield homogentisate (149) or by hydroxyman-
delate synthase (HMS) to yield p-hydroxymandelate (150). 149 serves as the precursor for
plastoquinones and tocopherols in plants473. Thus, inhibitors of HPPD have been designed
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and utilized as herbicides which result in loss of chlorophyll in treated plants. In mammals,
homogentisate may undergo oxidative ring-opening by homogentisate 1,2-dioxygenase
to afford maleylacetoacetate, then to fumarylacetoacetate which can be further cleaved
by fumarylacetoacetase to yield acetoacetate and fumarate (Section IV.G.1). Imbalance
at different stages of tyrosine catabolism may result in various diseases, including three
types of tyrosinemia, hawkinisinuria and alkaptonuria, among which type II tyrosinemia is
attributed to deficiency in tyrosine aminotransferase, type III tyrosinemia and hawkinisin-
uria are attributed to imperfection in HPPD, alkaptonuria is due to defect in homogentisate
1,2-dioxygenase and type I tyrosinemia (the most severe tyrosine catabolic defect) stems
from fumarylacetoacetase dysfunction.

The crystal structures of HPPD from several different organisms have been determined,
including those from Pseudomonas fluorescens (PDB ID 1CJX)474, Arabidopsis thaliana
(1SP9 and 1SQD)475,476, Zea mays (maize; 1SP8)475, Streptomyces avermitilis (1T47)477

and rat (1SQI)476. HPPD from A. thaliana is dimeric with 377 amino acids in each
subunit. Each subunit is comprised of two topologically similar domains of β-barrel-like
structure nearly perpendicular to each other (Figure 33). The C-terminal domain contains
an Fe(II) in the active center bound to the protein via one Glu and two His side chains in
a distorted octahedral geometry, leaving three open coordination sites occupied by water
molecules. In the structure of the Pseudomonas enzyme, the open sites are occupied by
a bidentate acetate to afford a 5-coordinate geometry.

Owing to the importance of HPPD for biosynthesis in plants, this enzyme has been
a target for herbicides472,478. The triketone herbicide NTBC (151a), which is present
together with its tautomeric forms 152–154), mesotrione (151b), sulcotrione (151c) and
several natural and synthetic triones (155–158) have been utilized as herbicides for their
capability to inhibit HPPD. The structures of the EI complexes were also resolved for the
enzyme from Streptomyces with a bound molecule of the trione herbicide NTBC (151a,
Figure 33B)477 and for the one from Arabidopsis with a bound molecule of the exper-
imental herbicide DAS645 (155, Figure 33C) or DAS869 (156, Figure 33D)476. Herein,
the inhibitors are all bound via their β-ketoenolate functionality.

HPPD can be inhibited by natural-occurring β-ketoenolate- or trione-containing allelo-
pathic compounds479, such as leptospermone (157a, IC50 = 3.14 µg/mL), isoleptosper-
mone (157b) and grandiflorone (157c, IC50 = 0.22 µg/mL), but not flavesone (157d),
in the manuka oil from Leptospermum scoparium480 as well as (−)-usnic acid (158,
IC50 = 50 nM) from lichen, which also shows a bleaching effect on plant cotyledonary
tissues481. Hydrophobicity and size thus seem to be important for inhibition, as shown
by molecular modeling on the active site of the enzyme. Moreover, several α-ketoenol
natural products exhibit potent inhibition toward HPPD479, such as the benzoquinones
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(A) (B)

(C) (D)

FIGURE 33. 4-Hydroxylphenylpyruvate dioxygenase (HPPD), Fe(II) ions are shown as a solid
sphere. (A) One of the subunits (PDB ID 1T47) of the dimeric enzyme of Streptomyces (Plate
LXI). (B) Active site of the Streptomyces enzyme (1T47) with a bound molecule of triketone her-
bicide NTBC (151a, Plate LXII). (C) Active site of the Arabidopsis enzyme (1TG5) with a bound
molecule of dione herbicide DAS645 (155, Plate LXIII). (D) Active site of the rat enzyme (1SQI)
with the bound dione herbicide DAS869 (156, Plate LXIV)
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sorgoleone (73a), ethoxysorgoleone (73b), maesanin (73′), dihydromaesonin and mae-
sanol, IC50 = 0.4, 3, 0.3, 2 and 1.5 µM, respectively, which presumably can be attributed
to their metal-binding capability (Section III.B.1.f). However, despite the presence of
the metal-binding α-ketoenolate functionality, lapachol (95), 2-hydroxy-p-naphthoquinone
and 2,5-dihydroxy-p-naphthoquinone do not exhibit significant inhibition toward HDDP
(IC50 > 100 µM).
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Tyrosinemia is caused by defects in various enzymes during tyrosine catabolism dis-
cussed above. Inhibition of HPPD thus can be expected to alleviate the symptoms of
tyrosinemia and alkaptonuria and prevent tissue damage caused by the fatal type I tyrosine-
mia, and presumably can also improve hawkinisinuria472. The HPPD inhibitor NTBC
(151a) has been successfully utilized as a therapeutic agent for this purpose482. The
β-ketoenolate functionality in NTBC, which is analogous to the α-ketocarboxyl group
that presumably binds to the active-site metal in HPPD, has been determined to chelate
the active-site metal in HPPD according to the crystal structures (Figure 33B). Syn-
thetic triketo compounds analogous to NTBC exhibit significant inhibition toward HPPD,
wherein modification at the β-ketoenolate functionality results in decrease in or lack
of activity483. NTBC shows high affinity toward Fe(III) ion, suggesting its binding to
the oxidized form of the enzyme. However, a later study suggested that NTBC inter-
acted only with the ferrous form of HPPD, wherein a metal-to-ligand charge transfer was
detected at 450 nm when NTBC was added to reduced HPPD anaerobically, whereas
there was no change in the electronic and EPR spectra upon adding NTBC to oxidized
HPPD484. The crystal structure comparison between the Arabidopsis and the rat enzyme
revealed possible specific recognition that may allow inhibitors to differentiate these two
enzymes476. DAS645 (155, Figure 33C) has been screened to exhibit high selectivity
toward the plant enzyme with IC50 = 12 nM, whereas no significant inhibition toward the
rat enzyme could be detected at concentrations up to 20 µM, while the inhibitor DAS869
(156, Figure 33D) exhibits potent inhibition toward both plant (IC50 = 7 nM) and rat
(IC50 < 20 nM) enzymes. These studies have provided clues for future design of effective
HPPD inhibitors for the treatment of disorders associated with tyrosine catabolism.

In a different pathway, 4-hydroxyphenylpyruvate can be decarboxylated and oxygenated
to afford p-hydroxymandelate (150) by hydroxymandelate synthase485. The product is
converted to hydroxyphenylglycine, suggesting that the reaction goes through dehydro-
genation and transamination485, and then can be incorporated into antibiotics such as
vancomycin486. The crystal structure of HMS shows an overall folding similar to that of
HPPD, with a root-mean-square deviation of 1.85 Å for the α-carbons and a similar six-
coordinate metal-binding environment of one coordinated Glu and two His side chains487.
The potent herbicide NTBC (151a) is also an inhibitor toward HMS which is attributed
to the structural similarity between this enzyme and HPPD and their use of the same
substrate, presumably also due to the binding of the β-ketoenolate functionality of the
inhibitor to the active-site metal ion488.
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and P. J. Baker, J. Mol. Biol., 343, 649 (2004).

304. A. K. Roos, E. Burgos, D. J. Ericsson, L. Salmon and S. L. Mowbray, J. Biol. Chem., 280,
6416 (2005).

305. P. L. Taylor, K. M. Blakely, G. P. De Leon, J. R. Walker, F. McArthur, E. Evdokimova,
K. Zhang, M. A. Valvano, G. D. Wright and M. S. Junop, J. Biol. Chem., 283, 2835 (2008).

306. R. D. Kobes, R. T. Simpson, B. L. Vallee and W. J. Rutter, Biochemistry, 8, 585 (1969).
307. N. S. Blom, S. Tetreault, R. Coulombe and J. Sygusch, Nat. Struc. Biol., 3, 856 (1996).
308. D. R. Hall, G. A. Leonard, C. D. Reed, C. I. Watt, A. Berry and W. N. Hunter, J. Mol. Biol.,

287, 383 (1999).
309. A. Plater, S. M. Zgiby, G. J. Thomson, S. Qamar, C. W. Wharton and A. Berry, J. Mol. Biol.,

285, 843 (1999).
310. Y. M. Zhang, J. K. Liu, M. R. Shouri and T. Y. Wong, Biometals, 19, 31 (2006).
311. N. Lee, J. W. Patrick and M. Masson, J. Biol. Chem., 243, 4700 (1968).
312. Y. Luo, J. Samuel, S. C. Mosimann, J. E. Lee, M. E. Tanner and N. C. J. Strynadka, Bio-

chemistry, 40, 14763 (2001).
313. J. D. Deupree and W. A. Wood, J. Biol. Chem., 247, 3093 (1972).
314. L. V. Lee, M. V. Vu and W. W. Cleland, Biochemistry, 39, 4808 (2000).
315. K. Kim, H. J. Kim, D. K. Oh, S. S. Cha and S. Rhee, J. Mol. Biol., 361, 920 (2006).
316. H. Yoshida, M. Yamada, T. Nishitani, G. Takada, K. Izumori and S. Karnitori, J. Mol. Biol.,

374, 443 (2007).
317. Q. Cui and M. Karplus, J. Am. Chem. Soc., 123, 2284 (2001).
318. J. M. Brewer and L. Lebioda, Adv. Biophys. Chem., 6, 111 (1997); J. M. Brewer, CRC Crit.

Rev. Biochem., 11, 209 (1981).
319. J. E. Wedekind, G. H. Reed and I. Rayment, Biochemistry, 34, 4325 (1995).
320. J. E. Wedekind, R. R. Poyner, G. H. Reed and I. Rayment, Biochemistry, 33, 9333 (1994).
321. R. R. Poyner, W. W. Cleland and G. H. Reed, Biochemistry, 40, 8009 (2001).
322. L. Lebioda, B. Stec, J. M. Brewer and E. Tykarska, Biochemistry, 30, 2823 (1991).
323. E. Zhang, J. M. Brewer, W. Minor, L. A. Carreira and L. Lebioda, Biochemistry, 36, 12526

(1997).
324. S. Duquerroy, C. Camus and J. Janin, Biochemistry, 34, 12513 (1995).
325. P. C. Babbitt, M. S. Hasson, J. E. Wedekind, D. R. Palmer, W. C. Barrett, G. H. Reed,

I. Rayment, D. Ringe, G. L. Kenyon and J. A. Gerlt, Biochemistry, 35, 16489 (1996);
D. M. Z. Schmidt, E. C. Mundorff, M. Dojka, E. Bermudez, J. E. Ness, S. Govindarajan,



11. Biological aspects of metal enolates 677

P. C. Babbitt, J. Minshull and J. A. Gerlt, Biochemistry, 42, 8387 (2003); J. A. Gerlt and
F. M. Raushel, Curr. Opin. Chem. Biol., 7, 252 (2003); J. A. Gerlt, P. C. Babbitt and
I. Rayment, Arch. Biochem. Biophys., 433, 59 (2005).

326. T. B. Thompson, J. B. Garrett, E. A. Taylor, R. Meganathan, J. A. Gerlt and I. Rayment, Bio-
chemistry, 39, 10662 (2000); J. B. Thoden, E. A. Taylor-Ringia, J. B. Garrett, J. A. Gerlt,
H. M. Holden and I. Rayment, Biochemistry, 43, 5716 (2004).

327. D. M. Schmidt, B. K. Hubbard and J. A. Gerlt, Biochemistry, 40, 15707 (2001).
328. D. J. Neidhart, P. L. Howell, G. A. Petsko, V. M. Powers, R. S. Li, G. L. Kenyon and J. A.

Gerlt, Biochemistry, 30, 9264 (1991); A. Sakai, D. F. Xiang, C. Xu, L. Song, W. S. Yew,
F. M. Raushel and J. A. Gerlt, Biochemistry, 45, 4455 (2006).

329. S. E. Williams, E. M. Woolridge, S. C. Ransom, J. A. Landro, P. C. Babbitt and J. W.
Kozarich, Biochemistry, 31, 9768 (1992); P. Mazur, W. A. Pieken, S. R. Budihas, S. E.
Williams, S. Wong and J. W. Kozarich, Biochemistry, 33, 1961 (1994); S. Helin, P. C. Kahn,
B. L. Guha, D. G. Mallows and A. Goldman, J. Mol. Biol., 254, 918 (1995); M. S. Hasson,
I. Schlichting, J. Moulai, K. Taylor, W. Barrett, G. L. Kenyon, P. C. Babbitt, J. A. Gerlt,
G. A. Petsko and D. Ringe, Proc. Natl. Acad. Sci. U.S.A., 95, 10396 (1998); T. Kajander,
L. Lehtio, M. Schlomann and A. Goldman, Prot. Sci., 12, 1855 (2003); J. Yang, Y. Wang,
E. M. Woolridge, V. Arora, G. A. Petsko, J. W. Kozarich and D. Ringe, Biochemistry,
43, 10424 (2004); S. Halak, L. Lehtio, T. Basta, S. Buerger, M. Contzen, A. Stolz and
A. Goldman, FEBS J., 273, 5169 (2006).

330. W. S. Yew, A. A. Fedorov, E. V. Fedorov, J. F. Rakus, R. W. Pierce, S. C. Almo and J. A.
Gerlt, Biochemistry, 45, 14582 (2006); W. S. Yew, A. A. Fedorov, E. V. Fedorov, S. C. Almo
and J. A. Gerlt, Biochemistry, 46, 9564 (2007); J. F. Rakus, A. A. Fedorov, E. V. Fedorov,
M. E. Glasner, J. E. Vick, P. C. Babbitt, S. C. Almo and J. A. Gerlt, Biochemistry, 46, 12896
(2007).

331. J. E. Vick and J. A. Gerlt, Biochemistry, 46, 14589 (2007).
332. V. A. Klenchin, E. A. Taylor Ringia, J. A. Gerlt and I. Rayment, Biochemistry, 42, 14427

(2003).
333. T. M. Larsen, L. T. Laughlin, H. M. Holden, I. Rayment and G. H. Reed, Biochemistry, 33,

6301 (1994); T. M. Larsen, M. M. Benning, G. E. Wesenberg, I. Rayment and G. H. Reed,
Arch. Biochem. Biophys., 345, 199 (1997).

334. G. Valentini, L. R. Chiarelli, R. Fortin, M. Dolzan, A. Galizzi, D. J. Abraham, C. Wang,
P. Bianchi, A. Zanella and A. Mattevi, J. Biol. Chem., 277, 23807 (2002).

335. L. Lebioda and B. Stec, Nature, 333, 683 (1988).
336. S. H. Seeholzer, A. Jaworowski and I. A. Rose, Biochemistry, 30, 727 (1991).
337. B. A. Miller and D. L. Leussing, J. Am. Chem. Soc., 107, 7146 (1985).
338. (a) I. Andersson and T. C. Taylor, Arch. Biochem. Biophys., 414, 130 (2003).

(b) F. C. Hartman and M. C. Harpel, Annu. Rev. Biochem., 63, 197 (1994); R. J. Spreitzer
and M. E. Salvucci, Annu. Rev. Plant Biol., 53, 449 (2002).

339. T. C. Taylor, A. Backlund, K. Bjorhall, R. J. Andersson and I. Spreitzer, J. Biol. Chem., 276,
48159 (2001); K. Kitano, N. Maeda, T. Fukui, H. Atomi, T. Imanaka and K. Miki, Structure,
9, 473 (2001).

340. J. Li, J. B. Cross, T. Vreven, S. O. Meroueh, S. Mobashery and H. B. Schlegel, Prot. Struc.
Func. Bioinfo., 61, 246 (2005).

341. E. Jabri, M. B. Carr, R. P. Hausinger and P. A. Karplus, Science, 268, 998 (1995).
342. M. M. Benning, J. M. Kuo, F. M. Raushel and H. M. Holden, Biochemistry, 34, 7973 (1995).
343. M. Wishnick, D. Lane and M. C. Scrutton, J. Biol. Chem., 245, 4939 (1970); P. D. Robinson,

M. N. Martin and F. R. Tabita, Biochemistry, 18, 4453 (1979).
344. S. Karkehabadi, T. C. Taylor and I. Andersson, J. Mol. Biol., 334, 65 (2003).
345. W. W. Cleland, T. J. Andrews, S. Gutteridge, F. C. Hartman and G. H. Lorimer, Chem. Rev.,

98, 549 (1998).
346. H. A. Schreuder, S. Knight, P. M. G. Curmi, I. Andersson, D. Cascio, C.-I. Brändén and
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I. ACRONYMS
AAS atomic absorption spectroscopy/spectrometry
acac acetylacetonate anion
ANN artificial neural network
bipy 2,2′-bipyridine
bzac benzoylacetonate anion
bztfac 1-benzoyl-3,3,3-trifluoroacetonate anion
CD circular dichroism
CE capillary electrophoresis
CPE carbon paste electrode
CV cyclic voltametry
dibzac 1,3-diphenyl-1,3-propanedionate anion
dik β-diketonate anion
dpm dipivaloylmethanate anion
DPV differential pulse voltametry
ECD electron capture detection/detector
ESI-MS electrospray ionization mass spectrum/spectrometry
FAAS flame AAS
FID flame ionization detection/detector
FLD fluorescence detection/detector
fuac 2-furoylacetonate anion
futfac 1-(2-furoyl)-3,3,3-trifluoroacetonate anion
GCE glassy carbon electrode
hfac 1,1,1,6,6,6-hexafluoro-2,4-pentanedionato anion
hfod 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6,-octanedionate anion
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ICP-AES inductively coupled plasma atomic emission spectroscopy/spectrometry
IP ion-pair
ISE ion-selective electrode/s
LC liquid chromatography
LOD limit/s of detection
LOQ limit/s of quantitation
MALDI matrix-assisted laser desorption/ionization
miRNA microribonucleic acid
ODS octadecyl-bonded silica gel
phen 1,10-phenanthroline
PLS partial least squares
ptfa pivaloyltrifluoroacetonate anion
pvc poly(vinyl chloride)
RP reversed phase
RSD relative standard deviation
SCE saturated calomel electrode
sds sodium dodecylsulfate
SFC supercritical fluid chromatography
SNR signal-to-noise ratio
SSCE silver–silver chloride electrode
TCD thermal conductivity detection/detector
tfa trifluoroacetic acid
tfac trifluoroacetylacetonate anion
thf tetrahydrofuran
TLC thin layer chromatography
TOF time of flight
tris 2-amino-2-hydroxymethyl-1,3-propanediol
ttfac 1-thenoyl-3,3,3-trifluoroacetonate anion
UPS ultraviolet photoelectron spectroscopy
UVD UVV detection/detector
UVV ultraviolet-visible
XPS X-ray photoelectron spectroscopy

II. INTRODUCTION AND SCOPE OF THE CHAPTER
Several problems have to be considered in modern practice when developing new ana-
lytical methods, as briefly discussed in other volumes of The Chemistry of Functional
Groups series1,2. The classical requirements of accuracy and precision regarding perfor-
mance are now part of the more inclusive concept of ‘fitness for purpose’3, which stresses
the importance of validation. Consideration must also be given to occupational risks for
the personnel working with the method and to the environmental risks involved in the
disposal of spent samples and reagents. Optimization of operational parameters may be
a complicated task when they interact in a nonlinear fashion. A chemometric approach
to experimental design may be very rewarding, as in the case of optimization of the
CE-UVD determination of ascorbic acid (1)–isoascorbic acid (2) mixtures4 mentioned in
Section III.C.2. When developing methods for routine application, savings in time and
reagents are all-important; these may be achieved by introduction of automation in the
analytical operations, reduction of the reactor volume, using sensitive instrumentation
and applying computational chemometric techniques. Multiple analyte determinations can
become problematic due to mutual interference, which may be avoided on applying a
chromatographic separation and detection method. However, such an option is expensive
in time and valuable mobile phases. Examples of a new trend are shown in Section III.C.1
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for the simultaneous electrochemical determination of ascorbic acid (1), uric acid (3) and
paracetamol (4). The chosen alternative in this case was a voltametric measurement, using
an ‘electronic tongue’ holding several small working electrodes, and applying the ANN
computational technique for interpreting the results5; also the simultaneous electrochem-
ical analysis of 1 and dopamine (5), showing strong nonlinear interference between the
analytes6 or rather close oxidation potentials7, was solved with the aid of computational
techniques.

Throughout this volume are mentioned applications of metal enolates as catalysts8,
polymer initiators9, luminescent compounds10 and precursors for metal or metal oxide
deposition11. Metal enolates are also part of pharmaceuticals and other consumer products
and take part in important biological processes12. Ascorbic acid (1) and derived salts
such as magnesium ascorbylphosphate (6) have found application in modern cosmetics
for their protective action against photoaging and their whitening action on the skin as
synergetics of melatonin (7), a hormone secreted by the pineal gland13. Kojic acid (8)
has found applications due to its ability of sequestering transition metal ions (e.g. the
enolate complexes 9). Thus, 8, alone or with other antioxidants such as 1, is used in skin
bleaching formulations, as inhibitor of the Cu metalloenzyme tyrosinase participating in
melanin formation14,15. 8 and its manganese and zinc complexes (9) are low-toxicity
compounds with good in vivo radioprotective activity, similar to that of amifostine (10),
which is administered before radiotherapy to diminish possible damage caused by γ -
rays to healthy cells16. Besides the important role of ascorbate/ascorbic acid in biological
systems, making them most studied analytes, they are also considered as the archetypal
interference species when analyzing samples of biological origin17. Quality control and
tracking the fate of these compounds in processes requires analytical methods for detection
and determination of metal enolates, which are discussed in Section III.

Metal enolates found varied application in chemical analysis. An outstanding group are
certain lanthanide enolates used as shift reagents in NMR spectroscopy18. The analytical
methods discussed in Section IV are based on formation of a metal enolate for separation,
detection, identification and determination of metal ions or the use of a metal enolate as
ancillary reagent to improve analytical quality. Of special relevance in analytical chemistry
are the metal β-diketonates, M(dik)n, derivatived from deprotonated β-diketones (dikH),
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R1 R2 Me (acac); R1 Me, R2 Ph (bzac); R1 Mef, R2 Ph, (bztfac);

R1 R2 Ph (dibzac); R1 R2 t-Bu (dpm); R1 Me, R2 2-Fu (fuac);

R1 Mef, R2 2-Fu (futfac); R1 R2 Mef (hfac); R1 t-Bu, R2 n-Prf (hfod);

R1 Mef, R2 t-Bu (ptfa); R1 Me, R2 Mef (tfac); R1 Mef, R2 2-Fu (ttfac)

especially when they assume a chelate configuration, as shown in the various modalities
of 11. Sometimes the metal in 11 is coordinated to additional ligands.

III. DETECTION AND DETERMINATION OF METAL ENOLATES

A. General

Enolates of many metals were synthesized in the last 50 years and were characterized
and determined, applying large number of chemical, physical and spectral methods. For
example, lanthnide chelate complexes of the type Ln(dpm)3, Ln(dpm)3py, Ln(dpm)3bipy,
Ln(dpm)3phen as well as Ce(dpm)4 have been synthesized and characterized by mp,
DTA, TGA, IR, UVV, magnetic susceptibility and Weiss constants19. Reaction of anhy-
drous YCl3, Ba metal or anhydrous Cu(OAc)2 with highly pure acetylacetone (acacH),
dipivaloylmethane (dpmH) and ethyl acetoacetate (etacH) in a dry atmosphere yielded the
corresponding chelates of Y(III), Ba(II) and Cu(II) with acac, dpm and etac, as confirmed
by IR and 1H NMR spectra20. Various methods can be applied for analyzing enolates
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and phenolic compounds (e.g. Folin–Ciocalteu, Price–Butler) in biological samples, such
as fruits and cereals1. Other methods can assess the antioxidant capacity stemming from
phenols (Trolox equivalent, diphenylpicrylhydrazyl radical, ferric reducing power). When
applying such methods, it is important to consider ascorbic acid (1) and reducing saccha-
rides, as their presence may significantly affect the results21.

Lasalocid (12), an acyclic carboxylic ionophore produced by microorganisms, transports
metal cations and biogenetic amines across natural and artificial membranes. It forms
pseudocyclic complexes in which the guest cations are coordinated by donor groups of
the acyclic lasalocid. This also forms outer sphere complexes with several metal amine and
amine complex guests. Complexation of a metal ion with 12 is regarded as a new class of
molecular recognition and has wide application in coordination chemistry and separation
science. Indeed, lasalocid ionophore can extract water-soluble Ln(acac)3 chelates into CCl4
via inner sphere complexation. This offers higher extraction abilities for small Er(III) and
Dy(III) complexes than for large Pr(III) and La(III) complexes22. Since lasalocid extracts
lanthanide cations nonselectively, this ‘metal complex recognition’ has new and interesting
possibilities in separation and sensing of valuable lanthanides.

O

O
OH

HO

CO2H

OH HO
H

(12)

B. Spectral Methods

Structural analysis of metal enolates by spectral methods (IR, Raman, UVV, NMR,
EPR and MS) is discussed elsewhere in this volume23.

1. Infrared spectra

V(acac)3 has several applications, including its use as a component in olefin poly-
merization catalysts; it is air sensitive, undergoing gradual oxidation in moist air to
give VO(acac)2. Commercial V(acac)3 is allowed to contain not more than 2.0 wt% of
VO(acac)2. Several spectroscopic techniques, such as IR, ESR and NMR, have been used
to study the structure and properties of V(acac)3. IR and 1H NMR spectrometries were
used effectively for determination of VO(acac)2 in V(acac)3; however, IR showed lower
LOD24. FT-NIR spectroscopy was used for the determination of calcium ascorbate in
blister packs, tablets, plastic bottles etc.25.

2. Ultaviolet–visible spectra

Hydroxylamine hydrochloride was used as an indicator for the determination of
Co(acac)2. The absorbance of the resulting colored solution was measured at 590 nm26.
Iridium β-diketonates were fluorinated oxidatively with BrF3 in Freon 113, followed by
decomposition in 6M HCl to IrCl62− and spectrophotometric determination at 488 nm27.
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A comprehensive review of spectrophotometric methods for the determination of ascor-
bic acid (1) was presented. Most of the methods are based on the reducing action of ascor-
bic acid, making use of an Fe(III)–Fe(II) redox system, and to a lesser extent Cu(II)–Cu(I),
V(V)–V(IV) and phosphomolybdate/phosphotungstate–molybdenum/tungsten blue redox
systems28. A kinetic spectrophotometric method for the determination of L-ascorbic acid
and thiols (RSH) was developed, whereby the absorbance of the Fe(II)–phen complex
formed during the reaction of 1 or RSH with Fe(III)–phen was continuously measured
at 510 nm by a double beam spectrophotometer equipped with a flow cell. The linear-
ity range for 1 was 4–40 µM and for RSH 8–80 µM. The method was validated for
pharmaceutical dosage forms29.

A method for determination of sodium isoascorbate (see 2) in boiler feed water, where
it is used for deoxygenation, consists of following the reaction kinetics of Rhodamine B
(13) in the presence of KBrO3, measuring at 555 nm. A linear correlation exists between
the catalytic effect of the analyte on the reaction rate and its concentration; Fe(III), Ca(II)
and Mg(II) in the 5–200 ppm range interfere with the analysis30. The effects of solvents,
pH, surfactants, metal ions and other food additives on the absorbance were studied
for the micelle-enhanced UV spectrophotometric determination of the food preservative
sodium D-isoascorbate. The optimal conditions were using water at pH 7–8 as solvent
and polyvinyl alcohol as surfactant, which causes an up to 3-fold increase of the UV
absorbance31.

O

CO2H

N+N

(13)

A multisyringe spectroscopic flow injection analysis (FIA) system was proposed for
evaluating the antioxidant capacity of solutions, as a function of the solvent and the pH.
The method is based on UVD at 517 nm of the scavenging capacity of the test solution
in the presence of the 2,2-diphenyl-1-picrylhydrazyl free radical (14) during 3 min after
stopping the flow. The method was validated for ascorbic acid and a series of phenolic
antioxidants32.

NO2

NPh2

N

O2N

NO2

(14)

Ascorbic acid can be determined spectrophotometrically in colored and sugar-rich
samples by a simple and highly specific method, based on the oxidation by guaia-
col peroxidase, claimed to be more precise than officially adopted chemical methods33.
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Ascorbic acid concentrations can be determined fluorometrically by adding Cu(II) and
treating the hydrogen peroxide formed with horseradish peroxidase in the presence of
p-hydroxyphenylacetic acid, which forms a fluorescent dimer. The reaction is suitable for
analysis of concentrations in the range from 50 µM to 4 mM ascorbic acid and can be
used for pharmaceutical preparations, but is unsuitable for preparations derived from natu-
ral sources34. A fluorescent sensor for diols was developed, based on the temperature- and
pH-sensitive copolymer of N-isopropylacrylamide and 4-vinylphenylboronic acid (nipa-
co-vpba, 15). Certain properties of 15 have to be calibrated to determine the optimal
operation conditions of concentration, pH and temperature. 15 combines with nonfluores-
cent Alizarin Red S (16) to yield a fluorescent complex 17 (λex = 460 nm, λfl = 660 nm).
This is the basis for a determination method of diols of the most varied nature, by measur-
ing the fluorescence quenching due to competition of the analyte with 16 for boronic ester
formation, as shown in equation 1. The method was applied to various diols, including
ascorbic acid (1)35.
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HO OH
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OH
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Many small molecules and molecular fragments exhibit relatively intense photolumi-
nescence which may serve for identification or quantitation. Common photoluminescent
fragments include HCO, OH, NH, CH, CN, SH, PO, CCl, CF, CO+, C2, H, C and most
metal atoms. Organometallic molecules such as Cu(tfac)2 undergo laser photolysis pro-
ducing a pair of atomic copper emission lines with maxima at 324.8 and 327.4 nm, and a
major emission at 392 nm derived from ligand fragments36. Soluble Mn(IV) was used as
a chemiluminescence reagent for the determination of various analytes including ascorbic
acid with LOD = 20 nM37.

The volatile chelates Ba(dpm)2, Ba(ptfa)2 and Ba(hfod)2 were studied by gas-phase
UPS and characterized by thermal analysis, IR spectra and vacuum sublimation. In the
UPS of these chelates obtained at >200 ◦C, ionization bands of π3−, p+ and p orbitals
were identified at 8–10 eV. At ca 280 ◦C thermal decomposition began. The use of UPS
to study Ba diketonates is complicated by the formation of oligomers in the gas phase38.
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Photoderacemizations of Cr(acac)3 with circular polarized light gave very small ee
values39. Later, photoinduced deracemization of a racemic mixture of �- and �-Co(acac)3
was successfully carried out and was followed by CD measurements. With a chiral ruthe-
nium(II) complex, �-[Ru(menbpy)3]2+ (menbpy = 4,4′-bis{(1R,2S,5R)-(–)-menthoxy-
carbonyl}-2,2′-bipyridine), in acetonitrile–H2O (7:3 v/v), in the presence of either
triethylamine or NaOH, under visible light irradiation (420 < λ < 470 nm), the �-isomer
was obtained preferentially with 38% ee40. The selectivity of deracemization remark-
ably depends on the solvent and anion concentration. These counter anion effects were
interpreted in terms that the reduction potential of Co(acac)3 becomes more negative by
addition of F− or AcO− 41.

3. Mass spectrometry

The ability to measure metal isotopic abundances rapidly and accurately using a conven-
tional mass spectrometer provides a powerful tool for exploring trace metal metabolism.
When the chelates of Cu(II) and Fe(II), which show poor sensitivity in GC, were intro-
duced directly into the ion source of a mass spectrometer, their ionic intensity was large;
however, the ratio of the molecular ion to the total ion current was smaller than that of the
chelates of Rh(III) and Cr(III), showing good detection sensitivity in GC with a smaller
number of fragment ions. When the sample was heated for evaporation and collection in
a gas reservoir for MS, chelates of Cu(II) and Fe(II) showed great disintegration of the
molecular ion and a large number of fragment ion species was produced42.

High-precision isotope ratio measurements for a series of volatile alkaline earth and
transition metal chelates was carried out using conventional GC-MS instrumentation. The
chelating reagents used were tfacH and 1,1,1,2,2-pentafluoro-6,6-dimethylheptane-3,5-
dione (pfdhH), and the chelated metals were Mg, Ca, Fe, Cr, Cu and Ni43. The ESI-MS
of Ho(acac)3žH2O showed no masses higher than those of the molecular ions, indicating a
monomer structure in the gas phase. Comparison of the mass spectra of acac complexes of
Ho, Nd and La showed a common mechanism of decomposition of these compounds44.
Many other metal β-diketonates were characterized by MS or GC-MS. For example,
alkaline earth complexes used as precursors for chemical vapor deposition (CVD) of thin
film superconductors were characterized by MS45. Secondary-ion MS (SIMS) was used to
sputter and determine ions from TLC or from gel electrophoresis. The key to successful
SIMS analysis of these systems is use of the correct phase-transition matrix. In some cases
crown ethers can be used to extract the β-diketonate complexes from the polar silica gel
without excessive lateral diffusion. The ultimate spatial resolution for molecular mapping
was ca 1 µm46.

Six types of Eu(dik)3 complexes were accurately analyzed in the absence and pres-
ence of phen, using both infusion ESI-MS and FLD. The LOD by FLD for compounds
extracted with acetonitrile were 1–100 ppb47. Using ESI-MS, high sensitive and prompt
discrimination of luminescent europium β-diketonates can be achieved. The combination
of laser sampling and ion trap MS is a powerful analytical technique for the direct analy-
sis of complex samples. Thus, the generation of both negative and positive ions by laser
desorption directly within a quadrupole ion trap was applied to analyze complex samples
such as Cr(acac)3

48.
Resonance-enhanced multiphoton ionization (REMPI) has proved to be a versatile ion-

ization technique for MS offering a number of advantageous features in the field of
chemical analysis. Since it makes use of substance-specific excited states for the ioniza-
tion process, it involves UV spectroscopy of the molecule to be ionized. Thus, it enables
ionization of preselected compounds, control of the degree of fragmentation and, for a
large number of substances, a high ionization efficiency. These features require that the
excited molecular state(s) involved in the REMPI process not be significantly depleted
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during the laser pulse. When using ultrashort laser pulses, analysis with REMPI can be
achieved even with metal β-diketonates, which show extremely rapid relaxation of their
excited states49. Ultrashort light pulses were applied for the analysis of quickly relaxing
organic molecules by means of laser MS. Species undergoing fast relaxation processes
cover a large part of the technically or environmentally relevant substances, including
molecules containing heavy atoms, for example, the Pt(acac)2

+ and Co(acac)3
+ cations

and others. The mass spectra of the chelates depend crucially on the duration of the applied
laser pulses. Whereas under nanosecond conditions only small and unspecific fragments
were detected, the picosecond REMPI-MS are dominated by the molecular ion signal
accompanied by structure-specific fragments50.

In the membrane introduction ion trap MS (MIMS) technique, a membrane composed
of a microporous polypropylene hollow support fiber coated with an ultrathin (ca 0.5 µm)
polydimethylsiloxane layer serves as the interface between the sample and the vacuum
chamber of the mass spectrometer. The simultaneous diffusion of volatile and semivolatile
compounds through the ultrathin polydimethylsiloxane MIMS membrane is one of the
method’s strengths, in that all the analytical information is obtained in a relatively short
time (in the order of seconds to minutes). Lead and nickel β-diketonates could be detected
by the MIMS technique51.

4. X-ray fluorescence and absorption spectroscopies

The performance characteristics (precision, accuracy and LOD) of X-ray spectrometric
procedures for the elemental analysis of organometallics were critically reviewed, paying
attention to the source and elimination of random and systematic errors, as well as to
sample preparation and calibration plots52.

Ti(acac)2 was rapidly and quantitatively analyzed by X-ray fluorescence (XRF) spec-
troscopy53. Fe(acac)2 was similarly determined by XRF with correction for Compton
scattering. An instrumental geometrical factor and an equivalent wavelength were obtained
experimentally, while all the other factors were calculated with the mass absorption coef-
ficients of Fe54. Kα and Kβ XRF spectra of Cr(acac)3 and other Cr compounds were
measured with a Bragg spectrometer. The relative intensities of the Kβ1.3, Kβ2, Kβ ′ and
Kβ ′′ lines with respect to the Kα line confirm the chemical effect on the Kβ /Kα intensity
ratio obtained using a Si(Li) detector55.

K-Edge XAS spectra of heavy atoms in solution are very sensitive to the chemical
environment, including changes of the oxidation state and the coordination sphere. Thus,
calculations based on the maxima and inflection points of spectra taken of a suspension of
blood cells of tunicates (Phallusia nigra and Ascidia ceratodes) after exposure to VOSO4
helped in the identification and quantitation of a variety of species, such as [V(H2O)6]3+,
[V(SO4)(H2O)5]+, [V(SO4)2(H2O)4]−, [V(OH)(H2O)5]2+, [V(SO4)(OH)(H2O)4], [V(SO4)
(OH)2(H2O)3]−, [V2O(H2O)10]4+, [V(catecholate)3]3−, [V(acac)3], VO2+

aq, SO4
2−/V(III),

K2[VO(catecholate)2] and [VO(acac)2]. The latter two species are indistinguishable by
XAS and the relative amounts of the complexes in solution are pH dependent56.

C. Electrochemical Methods

1. Electroanalysis

The copper in Cu(acac)2 was determined polarographically after mineralization by the
closed flask combustion method57. Composition and stability constants were determined
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for Be, Mg, Ca, Sr and Ba chelate compounds derived from acacH, bzacH, dibzacH
and ttfacH by potentiometric titration in water–dioxane solutions58. The first stage in
formation of the chelates of divalent transition metal ions was a monopositive cation
with one chelate ring, followed by attachment of the second ligand and formation of a
two-ring neutral complex. The highest stability was observed for Be β-diketonates. For a
given element the stability increased with increasing the number of phenyl groups in the
β-diketonate involved.

The ligand interchange reaction between metal β-diketonates and edta was utilized to
establish the amount of metal β-diketonate by conductometry in DMF or DMSO. The
β-diketonates studied were of Co(II), Cu(II), Mn(II), Fe(III) and Cr(III). The combination
ratios of the metal β-diketonate with edta were 4:1, 2:1 and 1:1. Presence of less than
1% H2O, inorganic acids or organic solvents did not affect the inflection points in the
conductometric titration curves59.

Anodic stripping voltammetry (ASV) was applied to the determination of copper traces
present as Cu(dik)2. The differential pulse technique was used to strip the amalgamated
copper from a hanging mercury drop electrode. The experimental variables such as scan
rate of electrode potential, deposition potential, deposition time and stirring speed of the
solution could be optimized. The linear range of the calibration plot was 0.05–1 µM and
the LOD was 0.014 µM Cu(II). A method was used for the determination of copper in
breast milk and beer as typical examples of application, consisting of mineralization of
the sample, extraction of Cu(II) from the aqueous solution with a 1 M solution of acacH
in chloroform and ASV end analysis60.

Ascorbic acid and Na ascorbate can be determined in an automated constant cur-
rent coulometric system. Under optimal conditions, an excellent precision of ±0.3% was
achieved, with 95% probability61. Ca ascorbate can be determined by potentiometry (using
Ag as indicator electrode) and constant current coulometric methods. Automatic coulom-
etry possesses the advantage of speed and, with its satisfactory precision, is well suited
to routine pharmaceutical analysis62.

The direct redox reactions of ascorbic acid (1), uric acid (3) and dopamine (5) take
place at bare electrodes at very similar potentials and are believed to be irreversible.
Their amperometric detection usually requires high overpotentials. These and other tech-
nical problems have made the simultaneous electrochemical analysis of these important
analytes a challenging goal63. An important factor affecting the electroanalytical quality in
these cases is the buffer capacity64. A potentiometric sensor for L-ascorbic acid (1) based
on the redox properties of Cu(II) ions incorporated in a poly(ethylene-co-vinyl acetate)
(EVA) membrane was also developed65. Many modifications of the working electrode have
been proposed, aiming at a variety of purposes, such as improving durability, sensitivity,
specificity and ease of operation in complex matrices66. The more recent propositions
summarized in Table 1 may serve as leading references.

A coulometric titration method was introduced for sequential determination of sul-
fite, thiosulfate and ascorbic acid (1) in solutions containing sulfite–thiosulfate or sul-
fite–ascorbic acid couples. Formaldehyde or acetaldehyde can be used to mask the sulfite
component. Two sequential measurements of coulometric time, one for both components
in the mixture and one for the sample solution in which sulfite is masked, can be used
to determine the concentrations of sulfite–thiosulfate and sulfite–ascorbic acid couples.
The method is linear for 0.5–60 µM 1 in the presence of 0.44–13 µM sulfite, with RSD
0.1–4% and current efficiency of ca 98.0%. The method can be used for determination of
the presence of sulfite and 1 in real sample matrices such as mineral waters and vitamin
C tablets97.
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TABLE 1. Modification of working electrodes for determination of enolates or enolsa

Type Modification and comments

Au Alternating thin films of poly(allylamine hydrochloride) (pah) and poly(glutamic acid)
(pga) were deposited layer by layer on the Au electrode. When pah is the capping
film, ferricianide ions are incorporated onto the electrode to confer electrocatalytic
properties. For example, ascorbate (1) in the mM concentration range is oxidized to
dehydroascorbic acid (18, equation 2) and the catalyst is regenerated at the anode
(equation 3)68a. A biosensor for electrochemical amplification in detection of miRNA
is prepared by chemisorption of specific capture strands on the electrode surface68b.
After tagging the miRNA with an osmium complex and hybridizing the miRNA on
the electrode surface, the amperometric oxidation of ascorbate (1) is measured at
+0.15 V vs. SSCE. The LOD is about 10 ng of specific miRNA69.

Pt 3,4-Ethylenedioxythiophene (19) was deposited on the Pt electrode by potentiostatic
electropolymerization. The conducting polymer (PEDOT) shows electrocatalytic
activity and a sharp response in the determination of ascorbate (1) at pH 7, using a
GCE and SSCE three-electrode setup70. A polyaniline film was electrodeposited on the
electrode while applying a strong magnetic field. This is supposed to confer on the
polymer helices a preferred chirality inducing a different voltametric behavior with the
enantiomers of an analyte. The method was applied to the electroanalysis of ascorbic
acid (1) and isoascorbic acid (2)71.

Cgraphite A highly-ordered pyrolytic graphite (HOPG) electrode was polished so as to expose
more edge plane than basal plane surface. Without further modification, the edge-plane
pyrolytic graphite electrode was capable of carrying out an electroanalytical oxidation
of ascorbic acid (1), dopamine (5) and serotonin (20) in phosphate buffer (pH 7) such
that it has much higher electron conductivity. The oxidation potentials vs. SCE and
LOD were, respectively, −0.03 V, 200 nM; 0.16 V, 90 nM and 0.28 V, 60 nM. Other
carbon electrodes, such as basal-plane pyrolytic graphite electrode, unmodified GCE,
boron-doped diamond electrode and carbon nanotube (CNT) electrode, could not carry
out this analysis72. Rutin (21) was electropolymerized on the electrode and served as
catalyst for two-electron oxidations. The electrode was tested vs. SCE for
determination of epinephrine (22), serotonin (20) and ascorbic acid (1)66. The
electrode was modified by adsorption of aniline and complexation with CoCl2 and
K4[Fe(CN)6]. The Co(II) to Co(III) oxidation served as electrocatalysis for the
amperometric determination of ascorbic acid (1), practically unaffected by pH in the
2–10 range. The LOD was 33.3 µM 1, with linearity from 55.2 µM to 32.3 mM. At
the 0.10 mM 1 level, no interference was observed from a 10-fold concentration of
uric acid (3), paracetamol (4), glucose, fructose or H2O2. However, dopamine (5)
could not be resolved from 1 and the presence of a surfactant such as
cetyltrimethylammonium bromide in the solution strongly abated the electrode
response73. Some interferences and their possible correction have been reported for
Prussian Blue-modified electrodes74. Modification with Mn3[Fe(CN)6]2 in wax showed
good electrocatalytic performance in the reduction of ascorbic acid (1) at pH 2–10.
The LOD (SNR 3) was 22.2 µM 1, with linearity from 55.2 µM to 14.4 mM75. A
melanin polymeric film was developed on pyrolytic graphite working electrodes by
anodization in the presence of dopamine (5). This was used for DPV simultaneous
determination of ascorbic acid (1), uric acid (3) and dopamine (5), at pH 10 with
excellent recoveries, no mutual interference and avoiding superficial poisoning effects.
The LOD were 13 (1), 1.4 (3) and 0.11 (5) µM76.

Cdiamond A boron-doped diamond electrode with Pt-foil counterelectrode vs. SCE as reference
electrode was used for simultaneous PDV anodic determination of ascorbic acid (1)
and paracetamol (4). The linear range for both analytes was 0.01–0.1 mM and RSD
2–3%, adequate for pharmaceutical products77.
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TABLE 1. (continued)

Type Modification and comments

Cfiber An electrochemically modified carbon fiber electrode was used for ascorbate
determination at cellular level in the presence of catecholamines78. Self-referencing
amperometry (SRA) methods were reviewed; they are applied for electrochemical
probing at cellular levels and may extend elecroanalytical methods to the nanoscale,
for analysis at subcellular and organellar levels79.

GCE A copper-modified GCE (glassy carbon electrode) electrode was described as sensor
for the simultaneous voltametric detection of ascorbic acid (1), uric acid (3) and
homovanillic acid (23). Other applications demonstrated for such electrode were the
sensitive simultaneous detection of 3 and 23 (10 nM each) in the presence of 1
(100 nM), measurement of 1 in Vitamin C tablets and of 3 in urine and serum80. A
GCE was modified by electrochemical deposition of a hybrid PtAu film in the
presence of L-cysteine. The electrode was used for the simultaneous determination of
ascorbic acid (1), uric acid acid (3) and dopamine (5) at pH 4.0 by CV and DPV. The
linearity ranges for these analytes were 0.024–0.384, 0.021–0.336 and
0.103–1.65 mM, respectively, with RSD under 2% for all three, with good sensitivity
and stability81. The GCE surface was covered by o-aminophenyl groups (24), as a
result of electrochemical reduction of the diazonium salt derived from
4-amino-2-nitrophenol, followed by electrochemical reduction of the nitro groups. The
electrocatalytic action of the modified electrode is shown in equation 4. The electrode
was used for simultaneous determination of ascorbic acid (1) and uric acid (3) in
urine82. Sequential or simultaneous electrodeposition of polyaniline and
poly(3-phenylaminopropanesulfonic acid)83 shift the anodic peak of electrooxidation of
ascorbate at pH 7.2, from 0.36 V for a bare electrode to 0.00 V vs. SSCE. The
electrode was used for amperometric determination of ascorbate, with a response of
1.96 nA µM−1, LOD = 2.2 µM and linear range from 5 to 50 µM. Neither uric acid
nor dopamine interfered with the determination. A dual carbon band electrode was
modified in the same fashion84. An electroconducting film was developed on the
electrode by electropolymerization of 4-(2-pyridylazo)resorcinol (25). The indistinct
voltametric peaks of the bare electrode for ascorbic acid (1), dopamine (5) and uric
acid (3) are resolved into peaks at 210, 391 and 590 mV, respectively, when working
vs. SSCE in phosphate buffer at pH 4.0. The corresponding LOD are 7.5, 0.4 and
1.6 µM and the linearity ranges are 100 to 800, 5 to 50 and 20 to 100 µM63. A
poly(4-vinylpyridine) (pvp) film was developed on the electrode. In its acidic form the
pvp-H+ film acts as weak anion exchanger, capturing [Mo(CN)8]4− ions from a
solution. The mechanism of redox electrocatalysis of the modified electrode in the
determination of ascorbic acid (1) is similar to that shown in equations 2 and 3, with
Mo(IV) to Mo(III) instead of Fe(III) to Fe(II) interconversion. The method was used
for determination of 1 in orange juice and in commercial Vitamin C tablets85. A
mixture for electrode preparation incorporates a cobalt complex with salophen (26)
and tetraoctylammonium bromide. The modified electrode can be used for
simultaneous determination of ascorbic acid (1) and dopamine (5)86. A hydrous
ruthenium oxide (RuOxžnH2O) film was deposited on the polished surface of the
electrode by the CV technique. The modified electrode allowed simultaneous
determination of ascorbic acid (1) and dopamine (5)87. A conducting membrane was
developed over the electrode by simultaneous electropolymerization of the inclusion
compound formed by 4-aminothiophenol and β-cyclodextrin (27) and deposition of
gold nanoparticles (ca 10 nM). The modified electrode allowed simultaneous
determination of ascorbic acid (1) and dopamine (5) at 153 and 300 mV, respectively,
vs. SCE88. A GCE modified by L-cysteine and subsequently by self-assembled gold
nanoparticles can be used for the simultaneous DPV determination of ascorbic acid (1)
and uric acid (3), with linear ranges of

(continued overleaf )
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TABLE 1. (continued)

Type Modification and comments

8.0 µM–5.5 mM and 0.60 µM–0.85 mM, respectively, with much stronger anodic
currents than those with the simple GCE89. A GCE modified by a multilayer of
alternating poly(2,5-dimethoxyaniline) and phosphotungstic acid showed enhanced
electrocatalytic oxidation of ascorbic acid (1) by CV, attributed to the presence of
tungsten particles at the interlayer surface90. A GCE modified by a poly(p-
toluenesulfonic acid) (pptsa) film showed an excellent electrocatalytic effect on the
oxidation of dopamine (5) and ascorbic acid (1). The favorable electrostatic interaction
between the negatively charged pptsa film and the cationic species of dopamine (5) or
the anionic species of 1 contribute to the response of 5 and 1 at this electrode. In DPV
measurements, the pptsa-modified electrode can separate the 1 and 5 oxidation
potentials by about 192 mV and can be used for the selective determination of 5 (LOD
0.6 µM) in the presence of up to 0.5 mM 191.

CPE A modified CPE (carbon paste electrode) was prepared from a mixture of acetylene
black and cross-linked polyvinylpyrrolidone, and was used for determination of kojic
acid (8) in foodstuffs. The LOD was 0.50 µM 8, with linearity from 1.0 to 100 µM.
No interference was observed from a 100-fold concentration of glucose, amylum and
dextrin, 50-fold concentration of ascorbic acid (1), uric acid (3), dopamine (5), or
amino acids such as glutamic acid, phenylalanine, aspartic acid, valine, cysteine and
cystine. On the other hand, a 2-fold concentration of tryptophan (28) and a 5-fold
concentration of tyrosine (29) affected the determination of 8 by 10%, due to the close
oxidation potentials of these compounds15. The electrode modified by the Rupic (30)
complex performed the electrocatalytic function by reduction of Ru(III) to Ru(II). The
oxidation potentials of ascorbic acid (1) and dopamine (5) vs. SSCE were 0.30 and
0.35 V, respectively, which are too close for practical resolution of the analytes.
However, by applying PLS regression calculations it was possible to estimate the
concentrations of both analytes with error less than 20 and 12%, respectively, without
previous separation7. Modified electrodes were prepared by adding to the paste either
of the polyvanadate complexes 31 or 32. The electrocatalytic action of these electrodes
vs. SSCE was tested in 1 M H2SO4 solution, in the oxidation of ascorbic acid (1) and
nitrite (NO2

−) or in the reduction of bromate (BrO3
−) and nitrite92.

SPCE Disposable screen-printed carbon electrodes (SPCE) have been variously modified for
improved performance and selectivity. For example, after anodization (SPCE*) or
oxygen plasma treatment (OPSPCE) the electrodes showed excellent sensitivity,
selectivity and antifouling properties in the simultaneous determination of ascorbic
acid (1), uric acid (3) and dopamine (5). Raman spectra and XPS analyses point to
changes in surface planes and the presence of more surface bound carbon–oxygen
functionalities. The low cost of SPCE* offers an easy extension to-on-the spot clinical
diagnosis93. A disposable SPCE modified by electrografting an o-aminophenol film
derived from the corresponding diazonium salt was used for amperometric
determination of ascorbic acid (1), with linear response in the 2–20 µM range, LOD
0.86 µM, RSD 1.98% (n = 8) and good surface stability94.

ito A layer-by-layer coating of the indium tin oxide electrode (ito electrode) was
fabricated by alternating dipping into solutions of chitosan, a poly(amino saccharide)
extracted from crustacean shells, and a sulfonated metallophthalocyanine (33). The
electrode modified by either 33a or 33b showed a difference of 0.51 or 0.56 V,
respectively, for the oxidation potentials of ascorbic acid (1) and dopamine (5).
However, neither the bare ito electrode nor the one modified with 33c could
discriminate between these analytes95.
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TABLE 1. (continued)

Type Modification and comments

pvc A permanganate ISE was prepared with a pvc membrane containing both
tridodecylmethylammonium chloride and 2-nitrophenyl octyl ether or bis(2-ethylhexyl)
sebacate as plasticizer and filled with a solution containing 0.02 M NaCl and 0.08 M
KMnO4. Continuous and reversible potentiometric determinations of the concentration
of 1 can be carried out by measuring the EMF vs. SCE of the solution in the
1.0 µM–1.0 mM range, with LOD 0.22 µM96.

aGuidelines for design of amperometric biosensors for clinical use are found elsewhere67.
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A cuprimetric method for the determination of ascorbic acid is based on a direct
potentiometric titration with CuSO4 using a copper-based mercury film electrode as the
indicator electrode. The electrochemical reaction taking place is ascorbic acid reducing
Cu(II) ions quantitatively to Cu(I) ions in neutral or acidic aqueous solutions. The linearity
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range is 10−5 –10−1 M, with LOD = 2 µM. This method can be used whenever visual
titrimetric methods are out of the question due to colored or opaque pharmaceutical
solutions98.

Methods for analysis of ascorbic acid (1) solutions are potentially adequate for the
analysis of metal ascorbate solutions, perhaps with the proviso of acidifying the solution
to achieve similar analytic conditions. A new approach towards a voltametric electronic
tongue has been developed lately. Automation of the system was achieved by the use of a
sequential injection analysis (SIA) system. A small detection device containing 3 working
electrodes made of platinum, gold and epoxy–graphite discs was used for this purpose, and
a SSCE reference electrode was integrated into the measuring cell to minimize electrical
noise. Three oxidizable compounds of clinical interest, i.e. ascorbic acid (1), uric acid (3)
and paracetamol (4), could be quantitized by the system. Employing the voltamograms as
departure information, artificial neural networks (ANN) have been used as chemometric
tool for modeling the system. Automation with a SIA system is presented as an advantage
for easy preparation of the huge amount of standards needed by the electronic tongue
systems5. Simultaneous analysis of dopamine (5) and ascorbic acid (1) by linear sweep
voltametry (LSV) with a GCE shows a strong nonlinear interference between the analytes.
Instead of applying separation methods or using modified electrodes (see Table 1), it was
opted for a calibration followed by application of chemometric calculations. The statistical
parameters of orthogonal signal correction (OSC) PLS were better than those of classical
least squares, PLS or principal component regression (PCR), on validation of the procedure
with human serum containing known amounts of the analytes6.

The electrochemical behavior of ascorbic acid (1) and uric acid (3) in the presence
of micelles and their selective determination were investigated. Aqueous cetylpyridinium
bromide (cpb) and sodium dodecylbenzenesulfonate (sdbs) micellar solutions have been
used. The oxidation peak potentials for 1 and 3 are separated by 270 mV in the presence
of cpb in aqueous phosphate buffer solution (pH 6.8), thus allowing their selective deter-
mination, as well as the selective determination of 3 in the presence of excess of 1. The
method is simple, inexpensive and rapid with no need to modify the electrode surface
by tedious procedures, and it was applied to 3 determination in samples of human urine
and serum. Abnormal levels of uric acid in urine and serum are symptomatic of several
diseases (gout, hyperuricaemia and Lesch-Nyhan syndrome)99.

Ascorbic acid (1) is most commonly used for testing the performance of electrodes in
redox systems. Thus, a Ag–Ag ascorbate selective electrode was constructed with view
to use it for vitamin C determination. Its reproducibility and stability was satisfactory
and ascorbate ion concentration could be determined in neutral, alkaline and alcoholic
media100. A voltametric study was carried out for the evaluation of graphite–epoxy com-
posite (GEC) electrodes for use in the determination of ascorbic acid and hydroquinone.
They were compared with mercury and CPE in similar operating conditions of pH and
supporting electrolytes. Like all redox electrodes, also GEC electrodes deteriorate on expo-
sure to air or after repeated usage, and the surface had to be renewed for activation. GEC
electrodes were found to be adequate for redox system analyses101. The electrocatalytic
oxidation of 1 is an amplification method for determination of specific miRNA strands
using the Au biosensor described in Table 169.

Monosegmented flow analysis (MSFA) is a flow batch system that can be used to
perform true titrations without the use of standards. Each segment of sample or reagent
can be accurately calibrated for volume, and on uniting two of them they can be allowed
sufficient time for homogeneous mixing. The bubbles separating two segments can be of
air or an inert gas. Titration of 1 with iodine is carried out as follows: A segment containing
1 is joined with one containing KI and it is recirculated in a loop until homogenization
is achieved. This segment, considered as an aliquot of 1, is introduced into a titration
chamber equipped with an electrode set for electrochemical generation of I2 (in fact I3

−)
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as titrant and an electrode set for potentiometric or biamperometric detection of the titrant.
A sequence of measured pulses generates the titrant and its disappearance is followed until
a slight excess remains, marking the end of titration and the beginning of the clean-up
stage. This sequence can be repeated for improvement of the analytical quality. The
method was validated for pharmaceutical preparations and food additives102.

2. Electrophoresis

Chromatographic and related electrophoretic methods for the separation of transition
metal complexes or their ligands were reviewed103. Micellar electrokinetic chromatogra-
phy (MEKC) presents a new development in the field of capillary zone electrophoresis
(CZE). The use of micellar solutions expands the application of CZE to electronically
neutral solutes, as well as charged ones. Thus, electrically neutral β-diketonates Cr(dik)3,
Co(dik)3, Rd(dik)3, Pt(dik)2 and Pd(dik)2 were separated by CZE in micellar solutions
of sds. A linear log–log relationship was found between the distribution coefficient and
the partition coefficient of the complex between dodecane and water, which was used for
prediction of both the distribution coefficients and the migration times of different metal
complexes104.

The development of methods for determination of ascorbic (1) and isoascorbic (2) acids
by CE with UVD at 254 nm served to illustrate the power of chemometrics. Three opera-
tion variables were chosen for optimization: (i) The pH of the carrier solution which has
a strong influence on the separation of the analytes; below pH 4.0 the electroosmotic flow
(EOF) is very slow and above pH 8.5 the baseline becomes erratic. (ii) On increasing the
applied voltage the time of migration is shorter and peak separation is better; however,
if the voltage is excessive the Joule heating causes band broadening. Thus a compro-
mise has to be found for which the Joule heating is acceptable. (iii) The concentration of
the chosen buffer, 2-amino-2-hydroxymethyl-1,3-propanediol (tris), for which the pH is
adjusted on adding HCl to the solution. This variable affects the electrical conductivity
of the solution and was in the 30–50 mM range. The temperature, affecting the viscos-
ity of the solution and thus the ion mobility, was fixed at 20 ◦C. The response surface
methodology was applied to compare three experimental design methods of optimization,
namely full factorial design (FFD), Box-Behnken design (BBD) and central composite
face-centered design (CCFD). If one would like to test three values for each variable, the
labor involved varies from 27 experiments for FFD, to 15 for CCFD and 13 for BBD. The
optimal conditions found for the three design models were pH 7.5, 30 kV and 50 mM
tris, pointing to the convenience of choosing an experimental design other than FFD for
method development4.

Clinical analysis of certain biological markers in urine, including ascorbic acid (1), is
very important. An automatic method for solid-phase extraction coupled to CE with DA-
UVD was developed and optimized, including autosampling and post-run operations to
restore the instrument to readiness for the next sample. The whole cycle lasted 13.01 min,
thus allowing the simultaneous determination in urine of creatine (34), creatinine (35),
uric acid (3), p-aminohippuric acid (36) and 1105.
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D. Gas Chromatography

The present section and Section IV.A.4 complement each other. The GC of metal
chelates derived from monothio-β-diketones, β-diketones, β-dithioketones and β-keto-
enamines was reviewed. The discussion includes column phenomena, analytical improve-
ments and limitations and various applications106. A study of the GC behavior of Group
13 β-diketonates 37 shows that when the chelate contains a Mef group its volatility is
enhanced, while a Ph group tends to decrease it. When R and R′ are alkyl groups the
retention time of the chelates increases with the molecular weight, but it does not depend
on the volatility; however, the retention time of the chelates containing a Mef group is
almost inversely correlated with the volatility107.

O

O

R

R′

M

3

(37) M = Al, Ga, In

R Me, R′ Me (acac), Mef (tfac), Et, i-Pr, t-Bu, Ph (bzac)

R Mef, R′ Mef (hfac), Ph (bztfac), 2-Fu (futfac), 2-Thi (ttfac)

R t-Bu, R′ i-Pr, t-Bu (dpm); R R′ Ph (dibzac)

A flame spectrometric detection (FSD) system was used to study a variety of metal
chelates including the UO(tfac)2, Cr(tfac)3, Cr(hfac)3, Al(tfac)3, Cu(tfac)2, Fe(hfac)2,
Cu(hfac)2, Co(hfac)2 and tricarbonylchromium complexes. The GC column was con-
nected by a heated stainless steel line to a flame spectrometer, working in a laminar flow
regime with a N2O–C2H2 premix burner that could be heated without distortion of the
flame, and a monochromator provided the selective response required for the FSD. The
system included a splitter to allow simultaneous FID and FSD chromatograms108.

Sorption of Cu(tfac)2 on a column depends on the amount of the compound injected,
the content of the liquid phase in the bed, the nature of the support and temperature.
Substantial sorption of Cu(tfac)2 by glass tubing and glass-wool plugs was observed. It
was also shown that sorption of the copper chelate by the bed is partialy reversible109. The
retention data for Cr(dik)3, Co(dik)3 and Al(dik)3 complexes were measured at various
temperatures and various flow rates. The results enable one to select conditions for the GC
separation of Cr, Al and Co β-diketonates. Retention of tfac and hfac of various metals
on various supports were also studied110 and were widely used for the determination
of the metals. Both adsorption and partition coefficients were found to be functions of
the average thickness of the film of the stationary phase111. Specific retention volumes,
adsorption isotherms, molar heats and entropy of solution were determined from the GC
data112. The retention of metal chelates on various stationary phases is mainly due to
adsorption at the gas–liquid interface. However, the classical equation which describes
the retention when mixed mechanisms occur is inappropriate to represent the behavior
of such systems. This failure occurs because both adsorption and partition coefficients
are functions of the average thickness of the film of the stationary phase. It was pointed
out that the main problem is lack of stability under GC conditions. Dissociation of the
chelates results in a smaller peak and a build-up of reactive metal ions. An improvement
of the method could be achieved by addition of tfaH to the carrier gas of the GC equipped
with a TCD113 or FID114.
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GC data were reported for a series of β-diketonates bearing aryl groups. Although
the chelates are thermally stable and volatile at typical column temperatures, several
adverse phenomena, including peak asymmetry, baseline elevation, displacement and pri-
mary effects, were observed115. Column components and the extent of fluorination in
the chelate were established as contributing factors to the adverse behavior. The Cr(III),
Al(III), Fe(III), V(III), Cu(II) and VO2

2+ chelates of nonfluorinated ligands fail to elute
from a wide range of liquid phases and supports, while several of the fluorinated chelates
could be chromatographed successfully116. In contrast, Zn(II), Co(II), Co(III), Mn(II),
Ni(II) and VO2

2+ chelates are totally retained on diverse supports, despite their adequate
volatility and stability. The behavior of several β-diketonates on fused-silica wall-coated
open-tubular columns is improved considerably relative to packed columns. Some elution
abnormalities persist but only at the ng level. The nature of the coordinated metal ion
is the dominant factor in on-column behavior and column retention, but ligand structure,
injection system and stationary phase are also of importance117.

Cu(tfac)2, Al(tfac)3 and Cr(tfac)3 were determined by capillary GC using both FID and
ECD. The limits of quantitation (LOQ) were 10−8 –10−7% and 10−10 –10−9% for analysis
of organic and aqueous solutions, respectively118. The ligand in Ti β-diketonates was
determined after cleaving the chelate with acetic acid and end analysis of the trimethylsilyl
derivative of the liberated diketone by capillary GC119,120.

A GC-MS method was used in the study of the analytical characteristics of volatile
Al(dik)3 and Cr(dik)3, dik = acac and tfac. Aluminum and chromium chelates were well
separated on a fused silica capillary column of 25 m length and 0.20 mm i.d. with electron
impact ionization MS detection, and yielded the unique base peak pattern corresponding to
the loss of one ligand from the molecular ion. Cr(tfac)3 exhibited a pair of chromatographic
peaks which were found to produce nearly identical mass spectra, pointing to the existence
of two geometrical isomers121.

The alkaline-earth metal β-diketonates are less volatile than other metal β-diketonates
because they exist as oligomers. For example, one Ba β-diketonate consists of a cluster of
five metal ions bridged by β-diketonate carbonyl O atoms and H2O. Several such metal
β-diketonates which are used for metallorganic chemistry vapor deposition (MOCVD) of
thin-film superconductors were characterized by GC-MS as well as by TGA and MS122.
It was proved that the addition of the β-diketone to the carrier gas stream improves the
GC behavior of these alkaline earth metal chelates, probably owing to adduct formation
accompanying the dissociation of the oligomers45.

Nineteen volatile dipivaloylmethanates of Th, U, Np, Pu, Zr, Hf and some rare-earth
metals were prepared123. Their thermal stability, crystalline modifications and volatil-
ity were determined from DTA, X-ray phase analysis, tensimetric and thermal gradient
sublimation data. The basic thermodynamic functions for the vapor formation were cal-
culated. The radiolytic decomposition of several solid dipivaloylmethanates, induced by
γ - or α-irradiation, was studied. Coatings obtained by the pyrolytic decomposition of
volatile uranium compounds were characterized. The GC behavior of rare-earth dipival-
oylmethanates and other β-diketonates on columns packed with Inerton coated with 10%
Apiezon L was compared. The sorption of dpm complexes is substantially smaller than
that of acac complexes. The complex is sorbed as a cationic bis(β-diketonate) accom-
panied by the liberation of one equivalent of dpmH124. The GC retention of Ln(dpm)3,
Ln = Ho, Yb and Lu, was examined at 200 ◦C on columns with 5% JXR methylsili-
cone elastomer on Inerton Super in the absence and presence of Pr3PO4 and Bu3PO4.
The data indicate formation and decomposition of adducts between the phosphates (as
medium–donor-strength ligands) and Ln(dpm)3

125.
Pyrolytic sulfurization gas chromatography (PSGC) is a chemical analysis method by

which several elements can be simultaneously determined in as little as 30–130 µg of
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sample. It has been successfully applied to the simultaneous determination of the atomic
ratio between C, H, O and N in metallorganic compounds. Good analytical results were
obtained with Fe(acac)3 and Mg(acac)2

126 – 128.

E. Liquid Chromatography
The present section and Section IV.A.6 complement each other. Liquid chromatog-

raphy is one of the most powerful methods for the separation of chemical compounds.
The separation of the components in a mixture is based on differences in the equilibrium
distribution of the components between the mobile and stationary phases. However, the
differences in distribution constants of the components between the two phases are often
insufficient for their complete separation. Liquid chromatography has been widely recog-
nized as one of the methods for multielement and sensitive analysis of metal ions. Various
modes of liquid chromatography have been used, including normal phase, reversed phase,
ion exchange chromatography (IEC) and ion-pair reversed phase high performance liquid
chromatography (IP-RP-HPLC). The success of such methods depends on a number of
factors: ligand selectivity, and thermodynamic and kinetic stabilities of the complexes and
components of the chromatographic system, i.e. the mobile phase and stationary phases.
Supercritical fluid chromatography (SFC) is included as a LC variant, even if it operates
with a gaseous carrier fluid (no liquid can exist in supercritical conditions); nevertheless,
the carrier fluid acts as though it were a liquid, due to the high density attained at the
high pressure of the system.

1. Column chromatography

In general, the distribution coefficient Kav depends on the molar volume of a metal β-
diketonate. Thus, the gel chromatographic behavior was studied of the acac complexes of
Co(III), Fe(III), Cr(III), Al(III), Cu(II), Ni(II) and Be(II) in the polyvinyl acetate gel (Mer-
ckogel OR-2000)–thf system129 and of Be(dik)2 and Cr(dik)3, dik = acac, bzac, dibzac,
tfac, futfac, ttfac and bztfac, in a column system of polystyrene gel with various organic
solvents130. The elution characteristics Kav, HETP (height equivalent of a theoretical
plate) and skew ratio were obtained with high precision. The behavior of metal chelates
of Fe(III), Co(III) and Cr(III) with the uncomplexed β-diketones was also investigated131.
The effects of the developing solvents (CCl4, toluene, benzene, dichloromethane and
diethyl ether) were compared in terms of solubility parameters. The adsorption behavior
of M(dik)3 complexes of Fe, Co, Tc, Ru and Rh as central ions in silica gel column
chromatography was also examined132. The fundamental distribution parameters of these
chelates were evaluated to find the factors affecting the separation of geometrical isomers
and metal chelates possessing mixed ligands. The adsorption and distribution coefficients
of Tc(dik)3 complexes in a silica gel system were determined133. Using the relative values
of the interaction energies of the substituents in a β-diketonate (Gi and Gj ), the ratios
of the distribution coefficients of Cr(acac)3 to Cr(dik)3 were evaluated. On the basis of
a linear relationship between the experimental and calculated distribution cofficients, the
quantitative separation of metal chelates on silica gel adsorption chromatography could be
rationalized. The model for the adsorption of Cr(dik)3 on silica gel was further applied to
other M(dik)3 complexes (e.g. M = Fe, Tc, Co, Ru and Rh) and the fundamental parame-
ters affecting the distribution of metal chelates in silica gel column chromatography have
been evaluated134. The acac complexes of Ru(III), Rh(III), Y(III) and La(III), and tris(1,1-
diethyl-3-benzoylcarbamido)cobalt(III) (38) were partially resolved into enantiomers by
column chromatography on a chiral stationary phase (CSP) consisting of cis-NO2-trans-
NH2-�-dinitrobis(S-argininato)cobalt(III) nitrate monohydrate (39). La(acac)3 is the first
example of a compound that was optically resolved in this way. Enantiomers with �
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absolute configuration are eluted first. Y(III) and La(III) complexes undergo fast racem-
ization. The optical inertness of the Co(III) complex is intermediate between that of Y(III)
or La(III), and that of Ru(III) or Rh(III) complexes135.

2. Zone chromatography

Zone chromatography is a variant of the zone melting method, in which the mixture
being separated is introduced into a column with a solid solvent and a molten zone
is passed repeatedly along the length of the column to separate mixtures into separate
bands of their components. Zone chromatography has been used for the separation of
mixtures of lanthanides for preparative and analytical purposes The chelates used were
mixtures of hydrated β-diketonates and their adducts with 2,2′-bipyridyl (bipy) and acety-
lacetonimines. The distribution coefficients of different chelates and binary mixtures have
been determined136.

3. Thin layer chromatography

The dependence of the chromatographic properties of the chelates on their structure, the
nature of the metals, type of donor atoms and ligand structure as a whole was studied. Also,
the effect of the composition of coordinated β-diketonato ligands on Rf values of transition
metals complexes137, the effects of the geometrical configuration138 of octahedral, square-
planar139 and facial –meridional isomers140 were studied. The effects of the chelate ring
size, absolute configuration141 and the length of the coordinated ligand side chain were
also considered. Separation and determination of Co(acac)2 and Co(acac)3 were carried
out on TLC silica gel or alumina plates in the presence of poly(vinylacetate)142,143.

The quantitative separation and recovery of the compounds in different valences was
assessed by estimating the resolved valence states spectrophotometrically. Simple and
quick separation is possible with ketones, esters, alcohols and dioxane. In a study com-
prising twenty complexes of Cr(III), Co(III), Ru(III), Rh(III), Fe(II), Co(II), Ni(II) and
Zn(II), containing such ligands as acac and bzac, the correlation between the Rf values and
the radii of the metal ions did not explain the order of Rf values of complexes with central
ions of similar radii. The polarization powers of the central ions proved a better parameter
to explain the order of the Rf values144. Generally, the trend in Rf values varied consider-
ably for the different metal ions and a parallel between the TLC and GC behavior of the
chelates was apparent145. The Rf values of the complexes increase in the following order
of ligands: acac < bzac < dibzac < ttfac < tfac < hfac. These results reflect the weaken-
ing of the strength of adsorption of the complexes to the adsorbent, caused by decreasing
oxygen atom electron density146. Further experimentation in a single-component solvent
suggests that the dominant factor is the polarization power of the central ions of the
complexes assuming a separation mechanism based on adsorption144. However, when
multicomponent solvents are used both adsorption and partition separation mechanisms
are involved147.
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The TLC behavior of Co(dik)3, Cr(dik)3 and Ru(dik)3, in which acac ligands were
successively replaced with dibzac ligands, was studied. The Rf values increased with
nonaqueous and decreased with aqueous solvent systems. Unmodified silica gel can be
used as a sorbent for both normal phase and RP-TLC of the metal complexes. The rule
of a linear dependence between the RM values of transition metal β-diketonates and the
number of substituted chelate ligands was extended148.

The effect of the central ion of M(dik)3 complexes of transition metals on their TLC Rf
values on silica gel was extensively studied. Among the complexes we count M = Co, Cr
and Ru chelated by dik = acac, dbzac and monothio-dibzac, either alone or in admixture,
and M(acac)3, M = Sc, Y, La or Nd. The dependence of retention data on the ionic radius
was demonstrated. The mobility (Rf value) for dik = acac is directly proportional to the
ionic radius of the central ion149. The effect of the electronegativity of ligator atoms on
the TLC of different β-diketonato complexes was also studied. For Co(dik)3, Cr(dik)3 or
Ru(dik)3, dik = acac, dibzac and monothio-dibzac, it was found that substitution of the
donor O atom by the less electronegative S atom resulted in increased mobility of the
complex. In addition, a linear dependence was observed between the retardation factor RM
of the complexes and the number of acac ligands replaced by monothio-dibzac ones150.

Separation, identification and determination of ascorbic acid, ascorbyl palmitate and
sodium ascorbate were performed by TLC on layers of Kieselgel HF254. The determi-
nation was based on the UV absorption of the compounds and on the fluorescence of
the layer. When the layer is excited with UV radiation of 254 µm, the fluorescence is
quenched in the zones corresponding to the UV absorbing compounds. A direct measure
of the concentration of the separated substances is therefore possible151.

4. Normal phase HPLC

Separation of six β-diketonate–metal chelates by HPLC was first carried out by liq-
uid–liquid partition chromatography involving water–ethanol–2,2,4-trimethylpentane. Of
the examined acetylacetonates of Be(II), Al(III), Cr(III), Fe(III), Co(III), Ni(II), Cu(II),
Zn(II), Zr(IV) and Ru(III), they separated four-component mixtures within 25 minutes.
Because of dissociation of the chelates on the column, acacH had to be included in the
eluent152. Successful separation of β-diketonate chelates by normal phase chromatography
was demonstrated also by other investigators153 – 155.

Electrophilic substitution reactions of metal β-diketonates led to substitution on the
central carbon of the chelate ring156. These mixed-ligand complexes could be isolated
by TLC, GC or HPLC methods157. Normal phase HPLC was used to monitor the elec-
trophilic bromination and nitration of Cr(acac)3, Rh(acac)3 and Co(acac)3, yielding mix-
tures of complexes M(acac)3−nLn (n = 0–3, L = α-bromo- or α-nitroacetylacetonate) (11,
R1 = R2 = Me, R3 = Br, NO2)158,159. The Co(III) complexes were thermally unstable and
hence unsuitable for GC. The Rh and Cr complexes were readily separated on an OV-
101/chromosorb W column. The nitrated acetylacetonates of Co(III) could be separated
using normal phase HPLC. Certain metal chelates, e.g. Ni(dik)2, show anomalous elution
behavior (major distortion, tailing or disappearance of peaks) in liquid–liquid partition
LC. Such undesirable behavior of metal chelates has also been observed in size-exclusion
chromatography (SEC). The distorted elution curves observed for Ni(dik)2 and Al(ttfac)3
were attributed to partial dissociation of the chelates in the SEC column. The SEC behav-
ior of the metal chelates was investigated from the viewpoint of elution recovery. The
influence of chelated metal ions, mobile phase composition, column temperature and
column length was examined. The following is recommended to obtain better chromato-
graphic behavior of metal chelates: (i) shorter columns, (ii) a fast flow rate for the mobile
phase and (iii) lower column temperatures. Furthermore, adding the chelating agent to the
mobile phase suppresses undesirable dissociation of the metal chelate in the column160.
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Both GC and LC behavior of metal complexes of various ligand types including salicy-
laldimines and Schiff bases and fluorinated β-diketones was reported. Metal ions included
the lanthanides, transition metals, Pt, Pd and Zn. Dissociation and thermal instabilities
were found to be the main limitations in the chromatography of such derivatives. The
data indicate that pre-column derivatization and GC is unlikely to provide a viable method
for the ultratrace determination of metal ions except in rare circumstances. On the other
hand, LC of complexed metal ions was found as a valuable technique that combines
the advantages of versatility, specificity and sensitivity with the capacity for simultane-
ous determination and speciation. Diastereoisomers of oxovanadium(IV) complexes of
tetradentate Schiff bases could be resolved by both GC and LC161.

5. Reverse phase HPLC

A review was published dealing with RP-HPLC separation and determination of
platinum-group metals as their complexes, including chelates, and application of the
method to environmental and biological analysis162a. RP-chromatographic separations
of Al(acac)3, Cr(acac)3, Cu(acac)3 and other compounds were studied. Resolution of
cis–trans isomers could be also shown. Alumina and silica gel bonded phases and open-
pore polyurethane columns were used with a variety of mobile phases. Microparticulate
silica gel columns were suggested to be the best columns for the separation of metal
complexes by LC154. The RP-HPLC behavior of bzac chelates of Mn(II), Be(II), Co(II),
Cr(III), Rh(III), Ir(III), Pd(II) and Pt(II) was investigated using methanol–water or ace-
tonitrile–water as mobile phases on Supelco C18 and Ultrasphere ODS columns. Highly
symmetric peaks were obtained indicating on-column stability, in certain cases with no
need to include the β-diketone in the mobile phase. However, Cu(acac)2, Ni(acac)2,
Fe(acac)3, Co(acac)2, Zn(acac)2 and Pb(acac)2 were not resolved successfully by this
technique because they decompose on column. The LOD (UVD) were in the ng levels
and the linear dynamic ranges of more than two orders of magnitude162b.

M(acac)3 mixtures (M = Al, Co, Cr and Fe) were separated using RP-HPLC columns
containing Lichrosorb (10 mg) with RP-2, RP-8 and RP-18 bonded phases, with MeOH–
H2O and MeCN–H2O mobile phases. The order of elution of β-diketonates depended
on the type of the column packing and on the nature and concentration of the organic
modifier in the mobile phase163. Optimum parameters for the separation of these mix-
tures were established. The resolution time, depending on the column type and flow rate
(1.5–2.0 cm3 min−1), was 6–10 minutes. The effectiveness of the separation was indepen-
dent of the column length in the 10–25 cm range; however, the column length influenced
the retention time164. The elution behavior of platinoid metal β-diketonates was studied
with the aim to elucidate their retention mechanism and optimize their RP-LC separa-
tion conditions. Four different columns were used with MeOH–H2O and MeCN–H2O
mobile phases. The retention of uncharged platinoid metal β-diketonates is interpreted by
solvophobic effect and is strongly influenced by the geometric structure of the complexes.
The square-planar chelates Pd(acac)2 and Pt(acac)2 are retained longer than the octahe-
dral chelates, Rh(acac)3 and Ir(acac)3. It is likely that square-planar chelates show greater
interaction with the nonpolar stationary phase than octahedral chelates. The van’t Hoff
plots showed that platinoid metal β-diketonates operate on the same retention mechanism
at 25–45 ◦C. Optimum conditions for the separation of four platinoid metal β-diketonates
are: 40% MeOH, polymeric C18 column and 45 ◦C165. In order to clarify the mechanism
of retention of several β-diketonates of chromium(III), cobalt(III) and palladium(II), their
Gibbs free energies were evaluated in RP-LC on C18-bonded silica gel with MeCN–H2O
mobile phase. The values obtained were compared with the liquid–liquid partition coef-
ficients of the metal β-diketonates in the dodecane–(MeCN–H2O) system. It enabled a
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more quantitative treatment of the Gibbs free energy of the interaction of solutes with
the stationary phase, which is in accordance with the additivity of Gibbs free energy166.
Capacity factors have been measured for several β-diketonates of Cr(III) and Pd(II) on
C18-bonded silica stationary phases with a MeOH–H2O mobile phase. The capacity factor
of each metal complex under these conditions is related to the partition coefficient in the
dodecane–(MeOH–H2O) system167.

IP-RP-HPLC offers multielement detection capacity, selectivity and sensitivity of anal-
ysis. Most of the reports on IP-RP-HPLC for metal analysis are based on the separation
as their chelates. Precomplexation of metal ions with appropriate ligands has many
advantages such as increasing selectivity between metal ions, the ability to determine
speciation and increasing sensitivity for chelates with high adsorptivity. Among the many
ligands successfully used for IP-RP-HPLC separation of metal ions, the azo dye 4-(2-
pyridylazo)resorcinol (par) is most widely used168. A simple reverse flow injection set-up
was used for in-line complexation of metal-par chelates prior to their separation by IP-RP-
HPLC using a C18 Bondapak column with the mobile phase containing 37% acetonitrile,
3.0 mM acetate buffer (pH 6.0) and 6.2 mM tetrabutylammonium bromide at a flow rate
of 1.0 mL min−1 and UVD at 440 and 530 nm. The analysis cycle including in-line com-
plexation and separation by IP-RP-HPLC was 16 min long, which enabled to separate
Cr(VI) and the par chelates of Co(II), Ni(II) and Cu(II)169.

RP-HPLC with a C18 column, UVD and MeCN–H2O (50:50) as eluent was used
for determination of the solubility of noble metal β-diketonates [Pd(acac)2, Pt(acac)2,
Rh(acac)3 and Ru(acac)3] in SCCO2. The same determination was also carried out by
normal phase HPLC for Pd(acac)2, Pt(acac)2 and Ag(acac), using a silica column and
CH2Cl2 –MeOH–hexane (45:45:10) as eluent. The main problem is injecting the sample
without evolution of bubbles that are deleterious to the system. This is achieved by
injecting the sample into an eluting solvent capable of dissolving the CO2 at the pressures
of the HPLC equipment170.

6. Supercritical fluid chromatography

Volatile fluorinated metal chelates show high solubility and good chromatographic
performance in supercritical CO2. Thus, the use of supercritical fluid chromatography
(SFC) in the separation of volatile fluorinated lanthanide complexes was very appeal-
ing. The SFC performance of La(acac)3, Pr(acac)3 and Eu(ttfac)3 was investigated using
dichlorodifluoromethane as the mobile phase171,172 and much later in more detail, with
modern SFC instrumentation and supercritical CO2 as the mobile phase. Lanthnide com-
plexes of acac, dpm and hfod have better chromatographic performances as compared
to the chelates of tfac and ttfac. The retention is a temperature-dependent function of
volatility and solubility173. Cu(dik)2 and Mn(dik)2 could be separated by SFC as such
or after adduct formation with tributylphosphine oxide (TBPO). Hydrated Cu(dik)2 com-
plexes exhibit strong intermolecular interactions or decomposition in SFC. Formation of
the TBPO adducts can greatly improve the SFC behavior and detection sensitivity of
Cu(dik)2 and Mn(dik)2

174.
The solubilities of β-diketonate complexes of Cu, Zn, Ni and Co in supercritical CO2

were determined. A linear correlation was found between the stability of the metal com-
plex and extractant dissociation. This correlation helps finding extractants optimized for
both extraction of metals and the recovery of valuble chemicals. Supercritical CO2 best
extracted Cu β-diketonates and the free metal could be best recovered in nitric acid.
The other metal complexes showed lower extraction levels in the decreasing order of
Ni, Co and Zn. The metal removal efficiency from the stripping solution into CO2 var-
ied between 5 and 90% and decreased in the order Cu, Co, Ni and Zn. The overall
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dissolved amount of each metal acetylacetonate complex in supercritical CO2 decreased
in the order Cu, Zn, Ni and Co175. The solubility of Cr(acac)3 in supercritical CO2 was
much increased by the addition of alcohol modifiers, such as MeOH, EtOH and especially
CF3CH2OH. The increased effect of the latter modifier was attributed to the formation
of a specially stable hydrogen bonded complex with the chelated ion176. Cr(acac)3 and
Cr(dpm)3 were separated by SFC and determined by FID (LOD = 10–250 pg) or ICP-MS
(LOD = 0.9–3 pg). The reproducibility was between 1 and 4% RSD and a linear response
was observed for injections in the 0.1–100 ng range with both detection methods177.

7. Determination of ascorbates by HPLC
A HPLC method for determination of Na ascorbate and a variety of sugars (glucose,

fructose, lactose, sucrose, maltose, glucono-δ-lactone) in seasonings for sausages was
described using amperometric detection; glucose and lactose could not be separated178.
Magnesium ascorbylphosphate (6) in cosmetic preparations was determined by RP-HPLC
with UVD at 255 nm, using a Lichrosorb-NH2 column and a 1:2 MeCN/0.3 M phosphate
buffer (pH 4) solution as mobile phase. The LOD was 0.4 ppm with linearity from 4 to
40 ppm179. A method for simultaneous determination of 6 and melatonin (7) is based on
RP-HPLC on a C18 column, with UVD at 260 nm. The carrier was an aqueous solution
of 0.020 M Bu4NOH and 0.025 M KH2PO4 mixed with MeCN in a 77:23 volume ratio;
chlorthalidone (40) served as internal standard. The limits of quantitation (LOQ) were
0.69 ppm 6 and 0.47 ppm 7. The method was applied for quality control of cosmetic
cream13. The simultaneous determination of 6, ascorbyl glucoside (41), kojic acid (8),
arbutin (42) and hydroquinone (43) was carried out by RP-HPLC with UVD at 280 nm,
using a 99:1 (v/v) mixture of 0.05 M KH2PO4 buffer (pH 2.5) and MeOH as mobile
phase and pyridoxine (44) as internal standard180.
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Ascorbic acid (1) has many biological functions besides its well-known antioxidant
activity. It is a functional component of many pharmaceutical and cosmetic prepara-
tions. Antioxidants such as glutathione (45) or sodium metabisulfite (Na2S2O5) are added
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to protect the preparations activity on storage. To avoid possible interference by these
additives in the determination of 1 in these preparations, it was proposed to carry out a
separation by RP-HPLC with UVD at 254 nm using MeOH/MeCN containing metaphos-
phoric acid (pH 2.8). The method was validated for mixtures of the analyte with nicotinic
acid (46a), 45, oxalic acid and excipients of topical formulations such as oil in water emul-
sion or aqueous gel181. A kinetic method for determination of ascorbic acid/ascorbate (1)
is based on measuring the initial rate of its oxidation to dehydroascorbic acid (18) in
phosphate buffer (pH 5 to 6) catalyzed by ascorbate oxidase. The biochemical assay can
be carried out in a plate reader at 265 nm, where 18 is transparent. Furthermore, the pres-
ence of 18 in a sample can also be determined after its reduction to 1 with a mercaptane
such as dithiothreitol (47)182.

NH2

HO2C
N
H

H
N CO2H

O

O

SH
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X HS
SH

OH

OH

(47)(45) (46) (a) X = OH
(b) X = NH2

Ascorbyl glucoside (48), kojic acid (8) and niaciamide (46b) are used in commer-
cial products as skin bleaching cosmetic formulations, where the concentration of these
ingredients is regulated. A method for determination of these compounds consists of dis-
solving the sample in phosphate buffer solution in 40% (v/v) MeOH at pH 5.5, collecting
the analytes in water after they have passed through a polycarbonate fiber microdialysis
membrane, filling the sample loop of the injector with this solution and carrying out the
end analysis by RP-HPLC with UVD at 254 nm, eluted by the same buffer solution. The
chromatographic run was finished in about 4 min. The LOD and linearity ranges in ppm
units were 0.01 and 0.068 to 304 for 48, 0.01 and 0.071 to 284 for 8, and 0.007 and 0.024
to 488 for 46b, with good recovery and reproducibility183.

O

OHO

H

HO O-glucose

HO

(48)

Evaporative light scattering detection (ELSD) can be applied in quality control for
determination of analytes emerging from liquid phase separation methods, such as HPLC
or ion chromatography (IC), as long as they are less volatile than the mobile phase. It has
the advantage over differential refractive index detection of not being affected by gradient
elution. ELSD involves three operations: (i) nebulization of the emerging stream, (ii) evap-
oration of the mobile phase and (iii) measurement of the intensity of the scattered light;
however, the latter is not necessarily proportional to the analyte concentration184 – 186. The
HPLC-ELSD method has been proposed for simultaneous determination of metallic ions
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CO2H

H2N CO2H

CO2H

CO2HHO

CO2H

(50)(49)

and organic compounds in pharmaceutical preparations. Thus, the method was validated
for determination of salts of Na(I), K(I), Ca(II), Mg(II) and Al(III) with organic acids
such as ascorbic (1), aspartic (49) and citric (50). Each set of analytes required a special
elution regime. The cations were separated on a Dionex CS-14 cation exchange resin. For
example, Mg(II), Ca(II) and Al(III) were analyzed on applying a gradient elution with
water containing 0.1 to 0.6% (v/v) tfa. The organic analytes and some of the cations were
separated on a C18 RP-column. 49, K(I) and Mg(II) were analyzed by isocratic elution
with water containing 0.02% (v/v) tfa, whereas 1, Na(I), 50 and Mg(II) required water
with a gradient of tfa or nonafluoropentanoic acid. The peak areas A were calibrated for
the amount m of analyte by the double logarithmic correlation (log A = b log m + log a)
where a and b are parameters of the analyte187.

8. Separation of optical and geometrical isomers

Liquid column chromatographic methods can be used also for resolving organic and
inorganic metal complex enantiomers and separating geometrical isomers. A chromato-
graphic enantioseparation on a chiral selector consisting of a transition metal complex
was first described in 1980. It was proved that neutral tris(acac) complexes of triva-
lent transition metals could be efficiently resolved into enantiomers on a [(+)-Co(S-
Arg)2(L)2]+ (L = NO2

−, Cl−) complex acting as a chiral stationary phase188. The mod-
eling of chromatographic separation of neutral Co(acac)3 into enantiomers on a dinitro-
bis(arginine)cobalt(III) complex as a chiral selector was described. It demonstrates the
predictive power of the method and its possible practical applications in designing efficient
chiral stationary phases189.

Later, a complete chromatographic resolution of Co(acac)3 and Cr(acac)3 on an opti-
cally active poly(triphenylmethyl methacrylate) column was accomplished. The optical
data of the pure enantiomers were obtained. Extensive use was made of columns com-
posed of clay plus metal complex adducts. Thus, optical resolution was accomplished
by LC on a column packed with an ion-exchange adduct of synthetic hectorite and
optically active [Ni(II)](phen)3 and [Ru(II)](phen)3

190. Using these systems, Co(acac)3,
Cr(acac)3, Rh(acac)3 and [Co(acac)2(en)]+ (en = ethelenediamine) were resolved com-
pletely into enantiomers191. Enantiomers of these four species were separated by LC on a
column packed with ion-exchange adduct of synthetic hectorite and optically active metal
complexes192. One optically active metal complex used was tris(1,10-phenanthroline)-
nickel(II), which was ion exchanged into synthetic hectorite. Racemic Co(acac)3, Cr(acac)3
and Ru(acac)3 were also enantiomerically separated via LC using poly(t-butylisocyanide)
as stationary phase193.

Resolution of optically active M(dik)3 and [M(dik)2]+L complexes and their monolayer
properties at an air–water interface was investigated194. These special complexes are chiral
due to the asymmetric coordination of a central metal(III) ion. A chromatographic method
to resolve M(acac)3 has been developed by use of an ion-exchange adduct of a clay with
optically active metal complexes. When the following eight complexes, Cr(acacNO2)3
(acacNO2 = 3-nitropentane-2,4-dionato), Co(acacNO2)3, Ru(dibzac)3, Ru(hpd)3 (hpd =
heptane-3,5-dionato), Ru(nnd)3 (nnd = nonane-4,6-dionato), Ru(dmh)3 (dmh = 2,6-
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dimethylheptane-3,5-dionato), fac-Ru(tfac3)3 and Ru(acac)2(dibzac), were eluted with a
MeOH–HCCl3 mixture on a column packed with the synthetic layered clay Laponite,
previously ion exchanged with [Ru(phen)3]2+, resolution was achieved for �,�-racemates
of Cr(acacNO2)3, Co(acacNO2)3, Ru(hpd)3, Ru(nnd)3 and Ru(acac)2(dibzac). The facial
isomers of Co(bzac)3 and Cr(bzac)3 were retained more strongly than the meridional
ones on a polyacrylonitrile TLC sorbent for a variety of aqueous and nonaqueous eluting
solvents, pointing to stronger π-interactions of the fac-complexes with the sorbent195,196.

Certain transition metals form chiral chelates, even if the chelating ligands are achi-
ral; e.g., in the case of M(acac)3 (M = Cr, Co, Ru), two stable enantiomers, designated
by prefices �- and �-, can be distinguished. Various modifications of HPLC columns
capable of separating this type of racemic mixtures have been proposed based on the
introduction of chiral groups or molecules that interact differently with the components
of a racemic mixture. Eu(III) and Tb(III) complexes with chiral β-diketonate ligands
derived from D-camphor, which can induce configurational chirality or chiroptical spectra
[circularly polarized luminescence (CPL or CD)], have offered excellent opportunities
for the examination of the optical activity theory as well as the chiroptical structural
relation in chiral Ln(III) systems197. Work was done on the chiral assembly between
�-[Cr(acac)2(ox)]− and �-[Ln(hbpz)2]− resulting in the formation of the chiral (�,�)-
Cr(ox)Ln complexes, (�,�)-(acac)2Cr(ox)Ln(hbpz)2 (Ln = Yb and Dy, ox = oxalato,
hbpz = hydrotris(pyrazol-1-yl)borato), where (�,�) is the absolute configuration around
the octahedral Cr and square antiprismatic Ln moiety, respectively). The structural anal-
ysis is based on single crystal X-ray and CD spectra in comparison with those of the
related mononuclear [Yb(hbpz)2(S-pba)].

Saccharides and hydroxycarboxylic acids can substitute alkoxy groups from metal
alkoxides. Thus, composites in which optically active organic compounds such as D-
fructose, D-sorbitol and L-tartaric acid are highly dispersed in silica can be obtained by a
sol-gel procedure using hydrolysis and condensation of tetraethoxysilane (TEOS) reacted
with a saccharide198. During the process, ethoxy groups of the TEOS are replaced with
hydroxyl groups of the saccharide. The composites obtained show higher abilities in
the optical resolution of M(acac)3 (e.g. Co(acac)3) complexes, than those obtained by
kneading and impregnation procedures, and optically active saccharides and hydroxycar-
boxylic acids themselves199. A different type of active organic–inorganic composite was
also prepared by a sol-gel method. It was found that the L-tartaric acid–SiO2 composites
can resolve the racemate of M(acac)3 to optically active forms200. The high resolution
ability of the sol-gel derived composites arises from the combined effect of the silica sup-
port (adsorbing power) and the highly dispersed saccharide molecules (chiral recognition
power). Cellulose tris(3,5-dichlorophenylcarbamate (CDCPC) was used as a chiral station-
ary phase (CSP) during HPLC. Co(acac)3 and Cr(acac)3 were among other chiral chemi-
cals resolved on the CDCPC column. The applicability of CDCPC for enantioseparations
in capillary liquid chromatography was also shown giving promising prospects for the
screening of novel biologically active compounds for their enantiomeric composition201.
Cyclohexylcarbamates of cellulose and amylose and their resolving abilities for enan-
tiomers were evaluated as CPSs for HPLC. The chiral resolution capability was tested on
several compounds, among them Co(acac)3. The CSPs showed high resolving abilities,
which are comparable to those of popular CSPs, tris(3,5-dimethylphenylcarbamate)s of
cellulose and amylose202.

HPLC enantiomeric separation of Co(acac)3 was also performed with monolithic sil-
ica columns containing a covalently attached 3,5-dimethylphenylcarbamate derivative of
cellulose203. Covalent immobilization of 3,5-dimethylphenylcarbamate derivative of cel-
lulose was performed in situ onto native silica monoliths cladded in a polyether HPLC
column. The covalent attachment of cellulose derivative in the range of 16–19% (w/w)
was performed via an epoxide moiety. The covalent attachment of the cellulose derivative
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enables this column to be used in combination with the mobile phases which are incompat-
ible with coated-type polysaccharide columns due to solubility of chiral selector in some
organic solvents. The column obtained by this technique combines the high enantiomer-
resolving ability of the polysaccharide derivative with favorable dynamic properties of
monolithic HPLC columns204. In addition, enantioseparations by HPLC were carried out
using phenylcarbonate, benzoylformate, p-toluenesulfonylcarbamate, and benzoylcarba-
mates of cellulose and amylose as chiral stationary phases205.

Co(acac)3 is frequently used as a probe for enantioseparation efficiency of col-
umns206 – 208. A monolytic capillary silica gel column was functionalized with methacry-
late residues in two steps, as shown in equation 5206, and then it was impregnated with
cellulose or amylose (51a, b) which was modified so that 30% of the R groups were
the methacrylate group 52 and the rest was identical to R′ (53). For further stability of
the column, the polymeric modifier was immobilized on the silica gel by in situ copoly-
merization with an olefinic monomer such as 2,3-dimethylbutadiene. Only the column
containing cellulose modified as in 51a was able to separate the Co(acac)3 racemic mix-
ture, whereas neither cellulose nor amylose modified as in 51b did, although they were
successful in resolving other racemic mixtures206 – 208.
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HPLC separation of geometrical isomers of β-diketonates was also described. The
retention of the fac- and mer-isomers of chromium(III) and cobalt(III) complexes with
eight asymmetric β-diketonates was studied in the ODS–(MeOH–H2O) system. The
retention order for two geometrical isomers depends on the structure of the complexing
β-diketonates. Thus, the retention order fac < mer was found for complexes of the β-
diketonates which possess a fluorinated functional group in each molecule. The reverse
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order was found for complexes of β-diketonates without a fluorinated moiety. The reten-
tion sequence for the fac- and mer-isomers of each metal complex was the same as the
increasing order of the partition coefficient values. The differences in the capacity factor
between the mer- and fac-isomers is smaller than the difference in the partition coefficient
value209.

F. Miscellaneous Analytical Methods

A simple and rapid method for the iodometric determination of microgram amounts
of chromium(III) in organic chelates is based on the oxidation of chromium(III) with
periodate at pH 3.2, removal of the unreacted periodate by masking with molybdate
and subsequent iodometric determination of the liberated iodate210. Iodometric titration
was also used for determination of the effective isoascorbate (see 2) concentration in
fermentation processes211. The content of calcium ascorbate can be determined with high
sensitivity by complexometric titration with edta, which is superior to iodometry212. The
purity of β-diketonate complexes of Al, Ga, In and Ni was determined by complexometric
titration with edta at pH 5.5–3, with RSD � 0.01 for determining 5–30% metal ion213.
Good analytical results were obtained by a similar procedure for the metal content of 15
lanthanide organic complexes214.

Photoacoustic spectroscopy (PAS) is a nondestructive analytical technique in which
light entering the photoacoustic cell passes through undetected if the sample is nonab-
sorbing, but heats up and expands the gas in the cell if the light is absorbed. This expansion
makes an audible sound whenever absorption occurs and is detected by a microphone.
The SNR may increase with the sample surface area. PAS determinations were carried
out for hfac chelates of Sc, Y and the rare earth Ce, Pr, Nd, Eu and Er215.

IV. METAL ENOLATES AS ANALYTICAL REAGENTS AND AIDS

A. General Methods

This part of the chapter gives an overview of different types of metal enolates, mainly
β-diketonates, with emphasis on the properties that can be of interest in analytical applica-
tions. The analytical applications of rare earth β-diketonate complexes were reviewed216.

A comparative study reviews the advantages and pitfalls of six vapor generation pro-
cedures applied when analytical methods for trace metallic elements (e.g. FAAS, ETAAS,
ICP-AES and ICP-MS) involve a volatilization step: (i) Hydride generation with NaBH4
is the most popular one; however, not all the transition metals form volatile hydrides,
and some interferences have been observed with those that do. (ii) Generation of a metal
carbonyl has been very successful in Ni ultratrace analysis. (iii) Generation of a volatile
oxide is possible with certain elements and was successfully applied to Os ultratrace anal-
ysis, for which the interferences of concomitant elements and organic compounds were
small, as opposed to those observed for hydride generation. (iv) Generation of volatile
chelates and, in particular, β-diketonates has been extensively applied in GC; however,
the method has some disadvantages, such as the necessity of sample preparation, the use
of ECD that is nonspecific for the metal and is subject to contamination, and the inability
to perform multielemental analysis, due to the inherent instability of the chelates of certain
elements. (v) Generation of ethylated metals with NaBEt4 has become a popular method
for the volatilization of environmentally relevant elements (e.g. Cd, Cu, Hg, Pb, Se, Sn
and Zn) prior to their quantitation or speciation; the risk of interferences with ethylated
metals is lower than that with hydrides. (vi) Generation of chlorides and fluorides, espe-
cially the former, seems to be the most covenient derivatization of metals and metalloids
to achieve volatility217.
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Complexation chromatography encompasses all chromatographic separations dependent
on complexation, including the use of metal ions or metal complexes in the stationary
phase. The versatility of complexation chromatography is due in part to its suitability in all
areas of chromatography including GC, TLC, HPLC and SFC. Metal β-diketonates have
been studied intensively in gas, column, liquid and thin layer chromatography, as well as in
solvent extraction procedures, with the aim to find the factors that affect separation of the
various metal ions. A review on chromatographic and related electrophoretic separation
methods of transition metal complexes or their ligands discusses also analytical separation
of metal β-diketonates by various chromatographic techniques and the incorporation of
these compounds into chromatographic stationary phases to achieve a variety of effects,
including chiral separations and ‘synthetic antibody’ action103.

1. Optodes, photoluminescent and chemiluminescent tracers

Optode is an optical sensor device that optically measures a specific substance usually
with the aid of a chemical transducer. Specific optodes consisting of glass plates coated
with a permeable acrylic polymer film containing either [Cu(acac)(dmpen)]NO3 (54a) or
[Cu(acac)(dphpen)]NO3 (54b) were prepared for the determination of H2S in air at a level
of 10 ppm. This level is considered by the National Institute for Occupational Safety and
Health (NIOSH) to be about one tenth of the dangerous level for health and life. On short
exposure of the optode to the contaminated atmosphere a change in color occurs, the
intensity of which is proportional to the H2S concentration and is measured with a UV
spectrometer. A redox process takes place as shown in equation 6, where L represents
the bidentate ligand derivatives of 1,10-phenanthroline, starting with the neutralization of
the acac anion to yield acetylacetone, and followed by reduction of Cu(II) to Cu(I) and
the concomitant oxidation of bisulfide anions to hydrogen disulfide218.
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2[Cu(acac)L]NO3 + 2H2S −−−→ 2acacH + 2[LCuSH]NO3

−−−→ [Cu2L2](NO3)2 + HSSH (6)

Some lanthanide β-diketonate complexes (11, M = Pr, Eu, Dy, R1 = n-Pr, R2 = t-Bu)
have selectivity for further coordination with Cl− ions, over F−, Br−, I−, ClO4

−, SCN−,
OH−, AcO−, HCO3

−, NO3
− and SO4

2−, and are the active component of ion-selective
electrodes (ISE) for Cl−. It was proposed to take advantage of the luminescence in the
visible range associated with Cl− complexation, for the development of specific naked
eye optodes (M = Eu) for this ion219. A sensitive fluorescence enhancement system for
the determination of terbium was developed and studied. This method was applied to
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the determination of trace amounts of Tb(III) in a synthetic rare earth oxide and a high
purity Y2O3 matrix. In this system the anion derived from N-(2-pyridyl)-2-ketobutyramide
(pykba) is a potential chelating ligand. The Tb(pykba)3 complex emits intrinsic fluores-
cence of Tb(III) under excitation by ultraviolet light (λex = 305 nm, λfl = 496, 549 nm).
The intensity of this fluorescence is further enhanced in the presence of Et3N and Zn(II)
ions220. The fluorescence of Tb(acac)3 nanoparticles dispersed in a polyacrylamide matrix
is very strong. This is the basis of a fast and sensitive method for determination of Cr(VI)
by fluorescence quenching, even in the presence of a large excess of Cr(III). The LOD is
0.8 ppb with little interference by other ions usually present in water and waste water221.

A spectrophotometric method was developed for the quantitative evaluation of cyanide
ions in the concentration range of 25 ppb by using a silica-supported Fe(acac)3 column.
The concentration of CN− was calculated from the absorbance at 295 nm222. VO(acac)2
and luminol (55) show a chemiluminescent reaction which served to devise a micelle-
mediated method for determination of V(IV)223,224.

NH

NH

NH2 O

O

(55)

1,2-Enedithiolates (dithiolenes225) were used originally together with other ligands for
production of chelates of transition metals for determination by UVD. After the discovery
of photophysical properties of Pt complexes of certain 1,2-enedithiolates, they were used
as phosphorescence and fluorescence dual emitters for oxygen and proton detection. The
analytical applications of 1,2-enedithiolates have been reviewed226.

Markers with red luminescence under UV light are used as tracers for shadowing pur-
suits in a variety of criminal cases. Luminescent markers consist of a mixture of 1%
europium β-diketonates in vaseline as the carrier. The visual detection limit under UV
light is 1–100 ppm. Six types of europium β-diketonates were extracted with acetoni-
trile and promptly identified using both fluorescence spectrophotometry and electrospray
ionization mass spectrometry at the detection limits of 10–100 ppb. The markers were
identified for evidence in the field of forensic science227. Eu(dik)3 complexes emitting
in red and Tb(dik)3 complexes emitting in green are used as photoluminescent markers,
fluoroimmonoassay labels, markers for forensic tracers and dyes of latent fingerprints. In
forensic tracing analysis it is important to be able to identify the various tracers to be
presented as evidence, and this is difficult with FLD because the spectra are very similar.
The advantage of using a microscope laser Raman spectrometer (MLRS) over the usual
microscope fluorescence spectrometer (MFS) was investigated for enolates of Eu(III) and
Tb(III) without (56a–f) and with 1,10-phenanthroline as an additional ligand (57a–h).
The emission spectra obtained in the MLRS were well resolved, even for the much weaker
Tb(III) complexes, whereas the corresponding fluorescence spectra of the MFS appeared
as a single broad peak228.

2. Gas sensors

A capacitive-type CO2 sensor using self-assembled organic–inorganic bilayer film oper-
ating at low temperature was described. The sensor is based on changes in capacitance
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(56)( a) R = t-Bu, R′ = Mef
(b) R = t-Bu, R′ = n-Prf
(c) R = Ph, R′ = Mef
(d) R = 2-Fu, R′ = Mef
(e) R = 2-C4H3S, R′ = Mef
(f) R = 1-Naph, R′ = Mef

(57)( a) Ln = Eu, R = t-Bu, R′ = Mef
(b) Ln = Eu, R = t-Bu, R′ = n-Prf
(c) Ln = Eu, R = Ph, R′ = Mef
(d) Ln = Eu, R = 2-Fu, R′ = Mef
(e) Ln = Eu, R = 2-C4H3S, R′ = Mef
(f) Ln = Eu, R = 1-Naph, R′ = Mef
(g) Ln = Tb, R = t-Bu, R′ = Mef
(h) Ln = Tb, R = t-Bu, R′ = n-Prf

and resistance of a self-assembled multibilayer film containing metal acetylacetonate upon
exposure to CO2, and can be used as CO2 sensor operable at low tempetrature229. A
multibilayer film consisting of dimethyldidodecylammonium bromide (d.c. 1–16) and a
metal acetylacetonate exhibits a large capacitance change upon exposure to CO2 at 373
K. Ni(acac)2 exhibits the largest change in capacitance, which increases linearly with
increasing CO2 concentration and hardly responds to H2O and CH4. Consequently, a
self-assembled multibilayer film can be used as a capacitive-type CO2 sensor at low
temperatures230. A low-temperature gas sensor for ozone and NOx was fabricated by
laser deposition of an In(acac)3 semiconducting layer, about 500 nm thick, on an alumina
plate. The sensitivity of this sensor, S = Rsample/Rair, where R is the resistance, at the
optimal measuring temperature was 470 for 100 ppb ozone at 120 ◦C and 50 for 130 ppm
NOx at 270 ◦C231. The gas sensors were prepared on a ceramic support by either of two
techniques. By the pulsed laser deposition (PLD) technique a polymeric thin layer was
deposited on alumina by 248 nm laser beam 10 Hz pulses of 0.07–0.15 J cm−2 energy
density, on a target of In(acac)3 or Sn(acac)2Cl2, at low pressure (3 Pa). In the matrix-
assisted pulsed laser deposition (MAPLE) technique a 1–5 wt% solution of either chelate
in acetone is frozen on the support and irradiated by the pulsed laser beam. A smoother
surface is obtained by PLD than by MAPLE. The sensors have an optimal working tem-
perature range and are operated alternatively in artificial air (20 vol% O2 + 80 vol% N2)
and in the sample atmosphere. The signal difference between the atmospheres is calibrated
for analytes such as O2, H2 or NO2

232. Deposition techniques from metal enolates were
reviewed elsewhere11.

3. Ion selective electrodes

The membrane for a Cu ISE was manufactured by adding to a solution of pvc a
Cu(II) chelate (1 wt% relative to pvc of 58, 59 or 60), an anion excluder (NaBPh4,
1%) and a plasticizer (e.g. n-Bu3PO4, 200%). After evaporation into a film, conditioning
and mounting, measurements were carried out using a SCE. The linearity range was ca
10 µM–0.1 M Cu(II) with Nernstian response of 25–30 mV per decade and response
time from 10 to 60 min, depending on the chelate and the plasticizer used233. A wire
coated with a pvc membrane containing 58 acted as ISE for dichromate (Cr2O7

2−) at pH
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1.7–3.8 or chromate (CrO4
2−) at pH 8.5–11.5, with Nernstian response of −29.4 and

−29.2 mV per decade, respectively. The LOD was 1 µM, with good selectivity for both
Cr(VI) ions and short response time. This electrode was also used for the determination
of Cr in wastewater and as indicator electrode in the titration of Cr(VI) with Pb(NO3)2

234.
A Cl− ISE was prepared with a pvc membrane containing VO(acac)2. The Nernstian

slope was −55.0 ± 2 mV per decade, with linear dynamic range from 25 µM to 0.10 M
Cl−. The pH 3.5–9.0 range did not affect the potentiometric measurements. The selectivity
of the ISE was found to be satisfactory in the presence of 100-fold molar concentrations
of AcO−, 2-HOC6H4CO2

−, HCO3
−, NO2

−, NO3
−, ClO4

−, F−, CO3
2− and SO4

2−. How-
ever, Br−, I− and SCN− interfered with the measurements235. Similarly, a pvc membrane
containing TiO(acac)2 can be used for building an iodide ISE. The Nernstian slope was
59.1 mV per decade, with LOD 3.0 µM and linear dynamic range 5 µM–0.1 M I−. The
pH 4.0–9.2 range did not affect the potentiometric measurements. The electrode could be
applied for endpoint indication in the titration of I− with AgNO3

236.
Lanthanide enolates carrying lipophilic groups can be used as ionophores to fabricate

Cl− ISE membranes. Thus, electrodes with a membrane incorporating into pvc a lantanide
chelate such as 61 or 62a–c, an anion excluder such as NaBPh4 and a plasticizer (dioctyl
sebacate, dioctyl adipate, dibutyl phthalate, dioctyl phthalate or tributyl phosphate) have
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(61) (62) (a) Ln = Pr, Eu, Yb, Dy, R = i-Pr, R′ = n-Prf
(b) Ln = Eu, R = R′ = i-Pr
(c) Ln = Eu, R = i-Pr, R′ = Mef
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Nernstian response vs. SSCE of −52 to −63 mV per decade, in phosphate buffer (pH
5.8), with response time from 30 to 60 s. The LOD of these electrodes varies from 11
to 87 µM Cl−. The selectivity for this anion was tested for N3

−, NO3
−, HCO3

−, ClO4
−,

F−, Br−, I−, SCN−, AcO−, citrate, tartarate, CO3
2− and SO4

2− and was found to depend
on the chelate used; thus the best overall performance is obtained for 62a (Ln = Eu);
however, SCN− interferes with Cl− measurement. The best selectivity for Cl− in the
presence of other halides or CSN− was shown by 61 (M = Eu, n = 3, R = Mef) or
62b219,237. Cu(II)(acac)2 (58) was chosen for its stability and homogeneity as reference
material for the AAS determination of Cu in K2CrO4. The LOD (SNR 3) was 13 ppb203.

4. Gas chromatography

The present section and Section III.D complement each other. The possibility of GC
separation and determination of metal ions in the form of complexes with ligands derived
from β-diketones has been the focus of extensive research. As early as 1967 it was
reported about the GC of a number of volatile rare-earth β-diketonate chelates containing
the ligands hfod and dpm. The volatility of these complexes increases as the ionic radii
of the central metal ion decreases238. Later, the GC behavior of β-diketonate chelates
of Cu(II), Al(III), Cr(III), Mn(II), Fe(III), Co(II), Co(III), Ni(II), Zn(II) and Ga(II) was
studied. Elution and separation characteristics arise from a number of adsorptive effects.
Nonpolar stationary phases give better peak characteristics than polar phases; however,
the nature of the column material has little effect on the chromatography of the metal
chelates. Fe(dik)3 showed anomalous elution and, in general, the β-diketonates depart
from ideal chromatographic behavior239,240.

The difference in the detection sensitivities of Be(dik)2, Al(dik)3, Cr(dik)3 and Rh(dik)3,
dik = acac, tfac and hfac, depends on the metal, irrespective of the ligand or detector
(TCD, FID or ECD)241. The order of GC sensitivity is Rh(III) � Cr(III) � Be(II) >
Al(III) > Cu(II) > Fe(III), is related to the ratio of molecular ions present to total ions of
the chelates and is affected largely by the thermal stability rather than by the ionization
efficiency in FID or ECD42. In a search for new chelating agents to separate metal ions
by GC, some β-diketones containing the t-Bu group at one end and alicyclic groups, such
as c-Pr, c-Bu, c-Pen and c-Hex, at the other end were synthesized. Thermogravimetric
analysis of the corresponding chelates Cu(dik)2, Cr(dik)3 and Er(dik)3 indicated that the Cu
and Cr diketonates vaporized almost completely, while those of Er decomposed partially
on vaporization. The thermal stability and volatility of the alicyclic β-diketonates were
intermediate between those of acyclic terminal groups and aromatic ones. The c-Alk
β-diketonates gave a clear GC peak, separated from that of the free diketone242. Also,
the Cu and Er chelates derived from RCOCH2COR′ (R = Mef, R′ = c-Pr, c-Hex) were
investigated by GC and TGA. Replacement of the t-Bu group by a Mef increased the
volatility of the chelates at a given temperature, but the Er chelates showed increased
thermal decomposition, making the latter complexes unfit for Er determination by GC243.

Dipivaloylmethanes were used to separate and determine the Ce group lanthanides by
GC. Silicone XE-60 could be used as the liquid phase. Chelate mixtures of Gd–Nd,
Gd–Pr, Gd–La, Eu–Pr, Eu–La and Sm–La could be separated244. A method was devel-
oped for the determination of Cr trace levels in serum, involving low-temperature ashing
of the human serum sample, followed by treatment with tfacH to form the thermally stable
and volatile Cr(tfac)3 and end anlysis by GC-MED (microwave emission detector) mea-
suring at 357.9 nm, the atomic emission line of Cr, with very good selectivity and LOD
0.9 ng L−1 Cr245. A capillary GC method was also developed for the determination of
vanadium in rocks using bis(acetylpivalylmethane) ethylenediimine (63) as the chelating
agent. The method includes complexation of the analyte, followed by solvent extraction,
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and then elution and separation by capillary GC. The method is effective unless high
concentrations of Fe(II) exist in the mixture246.

Metal chelate-modified polyethylene glycol (peg) liquid phase was used for GC determi-
nation of oxygen-containing compounds247. Mixtures of alcohols, aldehydes and ketones
could be separated using this system. Thus, the chromatographic properties of stationary
phases based on peg and Ni(acac)2, Al(acac)3 and Cu(acac)2 were investigated. Separation
efficiencies, sorption capacities and selectivity within a homolog series, as well as between
groups for alkanes, alkenes and alkylbenzenes were reported248. The effect of thermal
treatment of a peg stationary phase modified with Eu(acac)3 on its chromatographic prop-
erties was also studied249. The selectivity of separation of aliphatic alcohols and α-ketones
was demonstrated to increase for thermally treated phases. The separation ability of sur-
face layers of Ni(acac)2 bonded to Silochrom S-80 silica gel was also studied and the
selectivity of separation was estimated for different classes of organic compounds. It was
demonstrated that these sorbents are promising for the separation of complex mixtures of
high-boiling aromatic compounds and oxygen-containing compounds250.

Metal complexes such as Ni(acac)2 and Co(acac)2 bonded to a silica surface via β-
diketonate group were used as stationary phases in chromatographic analysis of ethers and
thioethers251. The behavior of columns with liquid phases composed of solutions of rare
earth β-diketonates in squalane was studied252. Strong interactions were observed with
the more nucleophilic organic solvents (e.g. thf), and the Er(III) fluorinated β-diketonates
showed greater interaction with the nucleophiles than the nonfluorinated Er(III) chelates.
Application of this method to the resolution of enantiomers was suggested here for the first
time. They noted that if a chelate containing an enantiomeric ligand is part of the liquid
phase, racemic analytes might be resolved. Indeed, an NMR shift reagent study showed
that the chelate 61 (M = Eu, n = 3, R = t-Bu) preferentially coordinates the R isomer of
2-phenylethylamine of a racemic mixture. Partial resolution of neutral complexes such as
Cr(acac)3 and Co(acac)3 was also achieved by using different optically active cobalt(III)
complexes188.

5. Complexation gas chromatography

Some statements relevant to this subject appear at the end of Section IV.A. The use of
metal chelate complexes as sorbents and stationary liquid phases in GC was reviewed. Data
were collected on the processes of complex formation at the phase interface and on the
target production of the chelate-containing sorbents. Extensive information is given on the
possibilities and advantages of using complexation at the gas–stationary phase interface in
both theoretical studies and in practice. Special attention is given to the physicochemical
aspect of sorption and separation with participation of the complex that forms sites of
the surface. The results show that it can be effectively used in chemistry, environmental
protection, medicine and in other related fields making use of chromatographic methods
of analysis253.

The application of stationary phases containing metal coordination compounds to the
GC separation of organic substances has been the subject of many publications and
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reviews. In one of them the ‘polarity’ and ‘selectivity’ of stationary phases contain-
ing Pr(dik)3 and Eu(dik)3 was qualitatively and quantitatively evaluated, employing the
Rohrschnider–McReynolds classification of stationary phases, possessing the ability to
form adducts with many nucleophilic compounds. Selectivity values were established for
classes of solutes as follows: nitrogen bases > n-alcohols > ketones > t-alcohols >
ethers254. The effect of surface deposition of layers of chelated Ni(II) species, such as
alizarinate, dimethylglyoximate and acetylacetonate, on the retenion of various sorbates
was investigated255.

Complexation gas chromatography (CGC) is based on packings which are capable of
specific π-interactions with adsorbate molecules characterized by electron-donor proper-
ties. The separation mechanism involves formation of metastable complexes, either organic
or with cations of transition metals256. β-Diketonate complexes are interesting in CGC
for at least four reasons257: (i) different metals can be used; (ii) different β-diketonate
ligands can be employed; (iii) the metal β-diketonates can be either bonded to a silica
surface via appropriate silanes or dissolved in a liquid stationary phase; (iv) a high ther-
mal stability of the modified packings can be achieved. New packings for CGC were
studied in which complexes 64 (M = Ni, Co, R = Me, Mef) are chemically bonded to
silica gel. The effect of the structure and the configuration of adsorbates like olefins, cyclic
and aromatic hydrocarbons on the retention of these compounds were determined. The
results show good applicability of the new packings as well as high selectivity towards
compounds containing π-electrons. Thus, the new packings were successfully applied
for separation of mixtures of cyclic ethers and thioethers and of mixtures of furan and
thiophene derivatives.
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The practice and theory of enantioselective CGC was comprehensively reviewed.
Racemic oxygen-, nitrogen- and sulfur-containing selectands can be separated without
prior derivatization into enantiomers by CGC on optically active metal(II) bis[3-(perfluoro-
acyl)-(1R)-camphorate] (61) selectors. Peak inversion is obtained when the selectors with
opposite configuration are employed. Applications pertain to chiral analysis in asymmetric
synthesis, enzymatic reactions, pheromone and flavor chemistry258.

A review appeared on the practice and theory of enantioselective CGC with optically
active selectors, e.g. 3-(perfluorobutyryl)-(1R)-camphorate residues forming complexes
on a functionalized polysiloxane stationary phase (e.g. Chirasil, 65); SFC operates at
temperatures lower than those of CGC, thus allowing better resolution, especially of ther-
mally unstable enantiomers (e.g. those based on restricted free rotation, as is the case
of dimethyl 1,1′-binaphthyl-2,2′-dicarboxylate, 66259). Various analytical problems were
addressed, such as determination of enantiomeric excess, assignment of absolute con-
figuration, the elusive separation of protio- and deuterio-substituted enantiomers and the
semipreparative separation of enantiomers. The following chromatographic parameters
are related to the chemical and thermodynamic properties enclosed in parentheses of the
enantiomeric system: (i) peak retention (chemoselectivity, −�G), (ii) peak separation
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(enentioselectivity, −�D,LG), (iii) peak coalescence of the fourth kind (enantiomeriza-
tion barrier, �G �=), (iv) peak ratio (enantiomeric excess, ee) and (v) peak assignment
(enantiomeric configuration, R or S)258.

A review deals with the practice and theory of capillary chromatography using metal
complexes or modified cyclodextrins as selectors attached to the stationary phase; it adopts
a unified approach for all contemporary chromatographic methods using a single enantios-
elective column. Among the important findings reported are the feasibility of GC prepara-
tive enantiomeric separation and the existence of an isoenantioselective temperature, below
and above of which the enantioselectivity of the column changes direction for a given
racemic mixture. Several challenging problems for research were mentioned: (i) high-
throughput and very fast enantiomeric analyses, (ii) trace analysis of enantiomeric impuri-
ties (e.g. at the ee = 99.998% level), (iii) search for prebiotic terrestrial and extraterrestrial
homochirality, (iv) enantiomeric separations in the absence of a chiral auxiliary on planar
inclined surfaces by one-directional movement, (v) determination of absolute configura-
tion by directly visualizing small chiral molecules via Coulomb explosion, (vi) preparative
GC separation of racemic five-atomic molecules (e.g. C*HClFI) as probes for measuring
parity violation, (vii) chirality in environmental chemistry and (viii) unraveling mecha-
nistic aspects of chiral recognition in enantioselective chromatography260.

A computational procedure for the modeling of chromatographic separation of racemic
Co(acac)3 into enantiomers on a dinitrobis(arginine)cobalt(III) complex as a chiral selector
was described. Predicted elution order calculated from the differences in total energy of
interaction for � and � selectands were found to be in agreement with the experimental
results. The predictive power of the method and its possible practical applications in
designing efficient chiral stationary phases was demonstrated261.

Retention of Rohrschneider–McReynolds standards of selected chiral alcohols and
ketones was measured to determine the thermodynamic selectivity parameters of sta-
tionary phases containing (+)-61 (M = Pr, Eu, Dy, Er, Yb, n = 3, R = Mef) dissolved
in poly(dimethylsiloxane)262,263. Separation of selected racemic alcohols and ketones was
achieved and the determined values of thermodynamic enantioselectivity were correlated
with the molecular structure of the solutes studied. The decrease of the ionic radius of
lanthanides induces greater increase of complexation efficiency for the alcohols than for
the ketone coordination complexes. The selectivity of the studied stationary phases fol-
lows a common trend which is rationalized in terms of opposing electronic and steric
effects of the Lewis acid–base interactions between the selected alcohols, ketones and
lanthanide chelates. The retention of over fifty solutes on five stationary phases contain-
ing 61 (M = Pr, Eu, Dy, Er, Yb, n = 3, R = Mef) dissolved in polydimethylsiloxane
were later measured264. The initial motivation for this work was to explore the utility
of a solvation parameter model proposed and developed by Abraham and coworkers265

for complexing stationary phases containing metal coordination centers. Linear solvation
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energy relationships were proposed to relate such properties as polarity, ability to form
hydrogen bonds and structural arrangement of molecules to diverse processes in solution,
and the behavior was correlated with changes of the Lewis acidity of the lanthanide ions.

6. Thin layer chromatography
A review on TLC of d-block elements and their counteranions discusses types of

stationary phases, mobile phases, development modes and detection and quantitative
determination techniques266. The colored complexes Ni(ttfac)2, Co(ttfac)2, Mn(ttfac)2,
Cu(ttfac)2, Fe(ttfac)3, Ce(ttfac)4, Th(ttfac)4 and U(ttfac)6 were prepared by adding a solu-
tion of 1-thenoyl-3,3,3-trifluoroacetone (ttfacH) to a solution of the metal salts brought
to pH 7.5 with sodium acetate buffer. The complexes were separated on silica gel G
TLC plates. Best results were obtained with the solvent systems butanone–xylene, ace-
tone–cyclohexane and 4-methyl-2-pentanone–xylene267.

7. Complexation liquid chromatography
Some statements relevant to this subject appear at the end of Section IV.A. A review on

chromatographic and related electrophoretic methods in the separation of transition metal
complexes or their ligands discusses also analytical separation of metal β-diketonates by
various chromatographic techniques and the incorporation of these compounds into chro-
matographic stationary phases to achieve a variety of effects, including chiral separations
and ‘synthetic antibody’ action103. Studies were performed on column packings containing
Cu(acac)2, Cu(hfac)2 and CuCl2, chemically bonded via β-diketonate groups. The reten-
tion factor (k), specific retention volume (Vg) and molecular retention index (Me) were
measured and used to calculate the free energy of adsorption (�Ga), heat of adsorption
(−�Ha) and entropy of adsorption (�Sa). These parameters enable characterization of
specific interactions between aromatic and cyclic hydrocarbons, ethers and thioethers, and
the metal complexes chemically bonded to a silica surface268.

Reaction of Cu(hfac)2 with nitroxide 4-amido-2,2-dimethyl-5,5-dimethoxy-3-imida-
zoline-1-oxyl (L) in a 2:1 ratio in hexane yielded the Cu(hfac)2-saturated coordination
chain polymer of composition [Cu(hfac)2]2L269. The M(hfac)2 (M = Mn, Co, Ni, Cu)
complexes with nitroxide systems have been the subject of much attention for some time,
since they are convenient models for the investigation of exchange interactions in het-
erospin systems. Thus, in [Cu(hfac)2]2L, half of the Cu(hfac)2 molecules coordinate L
in bidentate fashion through the amide oxygen and the imine nitrogen of the hetero-
cycle. The other Cu(hfac)2 molecules arrange the {Cu(hfac)2L} fragments in polymeric
chains by alternate coordination of either the N or the O atom or the amide oxygens of
two {Cu(hfac)2L} fragments to axial positions. As a result [Cu(hfac)2]2L involves three
hexacoordinated Cu ions, each with a different coordination environment. The magnetic
properties of the complex are described in terms of an exchange cluster model with
ferromagnetic intracluster exchange interactions.

2-Thiophenaldehyde-4-phenyl-3-thiosemicarbazone was used as a complexing reagent
for liquid chromatographic determination of Co(II), Cu(II) and Fe(II) or Co(II), Ni(II),
Fe(II), Cu(II) and Hg(II). The metal chelates were separated on a Microsorb C-18 RP-
HPLC column, with LOD = 0.5–2.5 mg L−1. The method was applied for the determi-
nation of Cu, Co and Fe in pharmaceutical preparations270.

8. Elemental analysis involving metal enolates
Separating rare earths by converting them to volatilie chelates, usually dpm complexes,

followed by fractional codistillation was described. The mixture of chelates can be frac-
tionally distilled with a codistillant to collect enriched fractions of the chelates, from
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which a rare earth salt is stripped by acidification and extraction with water271. The
chelates of Be(II), Co(II), Ni(II), Zn(II), Al(III), Co(III), Cr(III), Fe(III), In(III), Mn(III),
Sc(III), V(III), V(IV)O and Zr(IV) with tfac can be purified, without concurrent thermal
decomposition, by sublimation under atmospheric pressure in a flow of He containing
tfacH vapor272. Pivaloyltrifruoroacetone (ptfaH) was proposed as chemical modifier for
the determination of trace rare earth elements in natural water by electrothermal vapor-
ization ICP-MS, presumably to aid in the formation of volatile Ln(ptfa)3 complexes273.

Determination of the oxygen content of Al, Be, Mn and Sc β-diketonates with the Carlo
Erba analyzer gave unacceptable results, caused by retention of oxygen by the oxide that
is not reducible with carbon at the operating temperature of the apparatus (1100 ◦C)274.

B. Specific Reagents

1. β-Diketonates

a. General considerations. The importance of metal β-diketonates in many industrial
processes (e.g. the extraction and separation of metals) and as semiconductors, antioxi-
dants, catalysts in organic reactions8 and NMR shift reagents18 is well established. The
β-diketonates were very attractive as volatile derivatives of metals, offering possibilities
for efficient separation by analytical and preparative gas chromatography. Many of them
have both high volatility and thermal stability. They are formed by a wide range of metals
and require no special handling techniques. In 1970, the first preparative gas chromato-
graphic separation of metal complexes of this type was reported. Both fluorinated and
nonfluorinated β-diketonates of Al, Cr and Fe have been studied and conditions were
established for their complete separation. The technique was also extended to a prepar-
ative scale with up to 0.1 g chelate samples. A new way for purification of metals was
established275. Cr has been determined in rocks, serum, plasma, urine, orchard leaves and
alloys, applying GC techniques to Cr(dik)3, dik = acac, hfac, hfod and tfac. A special
method for the determination of Cr is based on atomizing the volatile phase generated
from its β-diketonates in a silica tube. The silica tube is then heated with an air–acetylene
flame. The analytical characteristics are LOD 0.15 ng, reproducibility 5.6% and linearity
up to 25 ng276.

Evaporating and cocondensing the desired metal at −196 ◦C, warming up and remov-
ing solvent and excess acacH in vacuum, gave the metal–acac complex in good yields,
including Ln(acac)3 complexes, which represent an attractive route to NMR shift reagents.
The formation of β-diketonate complexes has been widely used for separating and deter-
mining metals by GC. The volatility and thermal stability of these chelates permitted the
extension of a technique which initially was only applicable to organic compounds. Con-
currently used with ECD, this gave rise to very sensitive methods, especially for Cr, Be
and Al. However, some disadvantages were noted: (i) the necessity of using reagents free
of impurities which might interfere with ECD, (ii) the elimination of excess β-diketone by
back-extraction and (iii) the fact that many chelates decompose in the chromatographic
column, making it impossible to elute them at trace levels. Detection systems for GC
which avoid the disadvantages of ECD include MS, microwave-excited plasma, AAS and
even ICP-AES, replacing the chromatographic column with a volatilization system277.
The relative volatility and stability of various barium β-diketonates was investigated278.

b. Acetylacetonates. Atomization of chromium β-diketonates after volatilization in-
creases the sensitivity 54-fold as compared to the nebulization of aqueous solutions of
dichromate with atomization in the flame. Cr was determined in urine samples taken from
60 diabetic patients and 21 healthy volunteers, by complexation to Cr(acac)3, super-
critical fluid extraction with CO2 –MeOH (200 atm, 120 ◦C) under static or dynamic
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conditions. The GC-FID end analysis of the extract dissolved in MeOH was linear in
the 0.5–43 mg L−1 Cr range, with LOD = 0.18 mg L−1 Cr. End analysis of the same
MeOH solution by HPLC-UVD (350 nm) showed linearity in the 0.013–60 mg L−1 Cr
range with LOD = 0.02 mg L−1 Cr279.

The enhancement of the extraction of Ln(III) ions with ttfaH in cyclohexane or ben-
zene by the addition of Cr(acac)3 was investigated280. The equilibrium analysis sug-
gested that the effect of Cr(acac)3 could be ascribed to the formation of a binuclear
1:1 La(ttfa)3 –Cr(acac)3 adduct. The formation constants of adducts along the lanthanide
series decreased with the decrease of the ionic radii among the light lanthanides and were
constant for their heavy counterparts. UVV, IR and 1H NMR spectroscopic studies were
also performed to explain the molecular structural differences between the light and heavy
lanthanide complexes.

Al(III) solutions suitable for careful in vivo and in vitro toxicological investigation can
be prepared from AlCl3ž6H2O and other complexes, including Al(acac)3, by dissolving the
pure compound in tris–HCl buffer solutions. The metal concentration in the supernatant
is determined spectrophotometrically under reproducible conditions281. Al(acac)3 can be
detected by 1H NMR spectroscopy down to concentrations of 200 µM. Traces of V, Fe,
Co, Mn, Cu, Ni and Cr were determined in Al, In and Zr ecetylacetonates by emission
spectrography. The method involved sample decomposition in the presence of powdered
graphite at 300–500 ◦C and excitation in a 10 A d.c. arc source in the presence of NaCl,
with LOD = 0.5–1 ppm282.

Pd(acac)2 was examined as possible matrix modifier for organomercury and organose-
lenium in organic solvents. Indeed, the sensitivity of organomercury was found to be
enhanced by applying 15 µL of an ethanol solution of Pd(acac)2 to a graphite furnace,
which is then heated to produce a Pd coating on the furnace. With this method, the LOD
of organomercury was 0.25 ng. This method was successfully applied to the determina-
tions of organomercury and organoselenium in an extract solution of dolphin liver283.
Addition of Pd(acac)2, among other palladium complexes, enhances the detection sensi-
tivity of graphite furnace AAS for alkyltin compounds in organic solvents; the method
was applied to determination of total tin leached from ship paints284. For quantitative X-
ray microanalysis of metal deposits in semithin sections of biological materials, standard
samples with known content of the metal element are required. The choice standards were
metal acetylacetonates dissolved in epoxy resin285.

Methods have been developed for the analysis of hydrocarbon polymers (e.g. styrene,
butadiene and isoprene) by MALDI-TOF-MS, through the attachment of Ag(acac) to
matrices of trans-3-indoleacrylic acid or 1,4-bis(2-(5-phenyloxazolyl))benzene286. Silver-
cationized molecular ions were produced for polymers of styrene, butadiene and isoprene
up to mass 125,000 Da. For lower-mass styrene polymers, the resolved oligomer molecular
ions provide information concerning the end group. This technique permits the analy-
sis of many commercially important materials such as acrylonitrile–butadiene–styrene
(ABS), styrene–acrylonitrile, styrene–methyl methacrylate and styrene–isoprene copoly-
mers. The use of the salts of transition metals other than Ag, Cu or Pd as the cationizing
agents fails to cationize polystyrenes in MALDI. The ability of MALDI to reduce metals
to the oxidation state +1 is critically important to polystyrene cationization, as without
this reduction MALDI tends to fail to form polystyrene-metal cations. Cu(acac)2 was used
for the verification of the above287.

Formation of metal–acac complexes is the basis for a method to determine the oxi-
dation state of metal cations, by applying the MALDI-TOF-MS technique, for example,
a procedure for the determination of Co(acac)2 and Co(acac)3

288. Even insoluble oxides
can be analyzed by sampling a fine suspension of the solid, which vaporizes in the laser
plume and forms the corresponding acetyacetonate. For example, the MS of Mn(acac)3 in
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acetone shows strong characteristic peaks of [Mn(acac)3]+ at m/z 352 and [Mn(acac)5O]+
at m/z 566. The characteristic peak for Mn(acac)2ž2H2O is that of [Mn2(acac)3]+ at m/z
407, which is also the base peak, therefore the state of oxidation of Mn acetylacetonates
can be distinguished289. Similar studies were carried out using phenolic chelating agents
instead of acacH; however, the resulting spectra seem more complicated290. The MALDI-
TOF-MS of acac and other methods were applied for the characterization of a Phillips
catalyst (Cr oxide deposited on a silica matrix) used for polyethylene manufacture291.

Thermal analysis showed that certain metal β-diketonates, such as Al(acac)3, Ga(acac)3
and Cr(acac)3, are stable under GC conditions, up to above 170 ◦C. Thus, a method for GC-
FID was proposed for identification and quantitation of the corresponding metal ions. This
was applied for the determination of metal residues in polypropylene, by boiling a sample
of the polymer in acacH, filtering the solution, evaporating to dryness, redissolving the
residue and proceeding with the GC analysis. This simple procedure takes about 90 min to
perform and can detect 1 to 10 ppm of metal residue in the polymer292. The TLC mobility
on silica gel plates of complexes M(acac)3, M = Sc, Y, La or Nd, as measured by the Rf
values, was proportional to the ionic radius of the central ion, pointing to adsorption as
the dominant mechanism for chromatographic separation293.

Metal acetylacetonates can be used as NMR shift reagents. Thus, Cr(acac)3 and Fe-
(acac)3 can be used as paramagnetic relaxation agents to decrease the spin–lattice relax-
ation times of all 13C signals in poly(Me methacrylate), poly(Bu methacrylate) and
poly(hydroxyethyl methacrylate)294.

When reduced glucose oxidase (GODred) is added to an aqueous mixture contain-
ing Fe(acac)3, 1,10-phenanthroline (phen) and glucose the color immediately changes
from pale yellow to red, due to formation of [Fe(phen)3]2+, that can be measured col-
orimetrically. DPV indicates that [Fe(acac)3−n(phen)n]n+ cationic complexes are formed
upon mixing the labile Fe(acac)3 and 1,10-phenanthroline, which bind electrostatically to
GODred and are easily reduced by electron transfer. This electron transfer is not affected by
the presence of oxygen. The reduced complex [Fe(acac)3−n(phen)n](n−1)+ undergoes rapid
ligand exchange to [Fe(phen)3]2+. Formation of this colored complex is suppressed when
the salt concentration in the mixture is increased, or when anionic disodium bathophenan-
throlinedisulfonate (67) is employed in place of 1,10-phenanthroline. In situ formation of
mixed ligand complexes [Fe(acac)3−n(phen)n]n+ can be used for determination of sodium
D-isoascorbate by micelle-enhanced ultraviolet spectrophotometry295.

N N

NaO3S SO3Na

(67)

c. Trifluoroacetylacetonates. ICP-AES is widely used for its high sensitivity and wide
dynamic range. It is applied also to determine volatile β-diketonates of Al, Be, Cr, Cu and
Fe. By direct introduction of the tfac chelates into an ICP using the corresponding tfacH
vapor as the carrier gas, subnanogram amounts of metal in microliter samples could
be determined with RSD of a few percent113. Cr(III) is an essential micronutrient for
humans and it is involved in important biochemical processes such as glucose tolerance
metabolism and the action of insulin. Its main role is to form a glucose tolerance factor
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(GTF), which acts as a cofactor of insulin in all insulin-dependent systems. Food intake
is the main Cr source for humans296 – 299. 1,1,1-Trifluoro-2,4-pentadione (tfacH) is one of
the most commonly used chelating agents for the GC measurement of chromium, due
to its quantitative reaction with the analyte, its volatility and thermal stability and its
relative inertness towards undesirable on-column reactions. Furthermore, the exceptional
sensitivity of ECD to the fluorinated complex and the ease of synthesis for calibration
purposes, all these have made of tfacH the most commonly used chelating agent for
several decades204.

While Cr(III) is considered to be essential in nutrition and for the maintenance of normal
glucose tolerance, Cr(VI) can have acute and chronic toxic effects, including carcinogenic-
ity. For this reason, the determination of Cr(III) and Cr(VI) in environmental samples has
become very important and has led to a variety of approaches to differentiate between
these species. A speciation method for Cr by electrothermal AAS (ETAAS) was devel-
oped, whereby tfacH reacts selectively with Cr(III) to form a chelate, which is volatilized
at 140 ◦C and an aliquot of the recovered residue is placed in the graphite furnace for
atomization of Cr(VI). The LOD and LOQ of the method are 0.15 and 0.52 µg L−1

Cr(IV), respectively. The Cr(III) concentration was established by difference from total
Cr300,301.

A procedure was developed for the determination of total and labile Cu and Fe in river
surface water. It involved simultaneous solvent extraction of the metals as diethyldithio-
carbamates (ddc) and tfac complexes. The complexes were extracted by isobutyl methyl
ketone (ibmk) and the solution subjected to flame atomic absorption spectrometry. Vari-
ables such as pH, metal complex concentration, reaction time, ibmk volume and extraction
time were optimized. Prior to the solvent extraction a microwave-assisted peroxydisulfate
oxidation was used to break down the metallorganic matter complexes in the river surface
waters302. Trifluoroacetylacetone was used as a chelation agent for the extraction and
quantitative determination of total Cr in sea water. The chelation reaction was conducted
in a single aqueous phase medium. Both headspace and liquid phase extractions were
studied and various detection techniques, such as capillary GC-ECD, EI-MS (electron-
impact MS) and ICP-MS, were tested and compared. The LOD was 11–15 ng L−1 Cr for
all the systems examined. The method provided accurate results with EI-MS and ICP-MS,
while significant bias was experienced with ECD303.

d. Dipivaloylmethanates. The chelates of dpmH with twenty metal ions were sublimed
and the temperature condensation zones were recorded under standardized conditions. For
a given metal this chelate had volatility similar to that derived from acacH, but less than
those from tfacH or hfacH. The chelates derived from bzacH, bztfacH and ttfacH were less
volatile than those from dpmH. For a given β-diketonate ligand, the Be chelate was the
most volatile and the lanthanide and actinide chelates the least. The only volatile alkaline
earth metal chelates were those of Be and Mg while the Ca, Sr and Ba chelates were
not volatile. Some 64 different binary and ternary mixtures of metal dipivaloylmethanate
chelates were quantitatively separated304.

A search for new efficient techniques of rare earth element separation and purification
from calcium is a current problem, as production of high-purity rare earths is of great
importance in advanced technology and material science. This problem may be solved
by vacuum sublimation of volatile compounds when the difference in vapor pressure of
the components present is used. This technique of purification was tested for Nd and Ca
separation in vacuum. The well-known volatile and thermally stable dipivaloylmethanates
were taken as starting substances. It was found that the addition of pivalic acid to the
Nd(dpm)3 + Ca(dpm)2 mixture caused an increase in the separation efficiency and led to
pure Nd(dpm)3 in the sublimate305.



12. Analytical aspects of metal enolates 727

e. Miscellaneous β-diketonates. Preparation of the complex of Ln(III) with 1,1,1-
trifluoro-2,4-octanedione followed by GC was proposed for detection of the rare earth
elements in a sample. Thus, the chelates of Sc, Y, La, Er, Tb and Eu emerged from
the column in the order of increasing cation radius306. 1-Thenoyl-3,3,3-trifluoroacetone
(ttfaH) forms a stable red-colored complex with Fe(III). This is the basis of a method for
determination of trace concentrations of ascorbic acid (1) in strongly acidic solution, which
reduces Fe(III) to Fe(II), thus diminishing the color intensity. Measurements carried out
at 405 nm (ε = 53000 M−1 cm−1) were linear in the 1.0–5.0 ppm 1 range. The method
was validated for Vitamin C tablets, drops and multivitamin preparations307.

The shift reagents Eu(hfod)3 and Pr(hfod)3 were used for the determination of aromatic
carboxylic acids and of alkyl-substituted phenols by NMR. By adding Eu(hfod)3 and
Pr(hfod)3 to the carboxylic acids in CCl4 –MeOH, a shift of each proton signal of the
acid was induced, the magnitude and direction of which were affected by the configuration
and chemical environment of the proton308. The bulk magnetic susceptibility shifts of 1H
NMR resonance signals for dpm caused by the addition of paramagnetic lanthanide(III)
compounds was exploited. From that, the paramagnetic lanthanide(III) concentration in
solutions could be determined309.

Chiral Ln(dik)3 complexes with ligands derived from camphor can extract zwitterionic
amino acids from neutral aqueous to organic CH2Cl2 phases. The extraction efficiencies
and enantioselectivity is largely dependent on the nature of both the coordinating ligand
and the lanthanide cation310. The effects of axial β-diketonate ligands on chirality sens-
ing and recognition was studied311. A series of Gd(III) porphyrins was prepared in which
various β-diketonate ligands were introduced. The latter acted as efficient CD receptors in
chirality sensing of amino acids. It was found that CD could be induced by complexation
of Gd(III) porphyrinates with chiral amino acids and dipeptides. Synthetic Gd(III) por-
phyrins with various achiral β-diketonates as axial ligands in benzene solutions, extracted
chiral α-amino acids and dipeptides from aqueous phases gave intense induced CD peaks
in the Soret region, via 1:1 supercomplexation. Their CD spectral shapes were dependent
on the stereochemistry at the α-positions of amino acids and of the C-terminal components
of dipeptides. The stereochemistry of the C-terminal amino acid residues of the dipep-
tides was well sensed. Thus, when chiral 3-acetylcamphorate was introduced as an axial
ligand, Gd(III) porphyrins showed CD spectral changes by supercomplexation with chiral
alanylalanine. Since chiral Gd porphyrins also offered chiral differentiation of dipeptides,
this type of Gd complexes has wide application in sensing of biological substrates.

Lanthanide β-diketonates containing fluorinated chiral camphor-derived ligands (61,
M = Pr, Eu, Er, Yb, R = Mef, n-Prf) form highly coordinated 1:1 complexes with zwitte-
rionic, unprotected phenylalanine, leucine, and other amino acids under neutral conditions.
This allows extraction of the amino acids from their neutral aqueous solutions into
dichloromethane phases312,313.

2. Ascorbic acid, isoascorbic acid and their salts

Magnesium ascorbyl phosphate (6) was used as reference compound for the RP-HPLC-
UVD determination of sodium risedronate (68) in pharmaceutical preparations314. Co(II)
reacts with 2,2′-bipyridylketone-2-picolylimine in the presence of Na L-ascorbate in a
weakly alkaline solution to form a blue water-soluble complex with the absorption max-
imum at ca 580 nm. The absorbance at 580 nm is proportional to the concentration of
Co(II) in the range 0.05–2.5 mg L−1, with RSD = 0.46%. Ni(II) and Cu(II) were tolerated
up to 20 and 10 mg L−1, respectively, in the presence of Na citrate315.

The method of Lindermann for phosphate determination was modified by using Na
ascorbate and stannous chloride as reductants. A blue color develops within 45 min and
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N

PO3H2

PO3H−

OH

(68)

Na+

remained stable up to 6 h. The method is linear in the 0–1 mM orthophosphate range.
The concentrations of ascorbate, buffers and ATPase affect the stability of the color316.

Many ancillary formulations have been proposed for analytical purposes, which fre-
quently include an ascorbate as antioxidant. Although this component has no direct
function in the analytical process, it is claimed to improve the performance of the
method. This is the case of sodium ascorbate added to rat bile samples while deter-
mining tetrahydrofolate317 or while determining urinary copper ion concentration318. This
is also the case of ascorbate added to buffers used in nucleic acid sequencing based on
FLD319.The titrimetric determination of Mn(III) or Ni(III) in presence of excess of ascor-
bic acid320 and the GC-ECD determination of trihalomethane in water321 are based on a
similar approach.

A method for total extraction of RNA from leaves consists of pulverizing the leaves
under liquid N2, immediately followed by extraction with a buffer containing sodium
isoascorbate (0.5 M), tris (0.1 M), ethylenediaminetetraacetic acid (10 mM), 2-
mercaptoethanol (5% v/v) and sds (2% w/v). A first cleanup is carried out by liquid–liquid
extraction with chloroform–isoamyl alcohol (24:1), followed by removal of DNA and pro-
teins by a guanidinium–phenol–chloroform extraction. The method was applied to leaves
of woody and herbaceous plants, such as eucalyptus (E. camaldulensis), Japanese apricot
(Prunua mume), tea (Thea sinensis), mock orange (Philadelphus grandiflorus), southern
magnolia (M. grandiflora), fragrant olive (Osmanthus fragrans), soybean (Glycine max ),
rice (Oriza sativa), buckwheat (Fagopyrum esculentum) and bitter melon (Momordica
charantia). The isolated RNA was of good quality, and gel elctrophoresis showed intact
rRNA bands322.

3. Sodium croconate and rhodizonate

Disodium croconate was proposed as a reagent for determination of K. The technique
is based on the formation of a pale yellow K Na croconate crystal (69) hydrate which
changes color to bright red on dehydration. The intensity of the bright red color of
the residue obtained after dehydration is proportional to the K content in the sample
and can be compared with that of a standard scale. The LOD = 6 mg L−1 K in water,
LOQ = 20 mg L−1 K and SRD = 0.51%, with higher sensitivity in the determination of K
than with other known reagents. No interference is observed for 70-fold Mo and 80–100-
fold Li, Rb, Cs and NH+ concentrations in the determination of K323,324. The method was

O

O
O

O
O

2−

(69)

Na+

K+
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also applied to visual colorimetry for surface waters. The LOD = 9 mg/L with RSD =
0.29%325. Potassium croconate itself can be used as a reagent for the detection and
determination of lithium, with LOD = 70 mg L−1 326.

Sodium rhodizonate (70) in aqueous solution reacts with many metals and in particular
with Sb, Ba and Pb, which are used in gunshot formulations, yielding red to dark brown
deposits. Over sixty five years ago, Feigl and Suter introduced the use of sodium rhodi-
zonate for detection of Pb by the pink Pb rhodizonate spot test327. Rhodizonate has also
been used in conjunction with Ba for the determination of sulfate in soil, water and various
biochemical systems. In the 1970s it was employed in histochemical procedures for Fe
and Pb, and in the forensic laboratory to detect Pb residue on the hands after firing a gun.
A modification of the original Pb spot test was later developed by Preer and coworkers for
the detection of Pb contamination in soil at concentrations of 400–700 ppm328. Staining
of the skin with 70 is used in forensic investigations to ascertain the shooting distance,
according to the spread of the stains. However, in cadavers the skin may have undergone
deterioration that makes stain recognition difficult. This can be solved without interfering
with the 70 test, on application of certain triphenylmethane dyes to the surrounding tissues,
such as Acid Fuchsin (71), Aniline Blue WS (72), Brilliant Green (73), Ethyl Green (74)
or Light Green SF Yellowish (75)329. Forensic investigation of clothing for exposure to
gunshot can be done by collecting an ‘image’ on a filter paper wetted with 15% aqueous
acetic acid, drying and spraying with a solution of (70). The red spots are indicative of
the presence of heavy metals and gunshot impact330.
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196, 59 (1980).
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I. INTRODUCTION
Metal ynolates (1) have attracted much less attention than metal enolates (2), with only
scattered reports in the literature until recently, partially due to a lack of general and
convenient methods for their synthesis1. Metal ynolates are not only the precursors of
alkynyl ethers (3), but also of metalated ketenes (4) acting as ketene (5) precursors, their
chemistry showing interesting facets that are impossible to attain with the metal enolates.
The fact that metal ynolates can act as precursors in the synthesis of other reactive species
will prompt organic chemists to focus their attention on this potentially useful and exciting
field. An example of the potential utility of metal ynolates is shown in equation 1, whereby
a multiple step process switches twice from electrophilic to nucleophilic reagents: A metal
ynolate (1) reacts with an electrophile to give a ketene (5), which reacts with a nucleophile
to afford a metal enolate (6), which can react with an electrophile to furnish a ketone
(7), which is attacked by a nucleophile to give an alkoxide (8). Thus, a smart design
would enable the one-pot successive reaction sequence. If metal ynolates are synthons
for complex molecules which cannot be accessed by other methods, their synthetic utility
will be greatly expanded.

C CR O

O

(1) (2)

C CR O
R′

(3) (4)

C OC

(5)

R

R′

M
M

C OC

R

M

R′′

R′
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E Nu
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(7)(8)

M
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In this chapter synthetic methods, chemical properties and synthetic applications of
metal ynolates are described. In the last part, heteroatom analogues of metal ynolates are
briefly discussed. The following acronyms are in use:

DMPU N ,N ′-dimethyl-N ,N ′-
propylene urea

TESCl triethylsilyl chloride

HMPA hexamethylphosphortriamide Tf triflyl (trifluoromethanesulfonyl)
LDA lithium diisopropylamide TIPSCl triisopropylsilyl chloride
LHMDS lithium hexamethyldisilazide TIPSOTf triisopropylsilyl trifluoro-

methanesulfonate
LTMP lithium tetramethylpiperidide TMEDA N ,N ,N ′,N ′-tetramethylethylene-

diamine
NBS N-bromosuccinimide TMSCl trimethylsilyl chloride

II. PREPARATION OF ALKALI METAL YNOLATES
Metal ynolates are not as easy to prepare in a similar fashion as metal enolates, because
the intermediates may be labile monosubstituted ketenes. Several preparative methods
for alkali metal ynolates have been reported, among which some have been used as
intermediate steps in one-pot organic syntheses. Silyl ynolates have been prepared from
lithium ynolates. There have been few reports on the other metal ynolates. Since there is
no universal method to determine the yield of metal ynolates, the efficiency of preparation
is estimated from the results of some of the following reactions.

A. Lithium Ynolates from Isoxazolyllithium

The first synthesis of lithium ynolates was reported by Schöllkopf in 1975. The isoxa-
zolyllithium 10, prepared by lithiation of 3,4-diphenylisoxazole (9), undergoes fragmen-
tation to yield the lithium ynolate 11 (equation 2)2. The dilithium ynolate dianion 14 is
also synthesized by the same protocol from 3-phenylisoxazole (12) via the 3-phenyl-5-
isoxazolyllithium (13) intermediate (equation 3)3. The maximum yields were around 80%,
judged by the yields of the β-lactones (Section IV.A).
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O
NPh

Ph

BuLi
O

NPh

Ph
Li PhCN

Ph

OLi

(9) (10) ( 11)

(2)

O
NPh

(2 equiv)
O

NPh

Li PhCN

Li

OLi

(12) (14)

N
Li

(13)

(3)

B. Rearrangement

1. Lithium ynolates from α-keto dianions derived from esters

Lithium ynolates are synthesized via the rearrangement of α-keto dianions 164, which
are prepared by adding dibromomethyllithium to esters 15 followed by base-induced elim-
ination. The dianions 16 rapidly rearrange with loss of LiBr to produce the lithium ynolates
17 (equation 4). Experiments using a 13C-labeled substrate suggest that the reaction is a
carbon analogue of the Hofmann rearrangement. This process can be used as an alter-
native to the Arndt–Eistert reaction, to yield one-carbon homologated esters (18), after
quenching with acidic alcohol5. γ -Lactones are homologated to give δ-hydroxy esters
(equation 5)5a. β-Amino acids are synthesized from the corresponding α-amino esters by
the homologation without loss of optical purity (equation 6)6.

R CO2Et

LiCHBr2
(2.2 eq)

R OEt

LiO CHBr2
LiN(SiMe3)2  (2.0 eq)
LiOEt (1.0 eq)

CBrX

LiO

R

X = Br or H

s-BuLi (4.0 eq);
BuLi (2.0 eq)

LiO

R Br

LiR

OLi

HCl, EtOH

RCH2CO2Et

(15)

(16)(17)(18)

(4)
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This homologation via lithium ynolates has been used to prepare silyl ynol ethers, as
described in Section V.

2. Potassium/lithium ynolates from α-chloro-α-sulfinyl ketones
The α-chloro-α-sulfinyl ketone 20 was prepared from methyl benzoate and chloromethyl

phenyl sulfoxide 19 after in situ α-lithiation. Compound 20 is dimetallated by KH and
t-BuLi to give the keto dianion 21, which is converted into a potassium/lithium ynolate
22 (equation 7)7. The resulting metal ynolates are converted into thioesters, carboxylic
acids, amides and esters (Section V).

PhCO2Me + ClH2C
S

O

Ph
i-Pr2NLi (2 eq)

Cl

S

O

Ph

O

Ph

KH (2 eq);
t-BuLi (4 eq)

Ph

KO Li

Cl

Ph

OK

(19) (20)

(21)(22)

(7)

3. Lithium trimethylsilylynolate from trimethylsilyldiazomethane
The trimethylsilylynolate is prepared on treatment of trimethylsilyldiazomethane (23)

with BuLi followed by exposure to carbon monoxide. The mechanism is explained by the
fact that the lithiated silyldiazomethane (24) adds to carbon monoxide to give the labile
α-diazoacyllithium 25, which rearranges to the ynolate 27 via the ketene intermediate 26
(equation 8)8.

N2

Me3Si

H

BuLi
N2

Me3Si

Li

CO
N2

Me3Si

O

Li

N

C
O

Me3Si

N

Li

Me3Si

OLi

(23) (24) (25)

(26)(27)

(8)
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C. Oxygenation of Terminal Alkynes

1. Oxygenation of lithium acetylides with lithium t-butylperoxide

Lithium acetylides 28 are oxygenated by lithium t-butylperoxide, prepared from anhy-
drous t-butylhydroperoxide9 and LHMDS, to give lithium ynolates 29 (equation 9)10.
This method has been used as an efficient route for the preparation of the silyl ynolates
3011a (Section V). Dioxygen, t-butyl perborate and bis(trimethylsilyl)peroxide have been
unsuccessful as oxidation reagents11b,c.

R

Li

R

OLi

R

OSiPr-i3

(28) (29) (30)

t-BuOOLi
i-Pr3SiOTf

(9)

2. Hypervalent organoiodine

Ynol tosylates are synthesized from terminal alkynes via a unique sequence (equation
10)12. The hypervalent organoiodine compound 32, prepared by treatment of iodosoben-
zene diacetate with p-toluenesulfonic acid, reacts with the terminal alkynes 31 to give
the iodonium tosylates 33, which are then treated with 10 mol% of CuOTf or AgOTf
to afford the ynol tosylates 34. Finally, the ynol tosylates 34 are converted into lithium
ynolates 35 by treatment with MeLi. The ynolates are trapped with t-butyldimethylsilyl
chloride, triethylgermyl chloride and tributylstannyl chloride to give the silyl ynol ethers
36, the germyl ketenes 37 and the stannyl ketene 3813.

R OH

IPh OTs+
OTs

I PhR
CuOTf

OTsR

MeLi

OLiR

(32)(31) (33) (34)

t-BuMe2SiCl

OSiMe2t-BuR

Bu3SnCl

C O

Bu3Sn

R

C O

R

Et3Ge

(36)

(38) (37)

(35)

Et3GeCl

(10)
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D. Metallation

1. Lithium ynolates from lithium ester enolates

Although metal ynolates are equivalents of metallated ketenes, direct metallation of
ketenes is often troublesome. Metallation of the precursors of ketenes, followed by trans-
formation into the metallated ketenes, would be a better route to metal ynolates. Based
on this concept, an efficient method for the synthesis of lithium ynolates has been devel-
oped, taking advantage of the properties of ester enolates, which are easily converted into
ketenes by elimination of alkoxides (equation 11)14. The synthetic methods for lithium
ynolates via the cleavage of ester dianions are both convenient and quite general, because
alkyl-, aryl- and silyl-substituted lithium ynolates can be synthesized in good yields.

R
OR′

O

R
OLi

OR′
base R C

O
R′OLi

(11)

The α-bromo esters 39 are treated with LDA to form the bromo ester enolates 40,
which are subjected to lithium–halogen exchange with t-BuLi (3 equiv) at −78 ◦C. The
resulting dilithium ester dianions 41 are thermally cleaved at 0 ◦C into the ynolates 42 in
good yields (equation 12)15. This procedure finally regenerates LDA from diisoprpylamine
and t-BuLi along with the lithium ynolate (equation 12′).

R
OEt

O

Br

(39)

+ LiN

Pr-i

Pr-i

2.3 eq

R
OLi

OEt

Br

(40)

HN

Pr-i

Pr-i
+

t-BuLi (3 eq) R
OLi

OEt

Li

(41)

+ Br

EtOLi

R

OLi

(42)

base

(12)

Li + HN

Pr-i

Pr-i

H + LiN

Pr-i

Pr-i

(12’)

To avoid the effect of the strong base and to simplify the protocol, α,α-dibromo esters
43 are used as the starting materials, which are treated with 4 equiv of t-BuLi or s-BuLi
at −78 ◦C. The reaction mixture is then warmed to 0 ◦C to produce the ynolates 44 in
excellent yield (equation 13)16. This improved facile method can be carried out without the
use of lithium amides. If compouds 43 with R′ = Ph are used as the starting materials,
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the less basic lithium phenoxide is generated instead of lithium ethoxide. The starting
dibromo esters 43 are stable compounds and are easily synthesized via bromination of the
α-bromo ester enolates with 1,1,2,2-tetrafluoro- or 1,1,2,2-tetrachloro-1,2-dibromoethane
(equation 14)16b,17 or by radical bromination (equations 15 and 16) depending on the
substrates.

R
OR′

O

R
OLi

OR′t- or s-BuLi
(4 eq)

Li

R′OLi R

OLiBr Br
−78 °C 0 °C

(43) (44)R′ = Et, Ph

(13)

R
OR′

O

R
OLi

OR′

i-Pr2NLi (1.2 eq)

Br Br

CF2BrCF2Br
or

CCl2BrCCl2Br R
OR′

O

Br Br

R′ = Et, Ph

(14)

Me3Si
OEt

O i-Pr2NLi;
CF2BrCF2Br

Me3Si
OEt

O

Br

62%

NBS
(PhCO2)2

Me3Si
OEt

O

Br Br

75%
(15)

OEt

O

OEt

O

Br Br

NBS

60%

(16)

Although this method is convenient in the laboratory, t- and s-BuLi are somewhat
expensive and should be handled carefully, especially in a large scale. A more practical
method for the synthesis of ynolates is the reductive lithiation method. The dibromo
esters 43 are treated with lithium naphthalenide to give the ynolates 44 in good yield.
Naphthalene-catalyzed reductive lithiation18 of the dibromo esters can also be performed,
providing the ynolates more efficiently (equation 17)19.

R
OEt

O

Br Br

Li (4.7 eq)
naphthalene

R

OLi

(43) (44)

(17)
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2. Metallation of trialkylsilylketenes

Since metal ynolates are metallated ketene equivalents, metallation of ketenes is expect-
ed to afford metal ynolates. Direct metallation of monoalkylketenes is, however, fairly
difficult due to the high lability of these ketenes (e.g. dimerization) and the strong elec-
trophilicity of the carbonyl carbon20. In contrast, silylketenes are so stable that lithiation
of trimethylsilylketene (45) with BuLi at −100 ◦C provides the lithium ynolate 46 in good
yield (equation 18)21. The t-butyldimethylsilylketene (47) is also lithiated to afford the
lithium ynolate 48 (equation 19)22.

C O

Me3Si

H
BuLi

−100 °C

Me3Si

OLi

(45) (46)

(18)

BuLi

−100 °C
C O

t-BuMe2Si

H

t-BuMe2Si

OLi

(47) (48)

(19)

Transmetallation of bis(trimethylsilyl) ketene 49 by t-BuOK in the presence of HMPA
affords the ynolate 50 (equation 20)23. Since it does not give the ynolate without HMPA,
the trialkylsilyl group might be activated by the coordination of HMPA.

C O

Me3Si

Me3Si

t-BuOK
HMPA

Me3Si

OK

(49) (50)

(20)

E. Flash Photolysis
Flash photolysis of phenylhydroxypropenone (51) in aqueous solution gives pheny-

lacetic acid 53 through the ynolate 52 as a short-lived reaction intermediate (equation
21)24. Kinetic experiments revealed that the corresponding aryl ynols ArC≡COH are
strong acids with pKa < 2.825.

O

Ph OH

hn

OH−

H2O

Ph

O−

PhCH2CO2H

(51) (52) (53)

(21)

F. Dilithium Ynolate
Since unsubstituted metal ynolates have a terminal alkyne, their metallation gives yno-

late dianions. Schöllkopf’s method affords an ynolate dianion, starting from 3-phenylisox-
azole (equation 3, Section II.A)3.
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Lithiation of 2,3-dihydrofurans (54) followed by elimination of a 1-alkene provides
dilithium ynolate (55) (equation 22)26. The properties and synthetic utility of 55 have not
yet been studied.

OR
BuLi

OR Li
OLi

R

BuLi

OLi

Li

(54)

(55)

(22)

III. PROPERTIES OF METAL YNOLATES
Lithium ynolates are stable and keep their reactivity at 0 ◦C under inert gas for several
days, but they decompose in 1 day at 20 ◦C27. Silyl ynolates (silyl ynol ethers) are stable
for a long period and they can be purified by distillation, but they are labile to acids
(Section V). The stability of ynolates of metals other than lithium is unknown.

Compared with metal enolates, there have been very few reports on the direct struc-
tural analysis and theoretical studies of ynolates. An X-ray crystal structure of a vanadium
complex of lithium ynolate with a porphyrinogen ligand (56) is reported28. This metal
complex was incidentally formed from VCl3(THF)3 with tetralithium salt of the octaethyl-
porphyrinogen ligand. In this complex, the lithium cation seems to interact with the
π-electrons of the ynolate. The four atoms of the ynolate group in 56 are not collinear
due to a partial sp2 character of the group in this complex.

THF

N

NN

N
V

O
Li

THF

H

Et

Et

Et

Et

Et
EtEt

Et

Li

(56)

A calculated gas-phase structure (MP2//MP2) of an ynolate is shown in 57, in which
a C=C bond contraction, C=O bond elongation and an opening of the HCC bond angle
compared with the ketene are observed. This fact suggests that the structure of the ynolate
significantly contributes to the resonance hybrid of the anion structure29.

The 13C NMR spectrum of silyl-substituted potassium ynolates in THF-d8 shows signals
at 132.8 and 33.4 ppm23, which are close to those of alkynyl ethers. The IR spectrum in
THF shows a strong absorption at 2229 cm−1, which is typical for alkyne30. These results
point to a metal ynolate rather than a metallated ketene.
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C CH
O

1.271
1.229

8.8°

141.6°

(57)

C C O

H

H
119.12°

1.322

1.168

HC C O−−CH C O

The ESI mass fragment ion spectra of the monomethyl glutarate anion (58) shows
formation of ynolate anions (equation 23)31.

−O OMe

O O

HO
C

O
O

HMeO−

HO

O

O−

CH3OH

CO2

(58)

O−

O−

(23)

The acidity of aryl ynols ArC≡COH is extremely strong with pKa < 2.8, which is
more acidic than unsubstituted carboxylic acid25. The strong acidity is also supported by
theoretical calculations24,32.

IV. REACTIONS OF METAL YNOLATES
Since metal ynolates are ambient nucleophiles, with oxygen being a hard nucleophilic
center and carbon a soft one, the position of attack at O or C would therefore depend
on the hard/soft character of the electrophile (equation 24). When metal ynolates react as
C-nucleophiles, they are regarded as metallated ketenes 59. Ynolates are also considered
as electron-rich alkynes. In this section, the unique reactions of metal ynolates induced
by these characteristic features are summarized.

R O
E+ (hard)

C O

R

E

R O

E

C O
E+ (soft)

M

R

M
(59)

(24)
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A. Formal [2 + 2] Cycloaddition of Lithium Ynolates with Aldehydes and
Ketones

Lithium ynolates easily add to aldehydes and ketones even at −78 ◦C to give β-lactone
lithium enolates (61), which are stable at this temperature but undergo ring opening above
−20 ◦C (equation 25). This reaction is a formal [2 + 2] cycloaddition, and it may occur
via a stepwise mechanism through the ketene intermediate 60. Reactions of benzaldehyde
with the phenyl-substituted lithium ynolate 62 afforded the β-lactone 63 after protonation
(equation 26). On the other hand, alkyl-substituted lithium ynolates (64) add to aldehydes
to give only the 1:2 adducts 63, even if less than 1 equivalent of aldehyde is used16,17,
due to the higher reactivity of the β-lactone enolates (equation 27). However, ketones
and sterically hindered aldehydes (e.g. pivalaldehyde) provide the 1:1 adducts (66, 67)
because the reactivity is lowered by steric hindrance (equations 28 and 29)33. The β-
lactones can be decarboxylated efficiently and stereospecifically to give the olefins on
heating, as shown in equation 29. The decarboxylation is accelerated by acid catalysts
such as Brønstead acids, Lewis acids and silica gel33,34.

R

OLi

O+ C O

R

OLi
O

R OLi

(60) (61)

−78 °C −78 °C

(25)

Ph

OLi

+ O

Ph

H
O

Ph OLi

Ph

H+

O

Ph O

Ph

−78 °C

(63) 60%(62)

(26)

Bu

OLi

+ O

Ph

H

−78 °C

O
Ph

O
Bu

Ph OLi

O
Ph

O
Bu

Ph OH

H+
(64)

(65) 85%

O

OLiBu

Ph

PhCHO

(27)
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Bu

OLi

+
O

H

O

Bu OLi

H+

O

Bu O

−78 °C

(66) 74%

(28)

O

Ph

O

Bu OLi

H+

O

Bu O

74% (67)

Ph

Ph

Bu

OLi

+

Bu

C5H11Ph acid
heating

(29)

B. Lithium Ynolate-initiated Cascade Reactions Leading to Multisubstituted
Carbocycles and Heterocycles

Lithium β-lactone enolates have abundant unexplored chemistry, which the ynolate
chemistry could open. The β-lactone enolates prepared by cycloaddition of lithium yno-
lates with ketones are stable intermediates at −78 ◦C, but are still highly nucleophilic.
Taking advantage of this reactivity, it would be possible to design a one-pot multistep
synthesis (the negative–positive switching process) using lithium ynolates, as shown
in equation 1. It would be even more efficient if the β-lactone enolates could be pre-
pared by a method not involving enolization of the corresponding β-lactones. Based on
this concept, novel tandem reactions involving intramolecular cyclization are developed
(equation 30)33. The ynolate 68 adds to the γ -ketoester 69 to give the β-lactone enolate
70, which subsequently cyclizes via the Dieckmann condensation to afford the bicyclic
β-lactone 71. This is easily decarboxylated on heating in the presence of acid to produce
the 2,3-disubstituted cyclohexenones 72 in good overall yield. The direct generation of
the β-lactone enolates 70 by treatment of the corresponding β-lactones 73 with LDA is
unsuccessful. Therefore, ynolates allow the regioselective formation of the enolates via
cycloaddition. This tandem [2 + 2] cycloaddition–Dieckmann condensation process can
be applied to the syntheses of fused rings (equation 31) and naphthols (equation 32)33b.

Several natural products, including dihydrojasmone (74), α-cuparenone (75)33 and
cucumin E (76)35, were synthesized via the ynolate-initiated tandem process.
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Bu

OLi

+
CO2Et

O

O

OLiBuO
OEt

O

O
OBu

O
Bu

−78 °C

H+

(68)

(69) (70)

(71)(72)

O

OBuO
OEt

(73)

(30)

Me

OLi

+

O

CO2Et

O

Me

O

O

MeO

(31)
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Me

OLi

+

O
EtO2C

O

O

Me O

OH

Me

88%

(32)

O
O

Me
(74) (75)

O

O
H

H

(76)

In the same way, electrophilic reactions can be applied to the tandem reaction. The
ynolate-initiated tandem [2 + 2] cycloaddition–Michael reaction followed by decarboxy-
lation furnished the polysubstituted five-, six- and seven-membered cycloalkenes in good
overall yield (equation 33)36. The ester enolate intermediates 77 are nucleophilic, and
further bond formation is possible.

Multisubstituted five-membered aromatic heterocycles are synthesized via this cascade
protocol (equation 34). The cycloadditions of α-acyloxyketones 78a with lithium ynolates
afford β-lactone lithium enolates 79a, which spontaneously cyclize to give bicyclic com-
pounds 80a. These intermediates, which are stable enough to be isolated, are treated
with TsOH under heating to provide substituted furans 81a via decarboxylation and
dehydration. Thiophenes (e.g. 81b) are also synthesized by the analogous scheme via
intermediate 80b using α-acylthioketones (78b) as a substrate. In the synthesis of pyrroles
using α-acylaminoketones as a substrate, the cyclization proceeded at −20 ◦C, and the
β-lactone was subsequently ring-opened via β-elimination to furnish pyrroles in one-pot
(equation 35)37.

C. Formal [2 + 2] Cycloaddition of Lithium Ynolates with Aldimines to Give
β-Lactams

Aldimines are aza-analogues of aldehydes and are expected to react with nucleophiles
in similar fashion. Since aldimines are, however, less electrophilic than the correspond-
ing aldehydes, they often require activation and/or harsh conditions for the addition of
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nucleophiles38. The phenyl-substituted lithium ynolate 82 reacts with aldimine 83 acti-
vated by electron-withdrawing groups (p-nitrophenyl etc.) to afford the 2:1 adducts 84
in good yields (equation 36)39. N-o-Methoxyphenylaldimine (85) reacts with the lithium
ynolate at −78 ◦C to give the 2:1 adduct 86, although the methoxy group is electron-
donating (equation 37). Since N-p-methoxyphenylaldimine (87) is inert to the ynolate,
the N-o-methoxyphenylaldimines are obviously activated by chelation with lithium40. The
lithium ynolate 88 affords β-lactams (1:1 adduct 90) in the reaction with aldimines acti-
vated by N-sulfonyl groups (89) at −78 ◦C (equation 38)41. Since the aldimines 83 and 85
have moderately electron-withdrawing or electron-donating groups, the β-lactam enolate
intermediates would be more nucleophilic than ynolates. Therefore, the 2:1 adducts (84
and 86) are produced. On the other hand, in the case of equation 38, the strong electron-
withdrawing group of sulfonyl stabilizes the β-lactone enolate, which is less reactive than
the ynolate, and thus the 1:1 adduct is afforded.

Bu

OLi

+
Ph

CO2Et

O

O

Ph

Bu OLi

CO2Et

O

Ph

Bu O

OLi

OEt

CO2Et

Bu

Ph

(77)

H+

78%

PhCHO

O

Ph

Bu O

CO2Et
Ph

OH

CO2Et

Bu

Ph

Ph

OH

77%

H+

(33)



756 Mitsuru Shindo

OLi

Me

+
O

X

O

Me

X
O

O Me OH

Me

X

Me

Me

X

Me

O

OLi

OMe

(78) (a) X = O
(b) X = S

(79) (a) X = O
(b) X = S

(80) (a) X = O
(b) X = S

(81) (a) X = O (84%)
(b) X = S (85%)

H+

(34)

OLi

Me

+
O

N

O

Me

N
O

O Me OLi

Me

N

Me

Me

MeO
OMe

N

O Me OLi

Me
OMe

LiO

−20 °C

OMe

83%

(35)
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OLi

+ N

O2N

NO2

N

O
NH

O2N

O2N NO2

NO2

(82) (83)

(84) 89%

N

OLi

O2N NO2

83

(36)

Me

OLi

N

MeO

+

N

O
Me

NH

OMe

OMe

(85)

(86)

N

OLi

OMe

Me

85

(37)
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N

OMe
(87)

Bu

OLi

+
N

SO2

(88) (89)

N

O

SO2

Bu

(90)

(38)

D. Formal [2 + 2] Cycloaddition of Lithium Ynolates with Isocyanates to Give
Azetidine-2,4-diones

Isocyanates are strong electrophiles having a C=N bond, and are used to synthesize
heterocycles such as azetidine-2,4-diones42. Lithium ynolates add to sterically unhin-
dered isocyanates, e.g. phenyl isocyanate (91) to give the azetidine-2,4-diones, such as
92 via formal [2 + 2] cycloaddition in moderate yield (equation 39)43. The sterically
hindered 2,6-dimethylphenyl isocyanate (93) affords the ester 94 (equation 40). The 2,6-
dimethylphenyl group would inhibit the cyclization leading to the four-membered ring,
and instead lithium phenoxide, produced in the step of preparation of lithium ynolate,
attacks the ketene. This result supports a stepwise mechanism of the four-membered ring
formation using ynolates.

Me

OLi

+
N C O

Ph N
OPh

MeLiO

N
OPh

MeO

(91)

(92) 33%

N C

Ph OLi

C
O

Me

Me CO2Ph

Br Br

PhOLi

H+

(43) R = Me

(39)
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Bu

OLi

+

N C O

(93)

Me

Me

N

Me

Me

Li

O

Bu

C

O

N

Me

Me

Li

O

Bu

OLi

OPh

N

Me

Me

H

O

Bu

O

OPh

PhOLi

Bu CO2Ph

Br Br

PhOLi

(94)

H+

(43) R = Bu

(40)

E. Formal [3 + 2] Cycloaddition of Lithium Ynolates with Nitrones to Give
Isoxazolidinones

The [3 + 2] cycloaddition of 1,3-dipoles is an important method for preparing hetero-
cyclic adducts, which may be transformed into a variety of other functionalized organic
compounds. Most [3 + 2] cycloaddition of nitrones, representative 1,3-dipoles, can be
classified into normal and inverse electron-demand reactions, based on the relative ener-
gies of the frontier molecular orbitals of the nitrone and the dipolarophile. The two cases
are the interaction of a dipolarophile, having a low energy LUMO, with the HOMO of
the nitrone, and the interaction of a dipolarophile, having a high energy HOMO, with the
LUMO of a nitrone. Usually, these nitrones cycloadditions are a case of the reaction of an
electron-deficient alkene (LUMO) with a 1,3-dipole (HOMO). In inverse electron-demand
1,3-dipolar cycloadditions, alkenyl ethers or ketene acetals are used as electron-rich dipo-
larophiles, occasionally requiring activation by Lewis acids. Lithium ynolates are expected
to function as electron-rich dipolarophiles in the inverse electron-demand cycloaddition
mode44.

The anionic inverse electron-demand 1,3-dipolar cycloaddition of nitrones 95 with
lithium ynolates (equation 41) proceeds at 0 ◦C to afford the substituted isoxazolidinones
97. The relative configuration is determined during the protonation step of the initial
isoxazolidinone enolate adduct 96. With a thermodynamically controlled protonation, the
trans products are mainly produced. The in situ alkylation of the resulting enolate adduct
96 furnishes the trisubstituted isoxazolidinone 98 with high diastereoselectivity. The isox-
azolidinones are easily converted into β-amino acids (99, 100) in good yield45a.
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Me

OLi
N+

O−
Ph

Bn

+
N

O

OLiMe

Ph

Bn

t-BuOH

N
O

OMe

Ph

Bn

(95) (97) > 99:1, 77%(96)

BnBr

N
O

OBn

Ph

Bn

(98) > 99:1

H2/Pd

Me CO2H

NH2Ph

(99)

Bn CO2H

NH2Ph

Me

(100)

H2/Pd Me

(41)

Asymmetric cycloadditions of the chiral non-racemic nitrones 101 and 103 afford the
isoxazolidinones 102 and 104 respectively, with high diastereoselectivity. This process
can lead to an efficient asymmetric synthesis of β-amino acids (equations 42 and 43)45b,c.
This is the first example of asymmetric reactions with ynolates. It is noteworthy that the
ynolates show higher reactivity and stereoselectivity than the corresponding lithium ester
enolates and demonstrate the high potential of lithium ynolates in asymmetric reactions.

Me

OLi

N+
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O−
+
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O

OLiMe

Bn

O

O

O

O

MeI

N
O

O
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O

O

H

H

(102) 95% (94:6)
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H2/PdCO2H

NH2

O

O H

(42)
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OLiMe
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O
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O

MeI

N
O

O

Bn

N

O

H

H

(104) 81% (> 99:1)

(103)

H2/PdCO2H

NH2

N

O H

Boc
Boc

BocBoc

(43)

F. Formal [3 + 2] Cycloaddition of Metal Ynolates with Oxiranes and Aziridines
to Give Lactones and Lactams

There has been only a few reports on reactions of small rings with metal ynolates.
Oxiranes are much less electrophilic than carbonyls and sometimes need activation by
Lewis acids or Lewis-acidic organometals. The lithium–trimethylaluminum ate complex
of silyl-substituted ynolate 105 reacts with the oxirane 106 to give the γ -lactone 107
(equation 44)8, while lithium silyl-substituted ynolates are inert to oxiranes. There have
been no reports using carbon-substituted metal ynolates.

O

Me3Si

OAlMe3Li

+ O
C O

Me3Si

AlMe3
− Li+

O
O

SiMe3

O
OM

SiMe3

(105) (106)

93%
(107)

H+

(44)
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The γ -lactam 110 is prepared by the reaction of the lithium silyl-substituted ynolate 105
with the aziridine 108 activated by a p-toluenesulfonyl group. The initial product is the
enolate 109, which can be acidified to yield the α-silyl-γ -lactam 110. Intermediate 109 can
be trapped by aldehydes to afford the α-alkylidene-γ -lactams 111 via a Peterson reaction
(equation 45)46. These reactions may be considered to be formal [3 + 2] cycloadditions
as well as tandem reactions involving nucleophilic ring opening and cyclization.

NTs

Me3Si

O

+

N

C O

SiMe3

Li
Li

N
O

SiMe3

N
OLi

SiMe3

(105) (108)

77%

(110)

(109)

PhCHO

H+N
O

SiMe3

OLi
Ph

N
O

Ph

(111)

Ts

Ts

Ts Ts

Ts

(45)

G. Formal [4 + 2] Cycloaddition of Metal Ynolates to Give Six-membered
Heterocycles

Although the Michael addition of metal ynolates to α,β-unsaturated carbonyl com-
pounds is expected to give six-membered cycloadducts, 1,2-addition to carbonyl groups
usually precedes 1,4-addition. The cycloaddition of the lithium–aluminum ate complex
of silyl-substituted ynolate 112 with ethyl benzylideneacetoacetate (113), which is dou-
bly activated by the ester and keto functions, gives the γ -lactone 114 via a [4 + 2] type
cycloaddition (equation 46). Diethyl benzylidenemalonate (115) affords the uncyclized
ketene 116 by reaction with 112 (equation 47). This could be taken as evidence for a
stepwise mechanism for equation 468.
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O

SiMe3
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(115) (116) 62%(112)

(47)

Styryl isocyanate (117) reacts with ynolates to provide the 4-hydroxypyridone 119
in moderate yield via a formal [4 + 2] cycloaddition (equation 48). This reaction also
indicated the participation of the ketene intermediate 11843.

Bu

OLi Ph

N
C

O+

Ph

N
C

O

BuC
O

N O

Ph

OLi

Bu

Li

H
N O

Ph

OH

Bu

(117) (118)

(119)

H+

(48)

H. Formal [4 + 2] Cycloaddition of Lithium Ynolates to Vinylketenes to Give
Phenols

While ketenes are too reactive to handle, silylketenes are exceptionally stable. Lithium
ynolates (120) react with stable (trialkylsilyl)vinylketenes (121) to produce the highly
substituted phenols 124 in a benzannulation strategy, via the ketenes 122 bearing (Z)-
enolates. The latter undergo a 6π electrocyclic ring closure, not to β-lactone enolates
but to afford the cyclohexadienones (124). The (Z)-configuration of the enolates 122 is
important for the cyclization. On acidification, the cyclohexadienone intermediate 123
isomerizes to a siloxyphenol (124) via a 1,3-carbon–oxygen silyl shift and aromatization
(equation 49)47.
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OLi

+

O

C

Si(i-Pr)3

Me

Me
Si(i-Pr)3

Me

Me

OLi
C

O

OLiO

Me

Me

Si(i-Pr)3

OSi(i-Pr)3HO

Me

Me
65%

(120) (121) (122)

(123)(124)

H+

(49)

I. Torquoselective Olefination of Carbonyl Compounds

1. Torquoselective olefination of ketones

As described above, cycloaddition of lithium ynolates with aldehydes and ketones at
−78 ◦C provides β-lactone lithium enolates, which are stable at −78 ◦C, but at higher tem-
peratures (usually above −20 ◦C) the small rings are opened to give the α,β-unsaturated
carboxylates48. Lithium ynolates add to benzaldehyde at −78 ◦C to give the β-lactone
enolates 125, which are ring-opened to afford the (E)-α,β-unsaturated carboxylic acids
126 after warming to room temperature4. The reaction of aldehydes with the lithium yno-
late at room temperature affords the α,β-unsaturated carboxylic acids 126 in good yield
with excellent E-selectivity (equation 50). This process may involve a side reaction by
which intermediate 125 undergoes addition to a second benzaldehyde molecule to yield
127, in an aldol–retroaldol equilibrium (equation 50′)49a.

Bu

OLi

O

Ph

+
H

O

Bu

Ph

OLi

20 °C

Bu

Ph

CO2Li

Bu

Ph

CO2H

(125)

(126) 73%, E/Z > 99

(50)
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O

Bu

Ph

OLi

O
Ph

O
Bu

Ph OLi

(125) (127)

+ PhCH=O
(50’)

Stereoselective olefination of ketones giving tetrasubstituted alkenes is at present a
hot topic in synthetic organic chemistry, because there have been very few reports on
successful stereoselective olefination of ketones giving tetrasubstituted olefins. Olefi-
nation of unfunctionalized ketones such as acetophenone (128) with lithium ynolates
provides tetrasubstituted olefins (129) in good yield (equation 51). While the Wittig and
the Horner–Emmons reagents do not react with t-butyl phenyl ketone (130), the ynolate
affords the corresponding olefin (131) in 74% yield (equation 52). These results indicate
that ynolates are much better reagents for the olefination of ketones than the conventional
ones. The geometrical selectivity (80:20 to 85:15) is unprecedentedly good (equation 53).
In most cases, the phenyl group is preferentially trans to the carboxylate group, and the
alkyl groups are cis to it. Methyl esters can be isolated by adding MeI along with HMPA
or DMPU to the reaction mixture without loss of selectivity or yield49a,b.

Me

OLi

O

Me
+

Ph O

Bu

Ph

OLi

20 °C

Me

Ph

CO2Li

(129) > 99%

Me Me

E:Z = 80:20

(128)

Me

Ph

CO2H

Me

H+

O

Bu

Ph

OLi

Me

(51)

Me

OLi

O

+
Ph 20 °C

Me

Ph

CO2H

(131) 74%

E:Z = 85:15

(130)

(52)

Me

Ph

CO2H

R

Me

OLi

O

R
+

Ph 20 °C

74–99%
E:Z = 80:20–85:15

R = alkyl
(53)
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TABLE 1. Stereoelectronic effect of para-substituents on the ole-
fination of acetophenones and benzophenones

Acetophenones Benzophenones
p-XC6H4COMe p-XC6H4COPh

X Yield (%) E:Z Yield (%) E:Z

NO2 61 40:60 92 25:75
Cl 68 70:30 92 40:60
F 88 80:20 >99 50:50
H 82 85:15 82 —
Me 89 91:9 90 60:40
MeO 80 95:5 99 67:33
Me2N 64 >99:1 90 83:17

The E/Z-selectivity of this olefination (equation 54) is strongly dependent on the elec-
tronic nature of the substituents (X) of the ketones (Table 1)49c. The acetophenones with
electron-withdrawing groups at the para-position give lower E-selectivity, as compared
to the unsubstituted compounds (X = H). On the other hand, substrates with electron-
donating groups afford higher E-selectivity (up to >99:1). In the olefination of para-
substituted benzophenones (R = Ph), in which the steric factor can be negligible, the same
trend in the selectivity is observed. It is noteworthy that phenyl substituents are recognized
only by remote para-substituents. The stereochemistry is controlled by a stereoelectronic,
as well as by a steric, effect of the substituents.

Bu

OLi

+

O

R

X

R

X

Bu CO2Me

(54)

The mechanism of the ring opening of the β-lactone enolates (e.g. equation 51) is
the conrotatory electrocyclic reaction of the oxetene50, rather than the ‘forbidden’ β-
elimination47, and thus torquoselectivity would be operative in the selectivity51. Thermal
ring opening of cyclobutenes (equation 55) giving butadienes has been well studied
experimentally52,53 and theoretically54. In this reaction, the E/Z selectivities are deter-
mined by the torquoselectivity, thus, preferentially, the electron-donating substituents (D)
rotate outward and the electron-accepting substituents (A) rotate inward. The torquoselec-
tivity is explained by the orbital interactions between the breaking C–C bond and some
bond orbitals on the substituents (132). This concept provides a reasonable explanation for
the olefination with lithium ynolates. By theoretical calculations on the transition states,
the strong interactions between the disconnecting C–O σ orbital in the oxetene and the π
(π*) orbitals of the aromatic ring in the transition states are revealed55. Since the phenyl
group has an electron-rich π-orbital, i.e. a high energy level of the occupied orbital, it is
a better electron-donating group than the alkyl group. The electronic properties, however,
depend on the substituents. For examples, the p-nitrophenyl substituent works as an elec-
tron acceptor in torquoselectivity. The transition state leading to the Z-olefins is stabilized
by the overlap of the orbitals of the disconnecting C–O bond with the π- or π*-orbitals, in
which the energy level of the antibonding orbital is lowered by the electron-withdrawing
substituents (133). The σ* orbitals are also important acceptors in the torquoselectivity56.
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Since the σ*(C–CH3) orbital is reported to be more electron accepting than σ*(C–H)57,
the t-butyl group rotates inward preferentially (134)58.

D A

D

A

D: electron-donating group
A: electron-accepting group

(55)

D A
outward
rotaiton

inward rotation

(132)

(133)

O

O

Li+

X

R

(134)

O

Li+

C
C

s*

CH3

O

2. Torquoselective olefination of acylsilanes

Olefination of acylsilanes59 is expected to become a useful method for the preparation
of vinylsilanes, which are a powerful synthetic tool60. Olefination of the acylsilanes 135
with ynolates provides the β-silyl-α,β-unsaturated esters 136 in high yields with high
Z-selectivity (equation 56)61. In most cases, the E isomers could not be detected by 1H
NMR and HPLC. This is the first general method for the stereoselective synthesis of
tetrasubstituted olefins.

Me

OLi

+
O

SiMe3R SiMe3R

Me CO2H
20 °C

1 h

R = alkyl, aryl
Z/E = >99

(135) (136)

(56)



768 Mitsuru Shindo

Theoretical calculations and NBO analysis suggest that this remarkable torquoselectiv-
ity is due to orbital interactions of the breaking σ (C–O)–σ*(Si–C) (137) in the transition
state of the inward rotation during the ring opening of the β-lactone enolate. The inter-
action between the nonbonding orbital of oxygen and σ*(Si–C) also contributes the
stabilization of that transition state (138)58. This is in good agreement with the results
obtained from the ring opening of silylcyclobutenes56.

(137) (138)

O

Li+

Si
C

s*

R

s

O

O

Li+

Si
C s*

R

n

O

The importance of the torquoselective synthesis shown in equation 56 is illustrated in
equations 57 to 59, for the particular case in which a multisubstituted vinylsilane (139 =
145 = 148 = 136, R = Bn) is converted to various kinds of multisubstituted olefins. The
silyl-substituted allyl alcohol 140 is allylated to give the skipped diene 14162, and the
iodoalkene 142, prepared by desilyliodination of 14063, is subjected to metal-catalyzed
cross-coupling reactions to afford the dienes 143 and 144 without E/Z isomerization
(equation 57). The vinylsilane 145 thus reacts with iodine to afford the silalactone 146
with elimination of iodomethane in good yield (equation 58)64. Since the silicon–carbon
bond is activated by the hypervalency, the C–Si bond is cleaved under mild conditions
via a push–pull mechanism (147). The palladium-catalyzed cross coupling of the vinyl-
silane 148 with aryl iodides (Hiyama coupling) is also activated by hypervalency to give
the coupling product 149 (equation 59) without using fluoride ion, while the inactivated
vinylsilane 150 does not react65.

SiMe3Bn

Me CO2Me

SiMe3Bn

Me
OH

88%

I2, CF3CO2Ag

IBn

Me
OH

Bn

Me
OH

Bn

Me
OH

Bn

Me
OH

Stille coupling

CO2Et

Heck reaction
t-BuOCu

Br

(139) (140)

(141) 89%

(142)

(144) 60%(143) 79%

i-Bu2AlH

(57)
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SiMe3Bn

Me CO2H

+ I2
pyridine

Si
O

O
Me

Bn
Me Me

CH3I
(145) (146) 90%

(58)

SiBn

Me
O

OH

R R
R

E+

(147)

SiMe3Bn

Me CO2H

+ I
Pd2(dba)3•CHCl3

CsCO3
Bn

Me CO2H

(149) 72%(148)

(59)

SiMe3Bn

Me

(150)

3. Olefination of α-oxy and α-amino ketones

Good stereocontrol in the olefination of ketones with metal ynolates requires that groups
of quite different bulkiness and/or electronic properties be attached to the carbonyl group.
Such is the case of the acylsilanes, whereas simpler ketones like 2-butanone are less
stereospecific in this process. If both substituents on the ketones should be distinguished,
strong stereocontrolling directing groups for olefination are requisite in the ketones. The
α-alkoxy (151a) and α-trialkylsilyloxy (151b) acyclic ketones provide the olefins 152a
and 152b, respectively, with high Z-selectivity by the torquoselective olefination with
ynolates (equation 60). The α-trialkylsiloxy cyclic ketones (153) afford the olefins 154
with good to moderate stereoselectivity (equation 61). This selectivity depends on the
conformation of the siloxy group; for example, the axially oriented siloxy group induced a
high Z-selectivity (equation 62) but the equatorially oriented group did not (equation 63).
In a similar fashion, olefination of α-amino ketones also induces good Z-selectivity. As
shown in equation 64, the reaction of the ynolates with the α-amino ketone 155 gives the
γ -amino unsaturated carboxylate, which is treated with thionyl chloride to provide the
unsaturated lactam 156 in good yield, without any detection of minor isomers66.
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Me

OLi

+

O

OR
OR

CO2MeMe

(151) (a) R = alkyl
          (b) R = trialkylsilyl

(152) (a) R = alkyl, Z/E >99:1–98:2
          (b) R = trialkylsilyl, Z/E >99:1–94:6

(60)
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O
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n

CO2MeMe

MeI

n = 1, Z:E = 83:17
n = 2, Z:E > 99:1
n = 3, Z:E = 97:3
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(61)
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The mechanism of olefination can be deduced by consideration of orbital interactions
to proceed via torquoselective olefination, rather than chelation control, for the following
reasons: (1) the sterically hindered siloxy and phenoxy groups are also effective for high
E-induction; (2) in the presence of a crown ether, the selectivity still remains high; and
(3) an axially oriented siloxy group induces a high Z-selectivity. Theoretical calculations
indicate that the transition state of inward rotation is stabilized by an orbital interaction
between σ (C–O) and σ*(C–OR) (157)66.

(157)

s*

s

OC

C

O

O

R

Li

4. Olefination of esters

Olefination of ester carbonyl groups with metal ynolates is useful for the synthesis of
enol ethers, as other methods have generally been unsuccessful in realizing olefination, due
to the lower reactivity of the esters and the elimination of alkoxide. Metal carbenoids, such
as Tebbe reagents, accomplish this transformation, but they are limited to the preparation
of simple unfunctionalized enol ethers. The highly stereoselective synthesis of tetrasubsti-
tuted, functionalized (E)-enol ethers 159 via olefination of esters 158 with lithium ynolate
is achieved (equation 65). Aliphatic esters afford excellent E-selectivities, whereas esters
of aromatic carboxylic acids give good to moderate selectivity, which depends on the elec-
tronic properties of the substituents on the aromatic ring. This torquoselectivity can be
elucidated from the fact that the ethoxy group preferentially rotates outwardly, because of
its electron-donating property67. The enol ethers thus produced can be very useful in syn-
thetic organic chemistry. For example, using β-alkoxy divinylketones 160 derived from
enol ethers (159) in 3 steps using TBTU (159′) as condensing agent, a novel catalytic
Nazarov reaction is reported to yield α-alkoxycyclopentenones 161 (equation 66)68.

Me

OLi

+
O

OEtR

20 °C

1 h

OEtR

HO2C Me

R = alkyl, E:Z = >99:1
R = aryl, E:Z = 77:23–99:1

(158) (159)
(65)
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OEt

HO2C Me

Ph

1. MeONHMe, Et3N, 87%

2.                             81%
OEt

Me
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O

TfOH (0.1 mol%)

Me

O
EtO

Ph

(160)

(161)

(159) R = PhCH2CH2

N
N

N

O
NMe2

N+Me2

BF4
−

Li

(159′)

(66)

5. Homologation of thioesters

The reaction of thiol esters with lithium ynolates (equation 67) takes place by a route
different than the one shown in equation 65 for alcohol esters. Thiol esters (162) undergo
a two-carbon homologation to β-keto thiol esters 165′ in good yield. Intermediates 163
undergo a two-step rearrangement to a β-keto thiol ester enolate (165), via elimination of
lithium thiolate to yield a ketene (164), followed by the nucleophilic attack of the thiolate
on 164. Finally, the homologated β-keto thioester (165′) is obtained on acidification of
the reaction mixture67.

6. Torquoselective olefination of aldimines

A silyl-substituted ynolate (166) undergoes cycloaddition to N-sulfonyl aldimines (167),
followed by ring opening, to afford the α,β-unsaturated amide 168 at 20 ◦C (equation 68).
This stereoselectivity is unusual for the torquoselective olefination. The steric interaction
between bulky Me3Si and the phenyl groups may be critical. N-o-Methoxyphenylaldimines
(170) with ynolates (169) at room temperature produce α,β-unsaturated amides (171) in
good yield with high E-selectivity (equation 69). Since the 2:1 adduct 172 can be detected
during the reaction, the process certainly involves the retro-Mannich reaction. The processes
depicted in equations 68 and 69 are torquoselective olefinations69.
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J. Reductive Conversion of Lithium Ynolates to Lithium Enolates
The partial reduction of the triple bond of lithium ynolates 173 by activated LiH

provides the lithium E-enolates 174 derived from aldehydes (equation 70)70. This is a
useful reaction, since these enolates of aldehydes are not easily prepared by the usual
base treatment of aldehydes. Activated LiH is prepared in situ from cyclohexa-1,3-diene
and lithium tetramethylpiperazide or from cyclohexa-1,3-diene and BuLi. The superactive
LiH, prepared from hydrogen with BuLi-tetramethylethylenediamine, can also be used71.

OLi

Ph Ph
‘LiH’

OLiLi

Ph

OLiH
Ac2O

Ph

OAcH

70%

(173)

(174)

N
Li

N
H

(70)
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V. PREPARATION OF SILYL YNOLATES
Since silyl ynol ethers have an electron-rich triple bond, they are useful for Lewis acid cat-
alyzed synthetic reactions. Lithium ynolates 175 are silylated by TIPSCl or TIPSOTf and
TBSCl to afford the corresponding silyl ynol ethers 176 and 177, which are thermally sta-
ble and isolable, but sensitive toward acids (equation 71)13,72. See also equations 9 and 10
in Section II.C. An experimentally improved procedure for the purification of 176 derived
from Kowalski’s method is described73. Lithium ynolate derived from Julia’s method is
also used for the preparation of 17674. TMSCl and TESCl provide silyl ketenes 179, how-
ever, by C-silylation. These small silyl chlorides primarily gave the silyl ynol ethers 178,
but, upon warming the reaction mixture, isomerization to the more stable silyl ketenes
takes place. The soft electrophilic silyl chlorides like Ph3SiCl afford silyl ketenes22. Disi-
lyl ynol ethers, prepared from ynolate dianions, are rearranged to disilylketenes mediated
by salts26.

R

OLi

i-Pr3SiCl
or i-Pr3SiOTf

R

OSiPr-i3

t-BuMe2SiCl

R

OSiMe2Bu-t

Me3SiCl

R

OSiMe3
C O

R

Me3Si

(175) (176)

(177)

(178) (179)

(71)

VI. REACTIVE HETEROATOM ANALOGUES OF METAL YNOLATES
Metal ynamines (metal ynamides, 180) are aza-analogues of metal ynolates and have not
been studied as well as the ynamines (181)75, in spite of being much more reactive than
the latter. 1,4-Diphenyl-1,2,3-triazolyllithium (183), prepared by lithiation of 1,4-diphenyl-
1,2,3-triazole (182), is converted into lithium ynamine (lithium ynamide) (184) on thermal
elimination of nitrogen (equation 72). This ynamine (184) is methylated in moderate yields
either by methyl iodide to give a ketenimine (185) and a dimerization product (186), or

N

R′

RN

R

M

(181) R, R′ = H, alkyl, aryl(180)
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by dimethyl sulfate to the N-methylated ynamine 187 (equation 73). Acylation of 184
can be accomplished according to equation 74 either with phenyl isocyanate to a uracil
derivative (188), or with methyl chloroformate to an ynamide (189)76.

N
N

N

H BuLi

N
N

N

Li

N Li

(182) (183) (184)

20 °C−60 °C

(72)

N Li

MeI

C
N

Me

(185) ~45%

+

N

N
Me

Me

Me2SO4

N Me

(184)

(187) 42%

(186)
(73)

The silylated lithium ynamine 192 is generated by metallation with BuLi of S-methyl
N-phenyl-trimethylsilylethanimidothioate (190), via a ketenimine intermediate (191), as
shown in equation 75. The interconversion between 191 and 192 can be discerned by
silylation taking place at both the N- and Cβ -positions to afford the N-silylynamide
193 and the bis(β-silyl)ketenimine 194. In equation 76 are shown three possible synthetic
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applications for 192: with a dialkyl chlorophosphate to give the N-phosphorylated ynamine
195 in moderate yield; the ynamide 196 is formed with acetyl chloride in good yield; and
reaction with propylene oxide affords the N-alkylated ynamine 19777.

N Li

ClCO2Me

N CO2Me

PhNCO

N

N
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O

O

(188) 37%

(189) 40%

(74)
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Me3Si
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SiMe3

Me3Si

(190) (192)

(194)(193)
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(75)
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Me3Si

N

Li

AcCl

Me3Si

N

O

O

Me3Si

N

OH

(196) 75%(197) 80%

(192)

ClP(O)(OPr-i)2

Me3Si

N

(i-PrO)2(O)P

(195) 48%

(76)

S-Analogues of lithium or sodium ynolates (thioalkynolates or alkynethiolates) are
prepared from lithium or sodium acetylide and sulfur, and are trapped as alkynyl sulfides
with bromoethane (equation 77)78. In a synthetic approach analogous to equation 72, 5-
lithio-1,2,3-thiadiazoles (198) also afford lithium alkynethiolates (199) by elimination of
nitrogen (equation 78)79. Alkynyl sulfides (200) are treated with lithium in ammonia to
afford lithium alkynylthiolates (199) (equation 79)80. Theoretical studies on the structure
of alkali metal alkynylthiolates are reported81.
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Nucleophilic reactions of lithium thioalkynolates with electrophiles mostly occur at the
S-position to afford alkynyl sulfides. For example, S-silylation and S-stannation are shown
in equation 80; the synthesis and S-alkylation of a quaternary ammonium thioalkynolate
are shown in equation 8182. Exceptionally, lithium thioalkynolates add to ketones to form
β-thiolactones, which are converted into alkenes on elimination of carbon oxysulfide
(equation 82). Contrary to lithium ynolates, thioalkynolates do not react with aldehydes83.
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Selenium analogues of lithium ynolates are prepared by methods similar to those used to
prepare sulfur analogues78b. Theoretical studies show that the negative charge is distributed
over the whole molecule but is predominantly located on the selenium atom. The HOMO
in the methyl-substituted case (201) has the largest coefficient on the Cβ atom; the largest
HOMO coefficient of the phenyl-substituted one (202) is on the selenium atom84.

H3C C C Se−

natural charges −0.05 −0.24 −0.24 −0.47

H3C

MO coefficients 0.5 0.2 0.3

C C Se−

−0.25 −0.20 −0.20 −0.35

0.5 0.2 0.8

(201) (202)

Various cycloadditions and other transformations are reported using the metal seleno-
alkynolates carrying aromatic (203), aliphatic (204) and silyl substituents (205).

SeM
X

(203) (a) X = p-NO2, M = K
          (b) X = H, M = K
          (c) X = o-OH, M = K
          (d) X = H, M = Li

SeLi

(204)

Si SeLi

(205)

O2N SeK

N C+COCH3

N

COCH3

Cl

PhNH

Et3N

PhN−

N

SeN

COCH3

Ph

NO2

(207) 97%

(206)

(203a)

(83)

The [3 + 2] cycloaddition reactions of 203a with a nitrile imine (206) to give a
1,3,4-selenadiazoline (207) and of 203b with phenyl isoselenocyanate (208) to give a
1,3-diselenole (209) are shown in equations 83 and 84, respectively85,86. An intramolec-
ular cycloaddition takes place involving a phenolic OH group (equation 85), when 203c,
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derived from 4-(2-hydroxyphenyl)-1,2,3-selenadiazole (210), undergoes rearrangement to
a selenoketene (211) and is finally converted into 2-benzylselenobenzofuran (212)87,88.
Selenocyclobutenes (214, 216) are synthesized, respectively, by the [2 + 2] cyclaoad-
dition of lithium selenoalkynolate (203d) with diphenylketene (213) (equation 86)89 or
with the enone 215 (equation 87)90. Treatment of lithium t-butylselenoalkynolate (204)
with diethylamine gives the selenoamide 217 (equation 88)91. Lithium selenotrimethylsi-
lylalkynolate (205) undergoes allylation with allyl halides, followed by a selena–Cope
rearrangement to afford an allyl(trimethylsilyl)selenoketene (218) (equation 89), which is
stable when stored at low temperature92.

Ph SeK + PhN C Se SeSe

Ph

PhN

(209) 63%

(208)(203b)
(84)

Se

NN

OH

K2CO3

acetone

OH

SeK

OK

C
Se

O SeK

PhCH2Cl

O Se
CH2Ph

(210) (203c) (211)

(212)

(85)

Ph SeLi C O

Ph

Ph

O

LiSe Ph

Ph

Ph BuI

O

BuSe Ph

Ph

Ph

(214) 67%

+

(213)(203d)

(86)

Ph SeLi

O

SeLi
CH3COCl

(216) 84%

+

(215)(203d)

Ph

O

Ph SeCOCH3

O

(87)
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SeLi
Et2NH

CH2C(=Se)NEt2

(217) 98%(204)

(88)

Me3Si SeLi +
BrCH2

Me3Si Se
−20 °C

60 °C

0.5 h

C Se

Me3Si

(205)

(218)

(89)
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2. U. Schöllkopf and I. Hoppe, Angew. Chem., Int. Ed. Engl., 14, 76 (1975).
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I. ACRONYMS

acac 2,4-pentanedionate NOE nuclear Overhauser effect
CSA chiral solvating agent phen phenanthroline
dcm d ,d-dicampholylmethanate PHIP parahydrogen-induced polarization
dpm dipivaloylmethanate py pyridine
fod 6,6,7,7,8,8,8-heptafluoro-2,2- tfa 1,1,1-trifluoro-2,4-pentanedionate

dimethyl-3,5-octanedionate tfc 3-(trifluoroacetyl)-D-camphorate
hfa 1,1,1,5,5,5-hexafluoro-2,4- tpp triphenylphosphine

pentanedionate
hfc 3-(heptafluorobutyryl)-D-

camphorate
mtpa α-methoxy-α-trifluoro-

methylphenylacetic
acid

II. INTRODUCTION
The utilization of metal β-diketonate complexes as organic-soluble NMR shift reagents
was first explored in the mid-sixties with Ni(II) and Co(II) complexes of 2,4-pentanedione
[(Ni(acac)2 and Co(acac)2]1,2. Donor ligands such as triarylphosphines, isonitriles1, pyri-
dine N-oxides and picoline N-oxides2 bind to the metal ion. Relatively small shifts were
observed in the NMR spectrum of the bound donor groups. These shifts were the results
of contact (through-bond) and pseudocontact (dipolar or through-space) effects.

C

CH3

H3C C

CH3 O

(1)

CH2 C

O

C

CH3

CH3

CH3

In 1969, Hinckley was the first one to show that a paramagnetic lanthanide tris(β-
diketonate) [Eu(dpm)3py2], containing dipivaloylmethane (1), pyridine and Eu(III), func-
tioned as an excellent organic-soluble NMR shift reagent3. Lanthanide tris(β-diketonates)
cause large shifts that are mostly dipolar in origin. In Hinckley’s work, suitable hard Lewis
bases were able to displace the pyridine ligands and associate through a donor–acceptor
interaction with the europium(III) ion. The association constants of donors with the lan-
thanide tris(β-diketonates) are influenced by electronic and steric effects. At the time of
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Hinckley’s discovery, most investigators only had access to relatively low-field NMR
spectrometers and interest in lanthanide shift reagents was intense. Numerous reports
expanding the understanding and applicability of lanthanide shift reagents were published.
Chiral lanthanide tris(β-diketonates) were developed for the analysis of enantiomers. Bin-
uclear lanthanide–silver reagents were developed for soft Lewis bases. Comprehensive
reviews of lanthanide shift reagents have been published4 – 6. The discussion herein will
provide selected examples of the utility of metal β-diketonate complexes as NMR shift
reagents.

III. GENERAL CONSIDERATIONS
A. Effect of Achiral Ligands

Soon after Hinckley’s discovery, it was found that Ln(dpm)3 complexes were more
effective NMR shift reagents than the corresponding dipyridine adducts7. Removing the
competition of the pyridine donors enabled substrate molecules to bind more strongly
to the lanthanide ion, thereby enhancing the magnitude of the shifts in the spectrum.
Lanthanide complexes with many other β-diketonate ligands were evaluated for their
effectiveness as NMR shift reagents4. Of particular note are the complexes of 6,6,7,7,8,8,8-
heptafluoro-2,2-dimethyl-3,5-octanedione (2), [H(fod)]8.

C

CH3

H3C C

CH3 O

CH2

(2)

C

O

CF2CF2CF3

The Ln(fod)3 chelates have three features that likely contribute to their effectiveness
as NMR shift reagents. First is that the electron-withdrawing fluorine groups increase
the Lewis acidity of the metal ion such that association of donors is stronger than with
Ln(dpm)3. Second is the remarkable solubility of the Ln(fod)3 chelates in common NMR
solvents. Higher solubility was especially beneficial at the time lower-field instruments
were common. Third is that the fod ligand has bulky substituent groups, which seem to
affect the magnitude of the shifts. Lanthanide chelates with small ligands such as acac9,10

and 1,1,1-trifluoro-2,4-pentanedionate (tfa)11 are rather ineffective as NMR shift reagents.
Dipolar shifts are determined by the geometry of the lanthanide–substrate complex. Lan-
thanide tris(β-diketonate) complexes are fluxional in nature. The ligands are not locked
into a set configuration and move to accommodate one or more donor molecules. The
ligands also undergo exchange among different metal ions in solution12. Lanthanide tris(β-
diketonates) with smaller ligands likely have many contributing forms, thus canceling out
the dipolar shifts. Complexes with bulkier ligands likely bind donors in a more defined
configuration, thus causing larger shifts than those with smaller ligands.

B. Effect of the Metal

The direction and magnitude of the shifts produced by lanthanide ions depends on
their magnitude susceptibility anisotropy terms. Because the unpaired electrons of the
lanthanide ions are in 4f orbitals, and these are shielded by filled 5s and 5p orbitals, the
magnetic terms are essentially independent of the ion’s environment, and remain constant
from complex to complex. In organic solvents such as chloroform, rare earths are found
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to shift resonances to higher frequency generally do so in the order Tm > Er > Yb > Eu,
and to lower frequency in the order Dy > Tb > Ho > Pr > Nd > Sm9,13. Shifts are
often too large with Tm(III) and Dy(III) such that Eu(III) is usually the ion of choice for
studies in organic solvents.

C. Broadening in the NMR Spectrum

1. Uncertainty and exchange broadening

Studies with lanthanide shift reagents are subject to uncertainty and exchange broaden-
ing. Uncertainty broadening occurs because the paramagnetic lanthanide ion reduces the
relaxation time of nearby nuclei. Under ideal circumstances, the substrate molecules are
in fast exchange between the bound and unbound forms and the spectrum represents a
time-average of both. With slow exchange, distinct peaks are observed for the bound and
unbound form of the substrate. Intermediate exchange rates that are neither fast nor slow
result in broadened resonances. The large size of the lanthanide–substrate complexes can
slow down the exchange rate to the extent that exchange broadening is more significant
at higher field strengths. Broadening with a paramagnetic lanthanide shift reagent is also
proportional to the square of the shift14. As high field spectrometers have become more
routinely available, the broadening observed in spectra with lanthanide shift reagents has
limited their utility.

2. Strategies to reduce broadening

There are several strategies that can be used to reduce the broadening, especially with
chiral lanthanide shift reagents, so that they can be used on high field instruments. Anal-
ysis of broadening with lanthanide shift reagents concluded that intermediate exchange
rates were the more significant contribution to broadening15. Raising the temperature of
the sample generally speeds up the exchange rate, reduces the association constant and
reduces the shifts16. Sometimes this reduces the broadening to acceptable levels while
still providing adequate shifts and chiral discrimination17. Sm(III) causes small shifts,
and therefore less broadening. The shifts with Sm(III) chelates may be sufficient for
chiral recognition studies on high field spectrometers. This was demonstrated with a
series of α-amino acid methyl esters with Sm(tfc)3

18. Furthermore, the relative shifts of
the enantiomers exhibited a consistent trend with absolute configuration, as discussed in
Section VI.C.

Polar solvents reduce the association of substrates with the lanthanide ion by com-
peting for binding sites and by better solvating the polar donor group. The reduced
association decreases the magnitude of the shifts but also the broadening. Chiral 1,2- and
1,3-dioxygenated compounds exhibit strong chelate bonding with Eu(tfc)3 and Eu(hfc)3
(hfc = 3-(heptafluorobutyryl)-D-camphorate) such that the 1H spectra in chloroform-d
were broadened at 300 MHz. The broadening was reduced in acetonitrile-d3 and acetone-
d6, and chiral recognition was observed in acetonitrile-d3. A small amount of water in the
solvent did not interfere with the chiral discrimination19.

The N-methyl resonances of carnitine (3) were monitored in the presence of Eu(dcm)3
(dcm = d,d-dicamphoylmethanate) and the Eu(III), Pr(III) and Yb(III) chelates of tfc and
hfc in methanol-d4 at 500 MHz. Eu(dcm)3 was not soluble enough in methanol, but the tfc
and hfc chelates achieved enantiomeric discrimination, enabling detection of 0.5% of the
minor enantiomer. Signals were sharp even at high lanthanide–substrate ratios because
of the fast substrate exchange in methanol20.

For chiral recognition work, 13C spectra may be better than 1H spectra. Proton-
decoupled 13C spectra consist of only singlets, so broadening is less of a problem. Also,
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the larger time scale of the 13C nucleus relatively to that of 1H results in reduced exchange
broadening. Enantiomeric discrimination was observed in the 13C spectra of multistriatin
(4)21 and disubstituted lactams such as 4′ and 4′′ 22 with Eu(hfc)3 and Eu(tfc)3 respectively,
whereas the 1H NMR spectra showed too much broadening.

O
O

H

H3C

CH3

(4) (4′)

Et

NH

O

(4″)

NH

O

Rephasing, baseline correction and Gaussian line narrowing were used as a general
procedure to reduce broadening in the 1H spectra (300 MHz) of a primary β-alkoxyalcohol
and 1,2-cyclohexanediol with Eu(hfc)3 and Yb(hfc)3 at 300 MHz to acceptable levels23.

When a spectrum has severely broadened resonances in the presence of less broadened
resonances, it is possible to use a Carr–Purcell–Meiboom–Gill spin-echo sequence to
remove the broadened resonances, facilitating the interpretation of the remaining signals.
By setting certain parameters of the sequence, it is possible to progressively remove peaks
with less and less broadening15.

D. Shift Mechanism

Lanthanide reagents produce shifts through complexation, dipolar and contact effects.
Complexation shifts are small and are measured using diamagnetic La(III) or Lu(III)
chelates24.

Dipolar shifts occur from the through-space effect of the lanthanide’s magnetic field on
the nucleus of interest. Dipolar shifts (�B/B) are predictable through equations 1 and 2,
initially derived by McConnell and Robertson25. In equation 1, r , θ and � are the spher-
ical polar coordinates of the nucleus in the coordinate system of the principal magnetic
axes, K and K ′ are constants, and the χ values are the principal molecular magnetic sus-
ceptibilities. Under conditions of axial (C3) or higher symmetry, the magnetic terms in the
second expression of equation 1 exactly cancel each other out leading to equation 2. In
this simplified form of the dipolar shift equation, r is the distance between the lanthanide
ion and the nucleus of interest and θ is the angle between the principal magnetic axis
and the line that defines r . It is unlikely that any single lanthanide–substrate complex
rigorously meets the requirement of axial symmetry, yet most fits of lanthanide shift data
are done assuming there is axial symmetry, much simplifying the calculations26,27. The
discrepancy is reconciled since the simplified equation can be used under circumstances of
effective axial symmetry26,27. Effective axial symmetry is realized if there is a rapid inter-
conversion among three equivalent rotamers28. Alternatively, effective axial symmetry is
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achieved because the fluxional nature of the lanthanide complexes creates a situation in
which the shifts are a time-averaged ensemble of many contributing species26,27.

�B

B
= K

[
χZ − 1

2
(χX + χY)

]
3 cos2 θ − 1

r3
− K′[χX − χY]

sin2 θ cos 2 �

r3
(1)
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B
= K
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2
(χX + χY)

]
3 cos2 θ − 1

r3
(2)

Contact, or through-bond, shifts occur if there is a finite probability of finding the
unpaired electron of the metal at the nucleus of interest. Predicting the direction and
magnitude of contact shifts requires molecular orbital calculations. Contact shifts are
significant in covalently bonded metal systems and are pronounced for paramagnetic
transition metal complexes such as Ni(acac)2 and Co(acac)2

1. Contact shifts extend over
π-electron systems, and are particularly large with Co(acac)2 since the Co(II) has an
unpaired electron in a d-orbital that can π-bond with certain substrates1.

The unpaired electrons of the lanthanide ions are in 4f orbitals, which are shielded
by filled 5s and 5p orbitals. Electrostatic bonding dominates lanthanide ion association
with ligands such that covalent bonding and contact shifts are kept to a minimum, espe-
cially with 1H nuclei. Contact shifts are more common with 13C nuclei. Evidence for the
presence of contact shifts include ‘wrong-way’ shifts for certain nuclei that cannot be
explained by changes in the angle term of the dipolar shift equation29,30. Contact shifts
are especially pronounced for the 13C nuclei of compounds with extended π systems
such as N-heterocycles and anilines31,32. The carbon atom of carbonyl33,34 and nitrile
groups33, as well as those directly attached to hydroxyl or amine groups, likely have
contact shift contributions as well33. Contact shifts have also been observed for the 17O
signal of carbonyl oxygen atoms34, 19F signals of fluoroaromatic compounds35 and 14N
atoms of N-heterocycles36.

In addition to ‘wrong-way’ shifts, there are other methods to assess whether contact
shifts occur for a nucleus. One is to compute sets of internal ratios of the shifts of protons
for different metals or for directly attached 1H or 13C nuclei33. Anomalies in these ratios
are indicative of a contact contribution. Chelates of gadolinium, which has an isotropic
f7 configuration, can only produce shifts by complexation or contact effects16. Theoret-
ical parameters for the relative contributions of contact and dipolar shifts for different
lanthanide metals can be used to construct plots that indicate whether or not the shifts
of a particular nucleus are purely dipolar or have a contact contribution5,37,38. Theoreti-
cal parameters indicate that the proportion of contact contribution to the shifts occurs in
the order Eu > Nd > Ho > Er > Tb > Dy > Tm > Yb37,39. Using the theoretical values
of the different contact and dipolar contributions, it is possible to formulate mixed lan-
thanide systems of Eu(fod)3 and Pr(fod)3 in which the dipolar or contact contributions
exactly cancel out, leading to contact- or dipolar-only shifts40. A thorough review36 and
evaluation38 of different methods for accounting for contact shifts have been published.

E. Structural Fitting of Shift Data

It is possible that the measured shifts for a substrate with a lanthanide tris(β-diketonate)
can be fit to a unique geometry using the simplified dipolar shift equation. While lan-
thanide shift data never provided a solution phase system comparable to solid-state X-ray
crystallography, the utilization of dipolar shifts with lanthanide shift reagents to understand
substrate geometry has been extensive.
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The angle term is important when fully explaining the magnitude of the shifts in the
spectra of many compounds. ‘Wrong-way’ shifts for one or more protons in 541, cis-1-3-
(1-naphthyl)-1,3,5,5-tetramethylcyclohexan-1-ol (6)42, 3-deactylkhivorin (7)43 and nitrone
844 provide clear evidence for the significance of the angle term. The 3cos2θ − 1 term
changes its sign at 54.736◦ and 125.264◦. Compounds 5–8 have nuclei that extend out
from the donor group of the substrate such that θ is larger than 54.7◦.
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Fitting of shift data is typically done for 1:1 lanthanide–substrate complexes. There
is ample evidence that 1:2 lanthanide–substrate complexes form in many cases, and that
the proportion of the 1:1 and 1:2 species changes as a function of concentration. The
stoichiometry of lanthanide–substrate complexes can be solvent dependent, with a higher
likelihood of 1:2 complexes forming in a non-polar solvent such as carbon tetrachloride
compared to chloroform-d45.

Fitting of data requires the use of intrinsic bound shifts, which are those for the sub-
strate in its fully complexed form, and can only involve nuclei without any contact shift
contribution. Provided only a 1:1 complex forms, it is possible to use relative bound shifts,
which are ratios of the shifts relative to a reference nucleus of the substrate46. Using both
1H and 13C measurements increases the size of the data set and improves the accuracy
of the fit. When performing structural fitting of lanthanide shift data, it is recommended
that shifts be obtained using the method of incremental dilution in which spectra for a
series from high to low lanthanide–substrate ratio are recorded47. Methods for obtaining
the association constants and bound shifts have been reviewed and evaluated48,49. An
interesting observation is that, while substrates generally have much larger association
constants with Eu(fod)3 than Eu(dpm)3, the intrinsic bound shifts for substrates bound to
the two chelates are likely to be quite similar50.

A potential problem when measuring lanthanide-induced shifts is the presence of scav-
engers such as water, and procedures to correct for the presence of scavengers have
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been described51,52. The purity of the shift reagent is also a concern. Some batches of
commercial reagents have been found to contain trace amounts of insoluble material.
Also, the presence of a tetrakis chelate complex of the form Ln(fod)4K has been noted53.
Prior to performing studies in which measured shift data will be fit to calculated values
with Ln(fod)3 chelates, it is advisable to purify the complex by sublimation and maintain
the shift reagent in a dessiccator over P4O10.

It is essential to locate the principal magnetic axis of the lanthanide–substrate complex
to determine the θ values. The principal magnetic axis is usually assumed to be collinear
with the lanthanide–substrate bond, although the validity of this has been questioned in
some studies54,55.

Relaxation times measured with isotropic Gd(III) chelates can also be incorporated
into the fitting process56. Changes in relaxation times vary only with the distance (1/r6)
from the gadolinium ion. Therefore, relative relaxation rates of the nuclei of the substrate
provide relative distances from the gadolinium ion. Incorporation of relaxation data into
the fitting process requires that the geometry of the gadolinium–substrate complex be
identical to that of the other lanthanide–substrate complex used to measure shift data,
which must be assumed with care57.

Paramagnetic metal complexes with isotropic magnetic fields (Cr(III), Fe(III), Mn(II),
and Gd(III)) can be used as paramagnetic relaxation reagents in 13C, 15N and 29Si NMR
spectroscopy58,59. These reagents cause two important effects. First, they shorten the
spin–lattice relaxation time of nuclei, thereby increasing the sensitivity of 13C and other
nuclei with long T1 values. The primary route of relaxation of 13C nuclei involves
interaction with the magnetic dipole of bonded 1H nuclei. 13C nuclei without bonded
hydrogen atoms can have T1 values as long as 100 seconds. Second, paramagnetic ions
can suppress the nuclear Overhauser effect (NOE) that occurs on proton decoupling,
which facilitates the integration of 13C spectra. 15N and 29Si nuclei can have nega-
tive NOE values58,59 which, depending on the magnitude, can cause the appearance of
negative peaks or peaks of very low intensity. Suppressing the NOE makes all peaks
positive and their integrated intensities correlate with chemical structure. In this appli-
cation, it is preferable if the compound under study does not associate with the metal
chelate. Cr(acac)3 is especially noteworthy as an organic-soluble paramagnetic relax-
ation reagent. A more familiar present-day application of paramagnetic relaxation reagents
involves the use of Gd(III) complexes as image contrast agents for magnetic resonance
imaging60 – 62.

The goodness of fit between observed and calculated shifts needs to be assessed, and
methods of performing significance testing of lanthanide-induced shifts have been evalu-
ated and reviewed63. Complexities arise when fitting lanthanide shift data for compounds
with conformationally mobile groups64. Procedures for fitting free and hindered rotation
have been described65,66. Reviews of the utilization of lanthanide-induced shifts for con-
formational analysis have been published4,5,67, and studies to further refine the utilization
of lanthanide-induced shift data for such analyses continue38,68.

F. Integrity of Coupling Constants

The conversion of spectra from second to first order on the addition of a shift reagent
in principle should allow the determination of coupling constants, although there are sev-
eral processes that may influence coupling. Chemical-exchange spin-decoupling can cause
collapse of the coupling69,70. In this situation, the extremely fast relaxation of the nucleus
caused by the paramagnetic ion causes decoupling that is analogous to that of rapid chem-
ical exchange between two environments. Electron-withdrawing effects caused by binding
of the electropositive lanthanide ion to the donor atom can alter coupling constants as
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well71 – 73. Finally, binding of the lanthanide can alter the conformational preference of
the substrate, altering the time-averaged dihedral angles and coupling constants between
nuclei.

IV. APPLICATIONS OF ACHIRAL SHIFT REAGENTS
There are many hundreds of published reports on the use of achiral lanthanide tris(β-
diketonates) as NMR shift reagents. Essentially any substrate with an oxygen, nitrogen
or sulfur atom is a potential candidate for analysis with lanthanide shift reagents. These
include sulfur- and phosphorus-containing functional groups that have oxygen atoms.
Carboxylic acids74,75 and phenols74 were observed to decompose lanthanide chelates of
dpm, whereas solutions with chelates of fod were stable for several days and suitable for
study.

Aliphatic and cyclic sulfides are weak bases but do show small shifts in the presence of
Ln(fod)3 chelates76. Alkylfluorides77 and ethylfluorogermane78 bind weakly to Ln(fod)3
chelates through the fluorine atom and exhibit lanthanide-induced shifts. No shifts were
observed in the spectra of the corresponding chloro-, bromo- and iodoalkanes77.

A. Analysis of Metal Complexes

Metal complexes that have ligands with oxygen- and nitrogen-containing functional
groups also bind to lanthanide ions. This includes some metal complexes in which oxygen
atoms act as bridging units, binding simultaneously to the metal and lanthanide ion. For
example, the double Schiff base obtained from an α,β-diamino compound undergoing
condensation with two molecules of diacylmethane forms enolate complexes with divalent
transition metal ions, e.g. Ni(II); these chelates are capable of further coordination in the
presence of rare earth chelates, e.g. Eu(fod)3, to yield binuclear complexes as shown in
979. Co(acac)3 binds to the Eu(III) in Eu(fod)3 through three bridging oxygen atoms and
exhibits slow exchange at ambient probe temperatures80.
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N OCH3

CH3 CH3

CH3 CH3
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Certain metal complexes endowed with weak donor groups, such as (η5-C5H5)2TiCl2
and (C6H5)3SnCl, also show shifts in their spectra in the presence of Ln(fod)3 chelates.
In this case it appears likely that the halide ion associates with the lanthanide chelate to
create an anionic species Eu(fod)3X− that then forms an ion pair with the metal cation81.
A review article on the utilization of lanthanide shift reagents for the study of metal
complexes has been published82.

B. Analysis of Organic Salts

The spectra of organic salts such as cyanine dyes, quinolinium ions and quaternary
ammonium ions exhibit relatively small shifts in the presence of Eu(fod)3, presumably
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because of ion pairing of the organic cation with Eu(fod)3X− 83. Studies of ammonium83,84,
phosphonium84 and sulfonium salts85 noted that the larger the anion of the organic salt,
the smaller the lanthanide-induced shifts.

C. Configurational Analysis of Sulfur Oxide Compounds

The utility of using lanthanide shift reagents with 17O NMR spectroscopy to study the
configuration of sulfones86 – 89 or cyclic sulfite and sulfate diesters (10)90 has been exam-
ined. Using isotopically labeled systems, it was possible to determine whether or not
catalysts retained the configuration about the sulfur atom during reaction90. Lanthanide-
induced shifts with Eu(fod)3 were used to distinguish the diastereotopic oxygen atoms of
1-thiadecalin 1,1-dioxides (11)86,88, six-member ring sulfones (12)87,88, 3,4-epoxythiolane
1,1-dioxide (13)88, the cis- and trans-epimers of 2-thiabicyclo[4.3.0]nonane 2,2-dioxide
(14) and trans-8-thiabicyclo[4.3.0]nonane 8,8-dioxide (15)89. With 14, the lanthanide ion
preferentially bound at the less hindered equatorial oxygen atom89. A concern that arises
with lanthanide shift reagent studies is what to use as a reference, especially since the
paramagnetic ion changes the bulk magnetic susceptibility of the solution and may asso-
ciate with and shift the resonances of the reference. The use of 1,4-dioxane as an external
reference has been recommended for 17O NMR studies with lanthanide shift reagents91.
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D. Analysis of Deuteriated Compounds

Lanthanide shift reagents have been used to determine the site of deuterium92 – 95 or
tritium96 incorporation in compounds by 1H, 2H or 3H NMR spectroscopy. This includes
deuteriation of hexopyranosides analyzed by 1H NMR92, the low level incorporation of
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deuterium into methyl nonanoate and other esters by 2H NMR93, 2-adamantanols by 1H
and 2H NMR94, and oxoporphyrins, of which 16 is one example95. With the oxyporphyrins,
1H NMR shift data with Eu(fod)3 at 300 MHz were used to confirm the assignment of the
meso proton regions, facilitating a study of the specificity of deuterium incorporation. The
product obtained after tritiation of the alkyne group of dodec-7-yn-1-ol (17) was analyzed
using 1H and 3H NMR spectroscopy in the presence of Eu(dpm)3. No isotope migration
to the adjacent C6 or C9 positions was observed. The same tritiation pattern was implied
when a similar functional unit was tritiated in a polymeric material that also contained
phosphorylcholine groups96.
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Another phenomenon that has been observed when studying deuteriated compounds
with lanthanide shift reagents is a secondary deuterium isotope effect. In this situation, the
chemical shifts of nuclei are different in a partially deuteriated versus the non-deuteriated
analogue in the presence of the lanthanide chelate. This was first observed with verbanol
(18) after deuteriation geminal to the OH group (18′)97, and has since been observed for
polyglycoldimethylethers with chelates of dpm98, aliphatic alcohols deuteriated geminal
to the hydroxyl group99,100, and methyl-substituted pyridines101, among others. In every
example, the spectrum of the partially deuteriated compound exhibited the larger lan-
thanide shifts. The most likely explanation for this observation is that 2H has a greater
electropositive inductive effect than 1H. This would make the donor atom more electron-
rich in the deuteriated compound and increase the association constant. This explains
observations with geminally substituted alcohols in which the dideuterio derivative had
larger shifts than the monodeuterio derivative99. Also, at high lanthanide–substrate ratios,
the shift differences between the deuteriated and non-deuteriated compounds diminish,

OH OH
D

(18) (18′)
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FIGURE 1. Possible orientations of phosphine derivatives of cyclopentadiene iron and nickel com-
plexes. The Fe(II) and Ni(II) ions lie behind the circle of Newman’s rendition of the complexes

presumably because both can bind to the shift reagent. With methyl-substituted pyridines,
the presence of CD3 groups at the 2- and 6-positions had a large secondary deuterium
isotope effect, whereas incorporation of a CD3 group at the 4-position had an undetectable
effect101.

E. Application to Dynamic Processes
Lanthanide shift reagents have been used to study dynamic NMR processes. One of

the classic applications involves the study of rotational barriers of various amides102,103,
thioamides102, oximes104 and amide oximes105. Lanthanide-induced shifts enabled the
distinction of cis- and trans- or syn- and anti-isomers, and variable-temperature studies
in the presence of the chelate were performed to determine the barrier to rotation.

A study of rotational barriers and preferred orientations (Figure 1) of phosphine deriva-
tives of cyclopentadiene iron and nickel complexes was facilitated through an analysis of
the low-temperature 1H and 13C NMR spectra in the presence of Eu(fod)3

106. Associa-
tion of the europium likely occurred through binding of the nitrogen atom of the cyano
group. It is important to exercise caution in such analyses since bonding of the lanthanide
may perturb the dynamic process. Practical aspects of the application of lanthanide shift
reagents to the study of dynamic systems such as amides have been summarized103.

F. Analysis of Polymers

Lanthanide chelates have been used to study structural aspects of polymers. The iso-
tactic, heterotactic and syndiotactic triads of poly(methylmethacrylate) were resolved
in the presence of Ln(dpm)3

107,108 and Ln(fod)3
109. Elevated temperatures caused a

sharpening of resonances and facilitated the analysis107,109. Addition of Eu(dpm)3 to
poly(propyleneglycol) (PPG) shifted the end methyl groups away from other resonances
of interior protons, such that integrated areas of the peaks could be used to determine
the molecular weight of the polymer110. The assignment of the 13C NMR spectrum
of poly(2,6-dimethyl-1,4-phenylene oxide) (19) was revised on the basis of shift data
with Pr(fod)3, and integrated peak areas could then be used to determine the molecular
weight111.
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The coupling constant of the AA′BB′ portion of bisphenol A-neopentyl glycoltereph-
thalate copolyesters (20) was determined in the presence of Pr(fod)3

112. The compo-
sitional tetrads of a 3,3′-dimethylbisphenol A-phenolphthalein copolyterephthalate (21)
were resolved in the presence of Eu(fod)3

113. The meso and racemic dyads of a poly(β-
substituted-β-propiolactone) were distinguishable in the 13C NMR in the presence of
Eu(dpm)3

114. The 1H and 13C NMR spectra of ethylene–vinyl acetate copolymers were
assigned on the basis of two-dimensional NMR methods and lanthanide-induced shift data
in the presence of Eu(fod)3

115.
Lanthanide shift reagents have been used to analyze structural aspects of bitumen

asphaltene samples116. Addition of Yb(fod)3 shifted the resonances of hydrogen atoms α
to oxygen atoms away from those α to aromatic rings, and enabled a bulk assessment of
the concentrations of the two types of functionalities.

G. Analysis of Lipophillic Systems

Organic-soluble lanthanide chelates have been used to probe lipophillic systems. The
compound 4-(4-dipentylamino-(E)-β-styryl)-1-(2,2,2-trifluoroethyl)pyridinium perchlo-
rate (22) was employed as a probe in dimyristoylphosphatidylcholine vesicles. Probe
molecules assembled in the inner and outer shells of the vesicle as evidenced by the
presence of two signals in the 19F NMR spectrum (376 MHz). Even though addition of
Eu(fod)3 promoted vesicle fusion, only one of the 19F signals shifted. The shifted signal
was likely from the probe molecule on the outer shell, as the internal 31P signal of the
phospholipid did not shift in the presence of Eu(fod)3

117.

NCH2CF3

ClO4

N

(CH2)4

(CH2)4 CH3

CH3

(22)

−

The self-assembly properties of amphiphillic cyclodextrins esterified at the 2- and 3-
positions with lipophillic groups were examined in py-d5 and thf-d8 with the aid of
Eu(fod)3. In py-d5 the cyclodextrin molecules dimerized as indicated in Figure 2a, and
the europium ion caused shifts and broadening of the primary methylene resonances. In
thf-d8, the cyclodextrin associates had the alignment shown in Figure 2b, and the europium
shifted the methyl and methylene resonances of the fatty acyl groups118.

The permeability to ions of dioleoylphosphatidylcholine (23) and diphytanoyl phos-
phatidylcholine (23′) membranes was examined in the presence of Eu(fod)3, Pr(fod)3
and Eu(dpm)3. Ion permeability of both lipid bilayers was enhanced in the presence of
Eu(fod)3 but not Eu(dpm)3. The magnitudes of the shifts were used to gain information
on the location of the Eu(fod)3 in the membrane, and indicated that the europium chelate
accumulated in the inner lipid layers of the two membranes and not in the central region
between the two lipid layers119.

H. Analysis of Polyfunctional Substrates

A substantial number of polyfunctional substrates have been studied with lanthanide
shift reagents4. With two or more donor groups, there are several possible binding
mechanisms for polyfunctional substrates. Binding of substrates to the lanthanide ion
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OH OHOH OH OHOH

OHOHOH OHOHOH

OHOHOH OHOHOH

OH OHOH OH OHOH

(a) (b)

FIGURE 2. Self-assembly of amphiphillic cyclodextrin esters in (a) py-d5 and (b) thf-d8

is influenced by electronic and steric effects. If the donor sites of a polyfunctional sub-
strate vary widely in either of these properties, it is possible that association occurs
almost exclusively at one site. In situations when the functional groups have compara-
ble donor properties, independent binding at each of the positions is possible and the
shifts in the spectrum represent a weighted average of the two bound forms. Finally,
if the donor atoms have the proper orientation, it is possible that the substrate can
bond in a bidentate or even tridentate manner. Arrangement of atoms that can lead to
five- or six-member rings, as in 1,2- and 1,3-dioxygenated compounds, form particu-
larly stable chelate bonds. Examination of the binding trends of particular functional
groups pointed to the order NH2 > OH > C=O > −O− > CO2R > CN10 and cyclic
ethers > cyclic thioethers > ketones > esters4,120.

In some cases it may be desirable to block a particular functional group so as to direct
lanthanide association to another site. A comparison of the effect of blocking binding at
hydroxyl groups by preparing trifluoroacetate, tert-butyldimethylsilyl ether and trimethyl
silyl ether derivatives was reported121. The tert-butyldimethylsilyl ether derivative was
most effective at blocking lanthanide association.

V. COUPLING OF ACHIRAL SHIFT REAGENTS TO CHIRAL DERIVATIZING
AND SOLVATING AGENTS

Achiral lanthanide chelates have been used in conjunction with other chiral NMR deriva-
tizing or solvating agents. The addition of the lanthanide enhances enantiomeric discrim-
ination and/or causes shifts in the spectrum that show a characteristic trend with absolute
configuration.

A. Chiral Derivatizing Agents

The addition of Eu(dpm)3 to camphanate esters of α-deuteriated primary alcohols such
as ethanol, benzyl alcohol and geraniol caused shifts in the spectrum that could be used
to determine enantiomeric purity and that correlated with the absolute configuration122.
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Shifts in the spectra of camphanate esters with secondary alcohols with Eu(fod)3 exhibited
a consistent trend that correlated with absolute configuration123.

The possibility of adding Eu(fod)3 or Pr(fod)3 to α-methoxy-α-trifluoromethylphenyl-
acetic acid (mtpa) esters of hydroxyl- or amino-containing compounds to either assign or
confirm the assignment of absolute configuration has been examined4,124. Characteristic
shifts of the methoxy resonance of the mtpa moiety often correlated with absolute con-
figuration. Primary alcohols125, secondary alcohols126, 2- and 3-hydroxycarboxylic acid
methyl esters127, mtpa amide derivatives of amino acid esters128, and axial chiral biaryl
groups containing hydroxyl or amino groups have been studied129.

The absolute configuration of methyl 4-methyl-6-(2-methylprop-1-enyl)cyclohexa-1,3-
dienecarboxylate (24) was assigned on the basis of a study with Eu(fod)3. 24 was first
converted to its corresponding alcohol (24′), which was then converted to its mtpa deriva-
tive. Relative shifts of the methoxy signal of the (S)- and (R)-mtpa derivative in the
presence of Eu(fod)3 were used in assigning the absolute configuration. The NMR method
was compared to a hydrolysis method using pancreatic lipase with the racemic ester.
Porcine pancreatic lipase is known to hydrolyze the ester enantioselectively130.

CO2Me

(24)

CH2OH

(24′)

The shift of the 19F resonance of the trifluoromethyl group in mtpa on adding Eu(fod)3
was used to measure the enantiomeric excess of cyclopentanols, cyclohexanols and cyclo-
heptanols131. However, there is ambiguity about whether the order of shifts can be used to
assign the absolute stereochemistry132. When using mtpa-Eu(fod)3 systems, a comparison
to known model compounds is warranted, as assignments using only the methoxy or CF3
resonance are based on the shifts of a single resonance.

The La(III) complex of 1,1,1,5,5,5-hexafluoro-2,4-pentanedione [La(hfa)3] has been
used in conjunction with mtpa derivatives of alcohols and amines to aid in the assign-
ment of absolute configuration133. La(hfa)3 was selected since only one signal is added
to the 1H NMR spectrum. The La(III) ion is associated in a chelate manner with the
carboxyl and methoxy oxygen atoms of the mtpa derivative, as shown in Figure 3. Bond-
ing of the La(III) causes a reversal of the relative positions of substituent groups in the
mtpa derivative and the alteration in shielding by the phenyl ring can be used to ver-
ify stereochemical assignments. The validity of the method was demonstrated on several

OMe
X

O [La]

CF3

H

R1

R2

FIGURE 3. Chelate binding between the lanthanum ion in La(hfa)3 and the mtpa derivatives of
alcohols (X = O) and amines (X = NH, NR)
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substrates, and it was especially useful for compounds with only a few 1H resonances,
for which assignments based only on the conventional means of using mtpa may be
compromised134,135.

B. Chiral Solvating Agents (CSAs)

Achiral lanthanide chelates can also be added to CSAs such as arylperfluoroalkyl-
carbinols, the ethyl ester of 3,5-dinitrobenzoyl-L-leucine (25)128, the 3,5-dinitrobenzoyl
derivative of 1-phenylethylamine, N-(1-(1-naphthyl)ethyl)trifluoroacetamide (26)129 and
a series of 1-(1-naphthyl)ethyl urea derivatives of amino acids (27)139 to enhance the
enantiomeric discrimination. With sulfoxide136 or lactone substrates137, the europium ion
preferentially associates with the substrate in the bulk solution. Provided the enantiomers
have different association constants with the CSA, the isomer that shows the weaker asso-
ciation with the CSA shows the larger lanthanide-induced shifts. Low concentrations of
lanthanide relative to the substrate and CSA lead to enhancements of enantiomeric dis-
crimination in the NMR spectrum. If the concentration of lanthanide is too high, binding
of the substrate to the lanthanide strips the substrate from the chiral solvating agent and
diminishes the chiral discrimination in the NMR spectrum.

Addition of Eu(fod)3 or Pr(fod)3 to mixtures of enantiomeric sulfoxides and ben-
zodiazepinones with 25 and 26 enhanced enantiomeric discrimination by an identical
mechanism138. The method was further extended to mixtures of chiral sulfoxides, amines
and alcohols with 27. Warming the samples with lanthanide chelates to 50 ◦C reduced
the exchange broadening to acceptable levels while retaining enantiomeric discrimination
that was larger than observed with only the CSA139.

C

O2N

O2N

O
H
N

H
C COCH2CH3

CH2CH(CH3)2

O

(25)

H
CH3C

H
N C

O

CF3

(26)

O

CH3R'

ROCCHNHCNHCH

(27)

O

In subsequent work it was found that the carboxylic acid form of 25 and 27 could be
solubilized in chloroform-d by the addition of triethylamine. Addition of Eu(fod)3 caused
the reverse behavior from what had been observed with the ester forms of the CSA, as the
enantiomer that associated more favorably with the CSA has the larger lanthanide-induced
shifts. This observation was explained by assuming that the carboxylate form of the CSA
is bound to the lanthanide ion to create the species [Ln(fod)3CSA]−. The substrate then
associated with the CSA in its lanthanide-bound form140,141.
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VI. CHIRAL SHIFT REAGENTS

A. General Considerations

In 1971, Whitesides and Lewis first showed that lanthanide tris(β-diketonates) with
optically pure ligands such as 3-pivaloyl-D-camphor (28) could be used to distinguish
the spectra of enantiomers of amines, alcohols, ketones, esters and sulfoxides142. Many
other chiral lanthanide tris(β-diketonates) were subsequently studied4, and the complexes
with 3-(trifluoroacetyl)-D-camphor (H-tfc) (29)143, 3-(heptafluorobutyryl)-D-camphor (H-
hfc) (30)144 and D,D-dicampholylmethane (H-dcm) (31)145 are noteworthy. Lanthanide
complexes with these ligands are commercially available. The enhanced Lewis acidity of
the metal ion caused by the electron withdrawing trifluoroacetyl and heptafluorobutyryl
groups of tfc and hfc likely influence their effectiveness, although neither is consistently
more effective than the other as analytical tools for chiral recognition. Chelates with dcm
are remarkably effective as chiral shift reagents. For example, the enantiomeric discrimina-
tion in the methine and methyl resonances of 1-phenylethylamine, PhCH(Me)NH2, in the
presence of Eu(dcm)3 was 4.4 and 0.7 ppm, respectively, in a 1:1 mixture145. Presumably,
steric crowding in the Ln(dcm)3 complexes creates diastereomeric lanthanide–substrate
complexes with more specific geometries, which enhances the distinction of the two
enantiomers.

O
O

(28)
O

CF3

O

(29)

O

CF2CF2CF3

O

(30)

O O

(31)

It is best to run a series of spectra with increasing concentrations of the chiral shift
reagent, as demonstrated by the unusual behavior of the ortho-hydrogen resonance of
2-phenyl-2-butanol with Eu(hfc)3. This resonance showed increasing enantiomeric dis-
crimination up to a lanthanide–substrate ratio of about 0.5. At higher lanthanide–substrate
ratios the nonequivalence diminished until the resonances recoalesced and then reversed
their order in the spectrum. Such behavior likely reflects the dominance of a 2:1 sub-
strate–lanthanide complex at low lanthanide concentration and a 1:1 complex at higher
lanthanide concentrations. The chiral discrimination in the 2:1 and 1:1 complexes is
markedly different146. A similar behavior was observed for 1-phenylethylamine with
Eu(dcm)3

145.
Chiral lanthanide tris(β-diketonates) have been used with many classes of organic

compounds that have oxygen- and nitrogen-containing functional groups, as well as metal



806 Thomas J. Wenzel and Katelyn A. Provencher

complexes with ligands that have suitable donor groups. Review articles that provide a
more extensive coverage of the range of applications of chiral lanthanide shift reagents
have been published4,124,147. The rest of this section shows some of the diverse applica-
tions of chiral lanthanide tris(β-diketonates).

B. Miscellaneous Applications

Ln(tfc)3 chelates were used to probe the meso structure of dieldrin (32)148 and meso
and chiral isomers of cis- (32′) and trans-4,5-dihydroxy-4,5-dihydroaldrin (32′′)149. For
the meso-compounds 32′ and 32′′ in the presence of Ln(tfc)3 chelates, prochiral pairs of
hydrogen atoms such as H4–H5 and H3–H6 exhibit distinct resonances. The H4–H5
pair also couple to each other. For each enantiomer of the chiral compound (32c), the
H4–H5 pair is equivalent and these appear as a singlet. In the presence of Ln(tfc)3, two
singlets are observed, one each for the H4–H5 pair of the (R)- and (S)-isomers. A similar
analysis of the meso and dl-isomers of cis- and trans-2,3-butylene oxide was facilitated
through the use of Ln(tfc)3 chelates148.

O

Cl
Cl

Cl

Cl
Cl

Cl
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5 6

The prochiral methylene hydrogen atoms α and β to the hydroxyl groups in 2-phenyl-
1-ethanol (33) were distinguished by recording the spectrum of the N-(4-nitrophenylsul-
fonyl)-L-phenylalanyl ester in the presence of Eu(hfc)3 or Yb(hfc)3 at 300 MHz150. Being
able to monitor the α and β sites would then facilitate an analysis of systems that first
stereoselectively deuteriate the α-position of primary alcohols and then exhibit migration
to the β-site. The utility of Ln(hfc)3 at distinguishing the enantiomers of 1-deuterio alco-
hols has been demonstrated151. The relative shifts consistently correlate with the absolute
configuration of the substrate.

OH
HS

HR

HR
HS

(33)

Compounds 34152 and 35153 are chiral by virtue of having a deuteriated substituent
group. The 1H and 2H NMR spectra of 34 exhibited enantiomeric discrimination of the
2-methyl groups in the presence of Eu(hfc)3

152. Similarly, the ortho-hydrogen resonances
of 35 were nonequivalent in the presence of Eu(dcm)3

153.

Me OH

CD3Me

(34)

C6H5CHC6D5

OH

(35)
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(a) R1 = R2 = H
(b) R1 = Me, R2 = H
(c) R1 = R2 = Me

−

The enantiotopic protons of the prochiral methyl groups in the iminium salt 36 exhib-
ited distinct resonances in the presence of Eu(hfc)3

154. As already discussed for achiral
lanthanide β-diketonates, the system likely forms an ion pair between the organic cation
and the species [Ln(β-dik)3X]−. The spectrum of racemic 37, which as its bromide salt
has been studied as an ionic liquid, exhibits nonequivalence in the presence of Eu(tfc)3
and Eu(hfc)3. No splitting of the resonance occurs in the presence of Eu(fod)3. In addition
to the likely ion-pairing interaction of 37 with [Ln(β-dik)3X]−, rather substantial shifts
of some of the OCH2 protons implied that the ether oxygen atoms also likely coordi-
nated with the europium ion155. A similar ion-paired system explains the enantiomeric
discrimination observed in the spectrum of the tris(phenanthroline) complexes of Ru(II)
([Ru(phen)3]Cl2) in the presence of Eu(tfc)3

156.
Examination of the 13C NMR spectrum of vinyl acetate and vinyl propionate copoly-

mers with Eu(hfc)3 or Pr(hfc)3 indicated that linkages within the polymer were racemic
in nature157. The 1H (400 MHz) and 13C (100 MHz) NMR spectra of 3-amino-1,2-
dicarba-closo-dodecaboranes exhibited enantiomeric discrimination in the presence of
Eu(hfc)3

158. The resonances broadened in the presence of the shift reagent, but it was
still possible to observe signal separation for the two enantiomers.

Other nuclei besides 1H or 13C have been used to monitor enantiomeric discrim-
ination with chiral lanthanide chelates. This includes the 17O NMR spectra of chiral
2-thiabicyclo[4.3.0]nonane 2,2-dioxides (14) and 8,8-dioxides (15) with Pr(hfc)3

89. The
29Si NMR spectrum of α-C-silylated amines and alcohols (38) in the presence of Eu(tfc)3
was used to monitor the optical purity of these compounds159. A refocused-decoupled
INEPT (insensitive nuclei enhanced by polarization transfer) pulse sequence was used to
circumvent the long spin–lattice relaxation times of the silicon.

R

Me3Si

Z

(38) Z = OH, NH2

There is the potential with some substrates that the Lewis acidity of the lanthanide
ion can catalyze a reaction. For example, the addition of Eu(hfc)3 to a racemic mix-
ture of dimethylpenta-2,3-dienoates (39) caused an enrichment of the (S)-isomer160. Over
nine days the mixture converted to an 89:11 mixture. Lanthanide tris(β-diketonates) are
well known catalysts for Diels–Alder reactions, and NMR spectroscopy of the reactants
with Eu(hfc)3 was used to understand the stereoselectivity of the europium-catalyzed
cycloadditions161.

Lanthanide chelates have been used as aids in studying the products of hydrogena-
tion reactions monitored through parahydrogen-induced polarization (PHIP). Carrying out
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MeO2C
(39)

C C

CO2Me

H

the hydrogenation with parahydrogen causes a significant enhancement in the hydro-
gen signals of the resulting products. Achiral lanthanide chelates were used to remove
peak overlap in the hydrogenation of esters. Binuclear lanthanide–silver reagents were
employed in the study of the hydrogenation of styrene. Eu(tfc)3 was used to differentiate
the chiral products of the hydrogenation of 1-phenyl-2-propen-1-ol. This procedure can be
used to facilitate the study of the stereoselectivity of chiral catalysts. It was important to
use low levels of lanthanide complexes, as higher concentrations quench the PHIP effect
in a short period of time162.

Chiral lanthanide chelates have been used to study compounds that are chiral but do
not have an asymmetric carbon atom. 5-Oxidovinylphenanthridinium species (40) have
two pairs of diastereomeric rotamers163. The number of methyl singlets of 40 doubled
in the presence of Eu(tfc)3, confirming the chirality under conditions of slow rotation.
1,3-Dienes such as 41 can exist in EE, EZ and ZZ forms and are chiral by virtue of
slow rotation164,165. The methoxy signal was conveniently monitored in the presence of
Eu(hfc)3 and could be used to determine the barrier to rotation. Slow rotation about the
disulfide bonds of substrates of structure 42 gives rise to enantiomers, as was demonstrated
by a splitting of the signals in the presence of Eu(hfc)3

166.
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Methylphenylarsinous acid (43) is chiral under conditions of slow inversion. The res-
onances of the enantiomers of 43 were split in the presence of Eu(hfc)3 in chloroform-d
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OH

Me

(43)

As
..

at 800 MHz. Shifts were very large and the meta- and para-protons of the phenyl ring
were the most convenient to monitor167.

The chirality of the (Z)-isomer of 2,2′-(44a) and 3,3′-dimethylbianthrone (44b) was
established by observing a splitting of resonances in the presence of Eu(hfc)3

168. It was
possible to distinguish the racemic pair from the meso-isomer as well. The methyl res-
onances were the most convenient to monitor. The helical chirality of annulenones, e.g.
45, was confirmed by the doubling of certain resonances in the 1H NMR spectrum in the
presence of Eu(dcm)3

169.
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O
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(a) R = H, R′ = Me
(b) R = Me, R′ = H

C

O
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2,2′,6,6′-Tetrasubstituted biphenyls (46) exhibit axial chirality because of geometric
constraints needed to reduce steric hindrance of the substituent groups. Addition of
Eu(tfc)3, Pr(tfc)3 and Pr(hfc)3 to derivatives of 46 with suitable donor groups caused
enantiomeric discrimination in the 1H NMR spectra. The (S)-isomer typically exhibited
larger shifts in the spectrum170.

R1 R1

R2 R2

(a) R1 = OMe, R2 = CO2Me
(b) R1 = NO2, R2 = CO2Me
(c) R1 = OMe, R2 = CO2OH

(46)

Cryptophane A (47) binds xenon in its cavity in C2D2Cl4, as evidenced by the 129Xe
NMR spectrum of the insertion complex. In a racemic mixture of 47, addition of Eu(hfc)3
gives rise to two 129Xe signals, showing an effective ‘chiralization’ of a neutral xenon
atom171.
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MeO O
O MeOO OMe

O OMe
OMe MeO O O

(47)

C. Assignment of Absolute Configuration

The geometry of chiral lanthanide tris(β-diketonates) with enantiomeric substrates is
not known with enough certainty to facilitate the assignment of absolute configuration. The
ligands in the complex are fluxional and alter their spatial arrangement to accommodate
donor molecules. The potential of utilizing chiral lanthanide shift reagents for assign-
ing absolute configurations is based on the observation of consistent empirical trends in
relative shifts across a series of similar compounds. Caution must always be exercised
when assigning absolute configurations based on empirical trends, as exceptions have
been noted in many cases. It is important to compare the results to model compounds
with similar structures. Such empirical trends were recently reviewed124 and have already
been noted in this chapter for the enantiomeric discrimination of α-amino acid methyl
esters with Sm(tfc)3

18, 1-deuterio alcohols with Eu(hfc)3
151 and 2,2′,6,6′-tetrasubstituted

biphenyls with tfc and hfc chelates170.
A recent procedure for assigning the stereochemistry of secondary and tertiary alcohols

using 13C shifts with (R)- and (S)-Pr(tfc)3 has been described172. 13C was selected over
1H because of the reduced line broadening and the presence of singlets in the spectra.
Praseodymium was chosen over europium because of the reduction in contact shifts. The
assignment is based on the behavior of the two carbon nuclei α to the carbon bearing
the OH group, which are shown as X and Y in Figure 4. The shifts of these nuclei are
measured with (R)- and (S)-Pr(hfc)3 and the difference in these values determined. The

R OH

a-orientation
∆∆d = negative

HO R

Y

b-orientation
∆∆d = positive

∆∆d = ∆d
(R)–Pr(tfc)3

– ∆d
(S)–Pr(tfc)3

XY X

FIGURE 4. Correlation of ��δ values of 13C resonances with absolute configuration of secondary
and tertiary alcohols. X and Y correspond to the two carbons atoms α to the carbon with the hydroxyl
group
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positive or negative nature of this value consistently correlates with the configuration of
the alcohol (Figure 4). The method works for α,α′-disubstituted alcohols. The hydroxyl
group of diols separated by two or more carbon atoms can be treated independently and the
stereostructure reliably assigned. The utility of the method was demonstrated in assigning
the complete stereostructure of glisoprenin-A (48)173. The assignment was then validated
by a total synthesis of the natural product174.

Me OH

Me MeMe Me Me MeOH OH OH OH

4
(48)

VII. BINUCLEAR LANTHANIDE–SILVER SHIFT REAGENTS
A. General Considerations

Lanthanide ions do not effectively associate with soft Lewis bases such as olefins,
aromatics, phosphines and halogenated compounds. A strategy for generating lanthanide
shift reagents for soft Lewis bases was first demonstrated by mixing silver trifluoroacetate
or silver heptafluorobutyrate with Ln(fod)3 to create a binuclear lanthanide–silver shift
reagent175. The silver in the binuclear reagent associated with the soft Lewis base donor
and the paramagnetic lanthanide induced shifts in the NMR spectrum. It was subsequently
shown that Ag(fod) or Ag(tfa) was a far more effective silver reagent for preparing the
binuclear reagent176. Evidence indicated that the mixture of Ln(fod)3 with Ag(fod) resulted
in the formation of a quadruple lanthanide chelate anion [Ln(fod)4]− that formed an ion
pair with the silver cation177.

Lanthanide chelates of dpm were ineffective with silver β-diketonates at shifting the
spectra of soft Lewis bases178,179. The inability of the Ln(dpm)3 chelates to form an eight-
coordinate quadruple chelate anion likely explains this observation. Other silver species
with β-diketone ligands containing phenyl, naphthyl and thiophene rings were evaluated
for their ability to form the binuclear reagents180,181, and even though some pairs were
more effective than Ag(fod), the commercial availability and stability of Ag(fod) relative
to some of the other silver β-diketonates favor its use. The binuclear reagents have been
shown to be effective for analyzing olefins, alkynes177, aromatics, halogenated compounds
and phosphines.

The shift mechanism of the binuclear reagents was examined with olefins and aro-
matics. Complexation shifts measured using diamagnetic La(fod)3 were substantial for
some resonances. Comparative internal ratios, plots obtained using theoretical dipolar and
contact contributions of different lanthanides, and data with [Gd(fod)4]− all indicated that
the paramagnetic shifts of the binuclear reagents were exclusively dipolar in origin with
no evidence for any contact shifts. This was not surprising given the diamagnetic silver
bridge between the substrate and the lanthanide182.

In early work with binuclear reagents at relatively low field strengths, the use of
Pr(III) and Yb(III) chelates was preferable to Eu(III) as they caused larger shifts in the
spectrum176,177. A study aimed at determining bound shifts, association constants, and
performing structural analysis located the lanthanide about 8 Å from the π bond in the
binuclear–substrate complexes183. The larger distance between the substrate and lan-
thanide caused by the silver bridge, when compared to substrates that bond directly to
the lanthanide, necessitated the use of larger shifting lanthanides. Pr(III) was especially
effective for aromatic substrates as the upfield shifts moved the aromatic resonances into
a region of the spectrum generally free of other signals176,179.
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Association of the substrate with the silver ion of the binuclear reagent is favored in
non-polar solvents. In a comparison of chloroform-d , cyclohexane and pentane, a shift
order of pentane > cyclohexane > chloroform was observed184.

B. Applications of Achiral Analogues

Binuclear reagents will bond to and shift the spectra of linear alkenes such as 1-
hexene177. They can be used to distinguish (Z)- and (E)-alkenes, although the shifts
show interesting behavior. The shifts in the spectrum of the (Z)-isomer in compounds
such as 2-octene177 and hexa-2,4-diene185 were larger than those of the (E)-isomer at
lanthanide–substrate ratios of less than one. The binding of silver to alkenes is sensitive to
steric hindrance, such that the binding of (Z)-alkenes to silver is favored over (E)-alkenes
under competitive conditions. At lanthanide–substrate ratios above one, the resonances
of the (E)-isomer shifted further. In the absence of competitive lanthanide binding, the
geometric term of the dipolar equation evidently causes larger lanthanide-induced shifts
for the (E)-isomer. Applying these trends, Yb(fod)3/Ag(fod) was used to distinguish the
(Z)–(Z) and (Z)–(E) diads in polybutadienes by 13C NMR spectroscopy186.

Steric differences also explain the preferential binding of silver at the exocyclic alkene
of limonene (49)177,185. The binuclear reagents are effective at shifting the spectra of other
terpenes with either an exocyclic double bond, such as β-pinene (50) and camphene (51),
or an endocyclic double bond, such as α-pinene (52) and �-3-carene (53)178.

Me C

CH3

CH2

(49)
H3C CH3

(50)

CH3

CH3

(51)

H3C CH3

CH3

(52)

CH3H3C

H3C

(53)

The binuclear reagents are effective at shifting resonances of phenyl-containing com-
pounds such as toluene176, o-, m- and p-xylene177,179, other methylbenzenes179,187 and
p-terphenyl176. The shifts of the methyl resonances can be used to analyze mixtures of o-,
m- and p-xylene and the methylbenzenes in gasoline179. The binuclear reagents are sen-
sitive enough to distinguish secondary deuterium isotope effects in aromatic substrates188.
This included differential shifts in the 1H resonances of benzene-d versus benzene and
p-xylene-d6 (deuteriated methyl groups) versus p-xylene. The deuteriated compounds
exhibited the largest shifts, possibly pointing to the greater inductive effect of 2H over
1H as the reason for the substrate to become a better donor with an enhanced association
constant.

The binuclear reagents are effective at shifting the spectra of fused ring polycyclic
aromatic compounds. Compounds with no substituent groups on the rings such as naph-
thalene, anthracene, phenanthrene and pyrene did not exhibit specific bonding to the
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Ag(I) such that all resonances showed similar magnitude shifts. Incorporation of a sub-
stituent group as in 2-methylanthracene, 9-methylanthracene, 1-methylphenanthrene, 1-
methylnaphthalene and acenaphthene resulted in differential shifts. The differential shifts
indicated that silver bonding occurred away from the steric hindrance of the substituent
group179.

Alkyl halides such as 1-chlorocyclohexane, 1-bromopentane and 1-iodohexane associate
with silver and the spectra shift in the presence of the binuclear reagents. The shifts for
the organohalides were in the order I > Br > Cl, reflecting the relative softness and hence
relative binding abilities of the halides to silver. Some organohalides were reactive with
silver such that a silver halide precipitate formed177.

Although only the focus of limited studies, the binuclear reagents are effective for
phosphines and phosphites, as evidenced by the shifts in the spectrum of triphenylphos-
phine (tpp) or triphenylphosphite in the presence of [Ln(fod)4]Ag. At silver–substrate
ratios greater than one, the 31P signal of tpp was split into two doublets. These occurred
from coupling of 107Ag and 109Ag to the phosphorus, indicating that silver–phosphorus
binding was in slow exchange. Raising the concentration of phosphine above that of the
silver eventually eliminated the coupling because of fast exchange of the substrate179.

C. Applications of Chiral Analogues

Reagents formed with chiral β-diketonate ligands such as Ln(tfc)3 and Ln(hfc)3 in the
presence of Ag(fod) or other silver β-diketonates are effective for chiral discrimina-
tion178,189. Lanthanide chelates with dcm are ineffective in the binuclear complexes,
presumably because the dcm ligand is so sterically hindered that it prevents the for-
mation of the quadruple chelate anion181. Silver complexes besides Ag(fod) actually form
more effective chiral discriminating agents with Pr(tfc)3, Yb(tfc)3 and Yb(hfc)3, but these
complexes are not commercially available so have not been used beyond exploratory
studies178,180,181.

Chiral discrimination in the 1H and/or 13C NMR spectra of terpenes such as limonene
(49), β-pinene (50), camphene (51), α-pinene (52), �-3-carene (53) and epi-β-santalene
(54) has been observed178,189 – 191. Other chiral olefinic substrates that show discrimination
in the presence of chiral binuclear reagents include trans-2-menthene, 4-vinylcyclohexene,
3-methylcyclohexene, 4-t-butylcyclohexene, bornene190, α-copaene (55)191 and (E)-1-
benzylidene-2,3,4(R or S)-5(S or R)-tetrabenzylcyclopenta-2-ene (56)192.

H

HZ
HE

(54) (55)

Chiral recognition on the order of 0.1 to 0.3 ppm was observed in the 13C NMR spec-
trum of myrcene (57) and 3-methylpent-1-ene in the presence of Pr(hfc)3/
Ag(fod)193. The absence of any splitting of resonances in the 13C spectrum of 58 was
interpreted as a proof that the compound was enantiomerically pure. Yb(hfc)3/Ag(fod)
caused enantiomeric discrimination in the spectra of methyl194, alkyl195, phenyl195 and
trimethylsilyl1961,3-disubstituted allenes. The resonance of the methyl group at the chiral
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(56)

(57)

(58)

(59)

H3CC CCHCH2

CH3

carbon of alkyne 59 exhibited enantiomeric discrimination in the presence of Eu(tfc)3/
Ag(fod)197.

A sesquiterpene of furanodiene structure 60 is chiral because of its conformational
rigidity as confirmed by a doubling of resonances in the 13C NMR spectrum in the
presence of Yb(hfc)3/Ag(fod)191. The methyl groups at positions 4 and 5 in 3,4,5,6-
tetramethylphenanthrene (61) distort out of the plane to minimize steric hindrance, causing
the compound to be chiral. Enantiomeric discrimination was observed in the 1H spectrum
in the presence of Ln(hfc)3/Ag(fod) reagents189.

The enantiomeric purity of dibromides such as 62 was determined using Yb(hfc)3/
Ag(fod). Binding of the silver occurred at the bromine atoms rather than the fluorine or
chlorine atoms198.

Binuclear lanthanide–silver chelates have also been used as shift reagents for com-
pounds with weakly basic heteroatoms that are part of π systems and do not associate
strongly with lanthanide ions. With the binuclear reagents, silver association with the
π electrons leads to larger shifts. Substrates of this type include compounds such as
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O

(60)

H3C CH3 CH3 CH3

(61)

CH3

Cl

Cl

F

F

Br

Br
H

CH3

(62)

H

indole (63)187,199, pyrrole (64)199, benzofuran (65)185,199, methoxybenzene185, benzoni-
trile, azobenzene (66) and thiazole (67)200. For benzothiophene (68), the shifts indicated
that binding of the silver likely occurred at the sulfur atom rather than with the π
electrons199.

N
H

(63)

N
H

(64)

O

(65)

N N

(66)

N

S

(67)

S

(68)

The spectra of 69a and 69b exhibited only small nonequivalence in the presence
of Yb(hfc)3, whereas addition of Ag(fod) caused larger nonequivalence of methyl and
methoxy resonances of the R-groups at 500 MHz201. The binuclear dipyrromethene com-
plex with Zn(II) (70) has a helical structure that renders it chiral. This was confirmed
by a doubling of certain resonances in the 1H NMR spectrum of the zinc complex in
the presence of Eu(tfc)3/Ag(fod) or Yb(tfc)3/Ag(fod). Splitting of the resonances was
not observed in the presence of the lanthanide chelate alone and was only observed on
addition of the silver reagent202.

D. Analysis of Organic Cations

The ion-pairing interaction of the binuclear reagents has also been exploited in the anal-
ysis of organic cations203,204. Addition of the binuclear [Ln(fod)4]Ag to halide salts of
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N

R H

H
CN

CN

(69) (a) R = H
(b) R = CH3

N

N

CH2

N

N

2

Zn2

(70)

Zn

O
H

−

+

−

=

=

organic cations results in the precipitation of silver chloride. The addition of [Ln(fod)4]K
caused substantially smaller shifts, indicating the need to precipitate out the silver halide
to better form the ion pair203. For tetrafluoroborate salts, K(fod) is preferred over Ag(fod)
since only KBF4 is insoluble in chloroform-d204. The organic cation forms an ion pair
with [Ln(β-diketonate)4]− and substantially larger shifts are observed in the resulting
NMR spectrum than with lanthanide tris(β-diketonates) alone. The utility of [Ln(fod)4]−
as a shift reagent for sulfonium, ammonium and isothiouronium salts (71) has been
demonstrated203,204.

C

NH2
+Cl−

NH2

SR

(71)
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Substantial shifts were observed in the spectra of N-ethylquinolinium iodide, N-
methylnicotinium iodide (72) and [3-(dimethylamino)propyl]trimethyl ammonium iodide
with [Eu(fod)4]−. In the case of 72, the relative magnitude of the shifts indicated that
the cationic nitrogen was the site of association with [Eu(fod)4]− rather than the tertiary
nitrogen coordinating directly with the Eu(III)203.

N

CH3

I

N

CH3

(72)

−

The 1H NMR spectra of methyl sulfonium salts of alkyl sulfides, tetrahydrothiophene
and benzothiophene (68) showed large shifts in the presence of [Eu(fod)4]− 204. A selec-
tively deuteriated derivative of S-methyltetrahydrothiophenium iodide was used to confirm
the assignment of the diastereotopic methylene hydrogen atoms. Studies with the S-
methyltetrahydrothiophenium and N-ethylquinolinium ions indicated that 1:1 complexes
formed with [Eu(fod)4]− and that the shifts were purely dipolar in origin205.

The analysis of isothiouronium salts, which are conveniently formed by reacting alkyl
halides with thiourea, provide a way to study alkyl halides204. The 1H NMR spectrum
of s-butylisothiouronium chloride and bromide exhibited enantiomeric discrimination in
the presence of [Eu(tfc)3(fod)]− 204. The enantiomeric purity of several alkyl methyl
phenyl sulfonium ions (73) under conditions of slow inversion was determined using
either [Eu(tfc)3(fod)]− or [Eu(tfc)4]− 206. It was possible to study the inversion barrier by
variable-temperature studies in the presence of the shift reagent.

S

CH3

CH2CH3 BF4

(73)

−

Achiral binuclear reagents have been added to mixtures of a chiral crown ether (74) and
chloroform-soluble amino acid ester hydrochlorides to enhance the chiral discrimination
in the NMR spectrum. The [Ln(fod)4]− preferentially associated with the enantiomer in
the bulk solution such that the enantiomer with lower association with 74 showed the
larger lanthanide-induced shifts. The system also enhanced the chiral discrimination in
acetonitrile-d3, although [Pr(fod)4]− was needed because it causes larger shifts than the

O

O

O

OO

OH

H
O

O
H

O

O

H

(74)
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Eu(III) analogue. It was important to keep the concentration of lanthanide less than that of
the crown ether, otherwise the lanthanide ion bound within the crown, thereby displacing
the protonated amine and reducing the enantiomeric discrimination207.
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J. Metyš, M. Valchář, R. Souček and M. Protiva, Collect. Czech. Chem. Commun., 54, 2443
(1989).

18. K. Omata, S. Aoyagi and K. Kabuto, Tetrahedron: Asymmetry, 15, 2351 (2004).
19. L. M. Sweeting, D. C. Crans and G. M. Whitesides, J. Org. Chem., 52, 2273 (1987).
20. M. Kagawa, Y. Machida, H. Nishi and J. Haginaka, J. Pharm. Biomed. Anal., 38, 918 (2005).
21. G. T. Pearce, W. E. Gore and R. M. Silverstein, J. Org. Chem., 41, 2797 (1976).
22. J. Belleney, C. Bui and F. J. Carrière, Magn. Reson. Chem., 28, 606 (1990).
23. P. E. Peterson and M. Stepanian, J. Org. Chem., 53, 1907 (1988).
24. F. Sancassan, G. Petrillo and R. J. Abraham, J. Chem. Soc., Perkin Trans. 2, 11, 1965 (1995).
25. H. M. McConnell and R. E. Robertson, J. Chem. Phys., 29, 1361 (1958).
26. W. D. Horrocks, Jr. and J. P. Sipe, III, Science, 177, 994 (1972).
27. W. D. Horrocks, Jr., J. Am. Chem. Soc., 96, 3022 (1974).
28. J. M. Briggs, G. P. Moss, E. W. Randall and K. D. Sales, J. Chem. Soc., Chem. Commun.,

1180 (1972).
29. S. B. Tjan and F. R. Visser, Tetrahedron Lett., 12, 2833 (1971).
30. C. Marzin, D. Liebfritz, G. E. Hawkes and J. D. Roberts, Proc. Natl. Acad. Sci. U.S.A., 70,

562 (1973).
31. B. F. G. Johnson, J. Lewis, P. McArdle and J. R. Norton, J. Chem. Soc., Chem. Commun.,

535 (1972).
32. M. Hirayama, E. Edagawa and Y. Hanyu, J. Chem. Soc., Chem. Commun., 1343 (1972).
33. M. Kainosho, K. Ajisaka and K. Tori, Chem. Lett., 1061 (1972).
34. J. A. Peters, M. S. Nieuwenhuizen and D. J. Raber, J. Magn. Reson., 65, 417 (1985).
35. K. Ajisaka, M. Kainosho, H. Shigemoto, K. Tori, Z. W. Wolkowski and Y. Yoshimura, Chem.

Lett., 1205 (1973).
36. C. N. Reilley, B. W. Good and R. D. Allendoerfer, Anal. Chem., 48, 1446 (1976).
37. C. N. Reilley, B. W. Good and J. F. Desreux, Anal. Chem., 47, 2110 (1975).
38. J. H. Forsberg, R. M. Delaney, Q. Zhao, G. Harakas and R. Chandran, Inorg. Chem., 34, 3705

(1995).
39. J. Reuben, J. Magn. Reson., 11, 103 (1973)
40. M. H. Lee, Bull. Korean Chem. Soc., 7, 433 (1986).
41. P. H. Mazzocchi, H. J. Tamburin and G. R. Miller, Tetrahedron Lett., 12, 1819 (1971).



14. Lanthanide enolates as nuclear magnetic resonance shift reagents 819

42. B. L. Shapiro, J. R. Hlubucek, G. R. Sullivan and L. F. Johnson, J. Am. Chem. Soc., 93, 3281
(1971).

43. D. E. U. Ekong, J. I. Okogun and M. Shok, J. Chem. Soc., Perkin Trans. 1, 653 (1972).
44. J. K. M. Sanders, S. W. Hanson and D. H. Williams, J. Am. Chem. Soc., 94, 5325 (1972).
45. V. G. Gibb, I. M. Armitage, L. D. Hall and A. G. Marshall, J. Am. Chem. Soc., 94, 8919

(1972).
46. J. W. ApSimon, H. Beierbeck and A. Fruchier, Org. Magn. Reson., 8, 483 (1976).
47. B. L. Shapiro and M. D. Johnston, Jr., J. Am. Chem. Soc., 94, 8185 (1972).
48. D. J. Raber and L. E. Hardee, Org. Magn. Reson., 20, 125 (1982).
49. D. J. Raber and J. A. Peters, Magn. Reson. Chem., 23, 621 (1985).
50. I. Armitage, G. Dunsmore, L. D. Hall and A. G. Marshall, Can. J. Chem., 50, 2119 (1972).
51. B. L. Shapiro, M. J. Shapiro, A. D. Godwin and M. D. Johnston, Jr., J. Magn. Reson., 8, 402

(1972).
52. I. Armitage and L. D. Hall, Can. J. Chem., 49, 2270 (1971).
53. J. A. Peters, P. J. Wijnand Schuyl, W. M. M. J. Bovee, J. H. Alberts and H. van Bekkum,

J. Org. Chem., 46, 2784 (1981).
54. G. E. Hawkes, D. Leibfritz, D. W. Roberts and J. D. Roberts, J. Am. Chem. Soc., 95, 1659

(1973).
55. C. L. Honeybourne, Tetrahedron Lett., 13, 1095 (1972).
56. G. N. La Mar and J. W. Faller, J. Am. Chem. Soc., 95, 3817 (1973).
57. D. H. Welti, M. Linder and R. R. Ernst, J. Am. Chem. Soc., 100, 403 (1978).
58. G. C. Levy and R. A. Komoroski, J. Am. Chem. Soc., 96, 678 (1974).
59. O. A. Gansow, A. R. Burke and G. N. La Mar, J. Chem. Soc., Chem. Commun., 456 (1972).
60. J. P. Basilion, S. Yeon and R. Botnar, Curr. Top. Dev. Biol., 70, 1 (2005).
61. T. Watanabe, Nucl. Magn. Reson., 35, 457 (2006).
62. P. B. Barker and D. D. M. Lin, Prog. Nucl. Magn. Reson. Spectrosc., 49, 99 (2006).
63. S. M. Rothstein, W. D. Bell and M. F. Richardson, J. Magn. Reson., 41, 310 (1980).
64. G. R. Sullivan, J. Am. Chem. Soc., 98, 7162 (1976).
65. I. M. Armitage, L. D. Hall, A. G. Marshall and L. G. Werbelow, J. Am. Chem. Soc., 95, 1437

(1973).
66. J. A. Ladd, Magn. Reson. Chem., 27, 483 (1989).
67. R. J. Abraham and F. Sancassan, in Encyclopedia of Nuclear Magnetic Resonance, Vol. 9,

John Wiley & Sons, Chichester, New York, 2002, pp. 578–588.
68. R. J. Abraham, M. Mobli, J. Ratti, F. Sancassan and T. A. D. Smith, J. Phys. Org. Chem.,

19, 384 (2006).
69. J. Reuben and J. S. Leigh, Jr., J. Am. Chem. Soc., 94, 2789 (1972).
70. J. W. Faller and G. N. La Mar, Tetrahedron Lett., 14, 1381 (1973).
71. T. B. Patrick and P. H. Patrick, J. Am. Chem. Soc., 94, 6230 (1972).
72. B. L. Shapiro, M. D. Johnston, Jr. and R. L. R. Towns, J. Am. Chem. Soc., 94, 4381 (1972).
73. J. J. Uebel, C. Pacheco and R. M. Wing, Tetrahedron Lett., 14, 4383 (1973).
74. J. P. Shoffner, J. Am. Chem. Soc., 96, 1599 (1974).
75. M. Hajek, L. Vodicka and Z. Ksandr, Sb. Vys. Sk. Chem.-Technol. Praze D, 32, 73 (1976);

Chem. Abstr., 86, 15869 (1977).
76. T. C. Morrill, R. J. Opitz and R. Mozzer, Tetrahedron Lett., 14, 3715 (1973).
77. J. San Filippo, Jr, R. G. Nuzzo and L. J. Romano, J. Am. Chem. Soc., 97, 2546 (1975).
78. J. E. Bulkowski and C. H. Van Dyke, Inorg. Nucl. Chem. Lett., 11, 749 (1975).
79. L. F. Lindoy and W. E. Moody, J. Am. Chem. Soc., 97, 2275 (1975).
80. L. F. Lindoy and H. W. Louie, J. Am. Chem. Soc., 101, 841 (1979).
81. T. J. Marks, J. S. Kristoff, A. Alicii and D. F. Shriver, J. Organomet. Chem., 33, C35 (1971).
82. L. F. Lindoy, Coord. Chem. Rev., 48, 83 (1983).
83. R. E. Graves and P. I. Rose, J. Chem. Soc., Chem. Commun., 630 (1973).
84. K. B. Lipkowitz, T. Chevalier, B. P. Mundy and J. J. Theodore, Tetrahedron Lett., 21, 1297

(1980).
85. R. L. Caret, A. Vennos, M. Zapf and J. J. Uebel, Tetrahedron Lett., 22, 2085 (1981).
86. T. A. Powers and S. A. Evans, Jr., Tetrahedron Lett., 31, 5835 (1990).
87. T. A. Powers, S. A. Evans, Jr., K. Pandiarajan and J. C. N. Benny, J. Org. Chem., 56, 5589

(1991).
88. T. A. Powers, L. G. Pedersen and S. A. Evans, Jr., Phosphorus Sulfur Silicon, 59, 205 (1991).



820 Thomas J. Wenzel and Katelyn A. Provencher

89. G. Barbarella, A. Bongini, V. Cere, C. Paolucci and S. Pollicino, J. Org. Chem., 58, 6499
(1993).

90. G. Lowe and S. J. Salamone, J. Chem. Soc., Chem. Commun., 1392 (1983).
91. I. P. Gerothanassis and J. Lauterwein, Magn. Reson. Chem., 24, 1034 (1986).
92. D. Horton and J. K. Thomson, J. Chem. Soc., Chem. Commun., 1389 (1971).
93. P. E. Pfeffer, T. A. Foglia, P. A. Barr and R. H. Obenauf, J. Org. Chem., 43, 3429 (1978).
94. J. E. Nordlander and J. E. Haky, J. Org. Chem., 45, 4780 (1980).
95. A. M. Stolzenberg and M. A. Laliberte, J. Org. Chem., 52, 1022 (1987).
96. J. C. Russell, J. R. Jones, T. A. Vick and P. W. Stratford, J. Labelled Compd. Radiopharm.,

33, 957 (1993).
97. G. V. Smith, W. A. Boyd and C. C. Hinckley, J. Am. Chem. Soc., 93, 6319 (1971).
98. A. M. Grotens, C. W. Hilbers, E. de Boer and J. Smid, Tetrahedron Lett., 13, 2067 (1972).
99. C. C. Hinckley, W. A. Boyd and G. V. Smith, Tetrahedron Lett., 13, 879 (1972).

100. J. K. M. Sanders and D. H. Williams, J. Chem. Soc., Chem. Commun., 436 (1972).
101. A. T. Balaban, I. I. Stanoiu and F. Chiraleu, J. Chem. Soc., Chem. Commun., 984 (1976).
102. A. H. Lewin, Tetrahedron Lett., 12, 3583 (1971).
103. H. N. Cheng and H. S. Gutowsky, J. Phys. Chem., 84, 1039 (1980).
104. A. de Savignac, A. Lattes and M. Bon, Org. Magn. Reson., 6, 528 (1974).
105. H. Gozlan, R. Michelot and R. Rips, Tetrahedron Lett., 16, 859 (1975).
106. J. W. Faller and B. V. Johnson, J. Organomet. Chem., 96, 99 (1975).
107. A. R. Katritzky and A. Smith, Tetrahedron Lett., 12, 1765 (1971).
108. Y. Inoue and T. Konno, Makromol. Chem., 179, 1311 (1978).
109. J. E. Guillet, I. R. Peat and W. F. Reynolds, Tetrahedron Lett., 12, 3493 (1971).
110. F. F. L. Ho, Polym. Lett., 9, 491 (1971).
111. J. Reuben and A. Biswas, Macromolecules, 24, 648 (1991).
112. E. V. Gouinlock, R. A. Wolfe and J. C. Rosenfeld, J. Appl. Polym. Sci., 20, 949 (1976).
113. M. Matlengiewicz, Macromolecules, 17, 473 (1984).
114. M. Iida, S. Hayase and T. Araki, Macromolecules, 11, 490 (1978).
115. H. N. Cheng and G. H. Lee, Polym. Bull., 19, 89 (1988).
116. F. F. Shue and T. F. Yen, Fuel, 62, 127 (1983).
117. B. P. Bammel, D. D. Hamilton, R. P. Haugland, H. P. Hopkins, J. Schuette, W. Szalecki and

J. C. Smith, Biochem. Biophys. Acta, 1024, 61 (1990).
118. P. Zhang, H. Parrot-Lopez, P. Tchoreloff, A. Baszkin, C. C. Ling, C. de Rango and A. W.

Coleman, J. Phys. Org. Chem., 5, 518 (1992).
119. K. D. Schulze and H. Sprinz, Biochim. Biophys. Acta, 1467, 27 (2000).
120. H. Hart and G. M. Love, Tetrahedron Lett., 12, 625 (1971).
121. D. J. Raber and G. J. Propeck, J. Org. Chem., 47, 3324 (1982).
122. H. Gerlach and B. Zagalak, J. Chem. Soc., Chem. Commun., 274 (1973).
123. J. Jurczak, A. Konowal, Z. Krawczyk and A. Ejchart, Org. Magn. Reson., 17, 50 (1981).
124. T. J. Wenzel, Discrimination of Chiral Compounds using NMR Spectroscopy, John Wiley &

Sons, Inc., New York, 2007.
125. F. Yasuhara and S. Yamaguchi, Tetrahedron Lett., 18, 4085 (1977).
126. S. Yamaguchi and F. Yasuhara, Tetrahedron Lett., 18, 89 (1977).
127. F. Yasuhara and S. Yamaguchi, Tetrahedron Lett., 21, 2827 (1980).
128. F. Yasuhara, K. Kabuto and S. Yamaguchi, Tetrahedron Lett., 19, 4289 (1978).
129. K. Kabuto, F. Yasuhara and S. Yamaguchi, Tetrahedron Lett., 22, 659 (1981).
130. E. P. Serebryakov, M. A. Shcherbakov, G. D. Gamalevich and M. I. Struchkova, Russ. Chem.

Bull., Int. Ed., 52, 734 (2003).
131. E. M. Merckx, J. A. Lepoivre, G. L. Lemiere and F. C. Alderweireldt, Org. Magn. Reson.,

21, 380 (1983).
132. L. Vanhoeck, J. Bossaerts, R. A. Dommisse, J. A. Lepoivre and F. C. Alderweireldt, Org.

Magn, Reson., 22, 24 (1984).
133. K. Omata, T. Fujiwara and K. Kabuto, Tetrahedron: Asymmetry, 13, 1655 (2002).
134. J. A. Dale and H. S. Mosher, J. Am. Chem. Soc., 95, 512 (1973).
135. T. Kusumi, Y. Fujita, I. Ohtani and H. Kakisawa, Tetrahedron Lett., 32, 2923 (1991).
136. W. H. Pirkle and D. L. Sikkenga, J. Org. Chem., 40, 3430 (1975).
137. W. H. Pirkle and D. L. Sikkenga, J. Org. Chem., 42, 1370 (1977).
138. T. J. Wenzel, C. A. Morin and A. A. Brechting, J. Org. Chem., 57, 3594 (1992).



14. Lanthanide enolates as nuclear magnetic resonance shift reagents 821

139. T. J. Wenzel, R. D. Miles and S. E. Weinstein, Chirality, 9, 1 (1997).
140. T. J. Wenzel, A. C. Bean and S. L. Dunham, Magn. Reson. Chem., 35, 392 (1997).
141. T. J. Wenzel and K. L. Brogan, Enantiomer, 5, 293 (2000).
142. G. M. Whitesides and D. W. Lewis, J. Am. Chem. Soc., 93, 5914 (1971).
143. H. L. Goering, J. N. Eikenberry and G. S. Koermer, J. Am. Chem. Soc., 93, 5913 (1971).
144. R. R. Fraser, M. A. Petit and J. K. Saunders, J. Chem. Soc., Chem. Commun., 1450 (1971).
145. M. D. McCreary, D. W. Lewis, D. L. Wernick and G. M. Whitesides, J. Am. Chem. Soc., 96,

1038 (1974).
146. H. L. Goering, J. N. Eikenberry, G. S. Koermer and C. J. Lattimer, J. Am. Chem. Soc., 96,

1493 (1974).
147. R. R. Fraser, Asymmetric Synth., 1, 173 (1983).
148. M. Kainosho, K. Ajisaka, W. H. Pirkle and S. D. Beare, J. Am. Chem. Soc., 94, 5924 (1972).
149. J. D. McKinney, H. B. Matthews and N. K. Wilson, Tetrahedron Lett., 14, 1895 (1973).
150. J. M. Coxon, J. R. A. Cambridge and S. G. C. Nam, Org. Lett., 3, 4225 (2001).
151. G. J. Reich, G. R. Sullivan and H. S. Mosher, Tetrahedron Lett., 14, 1505 (1973).
152. D. M. Harrison and P. Quinn, Tetrahedron Lett., 24, 831 (1983).
153. T. Makino, M. Orfanopoulos, T. You, B. Wu, C. W. Mosher and H. S. Mosher, J. Org. Chem.,

50, 5357 (1985).
154. F. Lefevre, C. Rabiller, A. Mannschreck and G. J. Martin, J. Chem. Soc., Chem. Commun.,

942 (1979).
155. Y. Ishida, D. Sasaki, H. Miyauchi and K. Saigo, Tetrahedron Lett., 45, 9455 (2004).
156. J. K. Barton and J. S. Nowick, J. Chem. Soc., Chem. Commun., 1650 (1984).
157. T. Okada, J. Sci. Hiroshima Univ., Ser. A: Phys. and Chem., 45, 215 (1981).
158. M. I. Kodess, M. A. Ezhikova, G. L. Levit, V. P. Krasnov and V. N. Charushin, J. Organo-

met. Chem., 690, 2766 (2005).
159. F. Fortis, B. Barbe, M. Petraud and J. P. Picard, J. Chem. Soc., Chem. Commun., 527 (1999).
160. Y. Naruse, H. Watanabe, Y. Ishiyama and T. Yoshida, J. Org. Chem., 62, 3862 (1997).
161. M. M. Midland and R. W. Koops, J. Org. Chem., 55, 4647 (1990).
162. C. Ulrich and J. Bargon, Magn. Reson. Chem., 38, 33 (2000).
163. R. M. Acheson and I. S. Selby, J. Chem. Soc., Chem. Commun., 537 (1973).
164. A. Mannschreck, V. Jonas, H. O. Bodecker, H. L. Elbe and G. Kobrich, Tetrahedron Lett.,

15, 2153 (1974).
165. G. Becher and A. Mannschreck, Chem. Ber., 116, 264 (1983).
166. J. P. Snyder, N. Nevins, S. L. Tardif and D. N. Harpp, J. Am. Chem. Soc., 119, 12685 (1997).
167. J. S. Edmonds, T. Nakayama, T. Kondo and M. Morita, Magn. Reson. Chem., 44, 151 (2006).
168. I. Agranat, Y. Tapuhi and J. Y. Lallemand, Nouv. J. Chem., 3, 59 (1979).
169. A. G. Anastassiou and M. Hasan, Tetrahedron Lett., 24, 4279 (1983).
170. E. Diaz, E. Rojas-Davila, A. Guzman and P. Joseph-Nathan, Org. Magn. Reson., 14, 439

(1980).
171. K. Bartik, M. El Haouaj, M. Luhmer, A. Collet and J. Reisse, ChemPhysChem, 1, 221 (2000).
172. I. Ghosh, H. Zeng and Y. Kishi, Org. Lett., 6, 4715 (2004).
173. I. Ghosh, Y. Kishi, H. Tomoda and S. Omura, Org. Lett., 6, 4719 (2004).
174. C. M. Adams, I. Ghosh and Y. Kishi, Org. Lett., 6, 4723 (2004).
175. D. F. Evans, J. N. Tucker and G. C. de Villardi, J. Chem. Soc., Chem. Commun., 205 (1975).
176. T. J. Wenzel, T. C. Bettes, J. E. Sadlowski and R. E. Sievers, J. Am. Chem. Soc., 102, 5903

(1980).
177. T. J. Wenzel and R. E. Sievers, Anal. Chem., 53, 393 (1981).
178. T. J. Wenzel and R. E. Sievers, J. Am. Chem. Soc., 104, 382 (1982).
179. T. J. Wenzel and R. E. Sievers, Anal. Chem., 54, 1602 (1982).
180. T. J. Wenzel and D. R. Lalonde, Jr., J. Org. Chem., 48, 1951 (1983).
181. T. J. Wenzel, A. C. Ruggles and D. R. Lalonde, Jr., Magn. Reson. Chem., 23, 778 (1985).
182. T. J. Wenzel and M. D. Russett, J. Magn. Reson., 75, 493 (1987).
183. M. Hajek and D. J. Raber, Anal. Chem., 58, 1748 (1986).
184. T. J. Wenzel, J. Org. Chem., 49, 1834 (1984).
185. M. Audit, P. Demerseman, N. Goasdoue and N. Platzer, Org. Magn. Reson., 21, 698 (1983).
186. P. Dias, Makromol. Chem., Rapid Commun., 11, 299 (1990).
187. D. M. Rackham, F. M. Crutchley, D. E. Tupper and A. C. Boddy, Spectrosc. Lett., 14, 379

(1981).



822 Thomas J. Wenzel and Katelyn A. Provencher

188. T. J. Wenzel, Spectrosc. Lett., 17, 77 (1984).
189. W. Offermann and A. Mannschreck, Tetrahedron Lett., 22, 3227 (1981).
190. W. Offermann and A. Mannschreck, Org. Magn, Reson., 22, 355 (1984).
191. N. Baldovini, F. Tomi and J. Casanova, Magn. Reson. Chem., 39, 621 (2001).
192. A. Zschunke, P. N. Khanh and C. D. Kinh, Adv. Nat. Sci., 3, 41 (2002).
193. L. Johns, S. Belt, C. A. Lewis, S. Rowland, G. Massé, J. Robert and W. A. König, Phyto-
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Sart-Tilman, B6a, 4000 Liège, Belgium
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I. SYMBOLS AND ABBREVIATIONS

acac acetylacetonate
12-CE-4 12-crown-4
DB-18-CE-6 6,7,9,10,17,18,20,21-octahydrodibenzo[b,k][1,4,7,10,13,16]

hexaoxacyclooctadecine
DMAEMA dimethylaminoethyl methacrylate
DP degree of polymerization
DPE 1,1-diphenylethene
DPHLi 1,1-diphenylhexyllithium
DPMLi diphenylmethyllithium
EiBLi ethyl α-lithioisobutyrate
EMA ethyl methacrylate
f initiator efficiency
GMA glycidyl methacrylate
GTP group transfer polymerization
IBMA isobornyl methacrylate
k± rate constant of contact ion pair
ka rate constant of associated species
kapp apparent constant of propagation
kinit constant rate of initiation
kprop constant rate of propagation
kterm constant rate of termination
KDA equilibrium constant of deaggregation
K211 cryptand 211
LDA lithium diisopropylamide
LiOEEM lithium 2-(2-methoxyethoxy) ethoxide
MA methyl acrylate
MiBLi methyl 2-lithioisobutyrate
MMA methyl methacrylate
Mn number-average molecular weight
Mw weight-average molecular weight
nBuA n-butyl acrylate
nBuMA n-butyl methacrylate
PBD poly(butadiene)
PCL poly(ε-caprolactone)
PEMA poly(ethyl methacrylate)
PEO poly(ethylene oxide)
PGMA poly(glycidyl methacrylate)
PIBMA poly(isobornyl methacrylate)
PLA poly(lactide)
PMMA poly(methyl methacrylate)
PnBuMA polyn(n-butyl methacrylate)
PS polystyrene
PtBuA poly(tert-butyl acrylate)
Rp rate of polymerization
TMEDA N ,N ,N ′,N ′-tetramethyl-1,2-ethylenediamine
tBuA t-butyl acrylate
tBuMA t-butyl methacrylate
Vac vinyl acetate
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II. INTRODUCTION

Enolates play a key role in polymer science and technology, particularly as ligands in
catalytic processes. Enolate ligated catalysts are known in organic chemistry and some
of them have been extended to the chemical modification of preformed polymers with
the purpose to improve their properties. These catalytic reactions will not be discussed
in this review. Rather, emphasis will be placed on polymerization processes, which are
initiated by organometallic compounds ligated by enolates. The major concern of the
polymer chemist is indeed to design the length, the architecture and the functionality of
synthetic polymers. The role of the catalyst is then crucial to control the chain growth not
only in space (stereospecificity) but also in time (‘livingness’). The most representative
examples of control imparted to polymerization (see Sections III, IV and V) by enolate-
containing cocatalysts will be the focus of attention in this review. Clearly, anionic and
radical polymerizations, ring-opening polymerization of lactones and lactides and, above
all, coordination polymerization of nonfunctionalized olefins, such as propene (propylene)
by Ziegler–Natta-type catalysts, have gained huge benefit from the enolate chemistry.

Enolates were decisive in putting under control, for the first time, the anionic poly-
merization of very sensitive monomers, such as the methacrylates and acrylates (see
Section VI). In this anionic polyaddition mechanism, enolates are the active species in
each of the main steps, i.e. initiation (equation 1), propagation (equation 2) and termina-
tion (equation 3) where I∗ is an active form of the initiator I, P∗

i the propagating polymer
containing i monomer units M and X the terminator to yield the polymeric molecule Pi .
This is not the case, for instance, in the ring-opening polymerization of lactones and lac-
tides, where enolates do not participate in propagation and termination although they are
used as initiators1.

I∗ + M
kinit−−−→ P∗

1 (1)

P∗
i + M

kprop−−−→ P∗
i+1 (2)

P∗
i + X

kterm−−−→ Pi (3)

The design of macromolecules, commonly called macromolecular engineering, relies
on living polymerization processes. Originally, M. Szwarc said a polymerization was
‘living’ when it was free from termination and transfer reactions2 – 5. Therefore, initiation
and propagation should be the only events in a living polymerization. Criteria for a
polymerization to be considered as living are as follows: (i) Whenever the monomer
conversion is complete, the chains preserve their capacity to grow further. Thus, the
polymerization should be quantitatively resumed upon addition of a new monomer feed.
(ii) The number-average degree of polymerization, DP, is predetermined by the initial
monomer-to-initiator molar ratio at complete monomer conversion (conv = 1), according
to equation 4, where f is the initiator efficiency. Therefore, DP must increase linearly
with the monomer conversion. The slope of this linear dependence is the [M]0/[I]0 ratio in
case of an ideal living system. Deviation from this slope indicates that either only part of
the initiator has been active (higher slope) or irreversible transfer has taken place (lower
slope). (iii) Whenever the initiation is fast compared to propagation (kinit > kprop) and the
initiation is complete, the concentration of the propagating species remains constant during
polymerization (equation 5), which results in a pseudo-first order kinetics (equations 6
and 7). Thus, the linearity of the semilogarithmic plot of [M]0/[M]t vs. time is commonly
checked, and the apparent polymerization rate constant (kapp = kprop[P∗]) is directly given
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by the slope of this plot. Deviation from linearity can be caused by slow initiation and
irreversible terminations reactions.

DP = [M]0

f × [I]0
× conv (4)

[P∗] = Constant (5)

Rp = −d[M]

dt
kprop[M][P∗] = kapp[M] (6)

ln
[M]0

[M]t
= kt

app (7)

Living polymerization processes pave the way to the macromolecular engineering,
because the reactivity that persists at the chain ends allows (i) a variety of reactive groups
to be attached at that position, thus (semi-)telechelic polymers to be synthesized, (ii) the
polymerization of a second type of monomer to be resumed with formation of block
copolymers, (iii) star-shaped (co)polymers to be prepared by addition of the living chains
onto a multifunctional compound. A combination of these strategies with the use of
multifunctional initiators and/or macromonomers can increase further the range of polymer
architectures and properties.

With the discovery of living polymerization by M. Szwarc in 19563, an unprecedented
research effort was devoted to the macromolecular engineering of anionically prepared
polymers such as polystyrene, polydienes and poly(ethylene oxide). For a long time, the
control of the anionic polymerization of an important class of monomers, the methacry-
lates, could not be accomplished because of a deleterious competing nucleophilic attack
of the ester carbonyl. This problem was solved in the 1980s with the invaluable assistance
of metal enolates. Although controlled radical polymerization and group transfer polymer-
ization can be valuable alternatives, the ligated anionic polymerization of methactrylates
remains the major technique for tailoring of polyacrylates and polymethacrylates with a
variety of well-defined architectures and functionalities.

Nevertheless, polymerizations other than the anionic ones have also been carried out
using enolates as ligands of transition metal cations. Metal acetalyacetonates are indeed
organometallic compounds that directly contributed to the control of radical polymeriza-
tion, ring-opening polymerization and coordination polymerization of specific monomers,
as discussed hereafter.

III. RADICAL POLYMERIZATION

Ethenyl acetate (vinyl acetate, Vac) is polymerizable only by radical species. Until
recently, the polymerization of any monomer was out of control because of the
unavoidable occurrence of irreversible termination reactions. In 1995, Matyjaszewski6

and Sawamoto and coworkers7 reported that the deleterious impact of these irreversible
reactions could be minimized by acting on the kinetics of both the propagation and the
termination reactions. Indeed, a decrease in the instantaneous concentration of radicals
([Mž]) decreases much more importantly the termination rate (proportional to [Mž]2) than
the propagation rate (proportional to [Mž]). A scheme proposed consists in converting
reversibly radicals into unstable covalent species (‘dormant’ species). The last radically
polymerizable monomer to fall under this type of kinetic control was vinyl acetate.
Indeed, very recently Debuigne and coworkers proposed to polymerize Vac by 2.2′-
azobis-(4-methoxy-2,4-dimethyl)valeronitrile (V-70) in the presence of cobalt(II) acetyl
acetonate [Co(acac)2]8. Under these conditions, a linear relationship is observed between
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DP and the monomer conversion, and the polydispersity index is low (Mw/Mn = 1.2).
Interestingly enough, this process is effective in bulk8, in water suspension9 and in aqueous
miniemulsion10. The long-lived propagating species can be derivatized into a series of
functional groups by addition of properly substituted nitroxides or nonpolymerizable
olefins11. Moreover, PVac-block-PS diblock copolymers were synthesized successfully,
which is an additional step in the macromolecular engineering of PVac12.

The mechanism of Co(acac)2-mediated polymerization of Vac is still an open question.
On the basis of an early work by Wayland and coworkers13a on the controlled radical poly-
merization of acrylates by complexes of cobalt and porphyrins, Debuigne and coworkers
proposed a mechanism based on the reversible addition of the growing radicals Pž to
the cobalt complex, [Co(II)], and the establishment of an equilibrium between dormant
species and the free radicals (equation 8)8. Maria and coworkers, however, proposed that
the polymerization mechanism depends on the coordination number of cobalt13b. When-
ever the dormant species contains a six-coordinated Co in the presence of strongly binding
electron donors, such as pyridine, the association process shown in equation 8 would be
effective. In contrast, a degenerative transfer mechanism would be favored in case of
five-coordinated Co complexes (equation 9).

P• P-[Co(III)][Co(II)]+ (8)

Pn-[Co(III)] Pm+ • Pn Pm-[Co(III)]+• (9)

R2

O

OR1

R2

.

O

OR1

Co(acac)2

Co(acac)2

+
+ R1, R2 = PS, PhEt, 1-phenyltetralin

n

n

(1)

(2)

(10)

Co(acac)2 proved also its efficiency in imparting control to the radical polymerization
of styrene. This process, coined quinone transfer radical polymerization (QTRP), is carried
out in the presence of phenanthroquinone and a catalytic amount of Co(acac)2

14 – 16. The
origin of the control should again be found in an equilibrium between a dormant (1) and
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an active species (2), as shown in equation 10. Complexes with Mn, Ni, Al cations were
also tested successfully in this QTRP17.

IV. POLYMERIZATION OF NONFUNCTIONALIZED OLEFINS
Polyolefins have a central position in the marketplace of synthetic polymers, in terms
of annual production volume18. In the 1960s, Natta and coworkers reported that syndio-
enriched polypropylene could be prepared by polymerization of propylene at −78 ◦C
in the presence of a mixture of vanadium tetrachloride and Et2AlCl19. The molecular
weight increased steadily for 25 h, and the polydispersity index (1.4 < Mw/Mn < 1.9) was
moderately low20. This was the first hint of a possible control on this type of coordinative
polymerization.

A truly living polymerization of propylene by a Ziegler–Natta catalyst was
reported by Doi and coworkers, who substituted V(acac)3 for the originally used
vanadium chloride21,22, pointing to the superiority of an enolate-type ligand. Indeed,
the polymerization proceeds without detectable chain termination and transfer reactions
at temperatures lower than −65 ◦C21. The molecular weight increases linearly with time
and molecular weights as high as 100000 g mol−1 can be obtained. The polydispersity
index is unusually very low (1.05 < Mw/Mn < 1.20) and the syndiotacticity is very high
([r] = 0.81). The main drawback is the very low initiation efficiency (4%). Nevertheless,
the structure of the enolate ligand is of prime importance, as illustrated by the quantitative
initiation attained when 2-methyl-1,3-butanedionate replaces acetylacetonate23. Moreover,
the livingness of the polymerization is maintained up to −40 ◦C24.

PP V3+

PP O
H

O

PP I PP

O

H

PP

PP O
H

PP

PP

1. CO
2. HCl

1.

2. HCl

70%

75%

10%

+

25%

20%

1.

2. HCl

PP = Polypropylene

+ +

I2

SCHEME 1. Synthesis of ω-functional syndiotactic polypropylene
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The persistence of the species responsible for the chain growth made the macromolecu-
lar engineering of polypropylene a reality. Indeed, living syndiotactic polypropylene was
reacted with a series of electrophiles with the purpose to prepare ω-functional chains,
as illustrated in Scheme 125 – 29. The livingness of the coordinative polymerization of
propylene gave also access to copolymers. A first strategy relies on the use of ω-end
capped polypropylene as a macroinitiator. For example, ω-iodo polypropylene successfully
initiated the cationic polymerization of THF with formation of polypropylene-block-
polytetrahydrofuran diblocks25. In another approach, Doi and coworkers added a fresh
feed of methyl methacrylate (MMA) onto living polyisoprene in the presence of V(acac)3/
Et2AlCl. The resumption of the polymerization resulted in a polypropylene-block-PMMA
copolymer. A radical mechanism was proposed for the synthesis of the PMMA block30.

The V(acac)3-mediated hompolymerization of ethylene is not living and the polydisper-
sity index is quite high (2.0)31. Nevertheless, ethylene can be successfully copolymerized
with propylene while maintaining the livingness of the process32. Moreover, the enolate
ligated vanadium is a catalyst for the living polymerization of 1,5-hexadiene and copoly-
merization with propylene33. It must be noted that polymerization of 1,5-hexadiene is
a route to a polymer that combines constitutive 1,3-cyclopentylenemethylene units (2′)
and vinyltetramethylene units. Therefore, pendant unsaturations are available for further
functionalization.

CH2

CH

CH2 CH2

CH
CH2

(2′)

V. POLYMERIZATION OF LACTONES AND LACTIDES
The ring-opening polymerizations shown in equations 11 and 12, of lactones (3), lactide
(5a) and glycolide (5b), are a direct route to biodegradable and biocompatible aliphatic
polyesters (4,6a and 6b). These processes are mediated by a large number of catalysts and
initiators. Among them, Al34,35, Ca36, Sn(II)37, Zr38,39 acetylacetonates were able to pro-
mote the ring-opening polymerization of ε-caprolactone (3, n = 4) and lactide (5a). The
polymerization mechanism by this class of enolate mediators was disregarded for a long
time. Recently, Dobrzynski38 studied the mechanism of the ε-caprolactone (3, n = 4)
polymerization mediated by Zr(acac)4, and proposed that an in situ formed zirconium
enolate would be the actual initiator of the the polymerization. Penczek and coworkers34

reported that Al(acac)3 is prone to mediate the polymerization of ε-caprolactone (3, n = 4)
and lactide (5a), which is an extremely slow process; however, the rate is increased on
addition of Al(acac)3 and an alcohol. An aluminum alkoxide would be formed in situ as
illustrated in equation 13 for n-butanol. Again, the actual initiator would be an alkox-
ide, in agreement with Mn, which is predetermined by the monomer-to-alcohol molar
ratio.

O
O

O

O

xn n

(3) n = 1, 3, 4 (4) n = 1, 3, 4

(11)
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VI. ANIONIC POLYMERIZATION OF METHACRYLATES AND ACRYLATES
A. Introduction

In 1956, Szwarc and coworkers investigated the anionic polymerization of MMA ini-
tiated by sodium naphthalenide in THF at −78 ◦C40. Since then, a steadily increasing
number of papers were published on this topic including a series of reviews41 – 45. The
anionic polymerization of acrylates and methacrylates is a chain-growth polymerization,
the propagation step of which is a Michael addition enolate to the double bond of
methacrylate. As mentioned in Section II, the anionic polymerization of methacrylates
is by far more complex than that of styrene. A problem arises from the propensity of
enolates to form aggregates, particularly in apolar solvents. Therefore, an equilibrium is
established between the aggregates and the nonassociated enolates, which are both able to
propagate with different rate constants (ka and k±, respectively, equation 14). As a rule,
the reactivity of the aggregated species is lower than that of the nonassociated species.
The equilibrium constant KDA is defined by equation 15, whereas the total concentration
of the enolates is constant, as long as no irreversible termination reaction takes place
(equation 16).

(P*)2 2P*

ka k±
+ M+ M

kD

kA
(14)
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KDA = [(P∗)2]

[(P∗]2
= kA

kD
(15)

[P∗] =
∑

i

[P∗
j ] = constant (16)

The enolate has a direct impact on the polymerization kinetics. Indeed, the kinetics
order with respect to [P∗] is 1 when KDA[P∗] � 1 (equation 17) and fractional order
with respect to [P∗] is the rule when KDA[P∗] � 1 (equation 18)41. A fractional order in
initiator is thus the signature of aggregation.

KDA[P∗] � 1 ⇒ polymerization rate = kapp[P∗] (17)

KDA[P∗] � 1 ⇒ polymerization rate = kapp[(P∗)2]1/2 (18)

Aggregation may also make an impact on the molecular weight distribution. Indeed,
a slow equilibration between propagating species with different reactivities results in
the broadening or even in the multimodality of the molecular weight distribution. The
establishment of a reversible equilibrium between aggregates and nonassociated species
does not fit the definition of a living system according to M. Szwarc. Nevertheless,
whenever this equilibration is fast enough, polymers with a predetermined DP (equation 4)
and possibly a low polydispersity index can be obtained. In this chapter a reversible
aggregation equilibrium does not preclude livingness from a polymerization46. A basic
problem in the anionic polymerization of acrylates and methacrylates is the occurrence
of irreversible termination and transfer reactions that are hardly avoidable. Indeed, the
initiator can react with the monomer not only by the Michaël addition but also by a 1,2-
addition with formation of an α,β-unsaturated ketone and a new alkoxide (Scheme 2).
Moreover, the initiator can react not only as a nucleophile but also as a base, as shown
in Scheme 2.

R

CO2R′
R′′

R

CO2R′

M

R

COR′′

M

CO2R′

CH2M

CO2R′

R′′M

initiation of 
polymerization
by 1,4-addition

R = H, Me R = HR = Me1,2-addition acid–base
reaction

acid–base
reaction

+
Initiator

+ R′OM

SCHEME 2. Possible reaction pathways between an organometallic initiator and acrylates or meth-
acrylates

The situation is even more complex during polymerization, because a 1,2-addition can
take place onto the ester groups of both the monomer and the monomeric units in the
chains. This type of reaction can be either an intramolecular Claisen condensation, thus a
backbiting reaction, with formation of cyclics (equation 19) or an intermolecular reaction
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that leads to chain branching (equation 20). As a rule, the detailed mechanism of the
anionic polymerization of MMA is deeply influenced by the experimental conditions as
discussed hereafter.
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B. Anionic Polymerization in Polar Solvents

1. Influence of the initiator

The anionic polymerization of methacrylates and acrylates is poorly controlled even at
low temperature, whenever initiated by alkylithium compounds, such as n-BuLi. In order
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to restrict the undesired nucleophilic attack of the ester groups, and thus to improve the
polymerization control, attention was paid to sterically hindered initiators. In their quest
for PS-block-PMMA copolymers, Rempp and coworkers initiated the anionic polymer-
ization of MMA by living PS chains (7)47; however, the polymerization was not under
control. This problem was solved by end-capping 7 with DPE (8) to yield the modi-
fied macroinitiator 9, which improved control on the MMA polymerization by a more
sterically hindered diphenylalkyl anion (9) (equation 21). Remarkably, this premodifica-
tion of the PS macroinitiator (7) by 1,1′-ethene-1,1-diyldibenzene (DPE 8) was effective
in improving the control on the PMMA block. It is worth mentioning that enolates are
involved as propagating species only during the synthesis of the second PMMA block.

Li

Ph

Ph

Ph

Li

Ph

Ph

Ph

Li

CO2MePh

Ph

Ph

CO2Me

+
THF, −78 °CTHF

n

n
n m

(7)

(8)

(9) (21)

Consistently, Anderson and coworkers showed that the polymerization of MMA in THF
at −78 ◦C is living when initiated by DPHLi (10), which is nothing but the model of the
diphenylalkyl anion (9) of the PS macroinitiator used in the synthesis of PS-block-PMMA
(equation 21). It must be noted that DPHLi (10) results from the direct addition of DPE
(8) to n-Buli (equation 22)48. The molecular weight of PMMA is predetermined by the
monomer-to-initiator molar ratio and the MMA conversion. The polydispersity index is
low (1.04 < Mw/Mn < 1.16). The livingness of this polymerization was confirmed by the
successful resumption of the polymerization of lauryl methacrylate (LMA), and formation
of the parent PMMA-block-PLMA diblocks. The anionic polymerization of MMA in THF
at −78 ◦C is thus ‘living’, provided that sterically hindered initiators are used.

Ph

Ph Li
Bu

Ph

Ph

Li
Bu

CO2Me

Ph

Ph

CO2Me

+
THF, −78 °C

m

THF
n-BuLi

(9) (10) (22)

Hatada and coworkers studied the MMA polymerization initiated by benzyllithium
under comparable experimental conditions. PMMA with a broad molecular distribution
was obtained49. Baskaran and coworkers proposed that the lack of control resulted from
an exceedingly high monomer concentration. Indeed, PMMA with a low polydispersity
index (Mw/Mn < 1.3) and a predictable molecular weight was collected at lower MMA
concentration50.

Indeed, the collected PMMA was collected with a low polydispersity index (Mw/Mn <
1.3) and a predictable molecular weight50.

In contrast to the polymerization of methacrylates, the anionic polymerization of acry-
lates is out of control in THF, at −78 ◦C. The steric hindrance of the monomer, e.g. tBuA,
is not beneficial, as testified by a low initiation efficiency (0.56) and a high polydispersity
index (2.1)41.
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Müller and coworkers studied the kinetics of the polymerization of tBuA in THF
at −78 ◦C, which was initiated by t-butyl α-lithioisobutyrate51. The molecular weight
distribution is rather broad (Mw/Mn = 2.5). Only after longer reaction times, side-products
formed by backbiting reaction are observed.

2. Influence of the temperature

The temperature has a decisive effect on the anionic polymerization initiated by DPHLi
(10) or benzyllithium in THF. As soon as the temperature is increased from −78 ◦C up to
−40 ◦C, the livingness is lost50. Compared to MMA and other methacrylates, tBuMA is
an exception for which the anionic polymerization remains under control at temperatures
as high as 25 ◦C52. This remarkable behavior is accounted for by the steric hindrance of
the ester group, which prevents side reactions from occurring at an appreciable rate.

3. Influence of the counter-ion

Müller and Jeuck considered the possible impact of the counter-ion on the polymeriza-
tion kinetics of MMA in THF at −98 ◦C53. They reported a linear relationship between the
interionic distance of the active species and the logarithm of kprop (Figure 1). The inter-
cept roughly corresponds to the propagation rate constant of the free anion. The deviation
observed for Na+ and K+ was accounted for by a solvation effect, that increases the inte-
rionic distance. These results suggest that a single active species, presumably a contact
ion pair, is involved in the mechanism.
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Na+(2.2.2)

Na+K+

Cs+

a−1 (Å−1)

Li+
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3
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FIGURE 1. Dependence of the propagation rate (log kprop) on the reciprocal interionic distance
(a−1). Reproduced with permission from Reference 53. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA
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4. Stereochemical aspects

Although the anionic polymerization of MMA in THF leads to highly syndiotactic
PMMA (Table 1)54, that one of tBuMA results in an equimolar mixture of syndiotactic
and heterotactic triads (Table 1). For both monomers an increase in temperature results in
higher heterotacticity at the expense of the syndiotacticity54,55. The chain tacticity has a
direct influence on the macroscopic properties, as illustrated in Table 2 for both the glass
transition (Tg) and the melting (Tm) temperatures of PMMA56.

Enolates, which are the actual propagating species, exist in the E (11) and Z (12)
configurations. The E/Z ratio of the living chain-ends can be indirectly determined by
reacting the propagating enolates 11 and 12 with chlorotrimethylsilane and converting
them into the corresponding ketene silylacetals 13 and 14, which are characterized by
NMR spectroscopy (equations 23 and 24)57.

CO2Me

O−MeO

CO2Me

OSiMe3
−MeOM+

ClSiMe3m m

(11) (E ) (13) (E )

(23)

CO2Me

O OMe

CO2Me

Me3SiO OMeM+

ClSiMe3

(12) (Z ) (14) (Z )

m m

_

(24)

TABLE 1. Tacticity of PMMA and PtBMA synthesized by anionic polymerization with a
Li counter-ion in THF

T ( ◦C) % syndiotactic triads (rr) a % heterotactic triads (mr) b % isotactic triads (mm) c

PMMA PtBMA PMMA PtBMA PMMA PtBMA

−78 81 52 18 48 1 4
−48 72 26 2
−20 69 28 3

0 63 46 33 56 4 2
0 41 49 10

a A rac-rac (rr) triad is a chain of three consecutive monomer links of R,S,R- or S,R,S-configuration.
b A meso-rac (mr) triad is a chain of three consecutive monomer links of R,R,S- or S,S,R-configuration.
c A meso-meso (mm) triad is a chain of three consecutive monomer links of S,S,S- or R,R,R configuration.

TABLE 2. Influence of tacticity on the glass transition (Tg) and melting (Tm) temperatures of
PMMA. Reproduced from Reference 56 by permission of John Wiley & Sons, Inc.

Stereoregularity a Mn Tg ( ◦C) Tm ( ◦C)

Isotactic (mm = 100%) 7200 49 150
Syndiotactic (rr = 98%) 13000 108 159
Heterotactic (mr = 96%) 9700 91 166

a See footnotes to Table 1.
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TABLE 3. Correlation between tacticity and Z/E isomerism for the
anionic polymerization of MMA in THF at −78 ◦C

Li+ Na+ K+ Cs+ K+(2.2.2)

Z a >99 97 60 5 10
mr b 18 39 56 50 31
rr b 81 59 28 47 67
m c 8 22 34 28 18
r d 92 78 66 72 82

a Configuration of the ester enolate at the living end.
b See footnotes to Table 1.
c A meso (m) diad consists of two consecutive links of R,R- or S,S-configuration.
d A rac (r) diad consists of two consecutive links of R,S- or S,R-configuration.

A correlation between chain tacticity and E/Z isomerism was proposed by Müller and
coworkers for the polymerization of MMA in THF at −78 ◦C, with the major alkaline
counter-ions, including crypted potassium (Table 3)57. Clearly, the stereochemistry of
MMA polymerization is greatly influenced by the size of the cation. Indeed, the Z isomer
is almost exclusively observed with the small cations Li+ and Na+, whereas the E isomer
predominates with the large cations Cs+ and [K+(2.2.2)]58. Whatever the enolate involved,
E or Z, formation of the meso diads (m) is unfavorable, more likely for thermodynamic
reasons. Nevertheless, an increase in the cation radius of the Z enolate results in a higher
fraction of m diads, and a higher fraction of r diads for the E enolate. The effect of the
E/Z isomerism on the chain tacticity is related to the structure of the transition state of
the propagation step. Although a model based on the E/Z stereoisomerism of the lithium
ester enolate was proposed57,58, further investigation is needed because the monomer
coordination in the transition state is unknown and a direct proof of the E/Z isomerism
of the enolate is still outstanding43,59.

C. Anionic Polymerization in Apolar Solvents

1. Polymerization of MMA initiated by organolithium derivatives in toluene

The anionic polymerization of MMA initiated by organolithium derivatives is by far
more complex in apolar solvents than in THF. Indeed, Wiles and Bywater reported that the
polymerization of MMA with sterically hindered initiators in toluene is ill-controlled even
when conducted at low temperature60 – 62. The strong aggregation of the active species in
toluene would be responsible for the observed broad molecular weight distribution and
very low initiation efficiency63,64.

2. Polymerization of tBMA initiated by organolithium derivatives in toluene

The anionic polymerization of tBMA in toluene with a Li counter-ion is again com-
pared to MMA and other methacrylates. Indeed, the monomer conversion is complete
and the molecular weight distribution is narrow not only at −78 ◦C but also at 0 ◦C52,65.
Nevertheless, the polymerization is not strictly living, because an important fraction of
oligomers (Mn = 650) is collected and the initiation efficiency is low. The oligomers
would be dormant chains, unable to propagate in toluene, as a result of aggregation. Nev-
ertheless, they can be reactivated by addition of THF and resume the polymerization of
freshly added monomer. The basic problem is that most of the initiator is consumed by
the low molecular weight chains, which are involved in a very early pseudo-termination
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reaction. Consistently, when the polymerization is initiated by a macroinitiator, e.g. living
anionic poly(isopropene) chains, the aggregation phenomenon is no longer effective and
the initiation efficiency is close to 100%66. PtBMA synthesized in toluene is highly isotac-
tic (99%)55. This very high stereoselectivity is usually accounted for by the intramolecular
coordination of the lithium enolate (15)43.

3. Polymerization of MMA in THF initiated by organomagnesium derivatives

Hatada and coworkers reported that the polymerization of MMA initiated by t-BuMgBr
in toluene, at −78 ◦C, is living. The reaction is remarkably stereoselective, yielding highly
isotactic PMMA (rr > 95%)56,67,68. When less hindered organomagnesium derivatives
were used as initiators (n-, i- and s-BuMgBr), the isotacticity decreased and the molecular
weight distribution was broader68. Based on the NMR analysis of living oligomers, Hatada
proposed an intramolecular coordination of the propagating magnesium enolate (16)56.
This hexacoordination of Mg would be at the origin of the polymerization stereoselectivity.

D. Structural Investigation of Propagating Species

In order to shed light on the polymerization mechanism, the attention of several research
groups was focused on the structure of the living chain-ends. A major problem is that
enolates are known for condensation at a rate that depends on solvent, temperature and
structure of the ester group (t-Bu esters being less reactive than Me esters). This undesired
reaction makes the structural analysis of the chain-ends more complex43. In order to get
rid of any contribution of the chain in the structural analysis, unimeric, dimeric and
oligomeric models of the chain-ends were considered.

1. Unimeric model

α-Lithio carboxylic esters were studied by various experimental techniques, includ-
ing colligative properties, NMR, IR and X-ray scattering. NMR spectroscopy confirmed
that these compounds are typical ester enolates69 (17–19), which can be considered as
unimeric models that mimick the living chain-end of polyacrylates and polymethacrylates.
Moreover, the Z and E isomers of methyl and t-butyl α-lithiophenylacetates, for example,
could be discriminated by IR spectroscopy, with predominance of the E configuration in
THF. E to Z isomerization was observed upon the addition of HMPA70.

The structure of methyl 2-lithioisobutyrate (MiBLi, 18, R = Me) was investigated by
multinuclear NMR69,71,72, confirming that MiBLi is prone to aggregation. For instance,
an equilibrium between a dimer (20) and a tetramer (21) is established in THF at −78 ◦C
(�H = −2.1 kcal mol−1, �S = −13.7 cal mol−1 K−1) (equation 25). At room tempera-
ture, this compound typically forms tetramers, which are however converted into dimers
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OLi
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OLi

OR

OLi

(17) (18) (19)

upon decreasing the temperature and/or the concentration. The fact that the entropy change
for the dissociation is negative was accounted for in terms of steric restriction due to extra
solvent molecules in the solvated dimer, relative to the tetramer71. The rate of exchange
is slow compared to propagation73. The aggregation has a direct impact on the poly-
merization course. Indeed, semiempirical MNDO and ab initio calculations showed that
the charge density on the α-carbon and thus the reactivity decreased with increasing the
extent of the aggregation74.

(MiBLi)4(THF)n + n(THF)2(MiBLi)2(THF)n

(20) (21)
(25)

Křı́ž and coworkers also studied the structure of t-butyl 2-lithioisobutyrate (18, R = t-
Bu), that mimicks the polymerization of tBuMA75. In THF, only one species is observed,
more likely a tetramer, whatever the temperature and concentration.

As a rule, the aggregation of lithium ester enolates is mainly governed by concentration,
temperature and structure of the ester group. There is thus no reason for the polymerization
of methyl methacrylate and t-butyl methacrylate to be influenced by the same experimental
parameters.

2. Dimeric model

A limitation of the unimeric model is that the possible influence of the penultimate
unit is not taken into account on the reactivity of the propagating enolate. Therefore, the
structure of dimeric models (22) was investigated43.

R Li

CO2MeCO2Me

(22) R = Me, OMe

The intramolecular Claisen condensation of the dimeric model (22, R = Me) of PMMA
was observed during NMR analysis, even at low temperature. This condensation results
in the formation of a cyclic β-keto ester (23), methyl 2-lithioisobutyrate and lithium
t-butoxide43 (equation 26).
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CO2MeCO2Me

O

CO2Me

MeO2C
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(22, R = Me) (23)
(26)
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A major difference between unimeric and dimeric models is the possible intramolec-
ular interaction between the lithium enolate and the ester group of the penultimate unit.
However, Bywater was unable to observe such an intramolecular complexation in case
of the dimeric model of living PMMA in THF76. The structure of di-t-butyl 2-lithio-
2,4,4′-trimethylglutarate (24), the dimeric model of living PtBuMA, was investigated.
Aggregation of this ester enolate in solution was shown by measurements of apparent
molecular weight77. IR spectroscopy suggests that the α-lithio ester and the γ -ester group
are interacting78. By NMR spectroscopy and in agreement with ab initio and MNDO
calculations, Křı́ž and coworkers found that in THF the dimeric model of PtBuMA has
a strong tendency to form a complex between the Li enolate and the ester group of the
penultimate unit. Actually, there would be competition between a linear complex (24)
and a cyclic complex (25)79. The cyclic form (25) is monomeric in THF, in contrast to
the linear complex (24) which is a dimer. A stabilization of ca 33 kJ mol−1 was pre-
dicted for the intramolecular coordination79. This situation is drastically different from
that of the dimeric model of living PMMA, for which NMR analysis does not show any
intramolecular complexation.

Li
O

O

OBu-t

OBu-t

(24)

Li
O

O

O
Li O

THF

t-BuO

OBu-t

t-BuO

OBu-t

THF

(25)

Zune and coworkers investigated the structure of the dimeric model of living PtBuMA
in mixtures of toluene and THF80. Dimers were also observed as in pure THF. Moreover,
partly organized pseudo-phases were detected by 7Li NMR when the toluene content
exceeded 50% v/v.

3. Oligomeric model

Monomeric and dimeric models do not mimic ideally living chain-ends because they
ignore the influence of do β- and γ -monomeric units and the steric hindrance of the
chain. It is therefore desirable to investigate the structure of propagating low molecular
weight chains. However, these oligomers are more likely a mixture of living chains and
dead chains as a result of unavoidable termination reactions. For instance, the occurrence
of these undesired reactions made very difficult the characterization of living PMMA
oligomers by multinuclear NMR spectroscopy81. Nevertheless, living polymerization of
MMA in THF at −78 ◦C was studied by a series of techniques, including vibrational
spectroscopy81,82, viscometry83, conductimetry84,85 and kinetic measurements86 – 88. All
the experimental observations were in line with the establishment of an equilibrium
between nonassociated and associated dimers. In contrast to the unimeric model, for-
mation of tetramers was unfavorable, which is expectedly an effect of the chain on the
association of the propagating species.

Kinetic studies in THF at −46 ◦C with Li+ and Na+ counter-ions indicated that kprop
decreases with increasing [P∗], which is the signature of the coexistence of associated
and nonassociated species (Scheme 3)64,88,89. Whenever Li+ is the counter-ion, the reac-
tion order is fractional and decreases from 0.75 down to 0.58, while [P∗] is increased
from 10−4 up to 2 × 10−3 mol L−1, consistent with propagating ion pairs and associated
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SCHEME 3. Equilibrium between associated and nonassociated ion pairs for the anionic polymer-
ization of MMA in THF

species in comparable amount64. At higher temperature (−20 ◦C), the equilibrium between
propagating ion pairs and associated species is shifted toward the less active aggregates,
aggregation being thus an endothermic process90. It is worth noting that aggregation is an
entropy-driven process, which can be accounted for by the steric restriction due to extra
solvent molecules in solvated ion pairs, relative to the associated species, in line with the
results on the dimer–tetramer equilibrium of MiBLi in THF71.

The value of kprop of the associated species is at least two orders of magnitude lower
than kprop of the nonassociated ion pairs64. Consistently, nonassociated ion pairs can be
considered as dormant and ka can be omitted in kinetic equations. Table 4 compares the
values of various equilibrium and kinetic parameters for the polymerization of MMA,
tBuMA and tBuA. Association is less important for tBMA than for MMA, more likely
as a result of the bulkiness of the ester groups. In the same line, aggregation is less
extensive in the polymerization of tBuMA than tBuA, because of the steric hindrance of
the α-methyl subsituent64. Values of kA and kD in Table 4 were calculated according to
equations 15 and 27, where a denotes the fraction of nonassociated ion pairs.

Mw/Mn = 1 + k±/(akA) (27)

Compared to MMA, the anionic polymerization of tBMA is living at higher tem-
peratures due to the decreased reactivity of the enolate resulting from the higher steric
hindrance55. Because of the rare occurrence of irreversible termination, the analysis of
living oligomers was rewarding81,91. In contrast to the dimeric model, no intramolecular
complexation of the enolate with the ester function of the penultimate unit was observed by
13C NMR91. The equilibrium between dimeric aggregates 26 and nonaggregated species
27 (equation 28), previously reported for the dimeric model, was confirmed for the PtBMA
oligomers analyzed by 7Li NMR43. As a rule, PMMA and PtBMA chain-ends are lithium

TABLE 4. Equilibrium and kinetic parameters for the anionic
polymerization of MMA, tBuMA and tBuA in THF, at −65 ◦C,
with a Li+ counter-ion

Parameter MMA tBuMA tBuA

KDA (L mol−1) 0.002 0.0005 0.001
a 0.5 073 0.62
k± (L mol−1 s−1) 46 8 2000
Mw/Mn 1.3 1.1 7.9
kA (L mol−1 s−1) 300 110 480
kD (s−1) 0.15 0.22 0.5
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enolates solvated by THF and partly aggregated.

OLi

OBu-tMe

Me

CO2Bu-t

Chain
OLi

OBu-tMe

Me

CO2Bu-t

Chain(THF)x (THF)y

2

(26) (27)

(28)

Whenever tBMA is polymerized in a THF/toluene mixture with an increasing toluene
content, the polymerization control is less effective. According to NMR, this loss of
efficiency is related to modifications in the aggregation of active species rather than to
structural changes in the aggregates80.

E. Ligated Anionic Polymerization

The first attempts, aiming at imparting control to the anionic polymerization of meth-
acrylates initiated by organolithium derivatives, consisted of using initiators of a reactivity
comparable with that of the propagating species, a highly solvating medium (e.g. THF)
and a low temperature60. Although polymerization was controlled under these conditions,
control was lost in apolar solvents92 or at relatively high temperatures. Moreover, no
control was observed for the polymerization of acrylates whatever the polarity of the
solvent. As a rule, a decrease in reactivity of the propagating enolate is detrimental to the
occurrence of irreversible termination. Ligation of Li enolates was proposed as a general
strategy for modulating their reactivity. Indeed, the ligand may have a threefold role. First,
it can change the distribution of the electron density in the metal ester enolate ion pair
and, therefore, tune the reactivity. Second, the ligand can form a steric barrier, blocking
access around the ion pair. Third, the ligand can modify the complexation equilibria
between ion pairs and/or aggregates, the ideal situation being to end up with a unique
active species. A plethora of ligands were tested, which can be classified in three main
categories: µ-ligands, e.g. LiCl and t-BuOLi, forming polynuclear species with the metal
ester enolate; σ -ligands, e.g. 12-crown-4 (28) and quinuclidine (29), forming coordinative
complexes with the metal counter-ion; and µ–σ -ligands, e.g. LiOEEM (30), with both
possible effects.

O O

OO N

N
OLiO OMe

(28) (29) (30)

1. Inorganic salts

Ionic association equilibria can be perturbed by both organic and inorganic Li salts,
depending on their Lewis acidity and steric factors.

a. Lithium chloride. The anionic polymerization of MMA and tBMA is living when
carried out in THF at low temperature (−78 ◦C) and in the presence of lithium chloride.
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The molecular weight is predetermined by the initiator-to-monomer molar ratio, and the
polydispersity index is low93. Nevertheless, sterically hindered initiators, such as diphenyl-
methyllithium (DPMLi), DPHLi (10) and oligomeric α-methylstyryllithium, have to be
used for good control. However, the anionic polymerization of tBMA falls under control
under less demanding conditions as illustrated by the use of the less sterically hindered
s-BuLi initiator94. Consistently, the control is lost when tBMA is substituted by less hin-
dered monomers, such as MMA, GMA and DMAEMA. Interestingly enough, ligation of
the adduct of s-BuLi and α-methylstyrene by LiCl allowed the anionic polymerization of
tBuA to be controlled in THF at −78 ◦C 95. PtBuA with a narrow molecular distribution
was also collected at higher temperature (20 ◦C)96.

Contrary to the expected, the copolymerization of a mixture of MMA and tBuA was ill-
controlled although the polymerization of each monomer is controlled under the conditions
used96,97. Similarly, polymerization of tBuA initiated by a living PMMA macroinitiator
resulted in the expected PMMA-block-PtBuA diblock copolymer; however, it was contam-
inated by PMMA. The origin of the problems was ascribed to the detrimental backbiting
reaction of the exceedingly sensitive ester function of the MMA antepenultimate unit
of the moderately hindered PtBuA enolate97. This undesired competing reaction was no
longer effective when tBuA was copolymerized with tBuMA rather than with MMA97.

It must be noted that LiCl has no effect on the tacticity of PMMA64. In contrast, the
isotacticity of PtBMA was increased from 9.9% to 25.5% when a threefold molar excess
of LiCl was added to the initiator98.

As shown in equation 25, MiBLi in THF is a mixture of solvated dimers 20 and
tetramers 21. Addition of LiCl results in one predominant complex of stoichiometry
dependent on the relative amounts of LiCl present, as shown in equations 29 to 3299. A
1:1 complex, [(24)ž(LiCl)], is formed by the dimeric model 24 with LiCl. An equilibrium is
rapidly established between this complex and free LiCl. NMR relaxation times and MNDO
calculations are in line with the dimeric aggregration of the 1:1 complex [(24)ž(LiCl)]100.

(MiBLi)4 2(MiBLi)2

Keq
[(MiBLi) (LiCl)]

+ 1LiCl

(21) (20)
(29)

(MiBLi)4 2(MiBLi)2

Keq
[(MiBLi) (LiCl)2]

+ 2LiCl

(21) (20)
(30)

(MiBLi)4 2(MiBLi)2

Keq
[(MiBLi) (LiCl)3] + (n − 3)LiCl+ nLiCl (n > 2)

(21) (20)
(31)

[(MiBLi)(LiCl)3]
T > 55 °C

[(MiBLi)(LiCl)2] (32)

Müller and coworkers studied the anionic polymerization of MMA initiated by RLi
in the presence of steadily increasing amounts of LiCl64,96,101. At LiCl/RLi molar ratios
lower than 1, the propagation rate increases, which was accounted for by the formation of
a 1:1 complex, more reactive than the uncomplexed species. The situation changes dras-
tically at LiCl/RLi molar ratios higher than 2. Indeed, the propagation rate then decreases
with increasing content of LiCl. The same trend was observed for the polymerization
of tBMA98. According to Müller and coworkers, formation of a less active 2:1 complex
would be responsible for the detrimental kinetic effect of an excess of LiCl.
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The silylation route shown in equations 23 and 24 was used to investigate the configu-
ration of the ester enolate at the chain-end58. Although ligation by LiCl changed the E/Z
molar ratio (11.5/88.5 instead of 0/100), no influence on the tacticity was observed59.

Zune and coworkers studied the structure of the species propagating the anionic poly-
merization of tBMA by NMR spectroscopy100. The spectrum of the lithium ester enolate
was perturbed by LiCl, as result of an equilibrium established between free lithium chlo-
ride and complexed active end-groups. The structure of the chain-end was not modified
by a large excess of LiCl.

Because LiCl-mediated anionic polymerization of methacrylates is living, the addition
of a second monomer to living polymethacrylate chains expectedly results in diblock
copolymers, such as PtBuA-block-PMMA94,102, PtBAEMA-block-PMMA103, PtBMA-
block-PGMA94, PtBAEMA-block-PtBuMA103 and PtBMA-block-PDMAEMA94.

b. Lithium perchlorate. Because of a higher Lewis acidity, LiClO4 was substituted for
LiCl as a ligand in the anionic polymerization of methacrylates and acrylates. Although
carried out at −40 ◦C, the anionic polymerization of MMA initiated by DPHLi (10) in THF
is living in the presence of LiClO4

104. The polydispersity is low (Mw/Mn = 1.1) and the
initiation efficiency is high (>0.9). This is a substantial improvement compared to LiCl,
because the livingness was then observed at −78 ◦C and lost at −40 ◦C. Moreover, the
polymerization remains controlled in a mixture of toluene and THF (9/1 v/v) at −78 ◦C,
which was not the case with LiCl as a ligand. Finally, the anionic polymerization of tBuA
in THF at −78 ◦C is also living in the presence of 20 equivalents of LiClO4 with respect
to the initiator. Again, the polydispersity index is low (Mw/Mn = 1.06) and the initiation
efficiency is high (0.96). It must be noted that a broad molecular weight distribution (2.1)
and a low initiation efficiency (0.56) were observed in the absence of any ligand104.

Baskaran and collaborators studied the kinetics of the anionic polymerization of MMA
in THF at −20 ◦C90. The bilogarithmic plot of kapp versus [P∗] is linear with a fractional
slope of 0.5, independently of the addition of a ligand. Therefore, the ligand does not
prevent the propagating enolates from aggregating. Nevertheless, the apparent rate of
polymerization was slower in the presence of LiClO4 and decreased monotonously with
increasing LiClO4-to-initiator molar ratio, which was accounted for by the formation of
less reactive mixed aggregates. No maximum was however observed, as was the case
for the LiCl-mediated polymerization of MMA96,101. The narrower molecular weight
distribution of PMMA synthesized in the presence of LiClO4 was explained by a faster
exchange between the active species.

2. Organic salts

a. Lithium t-butoxide. t-BuOLi has a beneficial effect on the anionic polymerization
of MMA initiated by DPHLi (10) in THF at −78 ◦C. The polydispersity index decreases
from 1.35 down to 1.10 upon the addition of 10 equiv. of t-BuOLi. No impact on the
chain tacticity was however observed105. At 25 ◦C in THF, a tenfold decrease of the rate
constant of undesired cyclization compared to propagation was reported in the presence
of t-BuOLi106. Moreover, the anionic polymerization of acrylates is also controlled when
ligated by t-BuOLi, as exemplified by the polymerization of 2-ethylhexyl acrylate107,108

and nBuA107,109. Fully acrylic block copolymers were accordingly prepared including
PtBuA-block-PEtHA and PtBuA-block-PBuA copolymers107.

The unimeric model of living PMMA ligated by t-BuOLi was studied by NMR. It was
involved in an equilibrium between mixed tetramers110. The complexation rate increased
with the reactivity of the complexes. For instance, the [(MiBLi)3ž(t-BuOLi)] complex was
formed instantaneously, in contrast to the less reactive [(MiBLi)ž(t-BuOLi)3] complex
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that took 20 h at −15 ◦C to be formed. The exchange between the mixed complexes
(equations 33–35) is slow on the NMR time scale, although it was fast when LiCl was
the ligand.

3 (MiBLi)4 4 (MiBLi)3.(t-BuOLi)+ (t-BuOLi)4 (33)

2 (MiBLi)3·(t-BuOLi) 3(MiBLi)2.(t-BuOLi)2(t-BuOLi)4+ (34)

(MiBLi)2·(t-BuOLi)2 2 (MiBLi).(t-BuOLi)3(t-BuOLi)4+ (35)

t-BuOLi and di-t-butyl 2,4,4-trimethylglutarate (24), the dimeric model of living
PtBMA, formed mixed aggregates of the A2B2 and AB3 type, the molar ratio of which
depends on the relative amount of t-BuOLi. NMR data showed the coexistence of three
conformations (α, β, γ ). In the γ form, the enolate is intramolecularly coordinated to
the γ ester group79. However, the NMR analysis of living PMMA oligomers prepared by
the MMA/MiBLi/t-BuOLi (2/1/3) system did not show signals typical of intramolecular
complexation81. In THF at −78 ◦C, t-BuOLi has no effect on the E/Z molar ratio of
the propagating enolate59. Consistently, no effect on the chain tacticity was observed in
THF or in toluene (Table 5)111. However, the chain tacticity was significantly modified
by t-BuOLi in a 9/1 toluene/THF mixture (Table 5)111.

b. Silanolates. Zundel and coworkers reported that sBuMe2SiOLi is a very efficient lig-
and for the living anionic polymerization of MMA initiated by s-BuLi in toluene at 0 ◦C112.
The ligand (s-BuMe2SiOLi) can be easily prepared in situ by reaction of octamethylcy-
clotetrasiloxane [(Me2SiO)4 or D4] with s-BuLi in toluene at 20 ◦C (equations 36–39),
thus prior to the addition of the monomer and the solvent. The livingness of the polymer-
ization at a temperature as high as 0 ◦C is noteworthy. When the polymerization is carried

TABLE 5. Effect of various ligands on the stereochemistry of the MMA polymerization at −78 ◦C

Ligand Initiator Solvent L/Ia mmb mrb rrb mc rc

t-BuOLi DPMLi THF 0 0.01 0.21 0.78 0.115 0.885
t-BuOLi DPMLi THF 10 0.01 0.19 0.80 0.105 0.895
t-BuOLi DPHLi PhMe 0 0.88 0.09 0.03 0.925 0.075
t-BuOLi DPHLi PhMe 10 0.87 0.09 0.04 0.915 0.085
t-BuOLi DPMLi PhMe/THFd 0 0.17 0.25 0.58 0.30 0.70
t-BuOLi DPMLi PhMe/THFd 10 0.57 0.11 0.32 0.63 0.37
12-CE-4 DPHLi THF 0 0.01 0.21 0.78 0.11 0.89
12-CE-4 DPHLi THF 5 0.01 0.22 0.77 0.12 0.88
12-CE-4 DPHLi PhMe/THFd 0 0.17 0.25 0.59 0.30 0.70
12-CE-4 DPHLi PhMe/THFd 5 0.07 0.23 0.70 0.19 0.81
12-CE-4 DPHLi PhMe 0 0.88 0.09 0.03 0.93 0.07
12-CE-4 DPHLi PhMe 5 0.59 0.26 0.15 0.72 0.28
K211 DPHLi THF 2.5 0.02 0.33 0.65 0.19 0.81
K211 DPHLi PhMe/THFd 2.5 0.02 0.32 0.66 0.18 0.82
K211 DPHLi PhMe 2.5 0.02 0.32 0.66 0.18 0.82
LiOEEM DPMLi THF 10 0.01 0.16 0.83 0.09 0.91
LiOEEM DPMLi PhMe 10 0.01 0.16 0.83 0.09 0.91

a Ligand-to-initiator mole ratio.
b See footnotes to Table 1.
c See footnotes to Table 3.
d The PhMe/THF ratio is 9/1 (v/v).
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out in toluene at low temperature (−78 ◦C), the propagating enolate remains active at least
for 90 min, as shown by resumption experiments. At 20 ◦C, the monomer conversion is
limited, the control is less efficient and the molecular weight distribution is broader. Addi-
tion of a coordinating solvent (THF, DMSO) to toluene is deleterious due to enhancement
of self-termination reactions. The introduction of 2s-BuMe2SiOLi as a ligand paved the
way to highly isotactic PMMA (85%) at a relatively high temperature (0 ◦C). It must be
noted that initiation of the MMA polymerization by t-BuMgBr in toluene is an alternative
route to isotactic PMMA, although a much lower temperature (−78 ◦C) is then required
for the polymerization to be controlled67,68.

s-BuLi + (Me2SiO)4 −−−→ [(s-BuLi)-(Me2SiO)4] (36)

s-BuLi + [(s-BuLi)-(Me2SiO)4] −−−→ [(s-BuMe)2SiOLi + [(s-BuLi)-(Me2SiO)3] (37)

s-BuLi + [(s-BuLi)-(Me2SiO)3] −−−→ [(s-BuMe)2SiOLi + [(s-BuLi)-(Me2SiO)2] (38)

s-BuLi + [(s-BuLi)-(Me2SiO)2] −−−→ 2s-BuMe2SiOLi (39)

The ligand-to-s-BuLi molar ratio (R) has a key influence on the polymerization con-
trol113. When R > 21 the size exclusion chromatography fractions of PMMA are mono-
modal and the polydispersity index is low (<1.2). The actual concentration of the s-BuLi
was determined by titration. At least 70% of the initiator contributed to the polymeriza-
tion. One single mixed associated hexameric species, s-BuLi ligated to five molecules of
BuMe2SiOLi, was identified by 7Li NMR, consistently with the large excess of ligand,
which is the prerequisite for the polymerization to be controlled. When the content of
ligand is not sufficiently high (R < 21), the control is lost, as testified by the bimodality
of the molecular weight distribution of PMMA. Under these conditions, more than one
mixed associated species is formed as confirmed by Li NMR114.

Ligation by silanolates was also effective in imparting livingness to the anionic poly-
merization of EMA, nBuMA and isobornyl methacrylate, leading to a series of highly
isotactic polymethacrylates115. The anionic polymerization of acrylates is also living, pro-
vided that the alkyl of the ester group is linear (e.g. nBuA)116. Polymerization of monomers
with a bulky ester group, such as tBuMA and tBuA, is out of control115. Copolymeriza-
tion of acrylates on the one hand or methacrylates on the other hand was successfully
carried out115; however, the copolymerization of one methacrylate and one acrylate is
out of control115. As a rule, the s-BuMe2SiOLi ligand allows a wide range of highly
isotactic random and block copolymers to be prepared provided that the comonomer pair
is properly selected115.

3. Tertiary diamines

The anionic polymerization of MMA is controlled when initiated by DPHLi (10),
in THF at −50 ◦C, in the presence of TMEDA. The initiation efficiency is high and
the polydispersity index is low (Mw/Mn = 1.2)117. A kinetic study has showed that the
slope of the bilogarithmic plot of kapp versus [P∗] is linear. The presence of TMEDA
does not change the kinetic order (0.53) with respect to propagating enolates (THF,
at −20 ◦C, with [TMEDA]/[initiator] >1)118 or the polymerization rate to a significant
extent. Then, TMEDA does not compete with THF for the ligation of the enolate or
perturbs its state of aggregation. It must be noted that, at low ligand-to-initiator molar
ratio ([TMEDA]/[initiator] <1), a small fraction of high molecular weight PMMA is
formed, which suggests that a small amount of TMEDA produces highly reactive species.

Other tertiary diamines were tested as organic ligands such as TMEDA, its tetraethyl
analogue, 2,2′-bipyridine, quinuclidine (29) and sparteine (31)117. The latter was most
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N

N

(31)

efficient, the anionic polymerization of MMA being kept controlled in THF at temperatures
as high as 25 ◦C, with an initiator efficiency close to 1.

4. Crown ethers

Crown ethers such as 12-CE-4 (28) and DB-18-CE-6 (32) are well-known for their
capability to chelate alkali-metal ions surrounding them with a steric barrier, which jus-
tifies that they were tested as ligands in the anionic polymerization of methacrylates and
acrylates. 12-CE-4 (28) changes neither the molecular weight distribution of PMMA, nor
the NMR spectrum of the unimeric model in THF119,120. It is worth noting that the poly-
merization was initiated by DPHLi (10) in THF at −78 ◦C. This crown ether (28) is thus
less complexing than THF and leaves the propagating enolate unmodified105.

O

O

O

O

O

O

(32)

Consequently, the E/Z molar ratio of the propagating enolate and the chain tacticity
in THF were not affected by 12-CE-4 (28) (Table 5)59. In contrast, this ligand was much
less favorable to the isotactic placement in pure toluene or in a 9/1 toluene/THF mixture
(Table 5)111.

The anionic polymerization of MMA was also initiated by (diphenylmethyl)sodium
ligated by several crown-ethers121. Substitution of the sodium counter-ion for lithium
was beneficial to the livingness of the polymerization being promoted by DB-18-CE-6
(32); however, control was lost at 25 ◦C. Mainly, syndiotactic PMMA was formed at
−20 ◦C, without significant effect of the crown-ether. At least up to −20 ◦C, the MMA
polymerization was also living in THF, such that block copolymers were prepared by
sequential polymerization of tBuA and MMA in THF at −78 ◦C122. However, when the
addition order was reversed, the PtBuA-block-PMMA copolymer was contaminated by a
small amount of homo-PMMA, as a result of backbiting of the antepenultimate ester unit
of PMMA by the living PtBMA enolate.

Although these detrimental backbiting reactions were effective in the LiCl-ligated
anionic copolymerization of MMA and tBuA97, this copolymerization was living in THF
at −78 ◦C when initiated by Ph2CHNa ligated by DB-18-CE-6 (32)122. According to the
reactivity ratios determined by the Kelen–Tüdos method (rMMA = 0.02 and rtBuA = 8.81),
copolymers with a tapered structure were formed, as a result of the higher reactivity of
tBuA.



848 Philippe Lecomte and Robert Jérôme

5. Cryptands

In contrast to the crown ether 28, the cryptand K211 (33) is very beneficial to the
control of MMA polymerization initiated by diphenylmethyllithium in THF at −78 ◦C.
As a result, PMMA with a very low polydispersity index (1.01) was obtained119. The effect
of this ligand on the unimeric model, e.g. MiBLi, was studied by NMR spectroscopy. The
equilibrium commonly observed in THF between tetramers and dimers is actually shifted
towards a monomeric complexed species119. Both the E/Z molar ratio (90/10 instead of
0/100) and the chain tacticity (Table 5) are affected by the cryptand K211 (33) whatever
the solvent used59,111.

O

O

N

O

O

N
O

(33)

6. Pyridine

Anderson and coworkers showed that the polymerization of MMA initiated by n-BuLi
is living from −78 ◦C up to −20 ◦C when carried out in a 70/30 (v/v) mixture of toluene
and pyridine48. The beneficial effect of pyridine is maintained when THF is substituted for
toluene with s-BuLi and t-BuLi as initiators. Nevertheless, the polymerization temperature
must be kept below −65 ◦C48. McGrath and coworkers extended this reaction to pure
pyridine at −45 ◦C, and they collected high molecular weight PMMA (up to 83000) with
a low polydispersity index (1.1)123.

Formation of a dihydropyridine σ -adduct at the chain-end was shown by NMR48 and
UV123 spectral analysis. Anderson and collaborators proposed that the actual initiator
would be adduct 34, formed by reaction of s-BuLi with pyridine (equation 40), which
implies that the α-end-group of PMMA is a dihydropyridine group48. This hypothesis
was not experimentally confirmed. However, in the specific case of the ε-caprolactone
(3, n = 4) polymerization initiated by the BuLi/pyridine adduct, no characteristic NMR
signal of dihydropyridine could be detected. The polymerization mechanism was therefore
revised, based on the alkyllithium as the actual initiator and the establishment of an
equilibrium between an active uncomplexed enolate (35) and a dormant σ -complex (36)
as the basis for polymerization control (equation 41)123.

N N

s-Bu

Li
s-BuLi +

(34)

(40)

CO2Me
s-Bu

CO2Me

N
Li

s-Bu
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(35) (36)
(41)
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7. Lithium 2-(2-methoxyethoxy)ethoxide, a µ–σ ligand

Polyethers end-capped by a lithium alkoxide offer a unique ligation where µ complexa-
tion by the lithium alkoxide and σ complexation by the polyether can occur simultaneous-
ly43. The MMA polymerization in THF at −78 ◦C is living in the presence of LiOEEM
(30)105. In contrast to polymerization with µ-ligands, the kinetics is very fast. Indeed,
only 2 minutes are necessary for the monomer conversion to be complete. Upon addition
of 5 equiv. of LiOEEM (30), the polydispersity index is as low as 1.05. Unfortunately,
the polymerization of tBMA remains uncontrolled in the presence of LiOEEM (30), as
witnessed by a bimodal molecular weight distribution, which suggests the coexistence of
at least two types of growing sites. This lack of control was accounted for by the bulkiness
of the t-butyl group preventing effective complexation.

Complexation of the unimeric model of living PMMA by LiOEEM (30) was inves-
tigated by multinuclear NMR124. LiOEEM is actually able to deaggregate the original
MiBLi aggregates with formation of a single mixed complex [(MiBLi)ž(LiOEEM)2], pro-
vided that more than 2 equivalents of ligand are present. Moreover, the same mixed
complex is observed in a 9/1 toluene/THF mixture, which suggests that the lithium cation
is strongly coordinated by LiOEEM.

The interaction of LiOEEM (30) with a dimeric model of living PtBMA was studied
in THF at low temperature by NMR techniques. A metastable system was observed that
needed several days at −15 ◦C to reach equilibrium. LiOEEM is prone to self-association,
which competes with formation of mixed aggregates with the dimeric model. When the
LiOEEM/dimeric model molar ratio is low (up to 4), the aggregation is incomplete and
several complexes coexist125.

LiOEEM (30) has an effect on the E/Z molar ratio of the enolate propagating in
THF (E/Z = 11.5/88.5 instead of 0/100) but not on the chain tacticity (Table 5)59,111.
Nevertheless, in toluene, a substantial increase in the syndiotactic fraction is observed at
the expense of the isotactic one, although the chain tacticity is the same as in THF when
the ligand-to-initiator molar ratio exceeds 3 (Table 5)111. This stereochemical behavior is
the signature of a single living species,whatever the solvent.

The LiOEEM-ligated anionic polymerization of acrylates initiated by diphenylmethyl-
lithium is also controlled in a 90/10 toluene/THF mixture at −78 ◦C105,114,126, con-
trol being as effective however as the alkyl substituent of the monomer is long, i.e.
methyl < ethyl < n-butyl < n-nonyl.

The statistical anionic copolymerization of acrylates and methacrylates is also con-
trolled in the presence of LiOEEM (30), as testified by the copolymerization of MMA
and tBuA in THF at −78 ◦C127. Block copolymers were also prepared by the sequential
polymerization of at least two methacrylates and acrylates. For instance, PMMA-block-
PbBuA128 and PMMA-block-PnNonA were synthesized129. The addition order of the
comonomers is important. Indeed, when living PnBuA is the macroinitiator of the MMA
polymerization, the expected block copolymer is contaminated by homo-PnBuA, which is
not the case when the polymerization sequence is reversed. A fully acrylic-based thermo-
plastic elastomer, PMMA-block-P(2EtHA)-block-PMMA, was prepared by the sequential
LiOEEM-ligated polymerization of MMA, 2-EtHA and MMA130.

8. Lithium 2-(dimethylamino)ethoxide

The better σ -cation binding ability of tertiary amines compared to ethers prompted
Fontanille and coworkers to investigate ligands containing lithium alkoxide and an amino
group. Good control was observed for MMA polymerization initiated by DPHLi (10) in
THF, at 0 ◦C, in the presence of lithium 2-(dimethylamino)ethoxide131.
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F. Ate Complexes

Although the anionic polymerization of MMA initiated by alkyllithium derivatives in
toluene is not living even at low temperature, Hatada and coworkers reported that a
mixture of t-BuLi and Et3Al led to formation of highly syndiotactic PMMA (>90%),
in toluene at −78 ◦C, with predetermined molecular weight, high initiation efficiency
and narrow molecular weight distribution, provided that the [Al]0/[Li]0 molar ratio was
3 or higher132. Remarkably, control is maintained when the polymerization is carried
out at room temperature, provided that neither n-BuLi nor s-BuLi are used as initiators,
because of detrimental reactions with the ester groups132,133. This strategy was successfully
extended to the anionic polymerization of other methactrylates, such as EMA, iPrMA,
nBuMA, tBuMA. The polymerization livingness was confirmed by the successful synthe-
sis of PMMA-block-PEMA diblock copolymer by the sequential polymerization of MMA
and EMA132.

A wide range of trialkylaluminum with different bulkiness and Lewis acidity was
investigated133 – 136. They influenced differently the PMMA tacticity. Et3Al and i-Bu3Al
led to syndiotactic PMMA, whereas atactic PMMA was formed in the presence of t-Bu3Al.
Ballard and coworkers successfully polymerized MMA in toluene at 0 ◦C in the presence
of a mixture of t-BuLi and (2,6-di-t-butyl-4-methylphenoxy)diisobutylaluminum, that was
prepared by reaction of triisobutylaluminum with 2,6-di-t-butyl-4-methylphenol137. In
order to shed light on the origin of the polymerization control, a mechanistic study was
undertaken by NMR techniques. In the t-BuLi/Et3Al system, the actual polymerization
initiator is a t-butyl carbanion. Actually, t-BuLi forms an ‘ate’ complex with Et3Al132.
Later on, Müller and coworkers analyzed the unimeric model in the presence of Et3Al
and MMA, and they confirmed the formation of a bimetallic ate complex138,139. It was
accordingly proposed that the propagating species is an ate complex, which exhibits a
decreased nucleophilicity compared to the uncomplexed species.

The activation of the monomer by Et3Al cannot however be disregarded. In this respect,
Müller and coworkers carried out a two-step experiment. First, they polymerized MMA in
toluene at −78 ◦C with an Al/Li molar ratio of 3.3. Finally, an excess of trialkylaluminum
was added with the Al/Li molar ratio exceeding 10. This resulted in a slower propagation
rate, although the concentration of the MMAžAlEt3 complex was higher, in qualitative
agreement with a more intense yellow color. This experiment thus suggests that the effect
of Et3Al on the MMA polymerization does not proceed through an activated monomer
mechanism138,140.

The kinetic behavior is quite complex. The time-conversion plot shows a curvature at
low conversion followed, after a kink, by a linear regime at higher conversion138. A first
tentative explanation relied on the establishment of an intramolecular coordination of the
propagating enolate by the ester group of the penultimate unit. So, the polymerization
would be initiated by the ate complex, followed by the insertion of a few monomer units
and the rapid conversion of the propagating ate complex into a less reactive intramolecu-
lar complex. However, a bulkier trialkylaluminum that should prevent the intramolecular
complexation from occurring does not cancel the kink in the kinetic plot and does not sup-
port the proposed mechanism141. Another explanation involves networking of the chains
as a result of the intermolecular coordination of the enolates and constitutive ester groups.
Anytime they are less accessible in the gels, the enolates behave as dormant species. The
actual concentration of the active enolates in the gel is thus decreased, and so is the
polymerization rate. This gel effect can be suppressed by the addition of a Lewis base,
such as 12-crown-4 (28), methyl pivalate or methyl benzoate142, which makes the kinetics
first order in monomer and the molecular weight distribution narrow.
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G. Metal-free Initiators

A possible strategy to improve control of the anionic polymerization of methacry-
lates relies on the substitution of metal-free cations for metal cations. Ammonium and
phosphonium salts were investigated as discussed hereafter.

1. Ammonium salts

Reetz studied the polymerization of nBuA initiated by tetrabutylammonium thiolates,
which are easily prepared by reaction of thiols with tetrabutylammonium hydroxide143.
Nevertheless, only polymers of molecular weight under 2000 were formed144. This prob-
lem was overcome by using the tetra-n-butylammonium salt of diethyl 2-ethylmalonate
(37) as initiator (equation 42). PnBuA was obtained with a predictable molecular weight
and a low polydispersity index (1.1 < Mw/Mn < 1.2).

CO2Bu-n

C

CO2Et

CO2Et

CO2Et

CO2Et

O−

OBu-n

CO2Bu-n
CO2Et

CO2Et

CO2Bu-n

+N(Bu-n)4
THF, 25 °C

(n −1)

+N(Bu-n)4−

n

(37)

(42)

A variety of alkyl-ammonium-based initiators was tested in the polymerization of alkyl
methacrylates and acrylates; however, only very limited control was observed41. Baskaran
and coworkers initiated the polymerization of MMA by the tetrabutylammonium and
the tetramethyldiethylguanidinium of the 1,1-diphenylhexyl anion, in THF at −40 ◦C145.
Whereas the polymerization was very fast, the initiator efficiency was low and the molec-
ular weight distribution was broad. The low nucleophilicity of the initiator compared to
that of the propagating enolate results in a slow initiation, thus the low initiator efficiency,
and a broad molecular weight distrubution. It must be noted that part of the initiator was
left unreacted at the end of the polymerization. This points to initiation equilibrium and
ion pairing effects being detrimental to the polymerization control145.

Bandermann and coworkers studied the MMA polymerization initiated by 37146. When-
ever the initiator is contaminated by traces of diethyl 2-ethylmalonate, an inhibition period
is observed, which was accounted for by a transfer reaction of the propagating enolate to
diethyl 2-ethylmalonate. The polymerization cannot start until this contaminant is com-
pletely consumed. Consistently, no inhibition is observed when the initiator is highly pure.
Finally, a Hoffman elimination in the propagating ammonium enolate (38) could occur
with formation of dead chains (39) tri-n-butylamine and 1-butene (equation 43)146.
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2. Phosphonium salts

Hogen-Esch and collaborators147 polymerized MMA in THF at 0 ◦C and at 25 ◦C
using as initiator tetraphenylphosphonium salts of various counter-ions (40–45)147 – 152. In
contrast to the polymerization carried out in the presence of ammonium and guanidinium
salts, the MMA polymerization initiated by tetraphenylphosphonium triphenylmethanide
(Ph3CPPh4) is living in THF, even at room temperature, with a high initiation efficiency
and a narrow molecular weight distribution (Mw/Mn < 1.1)150. The polymerization of
nBuA is, however, ill-controlled under the same conditions153.
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Hogen-Esch stressed that the MMA polymerization initiated by Ph3CPPh4 is very fast
(0.3 s < half life < 1 s) with a very short induction period (0.05 to 0.2 s). Therefore,
it is mandatory that the polymerization medium be very rapidly homogenized for the
polymerization to be controlled. The dropwise addition of a MMA solution in THF to a
solution of the phosphonium salt in the same solvent was recommended147.

The rate of polymerization initiated by (1-naphthyl)triphenylphosphonium salts is four
to five orders of magnitude slower than the one initiated by the corresponding tetraphenyl-
phosphonium salts. Remarkably, control was maintained although no special attention was
paid to the mixing of reactants151.
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Substitution of the tetraalkylphosphonium for the tetraphenylphosphonium counter-
ion was detrimental to the control of the MMA polymerization. Indeed, although the
molecular weight distribution was narrow, the initiator efficiency was very low (<0.18)154.
Phosphazenes were also investigated as counter-ions, but the initiator efficiency remained
quite low155,156. Baskaran and Müller reported that the polymerization of MMA initiated
by 45′ was very fast (0.05 s < half life < 0.15 s; −20 ◦C < T < 20 ◦C) and termination
was negligible157.
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A possible correlation between the structure of the phosphonium salt and polymerization
control was investigated. Based on kinetic analysis150 and NMR data149, it was proposed
that a fast equilibrium is established between the propagating enolate (46) and a dormant
ylide (47) in the polymerization initiated by Ph3CPPh4 (equations 44 and 45).
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(MIB)PPh4, where MIB stands for the methylisobutyrate carbanion 43, which is the
unimeric model of the MMA propagating species, was synthesized and characterized
by UV and NMR149. The aforementioned equilibrium was confirmed, in which the dor-
mant ylide is the major species150. Whenever the polymerization of MMA is initiated
by (MIB)PPh4 in THF at 20 ◦C, the initiation efficiency is low (20%) and the molecular
weight distribution is broad (Mw/Mn = 2.1). This observation was accounted for by the
ylide-to-enolate isomerization, which is slower than the chain propagation150.

In contrast to the polymerization mediated by ammonium and guanidinium salts, an
equilibrium between propagating and dormant species exists and the actual concentration
of the propagating species is lower, which is thought to be responsible, in part at
least, for the very good polymerization control at unusually high temperatures. In
agreement with this model, no ylide can be formed in case of tetraaalkylphosphonium
salts and indeed the polymerization is not controlled154. The unique behavior of (1-
naphthyl)triphenylphosphonium salts compared to tetraphenylphosphonium salts was
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accounted for by the higher stability of the dormant ylide, because aromaticity is restored
by the addition of the enolate to the ring.
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H. Group Transfer Polymerization (GTP)

Webster and coworkers discovered in the mid—1980s that the polymerization of MMA
initiated by silyl ketene acetals (48) in the presence of ZnBr2 was living (equation
46)158 – 160. Propagation proceeds through the addition of a silyl ketene acetal to an acti-
vated double bond under Lewis acid catalysis, which is nothing but the well-known
Mukaiyama reaction161. A further breakthrough in this field was the discovery that a very
small amount of bifluoride (less than 0.01% versus the initiator) is able to promote the
living polymerization of methacrylates at room temperature162. This original process was
patented by du Pont de Nemours & Company in 1983. Webster and coworkers coined the
name of GTP for this polymerization as was suggested by B. M. Trost159.

OSiMe3

OMe

CO2Me
O OMe

OSiMe3

OMe

n

ZnBr2
n

(48)

(46)

Later on, a wide range of Lewis acids and nucleophilic catalysts was shown to promote
GTP. GTP mediated by Lewis acids158 is beyond the scope of this review because no
enolate is involved in the mechanism. The nucleophilic catalysts can be illustrated by
bifluoride162,163 – 165, fluoride165, cyanide163,166,167 and oxyanion salts168, with a special



15. Metal enolates in polymer science and technology 855

emphasis on tris(piperidino)sulfonium bifluoride that produces polymers with a narrow
molecular weight distribution.

A kinetic study by Brittain and coworkers confirmed that initiation is faster than
propagation, which is a prerequisite for the molecular weight distribution to be
narrow164. Anions can be ranked in the following order of decreasing reactivity: HF2

− >
C6H5CO2

− > [PhCO2
...H...O2CPh]− 164.

The chain tacticity of PMMA synthesized by GTP catalyzed by nucleophiles at different
temperatures was analyzed by Webster and coworkers The syndiotactic content increases
from 50% at 60 ◦C up to 80% at −90 ◦C in THF, using tris(dimethylamino)sulfonium
bifluoride [(Me2N)3S+ HF−

2 ] as catalyst165. In contrast to the anionic polymerization of
MMA, the stereoselectivity of GTP is less sensitive to solvent. It must be noted that
PMMA is less syndiotactic when the GTP is catalyzed by nucleophiles rather than by
Lewis acids165. GTP was extended to the living polymerization of many acrylates and
methacrylates, such as nBuMA, glycidyl-MA, 2-ethylhexyl-MA, Me3SiOCH2CH2-MA,
sorbyl-MA, allyl-MA, lauryl-MA), acrylates (EA, BuA), acrylonitrile, methacrylonitrile
and N ,N-dimethylacrylamide165.

Several mechanisms were proposed in the scientific literature for the nuclophiles-
mediated GTP. Webster and Sogah proposed a concerted associative mechanism based on
the direct transfer of a pentacoordinated siliconate intermediate (49) from a chain to an
incoming monomer (equation 47)159,162.
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Based on kinetic and stereochemical considerations, Müller revised this mechanistic
proposal in favor of a two-step associative mechanism169,170. The monomer would be
added to the α-carbon of the pentacoordinated siliconate chain (49) followed by migration
of the silyl group to the carbonyl of the monomer (equation 48). It is then essential that
the exchange of the catalyst between chain-ends is fast compared to chain propagation.

Although the silyl exchange should be typically intramolecular according to this asso-
ciated mechanism, significant exchange between growing chains occurs during GTP. In
order to account for this experimental observation, Quirk and coworkers proposed a dis-
sociative mechanism, which relies on the dissociation of the pentacoordinated siliconate
(49), followed by the Michaël addition of the released enolate (50) onto the monomer
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and the reversible conversion of the new enolate (51) into a silyl ketene enolate (52)
(equation 49)171,172. This mechanism thus implies an exchange between an active species
(the enolate) and a dormant species (the silyl ketene enolate). The good control imparted
to GTP would then be accounted for by a decrease in the instantaneous concentration
of the active species in the polymerization medium. Moreover, a fast exchange of silyl
groups between chain-ends would be responsible for a narrow molecular weight distribu-
tion. Actually, GTP would take place according to different mechanisms depending on
the catalysts and the experimental conditions, as shown by Müller in kinetic studies173.
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There are several similarities between classical anionic polymerization and GTP of
methacylates. Indeed, side reactions observed in anionic polymerization are also observed
in GTP. Brittain and Dicker showed that the intramolecular cyclization of the end-group
with the ester function of the antipenultimate unit is the major termination reaction in
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GTP of methacrylates174. Tacticity of PMMA synthesized by either anionic polymerization
or mucleophile-mediated GTP is very similar171,175. The same conclusion holds for the
reactivity ratios in random copolymerization of methacrylates and acrylates169,176 – 178, for
the activation energy169,170,179a and the frequency exponent169,179a. These experimental
observations support that the same propagating species, i.e. enolates, are involved in both
polymerization processes41.

One main difference between anionic polymerization and GTP has to be found in the
amount of enolates active in polymerization. In anionic polymerization, all the chains
are end-capped by an enolate, which is the case for only a small part of the chains
in GTP consistent with the very good control of GTP even at room temperature. In
this respect, Brittain and Dicker showed that kprop/kterm is by far higher in GTP (250)
than in classical anionic polymerization (kprop/kterm = 8)174. In line with slow termination
compared to propagation in GTP, Bandermann and coworkers found that the amount of
the nucleophilic catalyst is essential to the polymerization control. Indeed, as far as the
tris(piperidino)sulfonium bifluoride-mediated GTP of MMA in THF is concerned, the
polydispersity index increases with the amount of catalyst179b.

VII. MACROMOLECULAR ENGINEERING AND ENOLATES
The advent of living anionic polymerization of acrylates and methacrylates paved the
way to their macromolecular engineering. Functionalization of polyacrylates and poly-
methacrylates either along the chain or at the chain-end will be reviewed first. Although
several examples of synthesis of fully acrylic and methacrylic diblock copolymers were
already mentioned in this review, combination of the anionic polymerization of acry-
lates and methacrylates with the anionic polymerization of other classes of monomers is
effective in extending the range of this type of polymeric materials. Moreover, the anionic
polymerization can also be combined with other polymerization mechanisms, such as rad-
ical and cationic polymerization. Moreover, not only linear polymers as discussed until
now can be synthesized, but also more complex architectures, such as comb- and star-
shaped chains. Nevertheless, the literature dealing with the macromolecular engineering
of these polymers is too extensive for a comprehensive review to be part of this chapter,
and only representative examples will be mentioned. Readers interested in more detailed
information are referred to specific reviews180 – 183.

A. Chain End-capping by a Functional Group

Polyacrylates and polymethacrylates can be end-capped by a functional group at one
chain-end according to two strategies184, by which either the initiator bears the envisioned
functional group (protected or not), or living polymer chains are reacted with a duly
substituted electrophile.

1. Electrophilic activation of living polymer chains

The main limitation of this approach is that any departure from livingness because of
premature termination reaction results in the partial end-functionalization of the chains.
Moreover, for the derivatization reaction to be complete, conditions of ultrahigh purity
are required. The chains prepared by this technique are thus ω-functional.

a. Hydroxyl end-groups. Hatada and coworkers attached ω-hydroxyl end-groups by a
two-step process, based on the reaction of living PMMA chains (53) with allyl iodide
in the presence of TMEDA, followed by the conversion of the terminal double bond
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(54) into an alcohol (55) by hydroboration with 9-BBN (9-borabicyclo[3.3.3.1]nonane)
followed by reaction with H2O2/NaOH) (equation 50)185 – 188.
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A more straightforward approach was reported by Varshney and coworkers, who reacted
living anionic PtBuA with aldehydes189. A similar strategy was also implemented in case
of polymers prepared by GTP, for the synthesis of ω-hydroxyl–PMMA. Benzaldehyde
was used as the derivatizing agent165.

b. Thiol end-groups. Varshney and coworkers derivatized living PMMA and PtBMA
chains with 2-methylthiirane190. The actual mechanism is still unknown, although either
ring-opening of thiirane (equation 51) or formation of an intermediate sulfurane (56) fol-
lowed by elimination of propene to yield the thiol polymer 57 could occur (equation 52).
Although there is a preference for this extrusion mechanism, Quirk and collaborators
recently showed that polystyryl lithium reacts with 2-methylthiirane by ring-opening
polymerization191.
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c. Carboxylic acid end-groups. For this purpose, Varshney and coworkers reacted living
PtBuA with a large excess of dried carbon dioxide189. Whenever a difunctional initiator
is used in the synthesis of PtBuA, an α,ω-dicarboxy-PtBuA is prepared, which is easily
converted into a halato-telechelic polymer by neutralization of the acid end-groups with
barium methoxide89.
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d. Unsaturated end-groups. Living PMMA chains were reacted with allyl bromide
at −78 ◦C for being end-capped by an olefin48. The end-capping of polymethacrylates
and polyacrylates by a methacrylic or an acrylic unsaturation is of great interest, because
macromonomers are then available, which can be copolymerized with formation of comb-
shaped polymers. However, the direct reaction of living PtBuA with methacryloyl chloride
failed in forming the expected macromonomer. An alternative two-step strategy was then
proposed, which relies on the reaction of living chains with an aldehyde followed by
reaction of the ω-hydroxyl with methacryloyl chloride189.

Styrene-type macromonomers were also prepared by reaction of living PtBuA and
PMMA chains with p-vinylbenzyl chloride, iodide or bromide48,189, 4-(chlorodimethyl-
silyl)styrene189 and 4-(chlorodimethylsilyl)-α-methylstyrene189, respectively.

2. Initiation by a functional compound

The main advantage of this strategy is that all the chains are end-capped by the func-
tional initiator, at least in a strictly living process. However, the functional group attached
to the initiator must be protected whenever it is sensitive to nucleophilic attack. A few
examples of α-functional polymethacrylates and polyacrylates are reported hereafter.

a. Amino end-group. The LiCl-ligated polymerization of MMA and tBMA was carried
out by Varshney and coworkers in THF (−78 ◦C) or in toluene/THF (9:1 v/v, 0 ◦C),
initiated by 59, which is an adduct of DPE (9) and 2,2,5,5-tetramethyl-1-(3-lithiopropyl)-
1-aza-2,5-disilacyclopentane (58, equation 53). The α-amino end-group was deprotected
during precipitation in acidic methanol, which released polymethacrylate end-capped by
a primary amino group (60)190.
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Antoun and coworkers showed that lithium diisopropylamide (LDA) is an effective
initiator of the LiCl-mediated living polymerization of MMA and tBMA in THF at
−78 ◦C192. Amino end-capped polymethacrylates were accordingly prepared with pre-
determined molecular weight and narrow molecular weight distribution190. Less sterically
hindered lithium dialkylamides were, however, less efficient than LDA in initiating the
living polymerization of methacrylates, as result of partial aggregation into ‘dormant’
species and parasite attack of the carbonyl groups.
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b. Hydroxyl end-group. Anderson and coworkers initiated the MMA polymerization in
THF at −78 ◦C by 62, which is an adduct of DPE (9) and 3-(1-ethoxyethyloxy)propyllith-
ium (61) (equation 54). Acidic deprotection of the acetal end-groups provided the targeted
α-hydroxyl-PMMA (63) (equation 54)48. Coupling of living PMMA by reaction with
1,4- bis(bromomethyl)benzene followed by hydrolysis of the end-groups leads telechelic
hydroxyl-PMMA, namely PMMA capped by a hydroxyl group at each chain-end48.
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Webster also prepared α-hydroxyl-PMMA by GTP initiated by Me2C=C(OSiMe3)
OCH2CH2OSiMe3

193 followed by deprotection of the α-end-group by fluoride-catalyzed
methanolysis. Again, coupling of PMMA with phthaloyl fluoride prior to deprotection is
a route to telechelic PMMA193.

c. Sulfoxide end-group. Nugay and coworkers initiated the LiOEEM-ligated anionic
polymerization of MMA initiated by dimsyllithium, which was generated in situ by reac-
tion of s-BuLi and DMSO in toluene at 0 ◦C. PMMA end-capped by a sulfoxide was
accordingly made available194.

B. Chain Modification by Pendant Functional Groups

In order to introduce a functional group, a first route is based on the conversion of
polyesters or polymers bearing pendant ester groups into the corresponding polyenolates,
followed by reaction with a judiciously substituted electrophile. A second strategy is the
direct polymerization of an acrylate or a methacrylate substituted by a functional group.

1. Metallation of ester-containing polymers

Poly(methyl acrylate) was reacted with LDA at −78 ◦C, and the corresponding polyeno-
late was reacted with electropiles such as benzaldehyde, benzyl chloroformate, 2-naphthoyl
chloride and iodomethane (Scheme 4)195. The substitution yield did not, however, exceed
34%, which is much lower than the yield reported in case of low molecular weight
compounds. Steric factors are a reasonable explanation for this observation.

When aliphatic polyesters are considered, lack of functional groups along the chains
is a severe limitation for their application in the biomedical field or as environmentally
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SCHEME 4. Introduction of pendant substituents in polyacrylates

friendly thermoplatics. Vert and coworkers metallated aliphatic polyesters, such as PCL
(equation 55) and poly(lactic acid) (equation 56), with LDA in THF at −78 ◦C, followed
by reaction with various electrophiles (Scheme 5)195. Again, the grafting yield was low,
within the 10–20% range. That the ester groups are pendant or part of the backbone has
no decisive effect, probably because of the unavoidable aggregation of enolates, which is
unfavorable to the reaction progress. Moreover, condensation of enolates with esters can
also occur and results in chain-breaking. Intermolecular condensation is thus responsible
for the broadening of the molecular distribution, whereas intramolecular condensation is
responsible for the formation of cyclics and a decrease in the number-average molecular
weight (Mn). This chain degradation is systematically observed to an extent that depends
on the experimental conditions and the structure of the polyester. As a rule, degradation is
more important for copolymers of lactides (5a)196 than for poly(ε-caprolactone). In spite
of the limitations of this method, an advantage has to be found in the use of nontoxic
organometallic compounds, which is a prerequisite for any potential biomedical appli-
cations. Vert and coworkers implemented this strategy for substituting a wide range of
aliphatic polyesters by hydroxyl195 and carboxylic acid groups196,197, tritium198, iodine199

and flurorescent probes195.

O

O

O

O
O

OLiLDA

THF, −78 °Cn4 4 n m
p4

(55)
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2. Polymerization of functional monomers
Polymerization or copolymerization of properly substituted methacrylates is a direct and

very effective strategy for the preparation of polymers grafted by a series of substituents.
For instance, polymethacrylate containing amino groups was prepared by living LiCl-
mediated anionic polymerization of 2-(dimethylamino)ethyl methacrylate (DMAEMA)200

and 2-(t-butylamino)ethyl methacrylate103 in THF at −78 ◦C. Mixtures of DMAEMA and
tBuMA were also copolymerized200.

Methacrylates containing a functional group in the ester, such as allyl methacrylate and
glycidyl methacrylate, can be directly polymerized by GTP193, which is advantageous
because no protection of the functional group is needed prior to polymerization.

In contrast to GTP, certain functional groups are not tolerant of anionic polymerization,
making it necessary to protect the group prior to polymerization and to deprotect after
polymerization, which makes the process more complex. For example, 2-(trimethylsilyl-
oxy)ethyl methacrylate165 and trimethylsilyl methacrylate193 were anionically polymerized
as precursors of poly(2-hydroxyethyl methacrylate) and poly(methacrylic acid), respec-
tively.

C. Block Copolymers
Interest in block copolymers is based on their capacity to combine in an additive

manner the properties of the constitutive blocks. They can be synthesized by coupling of
the preformed blocks or by sequential polymerization of the corresponding monomers.

1. Coupling of preformed polymers
This strategy requires that the preformed polymers are end-capped by groups reac-

tive towards a coupling agent as illustrated by Hatada and coworkers, who prepared
PMMA (67) with a stereoblock structure. Isotactic ω-hydroxyl-PMMA (64) and syn-
diotactic ω-hydroxyl-PMMA (66) were coupled by reaction with sebacoyl chloride (65)
(equation 57)185,186. Nevertheless, this process is not selective because the stereodiblock
was contaminated by chain-extended isotactic and syndiotactic PMMAs, respectively.

Cl Cl

O O

O O

iso-PMMA(CH2)3O O(CH2)3-syndio-PMMA

+ +iso-PMMA-(CH2)3OH syndio-PMMA-(CH2)3OH
8

(64) (65) (66)

(67)

8

(57)
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For coupling to be selective, the chain to be coupled must be end-capped by mutually
reacting groups. For example, a living anionic polyacrylate or polymethacrylate can be
directly coupled to any polymer or copolymer end-capped by a suitable electrophile.
Hadjichristidis and coworkers coupled living anionic PMMA chains with the living PtBuA
anion of PS-block-PtBuA by reaction with 1,2-bis(bromomethyl)benzene, with formation
of a triblock copolymer201.

2. Synthesis of block copolymers by sequential polymerization

Sequential polymerization of two acrylic monomers was discussed in Sections VI.E.4,
VI.E.7 and VI.F. This technique was extended to three comonomers with formation of
ABC-type triblock copolymers. For example, PMMA-block-PtBMA-block-PMMA tri-
block copolymer was synthesized by the sequential DPHLI-initiated polymerization of
MMA, tBMA and MMA, respectively202. Symmetrical BAB-type diblock copolymers
were also prepared in two steps, polymerization of the A monomer being first initiated
by a difunctional compound. The B blocks formed in the second step necessarily have
the same average degree of polymerization.

With the purpose of increasing the range of available block copolymers, comonomers
other than methacrylates and acrylates can also be involved in sequential polymerization,
provided that they are susceptible to anionic polymerization. Dienes, styrene derivatives,
vinylpyridines103,200, oxiranes and cyclosiloxanes are examples of such comonomers. The
order of the sequential addition is, however, of critical importance for the synthesis to be
successful. Indeed, the pKa of the conjugated acid of the living chain-end of the first block
must be at least equal to or even larger than that of the second monomer. Translated to a
nucleophilicity scale, this pKa effect results in the following order of reactivity: dienes �
styrenes > vinylpyridines > methacrylates and acrylates > oxiranes > siloxanes.

Zundel and coworkers proposed a very elegant strategy for circumventing the clas-
sical rule related to the order of addition of the comonomers203 – 205 by boosting the
reactivity of the living chain-end of the first block by converting it into a more nucle-
ophilic species. For this purpose, they studied the polymerization of MMA initiated by
Me3SiOK as a model for the living chain-end of polysiloxane. In order to increase its
reactivity, this K silanoxide end-group was converted into a silacarbanion (69) by reaction
with 1,1,2,2-tetramethyl-1,2-disilacyclopentane (68) (equation 58)204. Silacarbanions are
prone to initiate the polymerization of MMA, thus in contradiction to the classical rule.
Nevertheless, the low initiation efficiency (35%) needs improvement.

Si SiMe3Si O
SiMe3SiOSiM+ M+

+−
−

(68) (69)

(58)

a. Copolymerization of methacrylates and acrylates with styrene derivatives. Hautekeer
and coworkers synthesized PS/PtBuA di- and triblock copolymers206. The strategy relies
on the anionic polymerization of styrene initiated by mono- or difunctional initiators and
resumption of polymerization with tBuA in THF at −78 ◦C, in the presence of LiCl.

Living PtBuMA-K enolate is not reactive enough for being an efficient macroinitiator
for polymerization of the rather unreactive styrene207. p-Substitution of styrene with
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an electron-withdrawing group increases the monomer reactivity and thus improves the
copolymerization efficiency. Indeed, PtBuMA-K successfully initiated the polymerization
of t-butyl 4-vinylbenzoate, of reactivity comparable to that of alkyl methacrylates207.

b. Copolymerization of methacrylates and acrylates with dienes. Triblock copolymers of
methacrylates and dienes are strong competitors of the traditional PS-block-PBD-block-PS
thermoplastic elastomers, commercially available under the tradename KRATON, because
they exhibit a higher service temperature. Indeed, this upper limit is dictated by the glass
transition temperature (Tg) of the outer blocks, thus 70 ◦C for the PS blocks compared
to 120 ◦C for syndiotactic PMMA ones. PMMA-block-PBD-block-PMMA was prepared
by initiating the butadiene polymerization by either 1,3-bis(1-phenylethenyl)benzene or
m-diisopropenylbenzene in cyclohexane at 25 ◦C, followed by the end-capping of the
living chain-end by DPE (9) and finally by the MMA polymerization in THF at low
temperature (−78 ◦C) in the presence of LiCl as ligand (Scheme 6)208. The strategy was
extended to the polymerization of EMA209, tBuMA209, IBMA209,210 and mixtures of
GMA and MMA211, to prepare the triblock copolymers PEMA-block-PBD-block-PEMA,
PtBuMA-block-PBD-block-PtBuMA, PIBMA-block-PBD-block-PIBMA and P(GMA-co-
MMA)-block-PBD-block- P(GMA-co-MMA), respectively.

c. Copolymerization of methacrylates and acrylates with epoxides. Wang and coworkers
showed that block copolymers of PtBuMA and PEO could be prepared by sequential
anionic polymerization of tBuMA and ethylene oxide, irrespectively of the addition order.
The PtBuMA block can be quantitatively hydrolyzed into poly(acrylic acid)212a.

D. Star-shaped Copolymers

Two general strategies are possible for the synthesis of star-shaped copolymers: The
arm-first method is based on the reaction of living chains with plurifunctional electrophiles
carrying at least three reacting groups; alternatively, polymerization can be initiated by a
multifunctional initiator according to the core-first method.

1. Synthesis of star-shaped copolymers by the arm-first method

ω-Hydroxyl-PMMA (55) was prepared by the hydroboration technique (equation 50)
and then reacted with the trifunctional trimesoyl trichloride (70) with formation of a
uniform three-arm star-shaped copolymer (71) (equation 59)188.

Hadjichristidis and coworkers proposed a more direct approach based on grafting of
living anionic PMMA onto 1,2,4,5-tetrakis(bromomethyl)benzene)201. A large excess of
living chains was used in order to force the coupling to completion. The crude copoly-
merization product had to be purified by fractionation. Living polymers prepared by GTP
were also coupled by polyfunctional alkylating agents and converted into star-shaped
polymers193.

Reaction of living polymer chains with a difunctional monomer is an alternative route to
star-shaped polymers with a cross-linked core. The average number of arms is, however,
large and ill-defined. Hadjichristidis and coworkers synthesized star-shaped PMMA by
reacting living anionic PMMA with ethylene dimethacrylate212b. The same strategy was
also implemented by Simms and Spinelli to prepare star-shaped PMMA by GTP213. This
strategy was extended by Tsitsilianis and coworkers to the synthesis of a mikto-arm star-
shaped PS/PtBuA copolymer (73), i.e. polymers carrying at least two different kinds of
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arms (equation 60), by reaction of living anionic polystyrene (72) with divinylbenzene
followed by the LiCl-mediated polymerization of tBuA214. It must be noted that DPE (9)
was added before the polymerization of tBuA in order to decrease the nucleophilicity of
the macroinitiator.

CO2Me
OH

OO

O Cl

Cl Cl

CO2Me

O

CO2Me

O

CO2Me

O

OO

O

(70)

n

n

n

n

(55)

(71)

(59)

s-Bu
Li

PS

PS

PSPS

PSPS

Li

Li

Li Li
Li

Li

CO2Bu-t

PtBuA

PtBuA

PtBuA

PtBuA PtBuA

PtBuA

PS

PS

PS
PS

PS
PS

1.  Ph2C=CH2

2.

n

(72)

(73)

(60)
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2. Synthesis of star-shaped copolymers by the core-first method

Three- and four-arm star-shaped PEA (75 and 77) were synthesized by GTP with tri-
and tetrafunctional initiators (74 and 76) according to equations 61 and 62165.

CH2O

O

CO2MeCH3CH2C

CH2O

O

CO2MeCH3CH2C

PEA

CO2Et

Me3Si

3

3

(74)

(75)

(61)

CH2O

O

CO2MeC CH2O

O

CO2MeC

PEA

CO2EtMe3Si

4 4

(76) (77) (62)

Wnek and coworkers synthesized a four-arm star-shaped PMMA with a cyclic siloxane
core, as shown in equation 63215. Four ketene silylacetal units were first attached to
1,2,3,4-tetramethylcyclotetrasiloxane (78) to obtain the tetrafunctional core 79, which
was used as an initiator of the GTP of MMA with formation of the targeted four-armed
star-shaped PMMA (80).

OSiMe3

O

Si

O

O

Me

H
Me

CO2MeO

H

Si O

O

Me3SiO

Si O
'Pt'4 4

4

n

Me

CO2Me
1.

2. H+

(78) (79)

(80)

(63)
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E. Comb-shaped and Graft Copolymers

Three main strategies are known for the synthesis of comb-shaped and graft poly-
methacrylates and polyacrylates. A first route relies on the polymerization or copolymer-
ization of macromonomers, which are chains capped at one chain-end by a polymerizable
moiety (‘grafting through’ process). Second, end-reactive chains can be immediately
grafted onto a mutually reactive polymer backbone (‘grafting onto’ process). Finally,
graft copolymers can be prepared by initiating the polymerization of a monomer by a
macroinitiator, leading to a macromolecule that contains several pendant initiating groups
along the chain (‘grafting from’ process).

1. The ‘grafting through’ process

Living anionic polymerization of methacrylates and acrylates can be used to prepare
macromonomers, which can thereafter be polymerized by any technique known in the state
of the art. For instance, Hatada and coworkers reacted anionic ω-hydroxyl–PMMA (55),
which was then polymerized by radical polymerization into the corresponding comb-
shaped copolymer (81) with 2,2′-azobis(isobutyronitrile) (AIBN) as initiator (equation
64)187.

CO2Me
OH

CO2Me
O

O

Cl

O

CO2Me
O O

AIBN

n n

n

x

(55)

(81)

(64)

Macromonomers can be prepared by GTP, initiated by a compound containing a vinyl
group inert in GTP but polymerizable by other techniques193.

2. The ‘grafting onto’ process

A direct strategy relies on the grafting of any polymer duly end-capped by an elec-
trophile onto a polyenolate. For example, Vert and collaborators prepared polyenolate 82
by reaction of PCL with LDA, that was treated with PEO end-capped by an activated
bromide, to yield the grafted polymer 83 (equation 65)216,217.

The reverse strategy consists of coupling a living polymer onto a second polymer
that contains pendant electrophiles. This approach was used by Pitsikalis and coworkers,
who synthesized PS-graft-PtBuMA (86) by treatment of poly(p-bromomethylstyrene) (84)
with living anionic PtBuMA (85) (equation 66)201. The graft copolymer was purified by
selective precipitation with hot methanol. Indeed, the graft copolymer was insoluble in
this solvent, whereas the PtBuMA arms were soluble201.
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3. The ‘grafting from’ process

Miura and coworkers218 and Akutsu and coworkers219 reacted a copolymer of styrene
and 2,5-bis(methoxycarbonyl-1-hexene (87) with LDA to yield a polyenolate (88), which
was active in the anionic polymerization of MMA (equation 67). When less than 1 equiv-
alent (0.75) of LDA relative to the ester groups was used, the graft copolymer 89 was
formed219. When more than 1 equivalent of LDA was used, the molecular weight distri-
bution was bimodal. Indeed, a mixture of homopolymer (PMMA) and graft copolymer
(89) was formed merely because LDA is also prone to initiate the anionic polymerization
of MMA219. It was ascertained that the styrene units of the copolymer were not involved
in the grafting reaction218.
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(67)

Akutsu and coworkers investigated the influence of the chemical structure of the
macroinitiator on the grafting efficiency of MMA. Actually, the reactivity of the copolymer
depends on both steric and electronic factors. Copolymer 90 is less reactive than copoly-
mer 91 because of the electron-donating effect of the methyl substituent. Copolymer 92
is less reactive than copolymer 91 because the acidic proton is sterically hindered by the
polymer backbone. Finally, copolymer 93 is less reactive than copolymer 90 because it
is more sterically crowded219.

CO2Me

CO2Me

CO2Me

mn p mn p

(90) (91)

CO2Me

When the grafting of MMA was initiated by polyenolate 94, derived from poly(vinyl
acetate) (equation 68), Inoki and coworkers applied deuterolysis to show that 26% of
the acetate units were lithiated by 0.3 equivalent of LDA with respect to these units
and, thus, that 87% of the original lithium was incorporated into the copolyester220. The
average number of PMMA grafts was in the range of 1 to 7, and the average number of
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CO2Me

CO2Me CO2Me

mn
p

mn
p

(92) (93)

MeO2C
CO2Me

enolates that initiated the polymerization was very low (2.4 to 13.6%), such that only 1.9
to 11.6% of LDA actually initiated the polymerization of MMA. The low reactivity of the
polyenolates was accounted for by formation of aggregates219,220. Moreover, condensation
of a pendant enolate with unreacted ester groups leads to formation of an alcohol and a
β-keto ester, as shown by IR and NMR techniques220. It is not clear whether this reaction
is intramolecular with formation of loops or intermolecular with coupling of chains. Both
reactions are likely to take place to an extent that depends on the concentration of the
polymerization medium. Less than 10% of the repeating units would be involved in
parasitic condensation.

O

O

OAc O

OLi

OAc
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O

OAc

CO2Me

CO2Me
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(94)

n p
m
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m

x

2.  H+

(68)

F. Polymer Networks

Whenever the reactive compound added to a polyenolate in the ‘grafting onto’ process
is difunctional, a cross-linked polymer is formed. For example, amphiphilic networks (96)
were prepared by Vert and coworkers, who reacted PCL with LDA, followed by reaction
with α,ω-bis(chloroacetyl)poly(ethylene oxide) (95) (equation 69)221.
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108. P. Vlček, L. Lochmann and J. Otoupalova, Macromol. Rapid Commun., 13, 163 (1992).
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195. S. Ponsart, J. Coudane and M. Vert, Biomacromolecules, 1, 275 (2000).
196. B. Saulnier, S. Ponsart, J. Coudane, H. Garreau and M. Vert, Macromol. Biosci., 4, 232

(2004).
197. S. Gimenez, S. Ponsart, J. Coudane and M. Vert, J. Bioactive Compatible Polym., 16, 32

(2001).
198. S. Ponsart, J. Coudane, J.-L. Morgat and M. Vert, J. Labelled Compd., Radiopharm., 44, 677

(2001).
199. B. Nottelet, J. Coudane and M. Vert, Biomaterials, 27, 4948 (2006).
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211. J. M. Yu, P. Dubois and R. Jérôme, J. Polym. Sci., Part A: Polym. Chem., 35, 3507 (1997).
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I. ACRONYMS
bdt benzene-1,2-dithiolate
bdta benzo-1,3,2-dithiazolyl
bedtttf bis(ethylenedithio)tetrathiafulvalene
CT charge transfer
dddt 5,6-dihydro-1,4-dithine-2,3-dithiolate
dfpdt 2,2-difluoro-1,3-propanediyldithioethylene-1,2-dithiolate
dmid 2-oxo-1,3-dithiole-4,5-dithiolate
dmit 1,3-dithiole-2-thione-4,5-dithiolate
dmstfdt dimethyldiselenadithiafulvalenedithiolate
dsit 1,3-dithiole-2-thione-4,5-diselenolate
edt ethylene-1,2-dithiolate
hmp (2-pyridyl)methanolate
i.p. in phase
mnt maleonitriledithiolate
nlo nonlinear optics
o.o.p. out of phase
per perylene
phdt 1,2-diphenylethylenedithiolate
pipdt piperazine-2,3-dithione
SOMO singly occupied molecular orbital
tcnq 7,7,8,8-tetracyanoquinodimethane
tdas 1,2,5-thiadiazole-3,4-dithiolate
tfadt 3-(trifluoromethyl)acrylonitrile-2,3-dithiolate
tfd 1,2-bis(trifluoromethyl)ethylenedithiolate
timdt formally the monoanion of imidazolidine-2,4,5-trithione
tpdt 3,4-thiophenedithiolate
ttf tetrathiafulvalene
tto tetrathiooxalato

II. INTRODUCTION
Interest in metal–dithiolene complexes has increased since their initial synthesis to the
present, because of their potential application as molecular materials with conducting1,
magnetic2 and optical3,4 properties and their involvement in bioinorganic processes at
the active site of Mo and W metalloenzymes5. These applications have stimulated a
multidisciplinary approach to these systems which includes theoretical studies and use
of sophisticated characterization methods, furnishing a deep understanding of the struc-
ture/property relationship. This allows chemists to tailor metal–dithiolene complexes
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having desired structures and functions. The tailoring is relatable to the versatility of
the organic synthesis in the ligand preparation while the transition metal atom introduces
further effects such as the constraints of a preferred geometry, the involvement of the metal
d orbitals, the presence of unpaired electrons that affect the functions of the molecules.

Several reviews on these complexes are available in the literature, starting from the
pioneering but still topical papers by McCleverty6, dealing with the fundamental prop-
erties, by Mueller-Westerhoff3, dealing mainly with their applications as near-infrared
dyes, by Cassoux and Valade7, focusing on conducting and superconducting proper-
ties of [M(dmit)2]z− (M = Ni, Pd and Pt), to more recent reviews dealing with hybrid
organic/inorganic CT salts with conducting/magnetic properties, such as the one by Robert-
son and Cronin8, and that by Cassoux and Faulmann1a on the solid-state properties.

This chapter focuses on recent results concerning the class of square-planar d8 metal–
bis(dithiolene) or mixed ligand complexes, discussing their properties and applications
as building blocks of molecular materials where the bulk properties are based on their
component molecules interacting with each other at the supramolecular level.

III. SQUARE-PLANAR d8 METAL DITHIOLENES
A. Background

1. Noninnocence of ligands and complexes

1,2-Enedithiolate anions are redox-active ligands (see equation 1), capable of coordi-
nating with a variety of metals as neutral dithioketones (1), thioketone radical thiolate
monoanions (2) and ene-1,2-dithiolate dianions (3). The complexes are named dithiolenes
irrespective of their oxidation state to remind one that they are noninnocent ligands9.

S

SR

R

+e−

−e−

S

SR

R

−
+e−

−e−

S−

S−R

R

(1) (2) (3)

(1)

In complexes of noninnocent ligands the oxidation state of the metal is not easily defined
as a consequence of the uncertainty in the oxidation state of the ligand. In cases where such
complexes belong to a series where the members show the same coordination geometry
and are connected through reversible one-electron redox steps, additional ambiguities arise
due to the difficulty in determining the spin state of the central metal. In the well known
class of square-planar d8 metal–dithiolenes of Ni(II), Pd(II) and Pt(II), the members of
the series are connected through reversible one-electron redox steps which may spread
from the dicationic to the dianionic form10 as shown in equation 2.

[(R2C2S2)2M]2+

+e−

−e−
+e−

−e−

[(R2C2S2)2M]

[(R2C2S2)2M]+

+e−

−e−
+e−

−e−

[(R2C2S2)2M]2−

[(R2C2S2)2M]−

(2)

Following the Lewis formalism to summarize the bonding in these systems, classical
structures involving the metal in the 2+ oxidation state and the ligands in the 1,2-dithione
and 1,2-enedithiolate form, respectively, can be applied only to the diamagnetic dicationic
and dianionic members of the series. For the neutral diamagnetic complex two bonding
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descriptions are required: one involves a resonance hybrid (4) among the limiting forms
where the M(II) is coordinated to one neutral dithione molecule and one dithiolate dianion,
the other nonclassical Lewis description (5) involves the M(II) coordinated to two ligands
in radical form where the spins are antiferromagnetically coupled. Similarly, nonclassical
Lewis descriptions are required to describe the monocationic (6) and monoanionic (7)
complexes where the M(II) is coordinated respectively to one dithione ligand and one
ligand in radical form, and to one dithiolato ligand and one ligand in radical form with
the spin (S = 1/2) highly delocalized over the molecule11.
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In the case of Au(III) (or Cu(III)) derivatives, a + charge must be added to the corre-
sponding isoelectronic d8 members of the series.

2. Electronic and electrochemical properties

The 2+ and 2− limits in the members of the series of the square-planar d8 metal(II)–
bis(dithiolene) complexes are due to the fairly isolated frontier π-MOs, shown in Figure 1,

M

M

o.o.p.

i.p.

p

d

ligands metal

FIGURE 1. Frontier MOs in square-planar d8 metal–dithiolene complexes formed by the in-phase
(i.p.) and out-of phase (o.o.p.) combinations of C2S2 orbitals perturbed by the metal. The d metal
orbitals stabilized relative to ligand orbitals lead to an ‘inverted bonding scheme’. Reprinted with
permission from Reference 12. Copyright 2004 American Chemical Society
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which can be either empty or populated. These MOs are the in-phase (i.p.) and out-of-
phase (o.o.p.) combinations of two (C2S2) orbitals, and are at high energy due to the
C−S and S · · · S antibonding interactions within one ligand and between the two ligands.
These orbitals are stabilized and destabilized by one high-lying pπ and a lower dπ metal
orbital, respectively12. The d metal orbitals stabilized relative to ligand orbitals lead to
an ‘inverted bonding scheme’, while in a ‘normal bonding scheme’ the d orbitals are
destabilized relative to the ligand orbitals13. In the neutral diamagnetic term of the M(II)
series only the low-lying orbital is populated and the HOMO–LUMO dipole allowed
transition (b1u → b2g in D2h symmetry) gives rise to a typical intense electronic transition
which falls at low energies (NIR region). In the monoanionic paramagnetic derivative the
LUMO becomes half-filled SOMO and the related HOMO–SOMO transition undergoes
a bathochromic shift and a decrease in intensity, while in the dianionic derivatives a
bleaching is observed because the former LUMO becomes doubly occupied. The electronic
effects on the frontier orbitals of various substituents at the dithiolene core have been also
quantified3,14: in general, C2S2 π donor substituents (push) raise the energy of the HOMO
and the LUMO, whose gap is lowered by a lowered interaction of the ligand orbitals with
the low-lying metal orbitals, but whether or not the HOMO is pushed up at too high
energy, an induced increased reactivity leading to the loss of one or two electrons can be
observed, so that also this orbital is preferentially depopulated (cationic complexes). In
contrast, π acceptor substituents (pull) lower the energy of both the MOs and favor the
dianionic state. The electron delocalization can be further extended by selecting suitable
R-substituents fixed in co-planarity with the dithiolene core, and leading to a decrease in
the HOMO–LUMO gap14. Thus the proper choice of the R-substituents at the dithiolene
moiety allows one to tune the absorption maximum of the NIR transition.

The negative or positive value of the potential E1/2
◦ for the 0 → 1− reduction process

can be related to the stability of the oxidized or reduced species and can be used as
a marker for evaluation of the push/pull character of the substituents12. Complexes with
increasingly stronger push substituents exhibit increasingly negative E1/2

◦, and derivatives
with increasingly stronger pull substituents exhibit increasingly positive ones (Table 1).
In Figure 2 the cyclic voltammograms of [Ni(1,4-Me2pipdt)2]2+, [Ni(1,3-i-Pr2timdt)2]
and [Ni(tdas)2]2− are reported as examples of ligands with push, nonpush/nonpull and
pull character, respectively, which determines the nature of their most accessible sta-
tus. The cyclic voltammogram of the dication [Ni(1,4-Me2pipdt)2]2+ (Figure 2a) shows
four reversible cathodic waves, ascribed to the 2+ → 1+, 1+ → 0, 0 → 1− and 1− →
2− processes, and represents one of the few examples of square-planar d8 metal(II)–
bis(dithiolene) complexes where four reversible redox steps are detected. The cyclic
voltammogram of the neutral [Ni(1,3-i-Pr2timdt)2] (Figure 2b) shows two reversible catho-
dic waves related to the 0 → 1− and 1− → 2− processes and a quasireversible anodic
wave related to a ligand-centered oxidation process. The cyclic voltammogram of the
dianion [Ni(tdas)2]2− (Figure 2c) shows only one reversible anodic wave, ascribed to the
2− → 1− process.

Several electrochemical data are available for the [M(R2C2S2)2]z series (z = 2−, 1−, 0
for M = Ni, Pd, Pt; z = 1−, 0, 1+ for M = Cu, Au). Unfortunately, a strict comparison of
the E1/2

◦ values for the corresponding process in different systems is limited to the cases
where the same solvent has been used, since the solvent may significantly affect the redox
process. By using different substituents at the same ligand or different ligands at the same
metal, the electronic and electrochemical properties can be further tuned. Asymmetric
complexes based on two different ligands give rise to an asymmetric distribution of the
charge at the [(C2S2)M(C2S2)] core according to the differences in the push–pull character
of the two ligands. The pull ligand (dithiolate) contributes mostly to the HOMO, the push
ligand (dithione) mostly to the LUMO, and the HOMO–LUMO transition will have
ligand-to-ligand charge transfer (CT) character (see Section III.C.2).
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FIGURE 2. Cyclic voltammograms of [Ni(1,4-Me2pipdt)2]2+ (a), [Ni(1,3-i-Pr2timdt)2] (b) and
[Ni(tdas)2]2− (c) measured with a Pt vs. a Ag/AgCl reference electrode, in MeCN, 0.1 M Bu4NPF6,
scan rate 100 mV s−1

TABLE 1. Cyclic voltammetric dataa of some [Ni(L)2]z complexes

Ligand E1/2
◦ (V) b Ea (V) c Reference

z: 0 → − z: − → 0

Push 1,4-Me2pipdt −0.96 10

character S2C2Me2 −0.195 11
1,3-i-Pr2timdt −0.134 d 15

phdt +0.105 16
dddt +0.105 16
S2C2H2 +0.14 e 6
3,5-t-Bu2bdt +0.16 f 17
dmit +0.316 18

Pull S2C2(CF3)Ph +0.48 6
character S2C2(CN)Ph +0.62 6

tdas +0.80 19
S2C2(CF3)2 +0.97 20
mnt +1.11 18
dtcr +1.256 g 15

a Measured with a Pt electrode vs. Ag/AgCl reference electrode, in MeCN, 0.1 M Bu4NPF6,
scanrate 100 mV s−1.

b For the reversible process. [Ni(L)2]
+e−

−−−−⇀↽−−−−
−e−

[Ni(L)2]−.

c For the irreversible process [Ni(L)2]− [Ni(L)2].
d Measured for this work.
e Estimated value.
f In thf solution.

g Quasi-reversible reduction [Ni(L)2]−
+e−

−−−−⇀↽−−−−
−e−

[Ni(L)2]2−, E1/2
◦ = 0.59 V.

These introductory premises point to the relevance of the frontier π-MOs of d8 metal–
dithiolene complexes in determining their properties and related applications. The
HOMO–LUMO transition at low energy turn the electrically neutral members of the
series into NIR dyes, which have potential and actual applications such as converting radi-
ation into heat, in ‘smart’ windows to screen the IR radiation component of daylight which
causes heating, to provide protection against counterfeit in currency banknotes4b and in Q-
switching of infrared lasers21. In addition, these complexes can act as polyelectrochromic
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NIR dyes22, based on the distinct NIR absorption spectra of the redox-active members of
the series.

The extensive π-delocalized system of d8 metal–dithiolene complexes is also responsi-
ble for the nonlinear optical properties (NLO) which have been recently reviewed4b. The
interaction of radiation with the matter induces an instantaneous displacement (polar-
ization: P0 = µ = αE, where α is the linear polarizability) of the electronic density
away from the nucleus at small field (linear optics). At high fields (laser light) the
polarizability of the molecule can be driven beyond the linear regime and a nonlinear
polarization is induced (NLO): Pm = αE + βE2 + γE3 + · · · and for the bulk material
P = P0 + χ1E

2 + χ2E
3 + · · ·, where β and γ are the molecular first- and second-order

hyperpolarizabilities (α � β > γ > · · ·) and χ1 and χ2 are the first- and second-order
NLO susceptibilities (second- and third-order effects, respectively).

These properties are valuable for sensory devices, high-speed optical switching in
telecommunication optical data processing and storage. Both symmetric and asymmetric
complexes can be suitable to generate third-order NLO properties, but only asymmetric
complexes at the molecular level, such as mixed-ligand complexes with push–pull ligands,
and a noncentrosymmetric crystal packing for a bulk material, are required to generate
second-order NLO properties. While no simple guidelines to design complexes to generate
third-order NLO are available, a satisfactory structure–property relationship for second-
order NLO chromophores has been furnished and will be discussed in Sections III.C.1.c
and III.C.2.

Going back to the influence of the frontier orbitals on the properties of these complexes,
the HOMO–LUMO gap, which decreases as the delocalization increases, has relevant
consequence as to whether the single molecules arrange suitably in the solid state in
such a way that the HOMO and LUMO bands can overlap each other by intermolecular
interactions to produce partially filled bands. In such a way a single-component molecule
system can generate a metallic or semimetallic band. Therefore, in the bulk, these building
blocks can lead to electroconducting materials1b. Anionic complexes present as counteri-
ons of suitable radical cations, most often derived from tetrathiafulvalene (ttf) and similar
molecules, can favor the formation of electroconducting materials, through intermolecular
interactions which control the packing of the donor, and can be endowed with additional
properties (optical, magnetic) giving rise to multifunctional hybrid organic/inorganic mate-
rials.

B. Bis(dithiolene) Complexes

1. Nonbenzenoid bis(dithiolene) complexes

So far two useful examples of three-step electron-transfer series of nickel dithiolenes:
[Ni(Me2edt)2]z and [Ni(3,5-(t-Bu)2bdt)2]z, z = 2−, 1−, 0, have been isolated and fully
characterized. The ligand in the first complex belongs to the class of nonbenzenoid dithi-
olenes (8–12), where the π-delocalization is confined in the dithiolene core11, and the
other one to benzenoid systems17 (13–15) (discussed in Section III.B.2). These com-
pounds have furnished a valuable experimental tool to test the reliability of electronic
structure calculations and to apply highly sophisticated techniques to the three oxidation
states of the series to reach a deeper understanding of the electronic structures of these
systems and to clarify points which have been the subject of debate in the past, such as
oxidation number of the metals, innocent/noninnocent character of the ligand and ligand
vs. metal oxidation3,6,9,13. Structural data on the [Ni(Me2edt)2]z (16) series have shown
that the three complexes, which are connected through reversible redox steps, have nearly
planar structures with D2h symmetry, and undergo a decrease of the chelate ring CC bond
lengths on reduction11. The most significant experimental data are summarized in Table 2.
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TABLE 2. Most significant experimental data for the [Ni(S2C2Me2)2]z (16) redox series

z a ε(λmax)
b ν(CC)

(cm−1)
Spin Magnetic

behavior
Bond distances

(see 13, Å)

0 21500 (771) 1377, 1332 0 Diamagnetic Bold values
1− 9700 (932) 1508 1/2 Paramagnetic Italic values
2− — 1595 0 Diamagnetic Plain values

a E1/2 = −0.15 V for z = 0 → 1−, E1/2 = −1.05 V for z = 1− → 2−, in MeCN vs. SCE.
b ε in M−1 cm−1, λmax in nm.

S

Ni

S

S

S

Me

MeMe

Me

1.365
1.342
1.337

1.515
1.512
1.508

2.128
1.143
2.179

1.714
1.737
1.761

(16)

z

The geometrical parameters obtained from DFT calculations are in good agreement
with structural data. In particular, the calculated distance variation d(CC) = 1.377, 1.356
and 1.347 Å for z = 0, 1− and 2−, respectively, is in accord with the observed shift to
higher frequencies of the CC stretching vibration. This mode is easy to identify in the
1600–1300 cm−1 range and is not extensively mixed with other vibrational modes; there-
fore, it can serve as a most convenient marker for the redox state of the dithiolene ligand,
as shown by spectral studies where the dependence of the ν(CC) vibration on z has been
determined23. Very good agreement between experimental and calculated EPR parameters
allow one to assign a 2B2g ground state of 16 for z = 1−, further supporting well estab-
lished EPR24 and ENDOR/ESEEM25 studies on monoanions, which are characterized by
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FIGURE 3. Orbital energy levels for the [Ni(Me2C2S2)2]z, z = 2−, 1−, 0 redox series and orbital
contour plots for z = 0. The MO of the ligands are divided in π (out-of-plane, along the z-axis) and
σ (in-plane, in the xy-plane) types. Reprinted with permission from Reference 13. Copyright 2003
American Chemical Society

covalent bonding with spin delocalized over the ligands. Holm, Solomon and coworkers13

have further discussed the electronic structure of these complexes with the experimental
support provided by the sulfur K-edge X-ray absorption spectroscopy (XAS). The orbital
energy levels obtained by DFT methods are shown in Figure 3.

The orbital contour plots reported for the neutral species do not change qualitatively
in the series, while the energy sequence changes. The orbitals 13b1g, 5b2g and 6b1u are
important in describing the bonding and related properties of the series. The 13b1g orbital
(LUMO for z = 2−, 1− and LUMO +1 for z = 0) is the σ -antibonding combination of
the metal and the sulfur ligand orbitals. Sulfur K-edge XAS shows that this orbital has
more than 50% S character in the three oxidation states. The 5b2g orbital (HOMO for
z = 2−, SOMO for z = 1− and LUMO for z = 0) is the redox active orbital composed
by a π-antibonding combination of the Ni 3dxz orbital and the S 3pz ligand orbitals and
this combination provides a superexchange pathway between the ligands. Also in this case
theoretical and experimental sulfur K-edge XAS results converge in assigning predominant
S-ligand character to this orbital for the three members of the series, and in addition are
in agreement with the spin distribution obtained from EPR for the monoanion24. The
6b1u (HOMO in the neutral complex, and donor orbital in the 6b1u → 5b2g transition
responsible for the NIR peak) is ligand-based, with a small contribution of the Ni 4pz

orbital in π-antibonding interaction with the S 3pz ligand orbitals.
The overlap between the metal and ligand orbitals in the 5b2g orbital (LUMO for

z = 0) provides an efficient pathway for ligand-to-metal electron donation and confers
electrophilic character on the ligands in neutral complexes. This finding affords a rea-
sonable explanation for the electrophilic mechanism proposed by Wang and Steifel for
the nonclassical reaction of neutral Ni–bis(dithiolene) complexes with olefins, which can
be separated and purified by a novel method. The LUMO of the dithiolene complex
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acceptor interacts with the HOMO of the olefin donor to give an interligand cis-adduct
with SdithioleneColefin bonds26.

The HOMO–LUMO gap in the neutral complex, which exhibits a singlet ground state,
is relatively narrow (ca 1 eV). This gap can be related to the possibility of spin local-
ization conferring a diradical character on the ground-state wave function. Photoelectron
spectroscopy (PES) experiments from the ground state on the series [M(mnt)2]z (M = Ni,
Pd, Pt; z = 2−, 1−, 0) have allowed access to the lowest singlet and triplet states of the
complex, yielding an experimental evaluation of the singlet–triplet splitting and providing
an indication of the extent of singlet diradical character in the ground-state wave function
(0.79, 0.57, 0.83 eV for M = Ni, Pd, Pt)27. PES data combined with DFT calculations
on this series have provided further insights into molecular orbital energy levels of these
systems, showing in particular that the donor orbital involved in the typical NIR tran-
sition is almost purely ligand-based (b1u, with a contour plot similar to that of 6b1u in
Figure 3) since it occurs at similar energies for each species, while the acceptor orbital
(b2g, with a contour plot similar to that of 5b2g in Figure 3) has metallic character and
occurs at similar energies for Ni and Pt, and at lower energies for Pd, in agreement
with the observed trend of the NIR peaks. Well documented examples of the dependence
of this transition on the charge of the metal coordinated with a pair of identical lig-
and molecules have been recently reported by Wieghardt and coworkers28. The expected
trend of the NIR transition with the charge when the metal is the same, is well illustrated
in Figure 4 by the spectra of the gold(III) derivatives 17a (z = 1+, 0, 1−), showing a
bathochromic shift and a decrease in intensity of this peak on going from the monocation
to the neutral member, and bleaching on further reduction to the monoanion. In the case
of the isoelectronic but differently charged Pd(II) complexes 17b (z = 0, 1−, 2−) a sim-
ilar trend is observed; however, for the isoelectronic species the corresponding Pd peaks
are found at shorter wavelengths. Theoretical calculations on model complexes of the
gold(III) series 17c (z = 1+, 0, 1−, 2−) and of palladium(II), 17d (z = 0), have allowed
optimizing geometrical parameters which are in good agreement with structural data when
available, explaining quite satisfactorily spectroscopic and electrochemical features and
pointing to the influence of the effective nuclear charge of the metal on the extent of the
superexchange interaction between the ligands.

(17) (a) M = Au, R = t-Bu
        (b) M = Pd, R = t-Bu
        (c) M = Au, R = H
        (d) M = Pd, R = H
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FIGURE 4. Electronic spectra in CH2Cl2 solution of the z = 1−, 0, 1+ redox series of the Au(III)
complexes 17a. The peaks for the corresponding isoelectronic z = 2−, 1−, 0 redox series of the
Pd(II) complexes 17b are found at the following λmax(ε, M−1 cm−1): no NIR absorption peaks for
z = 2−, 1250 nm (17000) for z = 1− and 915 nm (3700) for z = 0. Reprinted with permission from
Reference 28. Copyright 2007 American Chemical Society
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The MOs that are important in describing the bonding in 17 are qualitatively similar to
those described for 16. However, due to the high effective nuclear charge of the metal, the
Au-d orbitals lie very deep in energy when compared to the ligand-p orbitals. This strongly
reduces the superexchange interaction between the ligands and the antiferromagnetic cou-
pling between the ligand radicals. A diradical character of 88% has been calculated for
[AuL2]+ from a broken symmetry DFT calculation28. A factor such as the presence of
four doubly occupied low-lying Au-d orbitals and the nature of the electroactive frontier
orbitals, HOMO (2b2g orbital, similar contour plot of 5b2g of Figure 3) and HOMO −1
(1b1u orbital, similar contour plot of 6b1u of Figure 3) for the [AuL2]− species, which have
predominant ligand character, allow the description of the z = 1 − /0/1+ series as Au(III)
coordinated to two closed-shell dianions for z = 1−, radical-dianion mixed-valence delo-
calized ligands for z = 0 and singlet diradicals for z = 1+. The ligand character of these
electroactive orbitals is in agreement with the ligand-based oxidation processes, reflected
by a decrease of C–S and an increase of C–C distances when the charge changes from
1− to 1+, while the Au–S distance remains almost invariant. On the other hand, the
observed increase of the Au–S distance on reduction from the monoanion to the dianion
complex is in agreement with the nature of the SOMO of the dianion complex, which
consists of a σ -antibonding combination of the metal and the ligand orbitals (1b1g orbital,
similar contour plot of 13b1g of Figure 3)28.

2. Benzenoid bis(dithiolene) complexes

Anions 13–15 belong to the benzenoid class of dithiolene ligands. Most significant
experimental data for complexes [ML2]z (18) in various redox states (M = Ni(II), Pd(II),
Pt(II), Au(III), L = 3,5-(t-Bu)2bdt (14, R = t-Bu)) are summarized in Table 3. In the case
of [Ni(3,5-(t-Bu)2bdt)2]z (18, M = Ni, z = 2−, 1−, 0) XRD has shown that the chelate
ring C–C distance undergoes a small variation with the charge in the o-phenylene moiety.

TABLE 3. Most significant experimental data for the [M(t-Bu2bdt)2]z (18) redox series

M(II) ions Au(III) Spin Magnetic behavior Bond distances

z ε(λmax) a z ε(λmax)
a (see 18, M = Ni, Å)

0 Ni 30000 (840) 1+ unavailable 0 Diamagnetic Bold values
Pd 50000 (850)
Pt 39000 (802)

1– Ni 15000 (890) 0 27000 (1452) 1/2 Paramagnetic Italic values
Pd 25000 (1140)
Pt 19000 (900)

2− — 1− — Diamagnetic Plain values

a ε in M−1 cm−1, λmax in nm.

(18) M = Ni

z

S
Ni

S

S

S

1.43
1.43
1.43

1.42
1.41
1.40

1.73
1.74
1.76

1.38
1.38
1.40

1.42
1.40
1.39

1.41
1.39
1.40

1.72
1.75
1.77

1.37
1.38
1.38

2.12
2.14
2.18

2.13
2.14
2.17
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It was proposed that the ligand works as an innocent dithiolate ligand17 and consequently
the formal oxidation state to the metal was assigned to be 2+, 3+ and 4+. Further
experimental and theoretical studies with DFT and correlated ab initio methods on these
systems including M = Ni(II), Pd(II), Pt(II) and the isoelectronic but differently charged
Au(III) and Cu(III) complexes by Wieghardt and coworkers29 have allowed a deeper
understanding of these systems and show that also in this case the ligand is noninnocent.

In addition, the Ni, Pd, Pt triad exhibits two reversible redox waves for the 0 → 1−
and 1− → 2− processes which fall at similar potentials. In the Au and Cu complexes the
wave for the 0 → 1− step falls at the same potential, while the value is more negative for
the gold derivative for the 1− → 2− process. The behavior of benzenoid dithiolenes is
thus similar to that of nonbenzenoid systems: they belong to a series where the members
are connected through reversible redox steps; the neutral terms of the Ni triad and Au
monocations show strong NIR peaks, which undergo a bathochromic shift for the first
reduction step and bleaching for the second reduction step. The position of the NIR peak
for the isoelectronic members follows the order: λmax Ni ∼ Pt < Pd < Au. The monoan-
ions of the Ni triads and the neutral Au complexes are paramagnetic. The X-band EPR
spectra of these complexes show a rhombic signal with hyperfine coupling for 61Ni and
for 195Pt, which can be ascribed to the metal contribution to SOMO17, while no coupling
could be observed for 105Pd and for 197Au complexes. Theoretical calculations based
on DFT explain well the experimental data. The MO and energy scheme is reported
for [Au(III)(bdt)2)] complexes in Figure 5. The frontier orbitals, which are important for
elucidation of bonding, are similar to those of nonbenzenoid systems, except for the con-
tribution of the C-pz orbitals. In particular, no localized double-bond formation between
C1–C6 (see Figure 5)29a, but rather a π-interaction bonding among C2–C1–C6–C5, and
C3–C4 and antibonding between C4–C5 and C2–C3, is found in the redox-active 2b2g

orbital. The lengthening of C2–C1–C6–C5, and C3–C4 and the shortening of C4–C5
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FIGURE 5. Simplified MO scheme for [M(bdt)2]z (M = Ni(II), Pd(II), Pt(II), z = 1−; M = Au(III),
z = 0). Reprinted with permission from Reference 29b. Copyright 2006 American Chemical Society



16. Structure and properties of d8 metal–dithiolene complexes 891

and C2–C3 observed on oxidation, is in accordance with a weak quinone-like distortion
of the ligand. As the charge is delocalized over the ring, the effect on bond distances is
small and is not reflected by experimental markers such as the variation of ν(CC) vibra-
tion with the charge as found for nonbenzenoid systems. This is a distinctive mark for
the two classes of complexes.

In conclusion, theoretical and experimental studies for both benzenoid and nonben-
zenoid metal d8 dithiolene complexes converge in establishing the noninnocent character
of the ligand and in addition show that: (i) an inverted bonding scheme with destabilized
ligand orbitals relative to metal nd orbitals occurs, with an increasingly small contribu-
tion of the d metal orbital from Ni(II)−Pt(II) to Pd(II) and Au(III) to the redox-active b2g
orbital (5b2g and 2b2g of Figures 3 and 5, respectively). This takes also in account the
ligand versus metal oxidation behavior; (ii) a M(II) (Ni, Pd and Pt) or Au(III) oxidation
state for the z = 0, 1−, 2− or 1+, 0, 1− respectively is established; (iii) that in the
paramagnetic (S = 1/2) monoanion (Ni, Pd and Pt) or neutral (Au) the spin is highly delo-
calized over the molecule; (iv) that in the neutral Ni triad and Au monocationic complexes
limited diradical character following the order Ni ∼ Pt < Pd < Au is found.

3. Complexes with ligands bearing heterocycle fused on the C2S2 moiety

Several d8 metal–dithiolene complexes based on nonbenzenoid (19–24) or benzenoid
(25, 26) ligands, bearing heterocycle containing additional sulfur and/or nitrogen atoms
fused to the C2S2, have been reported. The presence of these heteroatoms can promote
further intermolecular interactions in the solid state. Several papers and reviews deal
with the most popular complexes of this class, namely [M(19)2]z (z = 2−, 1−, fractional
charge), which can form superconducting solids1a,7,8,30. The family [M(24)2]z(z = 1−, 0,
1+, fractional charge)31 shows similarity to bedtttf, the organic donor that has produced so
far the largest number of organic salts with superconducting properties (see Section IV).
The delocalized framework, which can be further extended by proper choice of the hete-
rocycle, narrows the HOMO–LUMO gap as the delocalization increases. When the single
molecules arrange suitably in the solid state with two- or three-dimensional intermolecular
interactions, a single-component molecular system with metallic or semimetallic behav-
ior can be in hand. It has been shown that neutral Ni molecules based on extended
ttf–dithiolenes are capable of forming single-component molecular metallic crystals1b

(see Section IV). Despite the low HOMO–LUMO gap, these complexes have limited
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potential as dyes for Q-switching NIR lasers, because the application requires the dye to
be in solution and the complex is sparingly soluble in common solvent. Other important
requirements for this application are (i) the absorption maximum as close as possible
to the laser wavelength, (ii) a suitable excited-state lifetime and (iii) high thermal and
photochemical stability to the laser wavelength.

Among the ligands bearing a heterocycle fused to the C2S2 moiety, the 1,3-Alk2timdt
ligand (22), where the electron donor N atoms of the imidazoline ring are forced into
co-planarity with the dithiolene ring, proved to be valuable in shifting the low-energy
transition in a region of remarkable interest for NIR dyes, while stability was main-
tained. Moreover, the steric hindrance of N-alkyl substituents prevents stacking and
improves the solubility of these complexes. The symmetrical neutral complexes [M(1,3-
Alk2timdt)2], M = Ni(II), Pd(II), Pt(II), absorb very strongly at approximately 1000 nm (ε
ca 80000 M−1 cm−1, so far the highest value achieved, see Figure 6), where neodymium
lasers operate. These properties, coupled with their high thermal and photochemical sta-
bility at the laser wavelength, make these complexes optimal candidates for applications
in Q-switching neodymium lasers14d,32. The monoanion [Ni(1,3-i-Pr2timdt)2]1− shows
the NIR peak at approximately 1400 nm (ε ca 40000 M−1 cm−1)33. Due to their spectro-
electrochemical features (see Figures 2b and 6) being the low-energy absorption tuneable
with the charge on a reversible one-electron redox process, these complexes work as
electrochromic switchable NIR dyes.

Interestingly, chemical oxidation of [Ni(1,3-i-Pr2timdt)2] (27) with a strong diiodine
excess produces a ligand mixed-valence compound in which a neutral square-planar com-
plex and an octahedral complex [Ni(I2)(1,3-i-Pr2timdt)2] are bound by a sequence of
diiodine molecules. In the octahedral complex the bond distances of the ligand are differ-
ent from those in the monoanion and in the neutral derivatives, since the CC bond in the
ring shows an increasing single-bond character [d(CC) 1.35(1) z = 1−; 1.38(1) z = 0;
1.49(1) z formally 2+] and the CS a larger double-bond character [d(CS) 1.702(10)
z = 1−; 1.695(10) z = 0; 1.65(1) z formally 2+], in agreement with a ligand-centered
nature of the oxidation process. It is noteworthy that the free ligand has never been
isolated either as vicinal dithione or in reduced form; the sulfurization reaction of the 1,3-
dialkyl-4,5-dioxoimidazolidine-2-thione works to prepare the desired ligand only in the
presence of the metal, producing the neutral complexes in a one-step reaction; otherwise,
the reaction products are tetrathiocino derivatives32b.

A class of related complexes based on N-R-thiazdt (formally monoreduced N-
substituted thiazolidine-2,4,5-trithione, 23), which shows features intermediate between
those of corresponding Alk2timdt (22) and dmit (19) ligands, has been prepared to tune
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the spectral and electrochemical properties of these dyes for potential applications in the
field of NIR lasers and photoconductors. Recently, the first structural characterization of
[M(23)2] (M = Zn(II), Ni(II), Pd(II)) complexes has been reported34.

The complexes in the above-described cases behave as nonbenzenoid systems and the
differently charged members of the series exhibit an increase in the CC distance as z
changes from a positive value to 2− . Other complexes behave similarly to benzenoid
systems in that the chelate ring CC distance of the C2S2 moiety is almost invariant in
the variously charged species35. In the [Ni(tdas)2]z complexes no significant difference
in CC bond distance has been observed over the two states z = 2− and 1− (1.435 Å
in both cases), and calculated over the three states z = 2−, 1− and 0 (1.458, 1.440 and
1.443 Å, respectively). Thus, significant shift of the C=C vibration is neither expected
nor observed on reduction and, consequently, this vibration cannot be used as a marker
to assign the charge of the complexes, contrary to nonbenzenoid systems36.

4. Complexes with ligands bearing additional functionality at the periphery

Suitable functionalities in the periphery of the molecule can promote interactions among
molecules to favor supramolecular organization and to give ligand character to complexes,
leading to bond formation with coordinatively unsaturated metal complexes. For example,
Pt(II) dithioxamide (dto) complexes (28–30), which exhibit interesting properties as lumi-
nescent sensor both in solution and in the solid state activated by HCl and ammonia
gases, are shown in equation 337. Luminescence is ascribed to triplet Pt/S → dto CT
excited states. A charge-transfer interaction between chloride and protonated dto is pro-
posed to explain the influence of the halogen on the energy of the ligand orbitals and
in promoting excited-state conversion between ligand-centered and Pt/S → dto levels.
These complexes can also work as ligands toward complexes ([M(L)n]+), e.g. [(η3-
allyl)palladium]+, [bis-(2-phenylpyridine)rhodium]+, [(η6-p-cymene)(chloro)ruthenium]+
and similar cationic complexes, to prepare binuclear (31) and trinuclear (32) heterobimetal-
lic complexes (equation 4)38.
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The relevance of hydrogen-bonding formation in determining the solid-state proper-
ties of nitrile-containing paramagnetic metal dithiolenes, as well as the capabilities of
these complexes to work as ligands, is currently under investigation by M. Formigué’s
team. [Ni(mnt)2]− has been successfully used to coordinate through the outer CN groups
the metal in [Mn(III)(tpp)] (tpp = meso-tetraphenylporphinato) forming [Mn(III)(tpp)][Ni
(mnt)2]2 unidimensional polymer chains, which exhibit antiferromagnetic interaction and
order as ferrimagnets at very low temperature (2–8 K)39. The solid state organization of
[Ni(mnt)2]− and ammonium or pyridinium cations has been also pointed out. Bifurcated
NH · · · NC and C4H · · · NC hydrogen bonds are formed favoring the dimerization of the
two radical complexes (Figure 7), which show magnetic susceptibility in agreement with
a singlet–triplet thermally activated behavior40. These studies include the use of less
conventional asymmetrical ligands containing two different groups attached at the same
C2S2 moiety.

FIGURE 7. Details of hydrogen-bond network in [pyH+ ][Ni(mnt)2] (pyH+ = pyridinium). Re-
printed with permission from Reference 40. Copyright 2003 American Chemical Society
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With a view to preparing polymerizable complexes, thiophene-substituted nickel–
dithiolene complexes [Ni(L)(L′)] have been synthesized and used to prepare films by elec-
trochemical polymerization. The features of the complexes and of the polymers depend
on the number of thiophene substituents. In particular, the complex with four thiophene
substituents (L = L′ = thpdt, 12) shows a narrower HOMO–LUMO gap as compared to
complexes with two thiophene and two phenyl groups or four phenyl groups [λmax, nm (ε,
M−1 cm−1) 976 (38800) L = L′ = 12; 931 (37700) L = 12, L′ = 9, R = Ph; 866 (30900)
L = L′ = 9, R = Ph] and gave a polymer whose electrochemical features are similar to
those of poly[1,2-di(2,5-thienylene)ethane], suggesting that similar extended chains are
formed41.

C. Mixed-ligand Complexes

1. Complexes having one dithiolene and other ligands

a. Platinum complexes having one chelating 1,1-bis(diphenyldiphosphino)ethane ligand.
Platinum complexes having one heterocyclic-substituted 1,2-enedithiolato ligand and one
chelating 1,1-bis(diphenyldiphosphino)ethane (dppe) or similar ligands have been re-
viewed recently by Pilato and Van Houten42. These complexes show relevant room-
temperature dual-emission properties. The excited states involved in these emissions are
one long-lived state one (3ILCT∗) with triplet character and a short-lived one with singlet
character (1ILCT∗), producing respectively phosphorescence and fluorescence on decay.
The excited states (3ILCT∗ and 1ILCT∗, respectively) are achieved through an intraligand
transition with charge-transfer character from the π system of 1,2-enedithiolate to the π∗
system of the heterocycle. Emission occurs when the maximum positive charge is local-
ized on the 1,2-enedithiolate sulfurs, thus coplanarity between 1,2-enedithiolate and the
heterocycle is required. As shown in equations 5, this criterion is met when the heterocy-
cle is forced into coplanarity (equation 5a) while being controlled by the steric hindrance
of the R substituents in the protonated complexes (equation 5b)43. Given the lifetime of
the triplet emission this is diffusionally quenched by agents such as dioxygen, electron
donors, proton donors and hydrogen atom donors42. This process occurs at analyte con-
centrations of chemical and biological interest making these complexes suitable for use
as dioxygen probes, for pH monitoring and in other applications42. Heteroleptic square-
planar nickel and palladium complexes with dppe and unsymmetrical dithiolene ligands
bearing one H-atom and one p-cyanophenyl or 2-thienyl or 3-thienyl group attached to
the C2S2 moiety have been prepared and structurally characterized, but no mention is
made of their luminescent properties44.
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b. Neutral radical nickel η5 -cyclopentadienidodithiolene complexes. Complexes be-
longing to this class, where the dithiolate ligands consist of hepta-, hexa- and penta-atomic
heterocycle fused to the C2S2 moiety: [S2C2S2(CH2)2X] (X = CH2, CF2, C=CH2, S,
C=O)45 or [Y2C2X2(CH2)2] (Y = S or Se, X = S; Y = S, X = Se)46 or [S2C2Y2X] (Y =
S, X = CO and CS; Y = Se; X = CS)47, have been recently prepared and characterized.
These complexes with various metals have been reviewed48. These complexes are redox-
active and show one reversible oxidation and one reversible reduction wave: the potentials
are affected by the electron-withdrawing power of the terminal group of the dithiolene
ligands. The NiS2C2 moiety is planar and perpendicular to the Cp ring. The magnetic
properties of these compounds depend on their structural features: complexes based on
the seven-membered rings fused to the C2S2 moiety form either one-dimensional chains
or a dimeric entity and those based on dmit or similar ligands present in the solid state
form a set of tridimensional interactions that stabilize a 3-D antiferromagnetic ground
state. DFT calculations performed on the dmit complex 33 afforded a sequence of MOs
showing that the SOMO is a π orbital with a small contribution of the dxy metal and Cp
ring π orbitals and a predominant contribution of the dmit ligand, where the π conjugation
is extended to endocyclic and exocyclic sulfur atoms of the ring (Figure 8). This explains
the formation in the solid state of short intermolecular contacts through the dmit moiety
and the influence of these interactions on the magnetic properties.

c. Square-planar d 8 metal diimine–dithiolene complexes. Interest in this class of com-
plexes where the metal is coordinated with two different unsaturated chelating ligands, one
more easily reduced (diimine, acceptor), the other more easily oxidized (dithiolato, donor),
is far from declining. This is due to the potential applications of their peculiar proper-
ties such as solution luminescence and solvatochromism in the fields of photosentitizers
or photoluminescent probes and NLO materials4. The Eisenberg group has performed
extensive studies on the unique CT excited states of these systems49. This topic has been
reviewed49a. These complexes are characterized in the visible region by a moderately
strong absorption which shows negative solvatochromism. On the basis of experimental
and theoretical evidence the characteristic solvatochromic absorption band, due to the
π → π∗ HOMO–LUMO transition, has been assigned to a mixed metal/ligand to lig-
and CT (MMLLCT) transition, having the HOMO mixed metal–ligand character with
prevailing contribution from the dithiolene ligand, and the LUMO ligand character with
prevailing diimine contribution. The composition of the frontier orbitals is in agreement
with the reduction potentials which depend on the nature of the diimine whereas the
oxidation potentials are mostly affected by the dithiolate ligand.

A number of platinum diimine–dithiolene complexes display long-lived solution and
solid-state luminescence in ambient conditions and in frozen solvent glasses. A linear cor-
relation has been found between emission energies and the difference in the ground-state
redox potentials. These results provide the tools for tuning and systematically controlling
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FIGURE 8. Singly occupied molecular orbital of [CpNi(dmit)]. Reproduced by permission of The
Royal Society of Chemistry from Reference 47
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the emission properties through ligand variation on changing the electron donating and
accepting properties of the ligands. In addition, the influence of the metal on the excited-
state properties has been investigated: the Ni(II), Pd(II) and Au(III) complexes do not
show solution emission, suggesting that: (i) the third-row Pt(II) ion compared to Ni(II)
and Pd(II) provides a more efficient intersystem crossing to the triplet state and lowers
the nonradiative decay pathway49a; (ii) the increased charge on d8 Au(III) orbitals lowers
the energy of dσ ∗ orbitals enough to favor a nonradiative decay involving d –d states in
spite of CT–diimine states49c.

The solvatochromism of the intense low-frequency CT absorption of the d8 metal
diimine–dithiolate complexes of Pt, Pd and Ni suggested that these complexes were
second-order NLO chromophores50. The magnitude of the molecular first hyperpolariz-
ability, determined from electric-field-induced second-harmonic generation experiments
(EFISH) at 1.9 µm, ranges from 0 to −39 × 10−30 esu. This value depends on the CT
absorption band wavelength, the oscillator strength and the variation of the dipole moment
between the ground and the excited state. The resonance forms 34–36 are provided to
depict qualitatively the HOMO, the excited state and the LUMO, respectively. In the
charge-transferred state the complex has a smaller dipole moment than in the ground
state, since the ligand-to-ligand axis is collinear but opposite to the ground-state dipole
of the molecule. This difference, being the excited state less polar than the ground state,
determines the negative solvatochromism and value of β. These properties have been
interpreted following the simplification of the two-state model, which takes into account
a single excited state, through the relationship: β ∝ µ2

ge × µ/E2
ge, where β is the molec-

ular hyperpolarizability, µge the transition dipole moment between the first excited and the
ground states, µ the difference between the dipole moment of the ground and excited
states and Ege the energy of the absorption band.
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The influence of the extent of the charge-separated ground-state structure on the second-
order polarizability has been investigated in platinum phenanthroline–dithiolate com-
plexes containing sterically demanding groups (37, dtoc = 1,2-dithiolato-closo-1,2-
dicarbadodecaborane) and on substituting S atoms (38) with O (39). Charge separation
is in the order 37 < 38 < 39. It was found that the chromophore bearing an O−O lig-
and exhibits increased charge-separated character and larger polarizability relative to the
corresponding S−S one51.

With a view to relating the second-order nonlinear properties with the charge-separated
character of the complexes, an analysis of ground-state (µg) and excited-state (µe) dipole
moments on a series of structurally characterized acceptor (trifluoromethyl or cyano
groups) substituted nickel(diimine)(dithiolate) has been performed52. Most of the inves-
tigated complexes show an absorption in the visible region with medium-to-low molar
absorption coefficients (in the 6000 to 13000 M−1 cm−1 range) and a large negative sol-
vatochromism, in accordance with the dipole moment changes between the excited and
the ground state. Some of the complexes investigated exhibit absorption at longer wave-
lengths, with relatively large molar absorption coefficients (in the 12000 to 19000 M−1

cm−1 range), small dipole moment change and unusually low solvatochromism. This
behavior has been explained by taking into account a higher degree of π-delocalization
inside the (N=C−C=N)Ni(S−C=C−S) core, influenced by the substituents and reflected
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by shorter NiN2 and NiS2 distances as compared to similar complexes exhibiting large
solvatochromic shifts. This implies that the LUMO of 36 contributes to the ground-state
structure, providing a cyanide-like character to these chromophores and reducing the
dipole difference between the ground and the excited state (as found experimentally) µ
from −4 to −6 debye.

Experimental and theoretical53,54 investigations, based on increasingly sophisticated
methods (solid-state sulfur K-edge X-ray absorption spectroscopy53, vibrational spectra54a,
studies to relate aromaticity with CT transitions54b and time-dependent DFT54c), of the
excited singlet and triplet state of [Pt(II)(diimine)(dithiolato)] systems provided additional
details in the elucidation of the nature of their bonding and of the photophysical properties.
The reactivity of [M(II)(diimine)(dithiolato)] (M = Ni, Pd, Pt) toward oxidation has been
interpreted using the Fukui function, which provides information on the local softness and
is widely used to investigate the factors that affect the reactivity of the different sites of
organic molecules toward different reagents, by applying locally the hard–soft acid–base
(HSAB) principle55. It was found that the sulfur atoms in the complexes are the preferred
site for electrophilic attack, and in the M = Ni, Pd, Pt series, the sulfur atoms of nickel
derivatives are less favorable to electrophilic attack. Accordingly, the photochemical oxi-
dations of [M(bpy)(bdt)] (bpy = 2,2′-bipyridine, bdt = benzene-1,2-dithiolate), giving a
monosulfinato complex when M = Pt and Pd, and a mixture of octahedral disulfonate
complex and a dimetallic complex when M = Ni, have been explained. It also pre-
dicted that the nucleophilicity of the sulfur atoms would be responsible through soft–soft
interactions with electrophilic centers of the crystal packing. Interestingly, the oxidation
products of the neutral complexes, where diimine = 4,4′-di-t-butylpyridine and dithiolato
was 3,6-bis(trimethylsilyl)-1,2-benzenedithiolate or 1,2-bis(4-t-butylphenyl)ethylene-1,2-
dithiolate, have been recently obtained as monomeric monocations with a spin 1/2 ground
state53. The monomers are in equilibrium with diamagnetic dimers, and the crystal struc-
ture of the dimer based on the ethylene-1,2-dithiolate derivative has been solved. This
represents the first example of a structurally characterized diimine–dithiolene containing
complex where the dithiolene ligand bears a 1− formal charge (Figure 9)53.
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FIGURE 9. Detail of the binuclear dication in the crystal structure of [Pt(4,4′-t-Bu2byp)L]2(PF6)2
(L = 1,2-bis(4-t-butylphenyl)ethylene-1,2-dithiolate). Reprinted with permission from Reference 53.
Copyright 2007 American Chemical Society

Experimental results converge in assigning the one-electron oxidation to a ligand-
centered process involving the dithiolato ligand. It would be interesting to calculate the
local softness parameters to verify whether the electrophilic and nucleophilic sites are
in agreement with dimer formation. A partial oxidated form of dimers has been previ-
ously found as reaction product of a similar diimine–dithiolate complex [Pt(dmid)(dbbpy)]
(dbbpy = 4,4′-di-t-butyl-2,2′-bipyridine) or similar acceptors, which undergo 2:1 donor:
acceptor stacking in the solid state. X-ray data of the salt [Pt(dmid)(dbbpy)]2(tcnq) sug-
gest partial CT from the donor [Pt(dmid)(dbbpy)]2 to the acceptor tcnq56. Unusually for
platinum diimmide–dithiolato complexes49, [Pt(dmid)(dbbpy)] was reported as nonlumi-
nescent in the explored wavelength range.

2. Complexes with different dithiolene ligands

Relatively fewer examples of d8 metal dithiolenes [(R2C2S2)M(S2C2R′
2)] with R �= R′

than with R = R′ have been reported so far. Preparative methods based on symmetrical
precursors as reagents are summarized for nickel in equations 6–9, where L = R2C2S2,
L′ = R′

2C2S2 and R �= R′; these reactions are reported to work similarly for the other
d8 divalent metals. These reactions involve ligand scrambling reactions complicated by
competing redox reactions of the symmetrical precursors and/or ligand substitutions reac-
tions. These complications were recognized since the early studies by McCleverty and
coworkers57a, who were able to isolate mixed ligand complexes by mixing the sym-
metrical monoanionic complexes based on the ligands L = phdt, L′ = tfd and L′ = mnt
through reaction in equation 6. It has been reported57b that mixing symmetrical neutral
precursors for L = phdt and L′ = tfd, as shown in equation 7, affords the mixed-ligand
compound in shorter reaction times. Mixed-ligand complexes were also obtained through
reaction in equation 8, for L = phdt and L′ = mnt, obtaining satisfactorily pure salts of the
[Ni(phdt)(mnt)]1− and [Ni(phdt)(tfd)]1− anionic complexes. Fast isolation and purification
of the mixed-ligand complexes was recommended to avoid formation of an equilibrium
mixture of asymmetrical and symmetrical complexes57a. Mixed-ligand complexes show
properties intermediate to those of symmetrical precursors. In Table 4 the electrochemi-
cal properties of asymmetrical [Ni(L)(L′)]z complexes are compared with those of their
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TABLE 4. Cyclic voltammetric data∗ of asymmetrical [Ni(L)(L′)]z complexes and their symmet-
rical precursors

Compound Ea (V) a E1/2 (V) b E1/2 (V) c References

[Ni(1,4-Me2pipdt)2]2+ +0.4 d −0.96 −1.26 10
[Ni(1,3-i-Pr2timdt)2] +0.78 d −0.100 e −0.598 15
[Ni(tdas)2]2− +0.80 a +0.18 19
[Ni(dmit)2]2− +0.316 a −0.109 18
[Ni(mnt)2]2− +1.110 a +0.270 18
[Ni(dddt)2]2− +0.105 −0.645 58
[Ni(1,3-i-Pr2timdt)(dmit)]1− +1.154 n.o.f −0.402 12
[Ni(1,3-i-Pr2timdt)(mnt)] +1.160 +0.354 −0.307 12
[Ni(1,4-Me2pipdt)(dmit)] +0.590 −0.593 e −1.165 e 12
[Ni(1,4-Me2pipdt)(mnt)] +0.900 −0.530 −0.970 59a
[Ni(1,4-Me2pipdt)(tdas)] +0.820 −0.582 −1.034 59a
[Ni(mnt)(dmit)]1− +0.73 a +0.06 60a
[Ni(mnt)(dddt)]1− +0.51 a −0.26 60a
[Ni(dddt)(dmit)]1− +0.23 a −0.38 60a
[Ni(edt)2]2− +0.135 −0.905 6
[Ni(edt-CN)2]2− +0.695 −0.265 61
[Ni(tfd)2]2− +0.53 g −0.51 g 62
[Ni(mnt)2]2− +0.63 g −0.16 g 62
[Ni(tfadt)2]2− +0.51 g −0.45 g 62

∗ Measured at Pt electrode in CH3CN, reference electrode Ag/AgCl.
a For the irreversible process [ML2]0 → [ML2]1+ + e−.
b For the reversible process [ML2]0 + e− ⇀↽ [ML2]1−.
c For the reversible process [ML2]1− + e− ⇀↽ [ML2]2− .
d For the reversible process [ML2]0 ⇀↽ [ML2]1+ + e−.
e Quasi-reversible one-electron reduction.
f Not observed.
g Measurements performed in CH2Cl2 solutions; E (V) vs. Fc/Fc+ .

symmetrical precursors.

[Ni(L)2]1− + [Ni(L′)2]1− −−−→ 2[Ni(L)(L′)]1− (6)

[Ni(L)2] + [Ni(L′)2] −−−→ 2[Ni(L)(L′)] (7)

[Ni(L)2] + [Ni(L′)2]2− −−−→ 2[Ni(L)(L′)]1− (8)

[Ni(L)2]2+ + [Ni(L′)2]2− −−−→ 2[Ni(L)(L′)] (9)

More recently, several complexes have been obtained by equation 6 in 50–80%
yields60: [M(dmit)(mnt)]1− (M = Ni, Pd and Pt); [Ni(dddt)(mnt)]1−; [Ni(dddse)(mnt)]1−;
[Ni(dsit)(mnt)]1−; [Ni(dmse)(mnt)]1−; [Ni(dddt)(dmit)]1−; [Ni(dddse)(dmit)]1−; [Ni(dmid)
(dmit)]1− [Ni(tdas)(dmit)]1−; [Ni(tdas)(dddse)]1− (dddse = 5,6-dihydro-1,4-dithine-2,3-
diselenolate, the Se analogue of dddt). The products have been purified by reversed-
phase column chromatography, using aqueous acetonitrile as eluent. In this case no
back reaction yielding symmetrical complexes has been observed; [Ni(dmit)(mnt)]1−
and [Ni(tdas)(dmit)]1− have been used as counterions to prepare CT salts based on
tetrathiafulvalene-cation derivatives. The obtained salts exhibit metallic behavior down
to low temperature60.

The method of equation 8 may work either as a two-step reaction implying a pre-
liminary redox step with subsequent scrambling of the ligands, or simply as a metathe-
sis. By reacting the neutral [Ni(1,3-i-Pr2timdt)2] with the dianions [Ni(dmit)2]2− and
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[Ni(mnt)2]2−, the monoanionic asymmetrical dithiolene complexes [Bu4N][Ni(1,3-i-Pr2
timdt)(dmit)] and [Bu4N][Ni(1,3-i-Pr2timdt)(mnt)] have been obtained in high yields18. In
the reaction of [Ni(1,3-i-Pr2timdt)2] and [Ni(dmit)2]2−, formation of symmetrical monoan-
ionic species has been recognized spectrophotometrically (peaks at 1400 and 1130 nm for
[Ni(1,3-i-Pr2timdt)2]1− and [Ni(dmit)2]1−, respectively). These species undergo slow lig-
and scrambling leading to the mixed-ligand derivative (the reaction is complete in five
hours). In the corresponding reaction employing [Ni(mnt)2]2−, which would require a
stronger oxidating species than [Ni(1,3-i-Pr2timdt)2], no symmetrical monoanions are
observed. A ligand substitution reaction may be invoked to explain the formation of the
mixed-ligand derivative.

Equation 9 requires dicationic and dianionic complexes. Several stable dianionic com-
plexes are available, while among the less common dicationic complexes, [Ni(1,4-
R2pipdt)2]2+ have proved to be valuable precursors in the synthesis of stable mixed-
ligand complexes. This reaction is very effective, with almost quantitative yields of several
mixed-ligand derivatives59.

The alternative methods shown in equations 1063 and 1164 have also been used. The
effectiveness of the synthetic methods in equations 6–11 depends on the availability of
reagents as well as the stability of the products. The solvent may have an important role in
determining the reaction products, because it affects the redox potential of the complexes
and also their solubility. Formation of sparingly soluble salts may explain why, differently
to the expected general trend of similar behavior in the Ni–Pd–Pt triad, the method of
equation 9 does not usually lead to the mixed-ligand complexes in the Pd and Pt cases, but
to salts containing a stack of alternating anion and cation complexes along one direction
(see Section IV.E).

[Ni(mnt)(NH3)2] + 1,4-R2pipdt −−−→ [Ni(mnt)(1,4-R2pipdt)] + 2 NH3 (10)

[Pd(1,3-Et2timdt)Br2] + Na2mnt −−−→ [Pd(1,3-Et2timdt)(mnt)] + 2 NaBr (11)

The potential of nickel mixed-ligand dithiolene complexes, containing two ligands of
significantly different electron-withdrawing capability, to behave as intervalence com-
pounds where the ligand occurs in formally different oxidation states, was recognized by
Vogler and Kunkely since the early 1980s65. In these complexes one ligand is reducing
(dithiolate, HOMO at high energy, prevailing contribution of the pull ligand), and the
other is oxidizing (dithione, LUMO at low energy, prevailing contribution of the push
ligand), similarly to what happens in the diimine–dithiolato case66. The HOMO–LUMO
transition has ligand-to-ligand CT character mediated by the coordinated metal. The res-
onance forms 40–42 are shown to depict qualitatively the HOMO, the excited state and
the LUMO of these complexes, similarly to the diimine–dithiolato case. Where, although
asymmetric, the complexes have comparable electron-withdrawing capability of the two
different ligands, they compare better with the symmetric analogues for which the overall
delocalized resonance form 41 to describe the ground state is most appropriate.

R′

R′S
M

S

S

S

R

R

+2
−

−

(40)

R′

R′S
M

S

S

S

R

R

+2
− −

(41)

R′

R′ S
M

S

S

S

R

R

+2
−

−

(42)

Complexes with ground state describable with the limiting form 40 show an absorption
in the visible region with medium-to-low molar absorption coefficients and a large nega-
tive solvatochromism, in accordance with the dipole moment changes between the excited
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TABLE 5. Optical data and dipole analysis of asymmetrical [Ni(L)(L′)] complexes

Ligands a λmax (nm)
ε (M−1 cm−1)

µeg
(debye)

µg
(debye)

µe − µg
(debye)

β0
b

(10−30 esu)
References

L = 1,4-(EH)2pipdt c 829
3.7 16 −10 −37 63

L′ = mnt 9800
L = 1,4-(EH)2pipdt c 840

3.6 13 −8 −20 63
L′ = tdf 8700
L = btmpedt d 842

5.9 6 1 +5 63
L′ = tfd 19000
L = 1,3-i-Pr2timdt 883

6.7 16 ≈0 ≈0 18
L′ = mnt 24100
L = 1,4-i-Pr2pipdt 965

5.9 13 −11 −130 59a
L′ = dmit 10900

a The different nature of the two ligands in the complex allows one of them to be taken mostly as a dithione
(L) and the other as a dithiolate (L′); see Section III.C.2, in particular resonance forms 40–42.
b β0 is the zero frequency term of β (molecular first-order hyperpolarizability).
c 1,4-(EH)2pipdt = 1,4-bis(2-ethylhexyl)piperazine-2,3-dithione.
d btmpedt = 1,2-bis(3,4,5-trimethoxyphenyl)ethylene-1,2-dithiolate.

and the ground state. Complexes with ground state describable with the limiting form 41
exhibit absorption at longer wavelengths, with relatively large molar absorption coeffi-
cients (see Table 5), small dipole moment change and unusually low solvatochromism.
The prevailing contribution in the ground state either of the resonance form 40 or of 41
is corroborated from the other associated spectroscopic, electrochemical properties and
structural data. Electrochemical data show that in asymmetrical Ni dithiolenes with high
delocalization, the reduction processes are intermediate between those of the symmetrical
precursors, and in those describable as dithione–dithiolates similar values of reduction
potentials for complexes bearing the same push ligand and oxidation potentials depending
on the pull ligand are found, suggesting an unbalanced contribution of the two ligands to
the frontier orbitals.

Also, FT-IR and Raman spectra help in evaluating the extent of electron delocal-
ization in the two classes of complexes through the ν(C=C) marker, for which well
established assignments are available, for example, 1485 cm−1 (z = 2−) and 1435 cm−1

(z = 1−)23a,23b for [Ni(mnt)2]z, and 1435 cm−1 (z = 2−) and 1390 cm−1 (z = 1−)29c

for [Ni(dmit)2]z · [Ni(1,4-Me2pipdt)(mnt)] exhibits a peak at 1492 cm−1 and [Ni(1,4-
R2pipdt)(dmit)] at 1430 (R = Me) and 1440 (R = i-Pr) cm−1, as found for the z =
2− symmetrical complexes63. Instead, [Ni(1,3-i-Pr2timdt)(mnt)] and [Ni(1,3-i-Pr2timdt)
(dmit)] exhibit a peak at 1425 cm−1 and at 1388 cm−1, respectively, as found in the 1−
symmetrical complexes18. Accordingly, dmit and mnt ligands bear more negative charge
than 1,3-i-Pr2timdt, but this asymmetrical charge distribution occurs to a lower extent than
in the corresponding 1,4-R2pipdt complexes. X-ray structural results provide further useful
information. While there is no substantial difference between the four Ni−S coordination
bond distances (2.146(2) to 2.173(2) Å), in complexes with putative ground state 40 the
two vicinal C−S bonds are shorter (1.675(11) to 1.700(6) Å) and the intermediate C−C
bond longer (1.433(3) to 1.50(2) Å) in the dithiolene ligands labeled L in Table 5, as com-
pared to those labeled L′ (d(C−S) ca 1.734(12) Å and d(C−C) ca 1.34(2) Å). Structural
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data available for the Ni complex with L = btmpedt and L′ = tfd with putative ground
state 41 show that the C−S and C−C bonds are comparable (d(C−S) = 1.704(4) Å in L
and 1.712(4) Å in L′; d(C−C) = 1.410(5) Å in L and 1.366(6) Å in L′).

A summary of optical data and of dipole analysis on representative examples appears
in Table 5. Chen and coworkers explained the different behavior of unsymmetrical com-
plexes describable mainly as dithione–dithiolato [Ni(1,4-R2pipdt)(tdf)] (40) and overall
delocalized [Ni(btmpedt)(tdf)] (41) dithiolenes63. Two dipoles will contribute to µg in
these complexes: one arising from the periphery of the molecule (from the donor to the
acceptor substituents), the other one originating from the metal to the dithiolato sulfurs,
when the resonance form 40 is prevalent in the ground state. While the first component
will remain essentially unchanged, the second dipole component will change upon excita-
tion due to the charge-transfer transition from the dithiolate to the dithione ligand. Instead,
for complexes with a nearly symmetrical charge distribution at the (C2S2)Ni(S2C2) core,
also the second component will remain almost unchanged. Interestingly, a different NLO
response is observed for asymmetrical dithiolenes where both complexes are coordinated
to one ligand bearing a potential NR donor group but inserted in a five-membered (1,3-
i-Pr2timdt) or six-membered ring (1,4-R2pipdt) and to one electron-withdrawing ligand
(dmit, mnt): an almost null β0 value accompanied by a large dipole moment of the ground
state, related to the presence of the dipole arising from the periphery of the molecule for
the complex [Ni(1,3-i-Pr2timdt)(mnt)] (43), and a negative β0 with a slightly smaller
dipole moment for the complex [Ni(1,4-i-Pr2pipdt)(dmit)] (44). No experimental data for
[Ni(1,3-i-Pr2timdt)(dmit)] based on solvatochromic measurement are available due to the
very low solubility of the species in polar solvents.

DFT calculations on model compounds 45–48, where hydrogen atoms replace the alkyl
groups of 1,4-R2pipdt and 1,3-R2timdt (Figure 10), allowed elucidation of this behavior.
Moreover, analysis of the calculated first molecular hyperpolarizabilities and their compo-
nents with the two-state approximation accounts for the various NLO responses in terms
of the important following components: the transition dipole moment between the first
excited and the ground states (µ2

ge), the difference between the dipole moment of the
ground and of the excited state (µ) and the energy of the absorption band. The derived
picture highlights the different roles of the two push and pull ligands, but also the peculiar
perturbation of the π-electron density induced by the terminal CS3 group of the dmit lig-
and, which induces major differences between the ground and excited states. The frontier
MOs are shown in Figure 10. Similarly to symmetric complexes, the HOMOs and LUMOs
of the models 45–48 are still i.p. and o.o.p. combinations of the critical C2S2 frontier
π-orbital but the atomic contributions are now unbalanced, particularly when the ligand
1,4-H2pipdt is present. In fact, the greater weight of the latter in the LUMO is evident
from comparison of the HOMO and LUMO drawings of 45 and 46. Another important
aspect is the scarce contribution of the terminal CS3 moiety of dmit to the LUMO of
both complexes 45 and 47. Thus while the pπ orbital populations change more at the
core than at the peripheral atoms, the terminal S atom of the dmit ligand is significantly
less populated in the excited state. Therefore, also the dipole component arising from the
periphery of the molecule will change upon excitation. This explains why nonzero NLO
properties are predicted for the complex 48 which exhibits the highest delocalization, thus
the lower charge-separated character in the ground state, almost comparable with the sym-
metric analogues. The unique role of dmit ligand in perturbing the electron distribution
at the dithiolene core and in inducing major differences between the ground and excited
states explains the peculiarity of mixed-ligand complexes based on dmit. This shows that
the simplifying assumption, that the variation of the dipolar component arising from the
periphery of the molecule upon excitation is constant, is not generally applicable, and
that mixed-ligand complexes based on dmit seem promising optimal candidates to induce
NLO properties at the molecular level12.



904 Paola Deplano, M. Laura Mercuri, Angela Serpe and Luca Pilia

CN

CNS

Ni

S

S

S

N

N
S

i-Pr

i-Pr

+2

CN

CNS

Ni

S

S

S

N

N
S

i-Pr

i-Pr

+2

−

−

− −

CN

CNS

Ni

S

S

S

N

N
S

i-Pr

i-Pr

+2

−

−

S

Ni

S

S

S

+2

−

−

N

N

R

R

N

N

R

R

S

S

Ni

S

S

S

+2
− −

S

Ni

S

S

S

+2

−

−

N

N

R

R

N

N

R

R

S

N

N N

N

R

R

R

R

S

(43)

(44)

3. Complexes with different substituents at the same C2S2 moiety

Complexes based on asymmetrical dithiolenes bearing outer functional groups have
been recently designed to promote formation of extended networks either through hydro-
gen bonds between these building blocks or through covalent bonds toward various
coordinatively unsaturated metal ions with a view to building multicomponent molec-
ular systems. For example, the nickel complex of maleamide dithiolate, containing outer
CN and NH groups, forms an extended network where hydrogen bonds determine the
supramolecular organization67 (see Figure 11).

Formigué and coworkers have successfully prepared asymmetrically substituted dithi-
olenes such as edt-CN (edt-CN = 2-cyano-1,2-ethylenedithiolate), tfadt and their square-
planar nickel (49 and 50) and gold complexes61,62. Both cis and trans isomers coexist
and interconvert in solutions, while in the solid state the trans form is more commonly
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FIGURE 10. Frontier orbitals of model complexes 45–48, where hydrogen atoms replace the alkyl
groups of ligands 1,4-R2pipdt and 1,3-R2timdt. Reprinted with permission from Reference 12. Copy-
right 2004 American Chemical Society
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isolated. Both the cis and trans isomers of the square-planar Au(III) complex of tfadt
have been isolated as Bu4N+ salts62b.

As observed for the mixed-ligand complexes, the asymmetrically substituted dithi-
olenes exhibit electrochemical properties intermediate with respect to those of com-
plexes of symmetrically substituted ligands. This provides a wider choice of paramagnetic
monoanionic radical anions, while preserving coordinating properties with outer function-
alities, to be used as building blocks of multifunctional materials (see Section IV). New
(Ph4P)[Au(III)(dithiolene)2] complexes with asymmetrically substituted dithiolene ligands
(RR′C2S2; R = H, R′ = Ph, 2-Pyr, 3-Pyr, 4-Pyr) have been prepared and characterized.
The cis and trans isomers have been isolated for the R′ = Ph and 2-Pyr; both isomers
are present in solution but do not interconvert at room temperature68. The potential of the
pyridine outer groups in promoting structural organization of these complexes has yet to
be investigated.

IV. MOLECULAR CONDUCTORS, MAGNETS AND CONDUCTING/
MAGNETIC HYBRID MATERIALS

A. Background

The synthesis of the first organic molecular metal (ttf)(tcnq)69 (51a)(52) showing
a metallic state down to 55 K and the subsequent discovery of superconductivity in
(tmtsf)2PF6 (tmtsf = tetramethyltetraselenofulvalene, 51b)70, where a 2-D network was
formed by short Se · · · Se contacts between the tmtsf stacks, focused the attention of
chemists and physicists on the potential of organic molecules as building units of con-
ducting CT salts. Since then extensive effort has been devoted to prepare new types of
molecular metals or superconductors based on ttf-type π donors. A significant advance in
this context appeared by using bedtttf (53) as organic donor, which led to many examples
of 2-D organic metals and superconductors with Tc values as high as 11.5 K71.

X

XR1

R2 X

X

R2

R1

(51) (a) R1 = R2 = H, X = S; ttf

NC

NC CN

CN

(52) tcnq

S

S

S

S

S

SS

S

(53) bedtttf
(b) R1 = R2 = Me, X = Se; tmtsf

The discovery in 1986 of the first molecular superconductor containing a metal–
dithiolene complex (ttf)[Ni(dmit)2]2

30 (Tc = 1.6 K at P = 7 kB) and the subsequent dis-
covery of superconductivity (Tc = 1.3 K at ambient pressure) in α-(edtttf)[Ni(dmit)2]
(edtttf = ethylenedithiotetrathiafulvalene)72 renewed interest in metal–dithiolene com-
plexes as building blocks for new molecular conductors. These complexes can be viewed
as the inorganic analogues of ttf-type donors where the transition metal replaces the central
C=C bond of ttf. They are more versatile than the isosteric donors because in some cases
they are directly responsible for the occurrence of the metallic or even superconducting
state, while in other cases, depending on the metal, they can exhibit peculiar magnetic
properties. Although in terms of molecular architecture the [M(dmit)2] molecule, where
the central electron-delocalized core is extended by the sulfur-containing heterocycles,
is similar to the bedtttf donor, the transverse interactions were found to be weaker than
expected and unable to realize a 2-D network, and therefore the superconductivity was sta-
blilized only at very low temperatures. The [M(dmit)2] (M = Ni, Pd) superconductors thus
occupy a unique position, because almost all molecular superconductors were formed by
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organic π donor molecules having ttf-like skeletons. The molecular superconductors based
on [M(dmit)2] (M = Ni, Pd) complexes synthesized up to date are reported elsewhere1a.
Other important milestones were: (i) the synthesis of two bulk ferromagnetic complexes:
(NH4)[Ni(mnt)2]· H2O73 consists of uniform stacks of planar [Ni(mnt)2] complexes sep-
arated by ammonium cations (which favor uniform stacking due to their small size) and
it is an insulator showing antiferromagnetic order at T > 100 K, ferromagnetic coupling
below this temperature and ferromagnetic ordering at T < 5 K; [Cp2

∗ Mn][Ni(mnt)2]74,
consisting of · · · C+C+A−A−C+C+A−A− · · · stacks of side-by-side cations (C+) alter-
nating with dyads of anions (A−), is a semiconductor with ferromagnetic ordering at
T < 2.5 K; (ii) the synthesis of the (per)2[M(mnt)2] (M = Fe, Co, Ni, Pd, Pt, Cu, Au;
per = perylene, 54) family75, the first examples of paramagnetic molecular metals. In
these compounds, [M(mnt)2] complexes form chains of localized spin units while the
conducting properties are due to segregated perylene stacks; α-(per)2[M(mnt)2] phases
have a similar structure, with segregated stacks of perylene and [M(mnt)2] units along
the stacking b-axis. They show high room-temperature conductivity along the stacking
axis ranging from 700 S cm−1 for M = Ni, Pt, Cu, Au to 300 S cm−1 for M = Pd and
200 S cm−1 for M = Fe, Co compounds. The magnetic behavior of these compounds
strongly depends on the metal. These salts have been extensively investigated by Almeida
and coworkers76, in particular to study the origin of the metal-to-insulator (MI) transition
and its variations, essentially depending on the nature of the metal in the dithiolene com-
plex. A major problem associated with dithiolene complexes is their insulating instability
at low temperature due to MI transition caused by Peierls-type dimerization along the
chains77 (these compounds usually crystallize forming stacks of complexes which give
rise to quasi-1-D, electronic systems) preventing the occurrence of either the metallic
state or superconductivity78,79. The Peierls distortion may be suppressed by increasing the
dimensionality of the systems through lateral interactions. This can be obtained by either
increasing the number of peripheral sulfur atoms in the ligand framework, or changing
from sulfur to selenium ligand analogues.

(54) Perylene

S

S

S
M

S

S

S

S

S
z

(55) [M(dddt)2]z, z = 2−, 1−, 0, fractional and 1+

Despite the Peierls distortion limitation, metal–dithiolene complexes can provide unique
examples of novel low-dimensional materials exhibiting interesting conducting and/or
magnetic properties. Some relevant examples are: (i) highly conducting and metallic
single-component materials; (ii) magnetic materials such as ferromagnets, ferrimagnets,
metamagnets and spin ladders (molecular systems consisting of assemblies of S = 1/2
chains, one next to the other) in addition to other systems suitable for the study of mag-
netic ordering and (iii) multifunctional hybrid materials with conducting and magnetic
components. The main results achieved in these areas have been reviewed by Cassoux
and Faulmann1a and Robertson8 separately which focused on [M(dmit)2] and isologs,
[M(mnt)2], [M(dddt)2] (55) systems and by Kato80 which analyzed the electronic structure
of some of these systems, especially [M(dmit)2], by discussing the two-MO picture—the
interplay of the HOMO and LUMO—associated with the small HOMO–LUMO level
splitting which is an essential part of the electronic structure. Geometrical aspects such
as dimensionality, dimerization and frustration as well as the pressure effect on crys-
tal and electronic structures of these systems and on their metallic and superconducting
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states have been also discussed. The single-component molecular metals with extended-ttf
dithiolate ligands have been recently reviewed by Kobayashi and coworkers81.

An update of the cited reviews will be herein presented focusing on (i) the influence of
intermolecular interactions, including fluorine, H-bonding and π –π interactions; (ii) the
role of the metal and geometrical characteristics such as size and shape of both the ligand
(which can be properly tuned by chemical methods) and the counterion in determining the
packing motif and thus the physical properties of the materials. Selected examples will
be described of metal d8-dithiolene-based compounds endowed with unusual structural
features or physical properties when compared to analogous compounds reported in the
literature. The crystal packing and physical properties of these compounds are summarized
in Table 6 and clearly demonstrate why dithiolene complexes still remain the vast frontier
of highly functionalized molecular systems.

B. Role of Fluorine Intermolecular Interactions

1. Fluorine segregation effects

Very weak interactions such as the fluorine van der Waals interactions are able to induce
the formation of recurrent packing motifs in the solid state and also offer opportunities to
isolate isostructural compounds with various electronic properties. The fluorine segrega-
tion effect has been investigated by Fourmigué and coworkers as a tool for controlling the
solid-state organization of open-shell molecules, a prerequisite for controlling their elec-
tronic properties in the crystalline state. In this context, the [Ni(dfpdt)2]−ž ([Ni(20)2]−ž)
anionic complex was combined with the fluorinated bis(2,2-difluoropropylene-
dithio)-tetrathiafulvalene (bdfpdtttf) isosteric donor97 to afford the 1:2 salt (bdfpdtttf)[Ni
(dfpdt)2]2

82. This salt shows a peculiar X-ray structure, isostructural with that of the donor,
characterized by a strong segregation of the CF2 moieties leading to the formation of a
layered structure with fluorine-containing bilayers, with F · · · F distances within a layer
close to twice the fluorine van der Waals radius. This compound is the first example of a
salt of a ttf-type donor salt isosteric with the corresponding metal–dithiolene complex. A
similar salt has been obtained through the bromine oxidation of a [Ni(dddt)2]− complex
in the presence of the isosteric bedtttf donor, but this salt is included as a very small frac-
tion in the neutral [Ni(dddt)2] structure98. The structural control imposed by the fluorine
segregation plays a crucial role in the formation of this salt. Single-crystal conductivity
and magnetic susceptibility measurements show an insulating and diamagnetic behavior,
respectively. The charge-transfer nature of this salt was inferred by Raman studies99,
which are especially sensitive to the charge state of the bedtttf molecule. In fact, an
approximately linear correlation between the degree of CT and the two totally symmetric
C=C stretching vibrations ν2 and ν3 in insulating, conducting and superconducting CT
salts based on the bedtttf donor has been previously established99.

The role of fluorine segregation control was also investigated in the preparation of
the neutral [M(dfpdt)2] dithiolene complexes (M = Ni, Au)83. In the neutral complex
[Ni(dfpdt)2] the striking segregation of the CF2 groups forces the structure toward a 2-D
layered arrangement highly unusual for neutral molecules. This 2-D layered structure is
commonly observed in CT salts of the (bedtttf)+ž radical cation where it is stabilized by
the overlap interactions of the open-shell species and the presence of partially filled con-
duction bands, but not in diamagnetic, closed-shell neutral molecules such as bedtttf100

and [Ni(dddt)2]101. Despite the observed 2-D layered structure, [Ni(dfpdt)2] is a closed-
shell insulating compound. Similar structures could be also stabilized with open-shell
molecules such as the neutral open-shell [Au(dfpdt)2]ž complex which was obtained by
electrocrystallization of the (Bu4N)[Au(dfpdt)2] salt83. [Au(dfpdt)2]ž is isostructural with
the neutral bdfpdtttf donor molecule and the observed recurrent packing motif clearly
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illustrates the efficiency of the CF2 groups in promoting this kind of structure with flu-
orine segregation and formation of fluorine-containing bilayers. The crystal structure of
[Au(dfpdt)2]ž shows donor layers built from 1-D stacks along the b direction, very rare
owing to the tendency of neutral, planar open-shell compounds to dimerize. For example,
[Au(dddt)2]ž, of structure similar to that of bedtttf, consists of isolated diamagnetic dyads.
The transport properties, measured along the stacking b-axis, show that [Au(dfpdt)2]ž is
a semiconductor with room-temperature conductivity σrt = 5.0 × 10−2 S cm−1 and acti-
vation energy Ea = 0.20 eV and exhibits paramagnetic behavior of the Curie type. Such
neutral radicals based on open-shell dithiolene complexes are thus promising candidates
for the preparation of conducting single-component molecular materials.

2. Single-component molecular conductors

The realization of a molecular metal based on single-component molecules has been
one of the important targets in the field of molecular conductors, since all molecular
metals developed before 2000 were made of two components: the molecules forming the
electronic band (designated by A) and another chemical species (designated by B); the
formation of a conduction band and the generation of charge carriers by the intermolecular
charge transfer between A and B seemed two essential requirements to ensure a metallic
state in these systems81.

To generate a metallic or semimetallic band in single-component molecules, the energy
separation between HOMO and LUMO should be small enough to make the HOMO and
LUMO bands overlap each other through 2-D or 3-D intermolecular interactions and form
partially filled bands. Therefore, the molecules must have a very small HOMO–LUMO
gap (E) and large intermolecular interactions, especially transverse contacts. The occur-
rence of the metallic state in a molecular system based on a neutral species was first
observed by Almeida and coworkers in [Au(α-tpdt)2]ž (56, M = Au, α-tpdt = 3,4-thio-
phenedithiolate)84, a member of a novel class of gold complexes with thiophenedithiolate
ligands, where the peripheral thiophene sulfur atoms promote additional intermolecu-
lar S · · · S contacts that control the packing pattern and thus the electronic properties.
Conductivity measurements performed on a polycrystalline sample show that [Au(α-
tpdt)2]ž is a metal in the 15–300 K range with high room-temperature conductivity,
σrt = 6 S cm−1, exceptionally large considering powder data are typically 100- to 1000-
fold weaker than those observed in single crystals along their most conductive axis.
This compound shows paramagnetic behavior almost independent of temperature down
to 10 K, reminiscent of the Pauli paramagnetism typical of metallic systems. Unfortu-
nately, no crystal data are available to further investigate the origin of the metallic state.
Metal–dithiolenes with highly delocalized ligands such as extended-ttf donors were con-
sidered the best candidates to obtain single-component molecular conductors, since the first
evidence of a very small E from ab initio MO calculations on [Ni(ptdt)2] (57a, M = Ni,
ptdt = bis(propylenedithio)tetrathiafulvalenedithiolate) dithiolene complex102. Theoretical
calculations suggest that E will decrease with increasing size of extended-ttf ligand
system. Moreover, the ttf-like structure is crucial for obtaining large transverse inter-
molecular interactions because the HOMO of the ttf-like donor has the same sign on
every sulfur atom and all intermolecular contacts through sulfur atoms enhance the inter-
molecular interaction by contributing additively81. Kobayashi and coworkers1b reported
the synthesis of single-component molecular conductor [Ni(tmdt)2] (57b, M = Ni, tmdt =
trimethylenetetrathiafulvalenedithiolate), which exhibits a stable metallic state down to
very low temperature (σrt = 400 S cm−1). A single-component molecular conductor incor-
porating magnetic moments, [Cu(dmdt)2] (57c, M = Cu, dmdt = dimethyltetrathiaful-
valenedithiolate), has been also reported103. A new type of ttf ligands fused with a
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six-membered ring such as cyclohexene and 1,4 dioxene, which possess structural flexi-
bility similar to that of the bedtttf donor, has been used to obtain novel single-component
highly conducting systems, (R4N)n[Ni(chdt)2] [R = Me, n = 2 (58a); R = Bu, n = 1
(58b); n = 0 (58c); chdt = cyclohexenotetrathiafulvalenedithiolate] and (R4N)n[Ni(eodt)2]
[R = Me, n = 2 (58d); R = Bu, n = 1 (58e); n = 0 (58f); eodt = ethylenedioxytetrathia-
fulvalenedithiolate]85.

X-ray data were available only for 58b and 58e, which show sandwiched structures in
which the chains or layers of the nickel complexes and cations are arranged alternately.
Interchain or interlayer S · · · S contacts shorter than the van der Waals radii were observed
only in the transverse direction. The magnetic behavior of 58b is in good agreement with
the Bonner–Fisher model with J/kB = −28 K, showing the existence of an antiferromag-
netic 1-D Heisenberg chain104 in agreement with the arrangement of anions with regular
distance along the 1-D chain (c-axis). Complex 58e shows Curie–Weiss paramagnetism
with antiferromagnetic interactions between the S = 1/2 states. The neutral species 58c
and 58f showed high room-temperature conductivity (σrt = 1 to 10 S cm−1) measured
on pressed pellets of samples. In this class, complex 58f is considered to be a new
single-component metal. Novel examples of highly conductive single-component molec-
ular metals based on ttf ligands fused with tiophene moieties are reported elsewhere105.

Recently, the new (Bu4N)[Ni(dmstfdt)2] (59) (dmstfdt = dimethyldiselenadithiaful-
valenedithiolate) Ni complex with stf (diselenadithiafulvalene)-type ligands has been syn-
thesized and fully characterized86. This compound is a unique ambivalent molecular
system exhibiting weakly metallic behavior above room temperature and weak ferro-
magnetism of localized spins at low temperature, despite the 1:1 stoichiometry similar to
58b and 58e. The crystallographically independent [Ni(dmstfdt)2]− anions (A and B, see
Figure 12) are arranged alternately along the stacking a-axis; the dihedral angle of 42.6◦
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FIGURE 12. Crystal structure of (Bu4N)[Ni(dmstfdt)2]. Anion layers showing two kinds of anions
A and B forming a zigzag array with a dihedral angle of 42.6(1)◦ between the adjacent anions along
the stacking axis. Reprinted with permission from Reference 86. Copyright 2007 American Chemical
Society

between the molecular planes of adjacent anions produces a weakly dimerized zigzag array
which forms an anion layer parallel to the ac-plane. Several Se · · · Se contacts between
the anions are present with a 2-D interaction in the anion layer.

Despite the 1:1 stoichiometry of the complex, the metallic behavior is relevant. The
room-temperature conductivity is σrt = 0.2 S cm−1 and metallic behavior was observed
down to 147 K, where transition to an insulating state occurred. The temperature depen-
dence of the magnetic susceptibility is also very unique, and the increase in the χT
product vs. T suggests a localization of the conduction electrons with lowering tem-
perature at 160–280 K, where the resistivity gradually increases. The χT value was
constant in the 80–150 K range and this is fitted well by the Curie–Weiss law. In con-
clusion, (Bu4N)[Ni(dmstfdt)2] undergoes a transition to an insulating state as a result of
localization of the conduction electrons.

Recently, Kato and coworkers87 have prepared and fully characterized novel trinu-
clear Ni(II) complexes by reacting the corresponding mononuclear Ni–dithiolene com-
plex [Ni(S∧S)2]z (z = 0 or 1−, S∧S = dddt, edo) (edo = 5,6-dihydro-1,4-dioxine-2,3-
dithiolate) with the tetrathiooxalato (60, tto) ligand and a Ni(II) cation, as shown in
equation 12 for the dddt ligand.
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This reaction unexpectedly produced trinuclear complexes with two tto bridging ligands
along with the binuclear complex. Structural results show that the anion of (Ph4P)2[Ni3
(tto)2(dddt)2] (61) is almost planar and the coordination around Ni(1) and Ni(2) is square-
planar, as expected for d8 complexes. Theoretical calculations (ab initio and extended
Hückel) show that this complex has a small HOMO–LUMO gap (0.15 eV) and highly
symmetric HOMO and LUMO, which are similar to those of [Ni(timdt)2] (HOMO–LUMO
gap = 0.10 eV), with a 3-D π band. This is reflected by the conducting properties of
this salt, a semiconductor with very high room-temperature conductivity (σrt = 1.0 ×
104 S cm−1) and very low activation energy (Ea = 0.28 eV). These trinuclear complexes
with such an extended π-conjugated system represent a new class of highly conducting
single-component molecular materials out of the mononuclear highly delocalized open-
shell dithiolene complexes and metal–dithiolenes with extended-ttf donors, whose selected
examples have been described at the beginning of this section.

C. Role of the Counterion

The examples of Sections IV.B.1 and IV.B.2 demonstrate the influence of the inter-
molecular interactions, such as fluorine and π –π interactions in determining the packing
motif (1-D, 2-D networks) and thus the conducting properties of dithiolene-based molec-
ular systems. The counterion is also of key importance in controlling the packing, as it
may segregate each stack to hinder further electronic communication between the com-
plexes. Larger counterions increase the stacking distance leading to weaker intermolecular
interactions, and hence decrease the conductivity, as illustrated in the (A)2[Cu(mnt)2]
series (A+ = Et4N+, Pr4N+, Bu4N+) on variation of the size of the counterion106, or can
interrupt the regularity of the stack leading to formation of dimers and thus to a nonmag-
netic ground state. Smaller counterions promote both the uniform stacking required for
long-range magnetic order and strong intermolecular interaction between the dithiolene
complexes. (NH4)[Ni(mnt)2]·H2O73 is a peculiar example, which shows uniform stacking
and ferromagnetic ordering at the Néel temperature TN = 4.5 K. Organic counterions fully
planar or containing aromatic groups have been also used to promote uniform stacking
of the anions and several salts exhibiting unusual magnetic behavior have been obtained.
Among them, salts based on pyridinium cations show a variety of properties such as mag-
netic transition from paramagnetic to diamagnetic107, phase transitions with ferromagnetic
interaction in the high-temperature phase, spin gap in the low-temperature phase and weak
ferromagnetism at low-temperature108. Recently, unusual magnetic behavior was observed
in two novel [M(mnt)2] (M = Cu, Pt) dithiolene complexes with the stable, conjugated
and planar bdta (62) cation, which may provide S · · · S interactions between bdta and
Cu(mnt)2 through the sulfur atoms of the heterocyclic ring and [Pt(1,4-Me2pipdt)2]2+
(63) dicationic dithiolenes discussed in Section III. These complexes, where the planarity
of the central core is maintained by the Pt atom which imposes the square-planar geometry
while the substituents at the peripheral N-atoms of the ligand allow for tuning the size
of the cation, seem to be promising candidates to replace fully organic or fully inorganic
cations in controlling the packing.

The structure of [bdta]2[Cu(mnt)2]88 shows an alternating, diagonal stacked system in
the bc plane, with a single [Cu(mnt)2]2− anion sandwiched between two bdta cations
leading to discrete units. Within each stack in the bc plane, these units have S · · · S inter-
actions along the a-axis forming a 1-D chain, since no other significant S · · · S contacts
shorter than the sum of the van der Waals radii were observed. This compound behaves
as an ideal 1-D Heisenberg antiferromagnetic material in the T = 2–300 K range. X-ray
data suggest that magnetic exchange occurred along the chain of dithiolene complexes
via the nonmagnetic bdta cation; the observed strong side-by-side interaction between
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the sulfur atoms of the anion and cation is responsible for this unconventional path-
way between magnetic centers. The novel salt [Pt(1,4-Me2pipdt)2][Pt(mnt)2]2

89 consists
of segregated chains of anionic and dicationic [M(1,4-R2pipdt)2]2+ complexes running
parallel to the c-axis. The anionic complexes generate nonregular stacks with different
distances between the planes and the cationic complexes are interposed between those
stacks in a ribbon fashion; four anionic chains surround each cationic one and vice versa
(Figure 13). Magnetic measurements show the presence of a magnetic phase transition at
115 K between the behavior of an antiferromagnetic alternating-exchange chain and the
behavior of a set of antiferromagnetic dimers. The molecular structure at 103 K shows
that this phase transition has only magnetic character without structural character. A mag-
netic phase transition between a uniform infinite chain and a dimerized chain109 has been
found in the complex [1-(4′-cyanobenzyl)pyridinium][Ni(mnt)2], while several complexes
based on [M(mnt)2]−ž (M = Ni, Pt) dithiolene complexes show the magnetic behavior of
an infinite chain of spins (S = 1/2) interacting antiferromagnetically or the behavior of
antiferromagnetic dimers110.

Magnetic phase transitions related to structural phase transitions similar to those des-
cribed in neutral radical systems based on 1,3,5-trithia-2,4,6-triazapentalenyl (ttta)111

c

ab

FIGURE 13. Perspective view of the crystal packing in the ac plane of [Pt(Me2pipdt)2][Pt(mnt)2]2.
Interactions between the CN and the methylenic groups ( ) and between the CN and the methyl
groups ( ) are denoted. Reprinted from Chem. Phys. Lett., 421, F. Bigoli, P. Deplano, M. L. Mercuri,
L. Marchiò, L. Pilia, A. Serpe, G. Concas, F. Congiu and S. Sanna, ‘Structure and Characterization
of [Pt(Me2pipdt)2][Pt(mnt)2]2 and its Unusual Magnetic Properties Associated with a Non-Regular
One-Dimensional [Pt(mnt)2] Stack’, pp. 361–366. Copyright 2006, with permission from Elsevier
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have been also found in [Ni(mnt)2]−ž salts. A peculiar type of structural transition,
the order–disorder transition coupled to spin transition, has recently been observed in
[Cp2Fe][Ni(tfadt)2]90, the ferricinium salt of the [Ni(tfadt)2]−ž (50) dithiolene complex,
containing the asymmetrically substituted tfadt ligand, incorporating the CN and the
CF3 groups characteristic of the mnt (11) and tfd (10) ligands, respectively. The CF3
group shows conformational disorder because of the rotation around the C–CF3 axis as
a consequence of the segregation of the fluorinated moieties due to weak van der Waals
interactions of fluorine atoms, already discussed in Section IV.B.1112. Such order–disorder
transitions have been widely studied for their capability of affecting the conducting and
magnetic properties of molecular materials based on radical molecules: typical examples
are those related to the ordering of the ethylenic bridges of bedtttf π-donors in bedtttf
salts, which have proved to control their superconducting transition113. The structure of
[Cp2Fe][Ni(tfadt)2] salt consists of uniform chains of dithiolene complexes stacked along
the b-axis, separated by ferricinium dyads leading to the formation of hybrid layers paral-
lel to the ab plane. The interface between these layers is formed by CF3 and Cp moieties,
pointing toward each other, which are disordered at room temperature. At T > 250 K
this compound behaves as a Curie-type paramagnet. At lower temperatures two struc-
tural phase transitions at T ca 249 K, phase A, and T ca 137 K, phase B, affecting the
magnetic susceptibility, were observed (Figure 14).

In phase A, uniform spin chains of [Ni(tfadt)2]−ž anions showing weak AFM interac-
tions and disordered CF3 and Cp groups are present. The A ↔ B transition is associated
with a dimerization of the uniform spin chains which leads to an alternate spin chain and
simultaneous ordering of both the CF3 and Cp groups that thus induces a drop of the sus-
ceptibility. The order–disorder behavior of both the CF3 and Cp groups seems to be the
driving force of the transition. The low-temperature transition leads to a third structural
phase (phase C) consisting of antiferromagnetically coupled nickel dithiolene tetramers
in a complete diamagnetic state. The occurrence of two regions of magnetic bistability
in dithiolene-based systems is quite rare and has been observed only in spin-crossover
systems such as dinuclear Fe(II) complexes114, where the intermediate spin state can
be stabilized while the structural sequence: uniform chain/dimerized chain/tetramerized
chain, is usually observed in charge-transfer conducting salts of the (tmttf)2X type115 but
not in spin chains where full charge transfer is observed. A strong coupling between an
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FIGURE 14. (a) A view of the dithiolene stacks in (Cp2Fe)[Ni(tfadt)2]: (Left) At 293 K, A phase
and (right) at 230 K, B phase, showing the dimerization of the [Ni(tfadt)2]−ž chain in the B phase.
The Ni· · ·Ni distances are marked with dashed lines. (b) Plot of χT vs. T in the 1.85–300 K range.
Reprinted with permission from Reference 90. Copyright 2006 American Chemical Society
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order–disorder transition and an electronic transition such as spin transitions, and other
phenomena, has thus proved to be a useful tool for the design of molecular switches with
potential applications in molecular electronics for memory or sensing applications116.

1. Influence of H-bonding

The relevance of H-bonding in determining the solid-state properties of nitrile-
containing paramagnetic metal dithiolenes has been discussed in Section III.C.3. A mag-
netic exchange path through hydrogen bonds which might be responsible for the occur-
rence of magnetic ordering has been also observed in several compounds117 – 119. Among
them, the novel dithiolene complex with the organometallic bis(benzene)chromium(+)
cation, bis(4,5-dimethoxybenzene-1,2-dithiolate)nickel(−), [Cr(η6-C6H6)2][Ni(dmox)2]91

(64), represents, to the best of our knowledge, the first example of a metal bis(arene)
complex showing ferromagnetic ordering. It is noteworthy that magnetic ordering in
organometallic compounds120 is quite rare and studies on the corresponding [Cr(η6-
C6H6)2](tcnq) system show an ordinary paramagnetic behavior121. In [Cr(η6-C6H6)2][Ni
(dmox)2], the Ni−S bond distances, which fall in the 2.13–2.16 Å range, typical for
monoanionic systems17, are in agreement with the 1–charge ascribed to the dmox com-
plex. The Ni−S bond distance, which fall in the 2.13–2.16 Å range, typical for monoan-
ionic systems17, confirm the ascribed charges. The crystal structure consists of interpene-
trating sublattices of anions and cations each one well separated from the other of opposite
charge, where the symmetry planes defined by the cations and anions are almost perpen-
dicular to each other. In decamethyl metallocenium/dithiolene systems these planes are
almost parallel, a common structural feature of compounds showing magnetic ordering.
H-bonding is crucial in determining the packing pattern. There are three shortest con-
tacts in the structure, each one involving a hydrogen atom of one of the aromatic rings
of the cations and the heteroatoms (O, S, and Ni) of the dithiolene anions, leading to
chain formation and thus to a 3-D network. At T > 10 K, [Cr(η6-C6H6)2][Ni(dmox)2]
(64) behaves as a paramagnet following the Curie–Weiss law for S = 1/2 on each ion
(TWeiss = 8.5 K) while magnetic susceptibility and magnetization studies show a transition
to a ferromagnetically ordered phase at T = 3.4 K. It has been suggested that the struc-
tural motif of hydrogen bonds, especially the short contacts between anion heteroatoms (O
and Ni) and cation H atoms (O–H = 2.437 Å; Ni–H = 2.908 Å) and the longer interi-
onic S–H (3.148 and 3.260 Å) contacts, are responsible for the ferromagnetic interaction
by mediating the magnetic communications between cations and anions.

Cr
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S
Ni

S

S

S
OMe

OMe

MeO

MeO

−

(64) [Cr(η6-C6H6)2][Ni(dmox)2]

2. Influence of the substituents

A novel class of dithiolene complexes based on thiophenedithiolate ligands with inter-
esting electrical and magnetic properties has been recently reported by Almeida and
coworkers84,122 (Section IV.B.2). In particular, the paramagnetic [Ni(α-tpdt)2]−ž (56, M =
Ni) anionic dithiolene complex in combination with a suitable counterion has proved to be
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a challenging building block for materials with unusual magnetic properties. For instance,
among the several salts which have been prepared with decamethylmetallocenium cations,
[Cp∗

2Fe][Ni(α-tpdt)2]123 shows metamagnetic behavior below 2.56 K with a critical field of
600 G, while the corresponding manganese salt, [Cp∗

2Mn][Ni(α-tpdt)2]123, is a frustrated
magnet. When using substituted N-benzyl-pyridinium cations, three new salts (N-(4-
RC6H4CH2)py)[Ni(α-tpdt)2] (R = H, Br, F) have been obtained92. Previous studies with
other dithiolene complexes124 have shown that this type of cation favors segregated stack-
ing of cations and anions, leading to different kinds of magnetic interactions and ordering
which depend on the overlap modes of the anions in the crystal structure. The structure of
all compounds consists of alternated layers of anions and cations: the anions are arranged
with thiophenic sulfur atoms connected to a coordinating sulfur atom of a neighboring
anion, placing the complexes almost perpendicular to their next neighbors, in zigzagging
chains. The cations are positioned with the pyridine rings inserted between the thiophene
rings of the anions, maximizing π –π interactions but failing to promote segregated anion
stacking. There are several anion–cation interactions: C · · · C and C · · · S π –π interactions
between the pyridine ring of the cations and the thiophene ring of the anions, S · · · H−C
hydrogen bonds, C−Br · · · S short contacts through a coordinating and thiophene sulfur
atom and C−F · · · S interactions between anions and cations which are responsible for the
prevalence of the cis configuration, never observed so far in a [Ni(α-tpdt)2]−ž dithiolene
complex. The cation substitution plays a role in determining structural differences and
variable amounts of cis–trans disorder in the anionic dithiolene complexes, related to
the relative positions of the sulfur atoms of the thiophene rings. The cis – trans disor-
der affects the magnetic behavior of these compounds: (N-(Bn)py)[Ni(α-tpdt)2] shows
dominant ferromagnetic interactions and, at low temperatures, typical behavior of a clus-
ter glass as a consequence of disorder effects; (N-(4-BrC6H4CH2)py)[Ni(α-tpdt)2] shows
dominant antiferromagnetic interactions with a magnetic anomaly at T ca 6 K and (N-
(4-FC6H4CH2)py)[Ni(α-tpdt)2] behaves like a paramagnet down to 1.5 K. This class of
compounds shows how small changes within the building blocks can significantly affect
the supramolecular interactions and thus the magnetic properties.

D. Conducting/Magnetic Hybrid Materials

Bis(dithiolene)-based systems have proved to be useful components of multifunc-
tional conducting/magnetic hybrids, a challenging class of materials which represents
one of the main targets in current materials science for their potential applications in

[Mn4(hmp)6(CH3CN2]4+

[Pt(mnt)2]n−

e− Conducting frame

SMM frame

FIGURE 15. Schematic view of the [Pt(mnt)2]n− conducting frame and the intercalated [Mn4(hmp)6
(CH3CN)2]4+ SMMs frame. Reprinted with permission from Reference 128. Copyright 2007 Amer-
ican Chemical Society
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the development of molecular devices. They consist of two molecular networks, one
furnishing magnetism (nonlinear optics or other properties) and the other conductivity.
The combination of magnetic moments with conduction electrons in the same material
may lead to a simple superposition (coexistence) of magnetic and conducting prop-
erties when the two networks are electronically independent, an essential requirement
for combining properties such as ferromagnetism and conductivity which cannot coex-
ist in naturally occurring materials, or to a mutual influence (coupling) between these
properties when they interact as observed in switchable materials. Important milestones
in the area of molecular magnetic conductors showing a combination of properties,
apart from the first family of paramagnetic molecular metals, (per)2[M(mnt)2] (M = Pt,
Pd, Ni and Fe)75, are based on bedtttf salts with charge-compensating anions ranging
from simple mononuclear complexes [MX4]z− (M = Fe(III), Cu(II); X = Cl, Br) and
[M(ox)3]3− (ox = oxalate) with tetrahedral and octahedral geometry, to layered structures
such as the binuclear oxalate complexes [M(II)M(III)(ox)3]− (M(II) = Mn, Co, Ni, Fe,
Cu; M(III) = Fe, Cr). Three representative hybrid materials have been synthesized up
to now: paramagnetic/superconductor (bedtttf)4[H3OM(III)(C2O4)3](PhX) (M(III) = Cr,
Fe, Ga; X = CN, NO2, F, Br, . . .)125, antiferromagnetic/superconductor κ-(bets)2[FeX4]
(X = Br, Cl)126 (bets = bis(ethylenedithio)tetraselenafulvalene) and ferromagnetic/metal,
the (bedtttf)3[MnCr(ox)3]127 being the most recent and significant advance in this field.
Several examples of conducting/magnetic hybrids based on bisdithiolene complexes have
been reported in previously cited reviews1a,8. Recently, Yamashita and coworkers have
reported the synthesis of a unique hybrid material based on Mn4 single-molecule mag-
net (SMM) clusters in the ST = 9 spin state and [Pt(mnt)2]z− dithiolene complexes,
[{(Mn(II)2Mn(III)2(hmp)6(CH3CN)2}{Pt(mnt)2}4][Pt(mnt)2]2

128, showing SMM/semicon-
ducting behavior (Figure 15).

Recent studies have demonstrated that the inter-SMM interaction via conducting elec-
trons, albeit small, has a mutual influence on both SMM properties and conductivity93.

The structure consists of [Mn(II)2Mn(III)2(hmp)6(CH3CN)2]4+ units (represented as a
[Mn4]4+ cluster) separated by1-D double columns of [Pt(mnt)2]z− complexes. There are
two [Pt(mnt)2]z− units (A and B) coordinated with the Mn(II) ion of the [Mn4]4+ unit
forming a discrete unit, {[Pt(mnt)2]2-[Mn4]-[Pt(mnt)2]2}. The uncoordinated [Pt(mnt)2]z−
(C) and coordinated A and B are mutually stacked along the a-axis (Figure 16a) to form a
segregated one-dimensional double column possessing an [· · · A · · · B · · · C · · ·] repeating
unit (Figure 16b). Considering the charge balance and the structures of A, B and C, the
[Pt(mnt)2] units show a fractional charge of −0.66. The electron transport properties of
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FIGURE 16. (a) Packing view of [{(Mn(II)2Mn(III)2(hmp)6(CH3CN)2}{Pt(mnt)2}4][Pt(mnt)2]2, and
(b) arrangement of part of [Pt(mnt)2]z− moieties. Reprinted with permission from Reference 128.
Copyright 2007 American Chemical Society
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this salt, measured along the [Pt(mnt)2]0.66− columns (stacking a-axis), show that it is
a semiconductor down to 110 K (insulator at T < 110 K) with high room-temperature
conductivity (σrt = 0.2 S cm−1) and activation energy Ea = 136 meV. The temperature
dependence of χT shows a typical intracluster ferromagnetic behavior, already seen in
related [Mn4] clusters129. The magnetic behavior at low temperatures illustrates the SMM
character of the [Mn4]4+ unit and possible interunit interactions. [Pt(mnt)2]z− subunits with
fractional oxidation state (z = 0.66 in this salt) allowing conductivity are rare and only Li
salts of [Pt(mnt)2]z− have been reported so far130. However, conductivity is present only in
the temperature region where the SMM unit behaves as a general paramagnet. Moreover,
both networks (SMM and conducting) act independently in the entire temperature range131.

Among the various selenium analogs of dmit, the dsit ligand has been the most stud-
ied because the replacement of the sulfur atoms with selenium atoms in the periphery
of the ligand itself or in the dithiolene core of the [M(dmit)2] complexes is expected to
result in increased polarizabilities and orbital overlaps between molecules, leading to an
enhancement in the dimensionality of the materials. As far as we know, few [M(dsit)2]
(M = Ni, Pd) systems have been fully characterized by studies of crystallographic and
electrical properties; they all consist of tightly bound dimers with closed-shell tetrahedral
cations132. Only in the (Me4N)[M(dsit)2]2 (M = Ni, Pd) salts, that contain the mixed-
valence dimer [M(dsit)2]2

1−, have high room-temperature conductivities been observed
(ca 36 and ca 50 S cm−1, for Ni and Pd, respectively), although they behave as semicon-
ductors. The other reported salts contain the fully charged [Ni(dsit)2]2

2− anions and are
insulators. Recently, a novel conducting/magnetic hybrid [Ni(dmf)6][Ni(dsit)2]2

94 formed
by the [Ni(dsit)2]2

2− dianion and the [Ni(dmf)6]2+ cation has been reported, which com-
bines the conducting properties (semiconductor with σrt = 1.0 S cm−1) derived from the
packing of the anionic [Ni(dsit)2]2

2− dimers with the paramagnetic properties of octahe-
dral [Ni(dmf)6]2+ cations (Curie-type behavior). This salt shows an unusual 1-D packing
motif. Several short interdimer Se · · · Se contacts leading to a strong 1-D character in
the anionic sublattice are present. This is an unprecedented structural feature that con-
trasts with the lack of interdimer contacts found in the other structurally characterized
[Ni(dsit)2]− salts and affects its transport properties. The chains of [Ni(dsit)2]2

2− dimers
are surrounded by four parallel chains of [Ni(dmf)6]2+ cations and vice versa in such a
way that this structure can be viewed as formed by chains of [Ni(dsit)2]2

2− anions inserted
inside the tunnels formed by four chains of [Ni(dmf)6]2+ cations.

Metal–dithiolene complexes of the tdas ligand have been also investigated as promis-
ing building units of conducting, magnetic and conducting/magnetic hybrids because they
were proposed as potential analogs of the [M(dmit)2]z− systems, but much more easily
obtainable in a one-step reaction from commercial precursors. As this chapter is limited
to d8 systems, the readers are referred to elsewhere8,133 – 136 for discussion on the proper-
ties of (Bu4N)[Fe(tdas)2], (ttf)2[Fe(tdas)2], (bedtttf)2[Fe(tdas)2] and (bets)2[Fe(tdas)2]2. A
salt of composition (ttf)2[Ni(tdas)2]137 has been prepared but not structurally character-
ized. This salt shows conducting properties unrewarding (room-temperature conductivity
on a pressed pellet σrt = 10−1 S cm−1) when compared to (ttf)[Ni(dmit)2]. Another salt,
(omttf)2[Ni(tdas)2]138 (omttf = octamethylenetetrathiafulvalene), has been obtained, and
is an insulator consisting of a dimer of the omttf radical cations and the [Ni(tdas)2]2−
dianion. Recently, the first crystallographically and magnetically characterized salt of an
open-shell cation, (bedtttf)[Ni(tdas)2], has been reported95, with [Ni(tdas)2]− monoan-
ions, showing a packing pattern similar to the omttf salt in one of the layers, but totally
different physical properties. This salt forms a layered structure where one layer con-
tains dimerized bedtttf electron-donor molecules and isolated [Ni(tdas)2]− monoanions,
while the second layer contains chains of [Ni(tdas)2]− monoanions. Conductivity mea-
surements show that (bedtttf)[Ni(tdas)2] is a semiconductor of the Arrhenius type with
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room-temperature conductivity σrt = 1.8 × 10−2 S cm−1 and two semiconducting regimes
with activation energies of 58 and 212 meV above and below the transition temperature
(ca 200 K), respectively. This reversible semiconducting–semiconducting transition has
already been observed in other radical salts at similar temperatures and has been attributed
to an ordering of the ethylene group of the bedtttf donor. Magnetic measurements show
that it is a S = 1/2 paramagnet with weak antiferromagnetic coupling. Recently, Robert-
son and coworkers139 reported on the synthesis of the new (bdta)2[Ni(tdas)2] salt, which
shows integrated anion–cation alternating stacks, the ideal motif for the formation of new
functional materials. Although the magnetic properties are not remarkable, this salt shows
the appropriate stacking motifs for promoting magnetic exchange and hybrid magnetic
properties, and is deserving of further investigation.

E. Photoconductors

Anionic dithiolene complexes have been used to prepare IPCT (ion pair charge
transfer) photoconducting salts of the type {(C2+) [ML2]2−} (M = Ni, Pd, Pt; L2− =
dithiolato), where C2+ is a redox-active organic donor such as 4,4′- and 2,2′-bipyridinium
derivatives140. These challenging materials have been extensively studied for their
photochemical and photophysical properties, in particular the possibility to generate an
electrical photocurrent which may be used in photodetector technology. An extensive
investigation on these organic–inorganic CT salts by Kisch’s group140 has allowed us to
understand the main factors affecting the structure/property relationship.

The supramolecular interaction between the ionic components is reflected by the pres-
ence of a strong CT band in the diffuse reflectance spectra of these salts, which exhibit
electrical semiconducting behavior. When both components are planar and form a mixed
donor–acceptor stack in the solid state, on applying the ‘Marcus–Hush model’141, a
linear correlation between the thermal and optical electron transfer and a linear cor-
relation between the specific electrical conductivity and the free activation enthalpy
of the thermal electron transfer were found. Moreover, these CT salts showed inter-
esting photoconducting properties. Recently, metal dithiolenes have been used as both
components of IPCT salts extending the investigation from the largely studied fully
organic and organic–inorganic systems to the less common fully inorganic ones142. The
structure/property relationship of the following CT salts has been investigated96: [M(1,4-
R2pipdt)2][M(mnt)2] (R = Me, M = Pd, Pt; R = Et, M = Pt)11 and [Pt(1,4-R2pipdt)2]
[Pt(dtcr)2] (R = Me, Et; dtcr = 4,5-disulfanylcyclopent-4-ene-1,2,3-trionate, also known
as dithiocroconate). These salts show strong NIR CT bands and semiconducting behav-
ior. The structural features of both compounds are similar: approximately square-planar
[Pt(1,4-Me2pipdt)2]2+ dications and regular square-planar [Pt(dtcr)2]2− or [Pt(mnt)2]2−
dianions form an infinite anion–cation 1-D stack along the c-axis, and a net of weak
interactions between the N and O atoms of the cation and of the anion contributes
to the alignment of the complexes in the stack, as shown in Figure 17; the electronic
spectra of the salt and its precursors in the figure show an additional NIR peak for
the salt, due to the CT transition from the dithiolate to the dithione Pt complexes96.
The specific electrical conductivity of pressed powder pellets ranges from 10−11 to
10−5 S cm−1 at room temperature, follows the Arrhenius law with activation energies in
the 0.2–0.6 eV range and is related to the driving force of the electron transfer process:
[C]2+ + [A]2− → [C]+ + [A]−. Preliminary photoconductivity measurements performed
on the relatively more conducting samples, ([Pt(1,4-Et2pipdt)2][Pt(mnt)2]), show a gain of
current during illumination, similar to what was observed in organic–inorganic X[ML2]
(X2+ is 2,2′- or 4,4′-bipyridinium or similar derivatives, L2− = dithiolato) photoconduct-
ing Kisch’s salts.
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FIGURE 17. Perspective view of the crystal packing of [Pt(Me2pipdt)2][Pt(dtcr)2] perpendicular to
the stacking axis and diffuse reflectance spectra of this salt and its precursors. Reproduced with
permission of Wiley-VCH Verlag GmbH & Co. KGaA from Reference 96

V. PERSPECTIVES

Advances in the synthesis of new ligands and complexes afford novel systems with
remarkable properties, such as single-component magnetic molecular conductors, which
are challenging candidates for several applications in electronic, magnetic and photonic
devices. Research should proceed from these results to feasability studies and develop-
ment of real molecule-based devices, which often require deposition as thin films of
the molecular materials, a process which represents the forefront of current science and
technology143. Several processing techniques are available to prepare thin films: Lang-
muir–Blodgett (LB) films, chemical vapor deposition (CVD), physical vapor deposition
(PVD), dip coating, spin coating, polymeric casting and electrodeposition. The substrates
depend on the applications: (i) silicon wafers for electronics, (ii) indium tin oxide (ito)
for optical devices, (iii) polymers can be suitable for several applications including mag-
netic devices, (iv) it has already been established that electrooptic devices can be made144

based on chromophores incorporated into a variety of ways as LB films, self-assembled
films and poled polymers144. Conducting LB films of [Au(dmit)2] dithiolene complex,
electrical sensors such as electrodeposited films of (Bu4N)[Ni(dmit)2] used for detecting
SO2 or NO, electrical switching and memory phenomena on devices formed by uniform
thin films based on [Ni(dmit)2] and [Ni(dmid)2] dithiolene complexes have also been
prepared1a.

Significant progress has been recently achieved in film preparation of electroconducting
materials, which in most cases gives rise to semiconducting behavior due to the formation
of segregated domains (grains). Few examples of thin films prepared in polycrystalline
form on silicon wafers by the electrocrystallization technique showing metallic behavior
down to low temperatures have been reported; examples are the (ttf)[Ni(dmit)2]2 salt and
the single-component neutral molecular metal [Ni(tmdt)2]145. These films show a grain-
like morphology, while films of (per)2[Au(mnt)2], grown similarly, show a nanowire-
like morphology never observed before. In all these cases lower conductivity than in
single crystals was found146. However, recently, a superconducting transition in a fiber-
like similarly prepared film of (ttf)[Ni(dmit)2]2 has been observed147, pointing to the
electrodeposition technique as a promising way to produce films on silicon wafers with
the same properties as single crystals.
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The advances in the processing and in the understanding of metal–dithiolene complexes
are furnishing suitable tools for chemists, physicists and electronic engineers with which
to convert potentially useful compounds into materials of technological relevance.
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(b) O. Jeannin and M. Formigué, New J. Chem., 30, 1774 (2006).
63. C.-T. Chen, S.-Y Liao, K.-J. Lin and L.-L. Lai, Adv. Mater., 3, 335 (1998).
64. M. C. Aragoni, M. Arca, C. Denotti, F. A. Devillanova, E. Grigiotti, F. Isaia, F. Laschi,

V. Lippolis, L. Pala, A. M. Z. Slavin, P. Zanello and J. D. Woollins, Eur. J. Inorg. Chem.,
1291 (2003).

65. A. Vogler and H. Kunkely, Angew. Chem., Int. Ed. Engl., 21, 77 (1982).
66. A. Vogler and H. Kunkely, J. Am. Chem. Soc., 103, 1559 (1981).
67. S. A. Baudron, N. Avarvari and P. Batail, Inorg. Chem., 44, 3380 (2005).
68. J. M. Tunney, A. J. Blake, E. S. Davis, J. McMaster, C. Wilson and C. D. Garner, Polyhe-

dron, 25, 591 (2006).
69. J. P. Ferraris, D. O. Cowan, V. Jr. Walatka and J. H. Perlstein, J. Am. Chem. Soc., 95, 948

(1973).
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Chem. Soc., 129, 5045 (2007).

130. M. M. Ahmad, D. J. Turner and A. E. Underhill, Phys. Rev. B, 29, 4796 (1984).
131. H. Miyasaka and M. Yamashita, Dalton Trans., 399 (2007).
132. (a) J. P. Cornelissen, J. G. Haasnoot, J. Reedijk, C. Faulmann, J.-P. Legros, P. Cassoux and

P. J. Nigrey, Inorg. Chim. Acta, 202, 131 (1992).
(b) A. Abramov and M. L. Petrov, Zh. Obshch. Khim., 66, 1678 (1996).

133. K. Awaga, T. Okuno, Y. Maruyama, A. Kobayashi, H. Kobayashi, S. Schenk and A. E.
Underhill, Inorg. Chem., 33, 5598 (1994).

134. N. Robertson, K. Awaga, S. Parsons, A. Kobayashi and A. E. Underhill, Adv. Mater. Opt.
Electron., 8, 93 (1998).

135. P. Deplano, L. Leoni, M. L. Mercuri, J. A. Schlueter, U. Geiser, H. H. Wang, A. M. Kini,
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I. ABBREVIATIONS

AA-CVD aerosol-assisted chemical vapor deposition
acac 2,4-pentanedionate, acetylacetonate
acen 4,4′-(1,2-ethanediyldinitrilo)bis(2-pentanoate)
acim 4-imino-2-pentanoate
AFM atomic force microscopy
ALD atomic layer deposition
ALE atomic layer epitaxy
AP atmospheric pressure
atms allyltrimethylsilane
AVD atomic vapor deposition
bac 1-phenyl-1,3-butanedionate
bpp 1,3-diphenyl-1,3-propanedionate
btmsa bis(trimethylsilyl)acetylene
cod cyclooctadiene
cot cyclooctatetraene
CSD chemical solution deposition
CVC chemical vapor condensation
CVD chemical vapor deposition
dhd 2,2-dimethyl-3,5-heptanedionate
dhfa 1,1,1,2,2,3,3,4,4,5,5,6,6,10,10,11,11,12,12,13,13,14,14,15,15,15-

hexacosafluoro-7,9-pentadecanedionate
DLI direct liquid injection
dmb 3,3-dimethyl-1-butene
dmcod 1,5-/1,6-dimethyl-1,5-cyclooctadiene
EDS energy disperse spectroscopy
EDX energy disperse x-ray spectroscopy
EE-CVD electro-enhanced chemical vapor deposition
ESD electrostatic spray deposition
fdh 6,6,6-trifluoro-2,2-dimethyl-3,5-hexanedionate
FeRAM ferroelectric random access memory
FESEM field emission scanning electron microscopy
FGA forming gas annealing
fod 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedionate
glyme ethyleneglycol dimethyl ether
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hfac 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate, hexafluoroacetylacetonate
hy 1-hexene-3-yne
ibpm 2,2,6-trimethyl-3,5-heptanedionate
ITO indium-doped tin oxide
LA-CVD laser-assisted chemical vapor deposition
LEIS low-energy ion scattering
MBE molecular beam epitaxy
mbo 2-methyl-3-butene-2-ol
mdop methyl 4,4-dimethyl-3-oxopentanoate
mep Methylethylpentaglyme
MFM magnetic force microscopy
mhd 5-methyl-2,4-heptanedionate
mhy 2-methyl-1-hexene-3-yne
MOCVD metal organic chemical vapor deposition
MOD metal organic deposition
mp 4-methyl-1-pentene
mpd 2-methyl-2,4-pentanediolate
MRI magnetic resonance imaging
nonaF 1,1,1,5,5,5-hexafluoro-4-[(2,2,2-trifluoroethyl)imino]-2-pentanoate
ofac 1,1,1,5,5,6,6,6-octafluoro-2,4-hexanedionate
OLED organic light-emitting diode
PA-CVD plasma-assisted chemical vapor deposition
PE-CVD plasma-enhanced chemical vapor deposition
pentaen Pentaethylenehexamine
phen 1,10-phenanthroline
PHTS plugged hexagonal templated silica
PLD pulsed laser deposition
ppm 6,6,7,7,7-pentafluoro-2,2-dimethyl-3,5-heptanedionate
pta 1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedionate
PTFE Polytetrafluoroethylene
QCM quartz crystal microbalance
SAM self-assembled monolayer
SCR selective catalytic reduction
SIMS secondary ion mass spectrometry
SMO superconducting metal oxide
SOFC solid oxide fuel cell
tbaoac t-butyl 3-oxobutanoate
Tc critical temperature
TCO transparent conductive oxide
tdap tris(2-N ,N-dimethylaniline)phospine
tet Tetraglyme
tetea tris(2-ethoxyethyl)amine
tetraen tetraethylenepentamine
tfac 1,1,1-trifluoro-2,4-pentanedionate
TGA thermogravimetric analysis
thd 2,2,6,6-tetramethyl-3,5-heptanedionate
tmeda N ,N ,N ′,N ′-tetramethylethylenediamine
tmnd 2,7,7-trimethyl-3,5-octanedionate
tmod 2,2,6,6-tetramethyl-3,5-octanedionate
tmsmb 4-trimethylsilyl-2-methyl-1-butene-3-yne
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tod 2,2,8,8-tetramethyl-4,6-nonanedionate
ULSI ultra-large-scale integration
USP ultrasonic spray pyrolysis
VPE vapor phase epitaxy
vtms vinyltrimethylsilane
XPS x-ray photoelectron spectroscopy
YSZ yttria-stabilized zirconia

II. INTRODUCTION
This chapter is intended to cover major aspects of the deposition of metals and metal
oxides and the growth of nanosized materials from metal enolate precursors. Included are
most types of materials which have been deposited by gas-phase processes, such as chemi-
cal vapor deposition (CVD) and atomic layer deposition(ALD), or liquid-phase processes,
such as spin-coating, electrochemical deposition and sol–gel techniques. Mononuclear
main group, transition metal and rare earth metal complexes with diverse β-diketonate
or β-ketoiminate ligands were used mainly as metal enolate precursors. The controlled
decomposition of these compounds lead to a high variety of metal and metal oxide mate-
rials such as dense or porous thin films and nanoparticles. Based on special properties
(reactivity, transparency, conductivity, magnetism etc.) a large number of applications are
mentioned and discussed. Where appropriate, similarities and difference in the decompo-
sition mechanism that are common for certain precursors will be pointed out.

This chapter is organized in three main parts. In the first one the deposition and growth
techniques generally used for the preparation of metal and metal oxide films and particles
will be reported. The other two parts discuss the deposition of metals and metal oxides
according to their classification as main group, transition metal and rare earth metal
elements.

III. DEPOSITION TECHNIQUES
Most film and particle formation techniques can be divided into gas-phase and liquid-
phase deposition processes, which are briefly discussed in this section. Deposition of
metal and metal oxides from metal enolate sources results from application of CVD,
ALD, spin-coating, electrochemical and sol–gel methods, which are discussed in detail
elsewhere1 – 6.

A. Gas-phase Transfer of Precursor

1. Chemical vapor deposition

CVD is a chemical gas-phase process often used for the deposition of thin layers of
various materials with thicknesses between 0.1 and 10 µm. In a typical CVD experiment
the substrate (object on which the deposition is made) is exposed to volatile inorganic,
organometallic or metal-organic precursors which react and/or decompose on the heated
substrate surface to give the desired film on elimination of volatile byproducts formed dur-
ing the decomposition process. Inert carrier gases such as argon and nitrogen are favored
to enhance the rate of transport of solid and liquid compounds to the reactor chamber,
and also help removing volatile decomposition products. In addition, reactive carrier gases
including hydrogen, ammonia and oxygen can be used as reducing and oxidizing reagents
which may participate in the decomposition process. The properties of the deposits can
be controlled by factors such as pressure, gas-flow rate and decomposition temperature.
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These parameters influence the mechanistic decomposition steps: adsorption–desorption,
surface reactions, surface diffusion, nucleation, critical nuclei growth, layer formation and
aging (Figure 1).

The reactions occurring in the gas phase or on the substrate surface responsible for the
layer formation can be thermally activated by heating the CVD chamber together with
the appropriate substrate (hot-wall CVD reactor), or by selective heating of the substrate
(cold-wall CVD reactor). The heating and the precursor supply can be achieved by several
methods. The most important ones being used for metal deposition from metal enolates
are aerosol-, plasma- and laser-assisted CVD (AA-, PA- and LA-CVD, respectively). The
AA-CVD technique is suitable for the use of nonvolatile or lowly volatile precursors in
which the respective sources are transported to the substrate by means of an aerosol1,7,8.
In the PE-CVD process an ionized vapor (plasma) is created to enhance the chemical
reaction rates of the precursor. This is especially useful for temperature-sensitive substrates
because of the lower thermal stress1,8. LA-CVD is a thin-film deposition process, where
a focused laser beam is used to locally heat a substrate by visible or infrared light1,8,9.
When ultraviolet light is used the metal sources undergo photolysis in the gas phase and
on the substrate surface. The deposition rate of the LA-CVD process is much faster than
can be achieved by conventional CVD and is a consequence of confining the reaction to
a small region.

2. Atomic layer deposition

The chemistry of ALD is similar to that of CVD, except that ALD makes use of
sequential precursor gas pulses to deposit a film layer-by-layer1,4. ALD film growth is self-
limited and based on surface reactions, which makes achieving atomic-scale deposition
control possible (monolayers can be obtained). In principle, the first ALD precursor is
introduced into the process reactor producing only an adsorbed monolayer on the substrate
surface because it cannot decompose completely without a second compound. After the
second precursor is brought into the reactor chamber it reacts with the first precursor to
afford the desired monolayer, as illustrated in Figure 2. Since each of such cycles produces
exactly one monolayer, the thickness of the resulting film may be precisely controlled by
the number of deposition cycles.

B. Spreading of Precursor Viscid Solutions

1. Spin coating

The spin-coating process allows the preparation of uniform thin films on plane sub-
strates10,11. In a typical spin-coating experiment the precursor solution is placed onto
the center of the substrate, which is then rotated at high speed (typically between 800
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and 3000 rpm) spreading the solution by centrifugal force over the edge of the rotating
substrate and leaving a thin film on the substrate surface (Figure 3). If the precursor is
a solid or a highly viscous liquid, a solvent must be added to obtain a solution within a
proper viscosity range. The final film thickness, quality, texture and other traits depend
on properties of the liquid precursor, such as viscosity, drying rate and surface tension,
and operational parameters chosen for the spin-coating process, such as acceleration,
rotational speed and flow in the fume exhaust. The solvent is usually a volatile one and
evaporates during the spinning operation. Higher spin speeds and longer spinning times
lead to thinner films. Films of thickness below 10 nm can be obtained by this method.

2. Dip coating

Dip coating is a widespread procedure to create thin-film coatings of, for example,
paint on a substrate piece. Therefore, the substrate is immersed into a solution of the
coating material. The substrate remains there for some time to allow its complete wetting,
followed by withdrawing it at constant speed. The higher the speed the thicker the film
which remains on the surface. After the dip coating the coated pieces can be dried on air
or baked in an oven, e.g. for the production of metal oxide films.

C. Electrochemical Deposition

Electrochemical deposition is the method of forming a thin layer on a substrate via
an electrochemical reaction12. It can be used to obtain either cathodic films, such as
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metals and polymers, or anodic films, such as metal oxides and polymers. In this context,
electrophoresis and electropolymerization are special methods to achieve deposits with
peculiar properties. These methods are used in industry for surface finishing by means of
thin films (1–100 µm), endowed with attributes such as chemical or corrosion resistance
and electronic conductivity. The deposit properties are influenced by different parameters
such as electrolyte composition, current density and temperature.

Electroless plating, immersion plating, and electroplating are used to deposit metals
onto a substrate (Figure 4)12, wich are distinguished by the way dissolved metal ions
Mn+ become reduced and deposited as a metal M. In electroless plating the metal ions
Mn+ are reduced by chemical reagents in solution. Immersion plating involves reduction
of the Mn+ ions and deposition of M on the surface of a less noble metal substrate, which
becomes oxidized and dissolved. This technique can be used to produce depositions of
noble metals with a limited thickness. Electroplating requires an external current source
to provide the electrons needed for the reduction process.

D. Sol–Gel Technique

The sol–gel process is a versatile solution process for making ceramic and glass mate-
rials involving the transition of a system from a colloidal suspension (sol) into a solid
phase (gel)13 – 15. The resulting porous gel can be chemically purified and consolidated at
high temperatures. In the classical sol–gel process, the precursor (e.g. a metal enolate or a
metal alkoxide) is exposed to a series of hydrolysis and polymerization reactions to form
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the colloidal suspension and afterwards the wet gel. Further drying converts the gel into a
xerogel, which can be used to produce dense ceramic or glass materials by heat treatment
(Figure 5). When the gel is dried under controlled conditions an aerogel is obtained. Thin
films can be produced on a substrate by spin coating or dip coating (Section III.B).

IV. METAL DEPOSITION
Thin metallic films play an important role in diverse fields of applications, with special
emphasis on micro- and nanoelectronics for which the metals Al, Cu, Ag, Au, Ti and
W are essential1,16 – 18. Additional fields of commercial interests are electrodes as well as
reflective, corrosion-resistant, oxidation-resistant and abrasion-resistant coatings19. Noble
metals (periods 5 and 6 of groups 8–11 of the periodic table of the elements) are of special
interest due to their manifold application in heterogeneous catalysis20 – 22. Other metals
used in specialized industrial applications or as components of more complex materials
such as metal alloys are Ni, Pd, Pt, Ag and Au. For example, FePt-based nanostructured
materials are excellent candidates for future high-density magnetic recording media23,24.

This section describes the formation of metals and metal alloys from metal enolate
precursor sources (β-diketonates, β-ketoiminates) where chemical vapor deposition, spin
coating and electrochemical deposition processes are used to generate blanket, surface
selective or patterned surface structures.
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A. Main Group Elements
1. Indium

In general, indium trialkyls (InR3; R = Me, Et, . . .) are used for CVD. However, these
volatile compounds are very sensitive to oxygen and moisture and produce vigorous reac-
tions when exposed to air25. Replacing one alkyl group in InR3 with a β-diketonate unit
gives Me2In(hfac) (1), a highly volatile complex, stable in air and moisture, which can
be used for deposition of indium and indium-containing materials26. The volatility and
thermal stability of this organometallic molecule was qualitatively examined by simul-
taneous TGA and DSC, showing that it can be handled without decomposition below
118 ◦C under atmospheric pressure. Indium and indium–copper alloys were deposited in
a typical CVD experiment (bell jar quartz reactor, reactor pressure 0.9–2.0 Torr, bubbler
temperature 60 ◦C, substrate temperature 300 ◦C, deposition time �10 min, no carrier gas)
onto a copper substrate or platinum-coated silicon wafer25. The thin films were charac-
terized by EDS and SEM. The Cu–In alloy from Cu(hfac)(mhy) and 1 showed a smooth
film texture with grain sizes ranging from 0.1 to 0.2 µm and containing roughly 10%
indium25.

F3C CF3

O O

In

H3C CH3

(1)

2. Bismuth
Formation of bismuth-containing thin films by CVD was demonstrated by Sievers

and coworkers27 using the volatile Bi(fod)3 (2) as precursor source. In a hot-wall CVD
apparatus (pyrex substrate, pressure 10−7 –10−6 Torr, precursor temperature 80–95 ◦C,
TSubstrate = 400–450 ◦C, deposition rate 10 nm min−1) fluorine-free uniform layers with
73% bismuth were obtained27. The carbon (15%) and oxygen (12%) contaminations may
be reduced or eliminated if hydrogen is used as carrier gas. No decomposition mechanism
was given.

Bi
O

O

C3F7

C(CH3)3O
O

C3F7

(H3C)3C

O
OC3F7

C(CH3)3

(2)

B. Transition Metal Elements
Many transition metal enolates are known today and most of them are applied in

the deposition of metal films and in the synthesis of nanoparticles. Gas-phase deposi-
tion plays the most important role due to the enhanced volatility of the β-diketonato
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complexes. Several comprehensive publications deal with this topic1,28,29. This section
gives an overview about deposition and nanoparticle formation of metals and metal alloys
from metal enolates. Pure metal films from group 3 and 4 metal enolates are not known
due to their oxophilic character. They preferentially are used for the deposition of metal-
oxide ceramics (Section V.B). Pure group 5 metal films and alloys are accessible from
metal halides or organometallic compounds1; however, metal enolates from this group
have not been described as CVD precursors to pure metal coatings so far.

1. Group 6 elements

As a group 6 metal enolate, Cr(acac)3 has been studied by Sreedharan and coworkers30.
Thermogravimetric and vapor pressure measurements showed that this complex can be
vaporized at ca 230 ◦C without decomposition. The vapor pressure p, in Pa, can be calcu-
lated at temperature T , in K, using the equation log p = 14.16(±0.07) − 5830(±157)T −1,
valid over the range 101–145 ◦C, from which an enthalpy of sublimation of 111.6 ±
3.0 kJ mol−1 could be estimated. Based on these results Cr(acac)3 was used in PA-CVD
processes by the group of Dasgupta to deposit chromium onto stainless steel, silicon and
quartz31. Thus, vapors from the precursor heated to 250 ◦C are carried by argon into an
Ar–H2 plasma (power density 70 mW cm−2). Decomposition takes place on a substrate
heated to 550 ◦C, with a deposition rate of ca 1 µm h−1. The coating films consist mostly
of Cr with grain size of 10 nm and are uniform and adherent; they have a hardness of
1200 HV under loads of 100 and 200 g, which may be ascribed to the presence of strain
and the nanocrystalline nature of the deposits30.

2. Group 8 elements

a. Iron. Fe(acac)3 was used as precursor for iron loading of ordered mesoporous
MCM-41 by the incipient wetness impregnation procedure32. Thus, zeolithe MCM-41
spheres were stirred with the iron β-diketonate in toluene, followed by vacuum drying
and calcination. The initial iron concentration has influence not only on the iron-loading
content, but also on the mechanism of the iron-loading process (ligand exchange and
hydrogen-bonding interaction mechanisms). The iron species anchored on the surface of
the substrate shows a thermal decomposition behavior quite different from pure Fe(acac)3.
Such iron-containing mesoporous materials are of importance as catalysts for the oxidation
of sulfur dioxide and hydrocarbons or the decomposition of N2O32.

b. Ruthenium. CVD of ruthenium using ruthenium enolate precursors has been inves-
tigated in only a few cases33 – 37. Ruthenium and RuO2 are of particular interest for
metallization in integrated circuit fabrication33,38. Such films can be deposited from dif-
ferent ruthenium precursors including coordination complex Ru(acac)3 under a variety of
conditions, such as deposition temperatures of 500 and 600 ◦C; operation under vacuum
or using H2 or O2 as carrier gas, at pressures from 0.1 to 1.0 Torr; Si or SiO2 served
as substrate34. The precursor Ru(acac)3, when compared to other investigated ruthenium
organometallic and metalorganic compounds, provides films with high resistivities and
with a carbon content reaching from 0 to 60 atom% depending on the deposition condi-
tions. The films deposited at 500 ◦C showed poor adhesion, while the ones obtained at
600 ◦C adhered excellently on both substrates. Microstructures with grain sizes ranging
from 10 to 100 nm were found34.

In an earlier patent Crosby and coworkers described CVD processes of volatile ruthe-
nium β-diketonates (Ru(acac)3, Ru(tfac)3, Ru(hfac)3 etc.) on heat resistant substrates such
as sintered carbides (WC/TiC/TaNbC/Co) in a low-pressure atmosphere35.
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A series of organometallic carbonyl complexes of general formula Ru(CO)2L2 (3),
where L = acac, hfac, tfac, ofac, thd, dhd, was characterized by Liu and coworkers36,37.
Ru(CO)2(hfac)2 (3a), Ru(CO)2(tfac)2 (3b) and Ru(CO)2(thd)2 (3c) were selected for CVD
experiments due to their enhanced volatility. Ruthenium metal films were obtained under
different deposition conditions either in the temperature range of 350–450 ◦C under H2
blanketing or in the range 275–400 ◦C using O2 dissolved in argon as carrier gas37. It
must be alluded that the precise control of the oxygen partial pressure (for example, 2%)
and accurate tuning of the deposition temperature are necessary for formation of pure
ruthenium films. Deposition of ruthenium films was conducted using a cold-wall CVD
reactor, whereby the sample reservoir was maintained at 30 ◦C for 3a, 50 ◦C for 3b and
70 ◦C for 3c with deposition time being between 20 and 40 min. Si wafers, pyrex glass
and Al2O3 were used as substrates. The deposited films were highly reflective, with good
adhesion to the substrate. For example, complex 3a gave films containing 95% Ru, along
with 2% F and 3% O impurities, as determined by Auger and ESCA analyses (Table 1).
The resistivity of these films, 48 µ� cm, was attributed to the presence of impurities (the
conductivity of bulk Ru is 7 µ� cm). The film morphology was investigated by SEM
showing smooth surfaces with neither pinholes nor cracks. The higher the deposition
temperature, the rougher the surface, the larger the grain size and the thicker the film.
When 3a is used as precursor and the decomposition is carried out under pure oxygen,
RuO2 thin films are obtained (for a detailed discussion see Section V.B.6)37.

Ru
O

O

R

R′CO
O

O
CO

R

R′

(a) R = R′ = CF3
(b) R = CH3; R′ = CF3
(c) R = R′ = t-Bu

(3)

β-Diketonate ruthenium complexes can also be used as precursors to grow Ru and
RuO2 layers by atomic vapor deposition (AVD) on plain SiO2/Si wafer materials and
into trench structures (high k HfO2/SiO2/Si stacks, k = dielectric constant, Figure 6)33.
AVD is similar to CVD. The dissolved precursor is delivered in discrete pulses to the
evaporation chamber and transported by an inert carrier gas to the showerhead, where
it is mixed with a reactive gas (O2). The deposition experiments were performed in an
AIXTRON TriJet reactor (Figure 7). The uniform ruthenium and ruthenium oxide films
are strongly textured and have near bulk resistivity (Ru: 22 nm thickness, 11.5 µ� cm;

TABLE 1. Ruthenium CVD conditions using ruthenium β-diketonates as precursors

Precursor Evaporation
temp. ( ◦C)

Deposition
temp. ( ◦C)

Carrier
gas

Reactor
pressure
(Torr)

Substrate Film
composition

Ru(hfac)2(CO)2 (3a) 30 500 — 0.5 SiO2/Si, 95% Ru, 3%
Al2O3 O, 2% F

Ru(tfac)2(CO)2 (3b) 50 350 H2 0.5 Si 94% Ru, 2%
O, 4% F

Ru(thd)2(CO)2 (3c) 70 400 H2 0.2 Si 97% Ru, 3% O
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FIGURE 6. SEM micrograph of the bottom of a trench SiO2/Si stack, coated with a 20 nm layer of
Ru (coverage >90%)33. Reproduced from Reference 33 by permission of Elsevier
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FIGURE 7. Schematic view of the TriJet AVD reactor33. Reproduced from Reference 33 by per-
mission of Elsevier

36 nm, 15.1 µ� cm; RuO2: 30 nm, 81.7 µ� cm)33. The deviation from bulk resistivity
can be explained by additional scattering of electrons at the surface and interface of
these thin films. While the ruthenium grains are predominantly oriented along the (002)
plane, the RuO2 layers are nanostructured and polycrystalline. The work functions of
nonannealed AVD Ru and RuO2 films on silicon oxide are 5.06 and 5.30 eV, respectively.
Treatment of the ruthenium layers by a forming gas annealing (FGA) process results in
no interfacial layer growth on high-k HfO2 gate stacks.

Lashdaf and coworkers described other ways for ruthenium deposition from Ru(thd)3
on alumina and silica substrates, for example, from the gas phase by atomic layer epitaxy
(ALE) and from the liquid phase by impregnation followed by reduction in a hydrogen
atmosphere at temperatures as low as 140 ◦C39. Like other metal β-diketonates, Ru(thd)3 is
a relatively stable compound when vaporized, nonpyrophoric as well as easy to handle and
to store39. TG measurements indicated that Ru(thd)3 is more strongly bonded to alumina
than to a silica surface. Mass spectrometric studies showed the formation of traces of
ruthenium oxide in the impregnated samples which readily evaporate upon heating. This
is a possible reason for the low ruthenium content of the ALE samples (density 0.1 Ru
atom nm−2 on silica, 0.3 Ru atom nm−2 on alumina) in comparison to the impregnation
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method (density 0.5–0.8 Ru atom nm−2 on silica, 1.9–2.8 Ru atom nm−2 on alumina)39.
Reduction of the impregnated samples occurs already at 140 ◦C; for the ALE deposited
Ru samples 300 ◦C is necessary to release all thd ligands. Ruthenium on alumina and
silica supports are promising candidates for hydrogenation catalysis39.

c. Osmium. Deposition of osmium metal films is mentioned only in a patent using
Os(CO)2(acac)2 as precursor which decomposes at 280 ◦C36, giving no additional infor-
mation on the process conditions or the properties of the metal deposit.

3. Group 9 elements

a. Cobalt. High-purity thin films of cobalt can be deposited onto glass and quartz, using
Co(acac)2 as precursor and H2 as carrier gas, in a hot-wall CVD reactor, at temperatures as
low as 275–430 ◦C with a deposition rate of 100 nm min−1 40. Under the CVD conditions
employed only 70% of the cobalt volatilized. Hydrogen was shown to be essential to
the reduction. The films deposited had less than 0.5% C and 0.2% O. Feed-rate-limited
deposition or transport-limited deposition was observed above 250 ◦C due to the large
reaction area40. It was shown that the overall chemistry of the deposition process is
more complicated than a direct reduction of the metal β-diketonate, because semisolid
organic materials are deposited during the process, which are probably formed by catalytic
reactions of the acac ligand on the cobalt surface (equation 1)40.

O

O

Co
H2

Co + 2

O

OH
+  semisolids

O

O
(1)

Silica-supported cobalt catalysts are accessible by ALE, after chemisorption onto silica
of Co(acac)3 from the gas phase with a metal loading between 5.7 and 19. 5 wt%41. The
catalysts were tested for gas-phase toluene hydrogenation in a microreactor system.

Thin films of cobalt can be prepared by nebulized spray pyrolysis using Co(acac)2
as precursor in a hydrogen atmosphere42. The obtained films show brilliant metallic
and magnetic properties. Granular, magnetoresistant cobalt–copper alloys of composi-
tion Co18Cu82 and Co50Cu50 are accessible from Co(acac)2 and Cu(acac)2 mixtures under
similar reaction conditions42.

b. Rhodium. Several rhodium β-diketonates such as Rh(acac)3
43, Rh(thd)3

44, Rh(CO)2L
(L = acac, hfac, thd)45,46 and Rh(1,5-cod)(hfac)47 have been used as suitable CVD pre-
cursors to deposit rhodium metal at high rates. Rhodium is favored over other noble
atoms due to its lower resistivity, inertness and higher melting point for applications
in electronics, for instance as diffusion barrier or seed material for copper in integrated
circuits.

The group of Leskelä demonstrated the growth of metallic rhodium thin films of low
resistivity (12.0 µ� cm at 20 nm film thickness; bulk rhodium has 4.3 µ� cm resistivity
at 0 ◦C) and low impurity contents (0.1 atom% H, 1.6 atom% C, 2.3 atom% O) from
Rh(acac)3 and oxygen by ALD43. The film growth rate at 250 ◦C depends only on the
Rh(acac)3 pulse duration, and shows a linear dependence on the number of the deposition
cycles. The films were analyzed by XRD showing a preferred (111) orientation and by
SEM (Figure 8). The Rh grain size increases with increasing film thickness. The size
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FIGURE 8. Resistivity of deposited Rh films as function of the film thickness. Inset: SEM image of a
25-nm-thick Rh film43. Reproduced from Reference 43 by permission of ECS—The Electrochemical
Society

of the largest grains is approximately the same as the film thickness. Adhesion of the
rhodium films to the Al2O3 substrate was acceptable. All films with thickness less than
80 nm passed the scotch tape test.

Ultrahigh vacuum CVD of rhodium films on Si and TiO2-covered Si were carried
out by Lu and coworkers using Rh(CO)2(acac) (4a)45. The metal layers obtained on
Si in the temperature range of 200–500 ◦C contain significant amounts of carbon and
oxygen contaminations which diminish during film growth. The use of TiO2-covered
silicon surfaces leads to a remarkable lowering of the initial impurities, indicating that
the interaction of the precursor with the clean, reactive Si(111) surface generates the C
and O found in the layers.

R

R

O

O

Rh
CO

CO

R = Me
R = CF3
R = t-Bu

(a)
(b)1
(c)

(4)

Direct drawing of pure rhodium lines is possible by LA-CVD, as was shown by Suhr
and coworkers using Rh(CO)2L (L = acac (4a), hfac (4b), thd (4c)) as metal source46.
Complex 4b is favored over the other two species in view of the linewidth, resistivity,
vapor pressure and working temperature. The decomposition pathway of the precursors
includes the loss of the ligands and a successive degradation of CO and L before their
total removal46. Deposition of a 95% purity Rh film from air stable Rh(1,5-cod)(hfac) has
been reported by Baum and Larson in a patent, applying either plain CVD or LA-CVD,
with substrate temperature 250–350 ◦C, using H2 and He as carrier gas47.

c. Iridium. The β-diketonate complexes Ir(acac)3, Ir(thd)3, Ir(acac)2(mhd) and Ir(1,5-
cod)(acac) were investigated as precursors for CVD of iridium. However, little information
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is available about the use of the two latter complexes for the preparation of iridium films
on the surface of a carbon-containing electrode as discussed in early patents44,47. In
contrast, Papke and Stevenson reported in 1967 that Ir(1,5-cod)(acac) is suitable for the
deposition of iridium on copper substrates in high purity (85–99%) between 400 and
750 ◦C substrate temperature using hydrogen as carrier gas48.

Ir(acac)3 readily sublimes without decomposition at temperatures between 180 and
200 ◦C. White and coworkers49 discussed low-temperature CVD of high purity, smooth,
dense and homogeneous iridium films with grain sizes of 10–40 nm, on substrates such
as Al2O3, SiO2/Si, barium strontium titanate, TiCN and Ta2O5/Si. Both the substrate and
oxygen play significant roles in the CVD process, for example, oxygen dissociatively
adsorbs on iridium and recombinatively desorbs at 400 ◦C, therefore, introducing oxygen
during film growth greatly suppresses carbon incorporation, increases the deposition rate
and improves the film morphology, whereas the substrate has impact on the initial growth
mode and the subsequent growth rate (e.g. the growth rate on TiCN is much higher than
on SiO2 surfaces). The topography of the films was compared applying AFM. It is found
that on SiO2 the roughness of the films directly depends on the initial three-dimensional
growth mode on isolated islands. Iridium films were also grown on patterned wafers to
examine step coverage and film morphology49.

Ir(acac)3 was also used to prepare heterogeneous catalysts by ALD of Ir on silica
and alumina supports50. The surface-bound OH groups of the substrates were found to
be responsible for the ligand exchange. The amount of the deposited iridium metal was
controlled by varying different parameters, namely reaction temperature, support material
and number of growing sites on the surface (by blocking with acetylacetone)50. Ir(thd)3
can be used as precursor for CVD of iridium films on glass, using a vertical hot-wall
CVD reactor (deposition temperature 350–500 ◦C)51. The profusion of CH3 groups in
the thd ligands makes this precursor more volatile than Ir(acac)3, as demonstrated by
TG measurements. The deposited films were found to consist of islands. The growth
mechanism follows the Volmer–Weber model51. The crystallinity and surface morphology
were determined by XRD and AFM.

4. Group 10 elements

a. Nickel. Deposition of nickel films on metallic and nonmetallic substrates is of
importance for industry and advanced technology, for example, the encapsulation of
graphite, metallization of ferrites, decorative and corrosion-resistant coatings, and as selec-
tive absorbers in solar thermal energy conversion52. Nickel is also a good material for
microelectronics due to its low electrical resistivity and its high oxidation resistance.

Maruyama and Tago reported the successful deposition of highly adherent nickel
thin films on borosilicate glass from Ni(acac)2 by low-temperature atmospheric-pressure
CVD53. At temperatures >250 ◦C, polycrystalline nickel films were obtained by hydrogen
reduction. It was found that the deposition rate increases with increasing reaction temper-
ature from 250 to 270 ◦C. However, at higher temperatures the precursor starts to decom-
pose in the gas phase, leading to lower deposition rates. The resistivity (8.1–13.3 µ� cm)
of the films is close to that of bulk nickel (6.8–7.5 µ� cm). Chelates, such as Ni(hfac)2,
Ni(tfac)2

54, Ni acetylacetone imidate and Ni acetylacetoneethylene diimidate55, were used
for the deposition of Ni films as described in two early patents (depending on the pre-
cursor, deposition at 250 to 600 ◦C; hydrogen as carrier gas and reducing agent; quartz,
platinum and stainless steel substrates).

A series of N ,N ′-bridged bis(2,4-pentanedione-iminoato) nickel(II) complexes (5a–5d)
was studied by TG and DTA to determine equilibrium vapor pressures and enthalpies of
sublimation and vaporization. Complexes 5a and 5c were found to be best suited to serve
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as sources for CVD of Ni in future experiments, because they can be vaporized without
any significant decomposition at temperatures as low as 280 ◦C56,57.

High-performance ceria-supported nickel catalysts (10 wt% Ni on CeO2) for hydro-
dechlorination of chlorobenzene to benzene at 300 ◦C were prepared by Chary and co-
workers58, either by coprecipitation using Ni(NO3)2 or by impregnation using Ni(NO3)2
and Ni(acac)2 as two alternative precursors. The dried catalysts were subjected to calcina-
tion in air at 500 ◦C. Catalysts prepared by coprecipitation had better catalytic performance
in terms of hydrogenation activity, benzene selectivity and durability than the impregnated
Ni/CeO2 system. This is attributed to the nickel precursor used, higher dispersion of NiO
crystallites having smaller particle size, and a significant interaction taking place between
nickel particles and ceria during the course of reaction.

b. Palladium. Palladium is widely used in heterogeneous catalysis, for example,
in hydrogenation and alkylation (Heck reaction) of olefins59,60. In general, Pd is
deposited on a suitable support using precursors such as Pd(thd)2

39, Pd(hfac)2
61 – 63,65 and

Pd(acac)2
66 – 68, by gas-phase or liquid-phase methods, such as CVD, electroless plating

and impregnation.
Girolami and Nuzzo described the surface-selective deposition of palladium from

Pd(hfac)2 based on a MOCVD trans metallation redox process (equation 2)61 – 63.

Pd(hfac)2 + Cu(0) −−−→ Pd(0) + Cu(hfac)2 (2)

CVD has been conducted on diverse substrates in the range of 200–425 ◦C, both
under vacuum (10−4 Torr) and hydrogen (gas flow 25 cm3 min−1, pressure 10−2 Torr).
Micron-thick films of pure palladium were only obtained when H2 was used as carrier
gas and reducing agent. The decomposition of Pd(hfac)2 on copper was studied under
ultrahigh vacuum conditions implying a multistep sequence (Scheme 1). The palladium
precursor readily transfers its β-diketonate ligands to terrace atoms of the copper substrate
whereby the Pd(II) ions are simultaneously reduced to Pd(0) yielding a palladium thin
film and Cu(hfac)2 (Scheme 1). The decomposition of the hfac ligands on the copper
surface is self-limiting, i.e. graphitic impurities inhibit the decomposition pathway and
promotes formation of Cu(hfac)2. The driving force for redox transmetallation reaction is
the favorable redox potential of the Pd/Pd2+//Cu2+/Cu cell62. The activation parameters for
the decomposition of the hfac chelating ligands on copper foils have been determined (A =
1.3 × 1013 s−1, Ea = 36.8 kcal mol−1). The ability of surface microstructure to affect the
rates of transport processes was demonstrated for this class of reaction by detailed kinetic
and spectroscopic data62,63.

The CVD decomposition behavior of binuclear [Pd2(PMe3)6](hfac)2 involves the dis-
proportionation shown in equation 364. Solid-state thermolysis (140 ◦C, vacuum) of [Pd2
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SCHEME 1. Decomposition mechanism of Pd(hfac)2 on Cu under CVD conditions62. Reprinted
with permission from Reference 62. Copyright 1996 American Chemical Society

(PMe3)6](hfac)2 resulted in the cleavage of P−C bonds of the PMe3 ligands to pro-
duce [PdMe(PMe3)3](hfac), along with other palladium dimethylphosphido complexes.
The P−C bond activation may generate surface-bound alkyl and dialkylphosphido inter-
mediates, which on subsequent fragmentation may lead to the formation of C and P
inclusions64.

2Pd(I) −−−→ Pd(0) + Pd(II) (3)

ALD of palladium films is possible by sequential exposures of the Al2O3 substrate to
Pd(hfac)2 and formalin, whereby the latter facilitates efficient nucleation of palladium65.
Palladium film deposition proceeds via coalescence of islands with average growth rates
of 0.2 Å/cycle (ca 0.1 Pd monolayer per cycle). The low deposition rate may result from
site blocking of the surface by hfac ligands. The obtained films are cubic Pd with a
roughness of 4.2 nm and resistivity of 11 µ� cm at 42 nm thickness. Mesoporous anodic
alumina membranes loaded with palladium (aspect ratio, L/d ca 1500) are promising
hydrogen sensors65.

Palladium can be deposited at low reduction temperatures on alumina or silica sup-
ports, either from the gas phase by ALE or from a solution by impregnation methods,
using Pd(thd)2 as precursor39, as was described for ruthenium in Section IV.B.2.b. Dur-
ing ALE the precursor reacted to yield mainly metallic Pd, whereas on alumina only a
small part of the impregnated metal source probably was dissociatively adsorbed yielding
Pd(0). Associate adsorption describes the interaction of Pd(thd)2 with the alumina and
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silica supports in impregnation. Highly dispersed tunable alumina-supported palladium
particles of size in the subnano range, with different physicochemical properties, were
prepared by impregnation with Pd(acac)2 in toluene solution as described by Thomazeau
and coworkers66.

A novel SiO2-supported palladium metal catalyst for the ligand-free heterogeneous
Heck reaction was prepared by Huang and coworkers by the reduction of Pd(acac)2/SiO2
in a hydrogen atmosphere with a 1% Pd loading67. It was found that the Pd/SiO2 system
is a highly active catalyst for the Heck carbon–carbon cross-coupling of bromobenzene
with styrene to yield cis- and trans-stilbene. It should be noted that the activity over
Pd/SiO2 is comparable to that over a homogeneous Pd system, which can be explained
by the small size of the supported palladium particles of size 12–15 nm in-situ generated
with gentle reducing agents (CO and NMe3 released by the decomposition of N ,N-
dimethylacetamide) at mild temperatures67.

Boron nitride (130 m2 g−1 surface area) was used as support for electroless plating with
a low percentage (0.3–1.2 wt%) of noble metals including palladium, platinum, silver and
gold68. In a typical experiment Pd(acac)2 was reduced by hydrazine to give metal particles
of ca 16 nm size. Preliminary catalytic tests for the total oxidation of methane in lean
conditions (excess oxygen) have shown a good stability of the catalyst and a higher activity
in the presence of water, but excessively high conversion temperatures (600–700 ◦C)68.

c. Platinum. As nickel and palladium, also platinum has a variety of uses, for example,
as heterogeneous catalyst and in alloy nanoparticles with specific magnetic properties.
In this respect, only Pt(acac)2 and [Pt(acac)(Me)3]2 (6) were used so far as precursor
for deposition of platinum by CVD, vacuum pyrolysis and photolysis. Puddephatt and
coworkers69 showed that 6 can be used as volatile material for low-temperature CVD on
silicon wafers in a vertical reactor at 250 ◦C. Films produced from this precursor showed
good adherence but contained 30% C and 4% O impurities.

O O

Pt

O O

Pt

Rand70 was the first to apply Pt(acac)2 as source for platinum. The complex was vapor-
ized at 150–200 ◦C in vacuum (<2 × 10−4 Torr) and decomposed at 500–600 ◦C on Si
substrates, leaving films which were a 50:50 mixture of Pt and C. The high decomposition
temperature makes this precursor undesirable in many applications. The high carbon con-
tent can be explained assuming comparable strengths for the Pt−O and C−C bonds, so that
the β-diketonate ligands decompose simultaneously with the transition metal complex70.
If hydrogen is present as reducing agent, Pt(acac)2 will rapidly decompose to give Pt(0).

Pt(acac)2 can be used as precursor for MOCVD of nanocrystalline platinum thin films
on oxidized Si71, quartz and CaF2

72 substrates. The deposition on oxidized silicon was
carried out with the substrate heated to 350 ◦C by oxygen-assisted pyrolysis in a low-
pressure hot-wall reactor71. The films exhibit a preferred (111) orientation with a thickness
of 12–140 nm, grain size 25 nm and a root-mean-square surface roughness of 5 nm.
The growth of Pt films from Pt(acac)2 occurred under a kinetically limited regime. The
electrical resistivity was determined as 7.8–9 µ� cm at 10 K71. Cross-sectional field
emission scanning electron microscopy (FESEM) images showing conformal deposition
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FIGURE 9. FESEM images of platinum-covered patterned SiO2/Si substrates71. Reproduced from
Reference 71 by permission of Wiley-VCH

of Pt onto patterned SiO2/Si substrates are depicted in Figure 9, indicating a very dense
and smooth surface morphology on the top and side-wall surfaces; the step coverage on
the trench and plug varies between 85 and 95%71. Pt(acac)2 was also used in low-pressure
MOCVD of thin Pt nanostructured films on quartz and CaF2 substrates at 420 ◦C72, for
possible combined electrochemical and spectroscopic applications. Independently of the
reaction atmosphere (dry or wet N2 + O2, N2 + H2) the Pt films were formed as crack-
free and well-adherent layers with no preferential orientation; however, they contained
appreciable amounts of C and O due to incomplete β-diketonate decomposition via Pt-
organic clusters72.

Electrodes can be prepared by electrostatic spray deposition of nanocrystalline cubic
Pt dense thin films on YSZ, using Pt(acac)2 as precursor73. Investigation of the catalytic
behavior of the deposited Pt as a function of the microstructural properties is currently in
progress.

Pt(acac)2 can be used for nanoparticle synthesis. A straightforward one-step photo-
chemical synthesis of water-soluble Pt subnanometric particles was reported by Sortino
and coworkers74, who exposed a solution of Pt(acac)2 and thioglycolic acid to visible
light, where the latter reagent forms a carboxylate-terminated hydrophilic envelope to the
Pt particles (equation 4). Such particles are candidates for biological applications and for
2- and 3-dimensional self-assembled nanocomposite devices74.
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FIGURE 10. SEM of Pt fractal channels prepared by PA-CVD on SnO2
76. Reproduced from Ref-

erence 76 by permission of IEEE

The synthesis and activation of well-dispersed platinum nanoparticles with controlled
size (3.5–11.5 nm) for fuel cell electrocatalysts was reported by Nikles and collabo-
rators75. The synthesis involves the reduction of Pt(acac)2 by polyalcohols using oley-
lamine as capping agent. The as-prepared particles were loaded on a carbon support and
activated by heating in air at 185 ◦C. Size-dependent studies indicated that the smaller Pt
particles have a significant higher intrinsic activity for methanol oxidation but a lower
tolerance to CO poisoning than the larger ones.

Formation of platinum fractal-like structures is possible by PA-CVD (19% Ar, 80% O2,
1% SnMe4) on tin oxide thin films using Pt(acac)2 as starting material76. The platinum
aggregates show a dendritic structure of fractional dimension D ca 1.1–1.6 (Figure 10).
The occurrence of such aggregates has been correlated to the concentration of the platinum
precursor and to the radio-frequency power applied to the substrate electrode. Fabrication
of microsensors integrated on silicon wafers with the help of photoresistors is possible76.

Pt–SiO2 composite films could be grown by low-temperature (300–440 ◦C) CVD
from Si(OEt)4 (teos) and Pt(acac)2 in the presence of oxygen, as recently reported by
DeSisto and coworkers77. The SiO2 phase was amorphous and the platinum phase crys-
talline with average grain size of 9 nm, as determined by XRD. In situ FT-IR studies
of the gas phase provide confirmation of the low-temperature decomposition of teos pro-
moted by Pt(acac)2. A cooperative teos-Pt(acac)2 decomposition mechanism is proposed
by the authors77. Nanostructured biphasic composite Pt–TiO2 thin films of various Pt/Ti
ratios were obtained by CVD using Pt(acac)2 and Ti(OPr-i)4 in an oxygen atmosphere
at 400 ◦C78. The single growth process was kinetically controlled for TiO2 and diffusion-
limited for Pt. A theoretical model was developed on the basis of the two distinct types of
growth that accurately predicts the composition of the mixed films78, and was applied to
prepare Pt–TiO2-coated stainless-steel and gold electrodes79. The voltammetric behavior
of these nanostructured electrodes has been investigated using the [Ru(NH3)6]3+/2+ redox
couple. These electrodes behaved as ensembles of platinum nanoelectrodes. The active
sites of the composites investigated are smaller than 10 nm79.

Three-dimensional PtRu nanostructures (i.e. Pt85Ru15, 5.9 nm particle size; Pt78Ru22,
6.7 nm) with defined shapes are available from Pt(acac)2 and Ru(acac)3 precursors80. Cap-
ping of indexed surfaces using adamantaneacetic acid and hexadecylamine led to formation
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of cubic or tetrahedral nanodendrites of varied composition. These PtRu nanostructures
are catalytically active in methanol oxidation.

Transition metal nanoparticles have attracted great attention due to their unique size-
dependent properties and applications in diverse areas, including magnetic storage materi-
als, catalysis, sensors and drug delivery81 – 84. Depositions of various Pt-containing alloys
are summarized in Table 2. Particularly, chemically synthesized transition metal alloy

TABLE 2. Experimental conditions for synthesis and properties of platinum-containing nanoparticle
alloys

Alloy Precursors Solvent Stabilizer Tdeposition
( ◦C)

Size
(nm)

References

Pt47Fe53 Pt(acac)2,
Fe(CO)5

hexadecyl amine 1-adamantane-
carboxylic
acid

350–360 8 85, 86

Pt51Fe49 Pt(acac)2,
Fe(CO)5

diphenyl ether,
hexadecyl amine

1-adamantane-
carboxylic
acid

260 6 87

Pt52Fe48 Pt(acac)2,
Fe(CO)5

dioctyl ether oleic acid,
oleylamine

290 3.5 88

PtxFey Pt(acac)2,
Na2[Fe(CO)4]

several oleic acid,
oleylamine

297–370 1.7–7.7 89

Pt75Ru25,
Pt50Ru50,
Pt25Ru75

Pt(acac)2,
Ru(acac)3

diphenyl ether oleylamine 260 3.5–6.5 90

Pt52Co48 Pt(acac)2,
[Co(CO)3NO]

dioctyl ether oleic acid,
oleylamine

286 7 91

Pt43Fe41Cr16,
Pt46Fe44Cr10,
Pt47Fe47Cr6

Pt(acac)2,
FeCl2žH2O,
Cr(acac)3

diphenyl ether oleic acid,
oleylamine

260 1.5 92

Pt44Fe49Co7,
Pt43Fe40Co17,
Pt47Fe34Co19,
Pt50Fe23Co27

Pt(acac)2,
Fe(CO)5,
Co(acac)2

dioctyl ether oleic acid,
oleylamine

290 3.5 88

Pt42Fe50Pd8,
Pt35Fe50Pd15,
Pt25Fe50Pd25

Pt(acac)2,
FeCl2žH2O,
Pd(acac)2

diphenyl ether oleic acid,
oleylamine

260 3.5 93

[Pt51Fe49]88Ag12 Pt(acac)2,
Fe(CO)5,
Ag(acac)

diphenyl ether oleic acid,
oleylamine

260 3.5 94–96

Pt44Fe48Au8 Pt(acac)2,
Fe(CO)5,
Au(ac)3

diphenyl ether,
hexadecyl amine

1-adamantane-
carboxylic
acid

260 6 87

Pt47Fe48Au5,
Pt40Fe42Au18,
Pt37Fe38Au25

Pt(acac)2,
Fe(CO)5,
Au(ac)3

hexadecyl amine 1-adamantane-
carboxylic
acid

360 6 97

[PtFe]100−xAux

x = 1–24
Pt(acac)2,

Fe(CO)5,
Au(ac)3

diphenyl ether oleic acid,
oleylamine

260 3.5 98
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FIGURE 11. TEM image of self-assembled [Pt0.47Fe0.53]88Ag12 nanoparticles96. Reproduced from
Reference 96 by permission of the American Institute of Physics

nanoparticles such as FemPtn and ComPtn (m + n = 100) have been extensively studied
by Nikles because of their chemical stability and high magnetocrystalline anisotropy88,91.
The metal enolate precursors that have been most extensively studied for the alloys
listed in Table 2 are M(acac)2 (M = Pt, Co, Pd) and M(acac)3 (M = Ru). The appro-
priate precursor components were dissolved in high-boiling organic solvents, such as
dioctyl ether or diphenyl ether, were heated under continuous stirring in the presence of
stabilizers including hexadecane-1,2-diol, oleic acid and oleyl amine, resulting in the for-
mation of black suspensions containing the respective PtmMn nanoparticles. By varying
the surfactants, solvent and temperature the size and structural properties of the par-
ticles can be controlled85,86,89. A third alloy element (M′ = Cr, Co, Pd, Ag, Au) can
be introduced in various proportions to incorporate within the nucleating nanoparticles
of formula PtmMnM′

p (m + n + p = 100) (Table 2). These nanoparticles were character-
ized by elemental analysis, XRD, EDX and TEM (Figure 11). The magnetic anisotropy
and switching volumes were explicitly determined from time- and temperature-dependent
dynamic coercivity measurements (Figures 12 and 13)96.

Lin and coworkers99 systematically varied the conditions for the synthesis of Fe–Pt
and Co–Pt alloy nanoparticles to gain closer insight on how the specific ligand–metal
interactions affect the nucleation and growth of the nanoparticles. Thus, the concentrations
of the precursors (Pt(acac)2, Fe(CO)5 and Co2(CO)8) and the stabilizers (oleic acid and
trioctylphosphine oxide) were varied in such a way that the effect of the ligand stabilizer
is amplified and becomes a dominant factor in determining the reaction pathway. As a
result, the authors report that the growth of alloy nanoparticles is limited in size and
constitution depending on the ligand type and the concentration.

Platinum, ruthenium and PtRu alloy nanoparticles, prepared by vacuum pyrolysis using
Pt(acac)2 and Ru(acac)3 as precursors, were applied as anode catalysts for direct methanol
oxidation100. The nanoparticles, uniformly dispersed on multiwalled carbon nanotubes,
were all less than 3.0 nm in size and had a very narrow size distribution. The nanocom-
posite catalysts showed strong electrocatalytic activity for methanol oxidation, which can
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FIGURE 12. In-plane hysteresis loops of self-assembled [Pt0.47Fe0.53]88Ag12 (solid line) and
Fe53Pt47 (dotted line) nanoparticle arrays annealed at different temperatures (H = field strength,
M = magnetization, Ms = saturated magnetization)96. Reproduced from Reference 96 by permission
of the American Institute of Physics

be explained by the formation of well-dispersed Pt–Ru alloy nanoparticles and the large
surface area of the substrate100.

5. Group 11 elements

a. Copper. Copper deposition processes play an important role in the microelec-
tronic industry, especially for fabrication of the ULSI circuit technology101. Recently,
copper became more valuable due to its lower resistivity (Cu 1.7 µ� cm, Al 2.7 µ� cm,
W 5.6 µ� cm), higher thermal conductivity, improved electromigration resistance (up to
4 orders of magnitude larger than aluminum) and increased resistance to stress-induced
voidage, as compared to Al and W102.
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FIGURE 13. Coercitivity field strength (Hc) as function of the Ag concentration for self-assembled
[Pt0.47Fe0.53]100−xAgx nanoparticles annealed at 500 ◦C96. Reproduced from Reference 96 by per-
mission of the American Institute of Physics

Numerous deposition methods, such as ionized metal plasma deposition, physical vapor
deposition, ALD, CVD, PA-CVD, PE-CVD, electroplating and electroless plating have
been used to deposit copper films on different substrates1. For CVD and ALD, several
copper(I) and copper(II) enolates were developed which may be of interest as suitable
precursors. The use of these complexes enabled the development of new technologies that
are demanded to fulfill the requirements of the microelectronic industry.

i. Copper(II) precursors. In this section we discuss the current status of the deposition
of copper thin films from copper(II) β-diketonates (e.g. 7a–7f), and β-ketoiminates with
bidentate (e.g. 8a and 8b) or multidentate (e.g. 9) ligands, including adsorption studies,
mechanistic considerations, growth rates, reaction conditions and film properties. Typical
deposition conditions are summarized in Table 3.
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TABLE 3. CVD of Cu using copper(II) enolate precursors

Precursor Evaporation
temperature

( ◦C)

Deposition
temperature

( ◦C)

Deposition
rate

(nm min−1)

Carrier
gas

Reactor
pressure
(Torr)

Substrate References

Cu(acac)2 (7a) 180–200 225–250 20 H2/Ar 760 SiO2 103

Cu(acac)2 (7a) 80 290–350 23 H2 3 SAM/Si 104

Cu(tfac)2 (7b) 135–160 250–300 — H2 760 glass,
stainless
steel

105, 106

Cu(hfac)2 (7c) a 80–95 250–300 80 H2 760 glass,
stainless
steel

105, 106

Cu(hfac)2 (7c) 80–85 200 10 H2 760 glass 107

Cu(hfac)2 (7c) 120 340–390 4 Ar 760 SiO2 108

Cu(hfac)2 (7c) 30–60 250–350 120–180 H2 10−3 –760 SiO2, TiN,
Al2O3

109

Cu(hfac)2 (7c) 90–110 250–275 10–15 H2 10−3 –760 glass 110

Cu(hfac)2 (7c) 45–60 350 10 H2 7–15 W, Cr, Al,
Zr, TiSi2

111

Cu(hfac)2 (7c) 50–100 350–390 20–90 H2O/H2 15 Ta/Si 112

Cu(hfac)2 (7c) 100 400 — none 10 SiO2 113

Cu(hfac)2 (7c) 55–90 310–380 20–65 H2 2–10 SiO2, TiW,
TiSi2

114

Cu(thd)2 (7d) 100 400 — none <10−2 SiO2 113

Cu(ppm)2 (7e) 100 400 — none <0.3 SiO2 113

Cu(fod)2 (7f) — 300–400 — H2 10−3 –760 SiO2 109

Cu(acim)2 (8a) 287 400 — H2 730 quartz 115

Cu(acen) (9) 204 450 — H2 730 quartz 115

Cu(nonaF)2 (8b) 85–105 270–350 70 H2 10–70 SiO2, W,
TiN

116

a This precursor is in fact a hydrate, Cu(hfac)2žH2O, containing various amounts of water.

The first reports on copper CVD came from van Hemert (1965)105 and Moshier
(1967)106 describing the use of Cu(tfac)2 (7b) and Cu(hfac)2žH2O as volatile CVD pre-
cursors for deposition of copper in a hot-wall, horizontal tube reactor, under the operating
conditions listed in Table 3. It should be noted that precursor 7c requires lower tempera-
tures for vaporization than 7b. Various copper(II) β-diketonates listed in Table 3 became
relevant for today’s CVD technology. In the presence of a reducing carrier gas, such as
hydrogen, the deposition process can be formulated as shown in equation 5.

Cu(β-diketonate)2 + H2 −−−→ Cu(0) + 2β-diketone (5)

Analogous processes can be accomplished by reducing agents other than hydrogen, such
as hydrazine and carbon monoxide. Reduction with CO involves partial decomposition of
the ligands giving carbon-, oxygen- and fluorine-containing organic fragments, which may
be incorporated as impurities in the copper films1. For example, Cu(hfac)2 (7c) produces
C, O and F film contaminations on decomposition. However, higher temperatures produce
more carbon film impurities due to the onset of the ligand decomposition itself106. It was
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proposed that decomposition of the precursor proceeds by self-reduction. If the precursor
is a hydrate, as in the case of Cu(hfac)2žH2O in notea of Table 3, a two-step decomposition
takes place, whereby ketone hfacH is eliminated affording CuO, which afterwards will be
reduced by hydrogen to give metallic copper and water105. Summing up, the two steps
can be viewed as a process in which the H2O molecule acts essentially as a catalytic
carrier for a hydrogen atom transfer.

The advantage of using hydrogen as reducing agent is that very pure copper films are
formed, i.g. Cu(hfac)2 (7c) gives copper films of purity >99%109. In contrast, a 10/90
mixture of H2/Ar leads to serveral impurities including C (15%), O (10%), and F (5%)103,
while pure argon or nitrogen as carrier gases increase the oxygen content significantly (ca
30%); for example, 7c decomposes in argon at 1 atm to metallic copper and Cu2O117.
This clearly shows that hydrogen is indispensable for protonating the enolate to desorb
cleanly from the surface. In general, resistivities in the range of 1.7 to 2.4 µ� cm (bulk Cu
1.67 µ� cm) were found for Cu films deposited in hydrogen atmosphere from fluorinated
copper(II) enolates111,118.

Selective depositions of copper on pre-patterned TiSi2, W, Cr, Al and Zr substrate layers
were also carried out successfully111. Adsorption studies with copper(II) β-diketonates,
such as Cu(acac)2 (7a) and Cu(hfac)2 (7c)119,120, proved that the appropriate precursors
adsorb dissociatively under typical CVD conditions under reducing hydrogen atmosphere,
as depicted in Scheme 2.
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SCHEME 2. Possible mechanistic steps in the deposition of metallic copper on metallic silver sub-
strates from copper(II) enolates120. Reproduced from Reference 120 by permission of Wiley-VCH

CVD of copper films was carried out on metallic substrates modified by a SAM
of HSCH2CH2CH2Si(OMe)3 (3-mercaptopropyltrimethoxysilane) using the precursor
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Cu(hfac)2 (7b)104. The quality of the copper films deposited on the SAM diffusion bar-
rier was high regarding purity and uniformity, comparable to that of films deposited on
Si(100) and traditional diffusion barriers (TiN). Copper selenide binary phases can be
grown from Cu(acac)2 (7a) and trioctylphosphine selenide. Depending on the techniques
applied, tetragonal Cu2Se (aerosol-assisted CVD) or cubic Cu2−xSe nanoparticles capped
with hexadecylamine (liquid deposition) are produced121.

Further CVD methods to deposit metallic copper thin films are laser-assisted tech-
niques (pyrolytic and photochemical LA-CVD) most commonly used for direct writ-
ing applications such as mask repair, circuitization and localized doping122 – 124. Diverse
plasma-assisted copper CVD processes have also been reported showing the advantages
of PA-CVD including higher growth rate and lower substrate temperatures which results
in the possible improvement of microstructures118,125 – 127.

Besides copper(II) β-diketonates, also β-ketoiminato complexes such as Cu(acim)2 (8a)
and Cu(acen) (9) have been investigated as CVD precursors115. Hydrogen reduction is
also necessary to obtain pure copper films. The disadvantage of both compounds is that
they require high decomposition temperatures. Nevertheless, fluorinated Cu(nonaF)2 (8b)
needs lower temperatures for evaporation and deposition, even below those of Cu(hfac)2
(Table 3)116.

Another promising class of copper(II) β-diketonates has been synthesized by Toscano
and Welch by substitution of a carbon atom by silicon128,129. Copper(II) sila-β-diketonates
and their fluorinated derivatives have greater volatility than the corresponding carbon–
hydrogen analogues and some of them exist as liquids or low melting solids, the pre-
ferred state for industrial CVD processes. Two different deposition modes of this class of
precursors are also discussed (Scheme 3)130.
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SCHEME 3. Deposition modes for Cu(II) α-fluoroalkyl-α′-trialkylsila-β-diketonates130. Reproduced
from Reference 130 by permission of Elsevier

Laser-induced chemical liquid deposition of copper films on quartz and glass from
Cu(acac)2 (7a) as precursor was reported by Ouchi and collaborators131. The process is
realized through the interaction of copper colloids with the appropriate surfaces. It was
found that, depending on whether the laser irradiation is discontinuous (ArF laser) or
continuous (KrF laser), closed copper films or nano-islands were formed. This method
differs from the laser-assisted liquid-phase metallization of polymers, wherein a laser
beam was used to enhance chemical reduction of copper(II) salts131.

Sol–gel and dip-coating procedures were applied to prepare copper nanomaterials132.
Alumina-supported copper nanoparticles from Cu(acac)2 and Al(OPr-i)3 were synthesized
by Kantam and coworkers132 by the aerogel procedure. The Cu–Al2O3 nanoparticles were
characterized by several analytical methods and were successfully used as catalysts for
the preparation of 1,2,3-triazoles by the reaction of terminal alkynes, NaN3 and alkyl/allyl
halides.
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Copper-coated carbon nanotubes are accessible by decomposition of preliminary
adsorbed Cu(acac)2 in a hydrogen atmosphere at 1 atm and 300 ◦C133. A mechanism
is proposed based on the intermediate formation of copper oxide which is reduced by
hydrogen to elemental copper, whereas the acac ligand decomposes to give formaldehyde
and acetone.

Metallic copper nanoparticles within covalently bonded multilayered dendritic ultrathin
films made of pamam, using supercritical CO2 as a processing medium, were described by
Puniredd and Srinivasan134. The nanoparticles were obtained in higher yield, in a denser
and more stable distribution, and showed greater stability towards polar solvent attack
than the analogous products of liquid solvent processes, for example, in tetrahydrofuran,
which was explained by the facile solvent separation and transport.

ii. Copper(I) precursors. Copper(I) β-diketonates of general type Cu(β-diketonate)(L)n
(n = 1, 2), where L is a Lewis base such as phosphane, phosphite, alkene or alkyne, have
been investigated extensively because such compounds can successfully be used as CVD
precursors for the deposition of thin copper films. The conditions investigated for CVD
using copper(I) β-diketonate precursors are summarized in Table 4.

Recently, phosphane and phosphite copper(I) carboxylates169,170 have become favored
over copper(I) β-diketonates, since these species produce copper films of high purity with
excellent electrical properties at low temperatures. However, at the time this review is
being written Cu(I) β-diketonates are commercially available, e.g. Cu(hfac)(η2-ViSiMe3)
(10o, CupraSelect) and Cu(hfac)(mhy) (10k, Gigacopper), making this class of metal
enolate precursors still the most important in industrial applications.

Three- and four-coordinated Cu(I) compounds are most common; however, many one-
and two-coordinated Cu(I) ones are also known171,172. When less than four donor atoms
are bound to the copper(I) ion the mononuclear copper(I) enolates tend to oligomerize172.
To preserve the volatility of the precursors, the oligomerization must be prevented, for
example, by using bulky and/or multidentate chelating ligands. In Table 4, Cu(I) enolate
coordination compounds which can be used as precursors for CVD of copper are listed.

Copper(I) β-diketonates usually are volatile liquids in ambient conditions, decomposing
at moderate temperatures between 100 and 450 ◦C, to leave clean copper films. Film purity
strongly depends on the nature of the β-diketonate and the Lewis-base ligands. Copper
deposition from these precursors takes place either by direct reduction with hydrogen
present in the carrier gas, or by the disproportionation 2Cu(I) → Cu(0) + Cu(II) taking
place as shown in Scheme 41, in the wide range of conditions listed in Table 4. The high
purity of the film can be explained by desorption of the neutral Lewis-base ligands L and
removal of the enolate anions as Cu(β-diketonate)2 in the gas phase.

DFT calculations have been performed for the L−Cu bond energies (kcal mol−1) of
common copper(I) β-diketonates used in CVD, such as Cu(hfac)(L) with L = PMe3 (10a,
38.4), 1,5-cod (10c, 35.6), MeC≡CMe (10d, 32.1), ViSiMe3 (10o, 33.6)173. It is assumed
that dissociation of L is the rate-determining step for film growth due to the similarity
between the bond energies and reported experimental activation energies. Good correlation
with experimental observation is obtained for 10o, with a dissociation rate constant of
1.5 × 10−14 exp(−13.5/T )173.

Pirolli and Teplyakov reported the deposition of copper films from the commercially
available 10o precursor (CupraSelect) on a Si(100) crystal at the molecular level,
combining experimental surface analytical techniques with computational analysis174.
At −173 ◦C CupraSelect adsorbs without noticeable decomposition. Surface anneal-
ing results in the elimination of ViSiMe3 below 25 ◦C, while the hfac anion binds to the
surface through a copper atom. Upon heating, hfac decomposes and constitutes the main
source of impurities in the copper deposition process174.
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TABLE 4. Conditions for CVD of copper using copper(I) β-diketonate precursors

CVD precursor Evaporation
temp.
( ◦C)

Deposition
temp.
( ◦C)

Deposition
rate

(nm min−1)

Carrier
gas

Reactor
pressure
(mTorr)

Substrate References

Cu(hfac)(PMe3)
(10a)

45 100–400 20–200 none 50 Pt/SiO2,
Cu/SiO2,
W/SiO2

135

Cu(hfac)(PEt3)
(10b)

Cu(hfac)(1,5-cod)
(10c)

Cu(hfac)(2-
butyne)
(10d)

Cu(hfac)(btmsa)
(10e)

Cu(hfac)(tmsmb)
(10f)

Cu(hfac)(PMe3)
(10a)

45–50 150–400 10–1000 none 1 Pt/SiO2 136

Cu(hfac)(PMe3)
(10a)

60 180–210 400–2000 none 50 W/SiO2 137

Cu(hfac)(PMe3)
(10a)

50 200 — none — PTFE 138–140

Cu(acac)[P(Bu-
n)3]
(11a)

85 220 — N2 35 × 103 TiN/SiO2 141

Cu(acac)[P(Bu-
n)3]2
(12a)

Cu(fod)(PMe3)
(13a)

40 150–300 — none 10 W/SiO2 142

Cu(fod)(2-butyne)
(13b)

Cu(fod)(btmsa)
(13c)

Cu(thd)(tdap)
(14a)

50 150 — N2 80 × 103 TiN/SiO2 143

Cu(acac)(btmsa)
(11b)

90 280

Cu(tfac)(PMe3)
(15)

— 100–150 200–1000 none 10 Pt/SiO2,
W/SiO2,
Cu/SiO2

135, 144

Cu(hfac)(1,5-cod)
(10c)

70–90 120–250 380–3750 none 10–50 W/SiO2,
Pt/SiO2, SiO2

145

Cu(hfac)(1,5-cod)
(10c)

35 170–200 100 CO, H2 — glass 146

Cu(hfac)(1,5-cod)
(10c)

70–105 200 100 H2 760 × 103 Si, glass 146

[Cu(hfac)]2(cot)
(16)

Cu(hfac)(1,3-
butadiene)
(10g)
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TABLE 4. (continued)

CVD precursor Evaporation
temp.
( ◦C)

Deposition
temp.
( ◦C)

Deposition
rate

(nm min−1)

Carrier
gas

Reactor
pressure
(mTorr)

Substrate References

Cu(hfac)(1,5-cod)
(10c)

62 150–250 100–500 He 70 Ta, Cu, Ag, Au,
Cr, SiO2,
Si3 W4

147

Cu(hfac)(1,5-cod)
(10c)

70 120 — N2 200 TaN/Si 148

Cu(hfac)(1,5-cod)
(10c)

25–70 200 200 H2 760 × 103 Si, glass 146

Cu(hfac)(CO)
(10h)

Cu(hfac)(dmcod)
(10i)

50–70 180 — H2, He 300–700 W 149

Cu(hfac)(alkyne)
(10d, k, j)

60 225 350–5750 He 300 Cu 150

Cu(hfac)(2-
butyne)
(10d)

65 150–210 500–9000 none 50 W/SiO2 151

Cu(hfac)(2-
butyne)
(10d)

60 150–225 2033 He 300 Cu/Si 152

Cu(hfac)(hy)
(10j)

70–80 140–300 200–260 He, H2 2000 TiN/Si 153, 154

Cu(hfac)(mhy)
(10k)

Cu(hfac)(mhy)
(10k)

87 100 — He 2000 SiO2 155, 156

Cu(hfac)(mp)
(10l)

45 150–200 400–1500 Ar 300 TiN/Si 157

Cu(hfac)(dmb)
(10m)

35

Cu(hfac)(mbo)
(10n)

— 180 — He 1500 Ta 158

Cu(hfac)(vtms)
(10o)

50 160 500 Ar — TiN, Si, Cu,
SiO2

159

Cu(hfac)(vtms)
(10o)

40–50 120–420 1000 Ar 100 W, TiN, Ta, Al,
PtSi

160

Cu(hfac)(vtms)
(10o)

— 180–350 — H2/N2 500, 800 Al/Si, Si3N4/Si 161

Cu(hfac)(vtms)
(10o)

25 160–190 2000–5000 none 500 W/SiO2 162

Cu(hfac)(atms)
(10p)

40 60–275 — Ar 1000–3000 TiN 163–165

Cu(hfac)(tmsmb)
(10f)

50 145 — N2 35 × 103 TiN/SiO2 166

(continued overleaf )
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TABLE 4. (continued)

CVD precursor Evaporation
temp.
( ◦C)

Deposition
temp.
( ◦C)

Deposition
rate

(nm min−1)

Carrier
gas

Reactor
pressure
(mTorr)

Substrate References

Cu(hfac)(1,5-cod)
(10c)

60 225 — CO2
a 13–17 × 107 SiO2/Si, TiN/Si 167, 168

Cu(hfac)(2-
butyne)
(10d)

Cu(hfac)(mhy)
(10k)

Cu(hfac)(vtms)
(10o)

a CVD in supercritical conditions.
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When CVD with copper(I) β-diketonate complexes containing a Lewis base is car-
ried out in the presence of hydrogen1, deposition of metallic copper occurs by direct
reduction with liberation of the Lewis-base ligand and formation of the corresponding
β-diketone, as was demonstrated for 10c (equation 6)175. In contrast, it is found that
Cu(hfac)(1,3-butadiene) (10g) deposits copper via disproportionation even in the presence
of hydrogen146.

Cu(hfac)(1, 5-cod) + 1/2H2 −−−→ Cu(0) + hfacH + 1, 5-cod (6)

When CO alone is used as reducing agent, e.g. for reduction of Cu(hfac)(1,5-cod) (10c),
the copper films are contaminated mostly with significant amounts of carbon impurities,
while the use of CO/H2 mixtures results in the formation of high-purity metallic copper
films. Under the CVD conditions applied, it is proposed that the copper(I) species is
transported as Cu(hfac)(CO) in the gas phase146.

Another group of promising copper CVD precursors are β-diketonato copper(I) com-
plexes with conjugated ene-yne donor ligands L, such as hy in 10j and mhy in 10k, as was
shown by Doppelt and collaborators153 – 156. Complexes Cu(hfac)(L) and [Cu(hfac)]2L can
be prepared on mixing hy or mhy with [Cu(hfac)] in the ratios of 1:1 and 1:2, respec-
tively. The mononuclear Cu(hfac)L (10j or 10k) species possess a free olefinic unit which
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SCHEME 4. Disproportionation mechanism of LnCu(β-diketonate) for Cu film deposition on sub-
strates1. Reproduced from Reference 1 by permission of Wiley-VCH

can interact with another copper atom, for instance from the substrate surface to form
the binuclear complex 10′, which is adduced as the reason for the very low activation
energy found for the surface-reaction-limited growth regime of copper films. This leads
to very good filling properties that have been ascertained for 10k as compared to other
precursors157,158.
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(10) (j) R = H (10′) R = H, Me
(k) R = Me

Lang, Gessner and coworkers166 reported improved-performance copper(I) CVD pre-
cursors containing the tmsmb ligand, as in 10f, 11d and 14c. Copper films were deposited
on TiN-coated oxidized silicon wafer materials from 10f at low temperature (145 ◦C) and
characterized by SEM and EDX. Rhee and coworkers157 described the hfac-based copper
sources Cu(hfac)(mp) (10l) and Cu(hfac)(dmb) (10m), the deposition rate of which was
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about four to seven times faster than that of CupraSelect. The resistivity of the thin
films obtained from both precursors is 2.0 µ� cm.

An invention dating from 2005158 introduces β-ketoiminates (17, 18) as chelating lig-
ands which are more stable source reagents for copper deposition, resulting in enhanced
adhesion properties of the obtained thin films.

F3C CF3

N O
Cu

L

F3C

F3C CF3

N O
Cu

L

(17) L = PMe3, 1,5-cod, AllOH (18) L = PMe3, 1,5-cod

Gessner, Lang and coworkers141 formed thin films of copper oxide and copper from
the liquid nonfluorinated copper(I) source Cu(acac)(P(n-Bu)3)2 (12) by low-temperature
thermal ALD.

Selective deposition of copper onto patterned PTFE and similar substrates is of impor-
tance because these substrate materials have low dielectric constants176. The combination
of PTFE with high-conductivity metals such as copper led to applications in the field
of printed wiring board manufacture. A suitable precursor is Cu(hfac)(PMe3) (10a)140.
However, deposition of copper onto various patterned substrates including pyrex, SiO2,
TiN and Si3N4 surfaces functionalized with silanes was performed using copper(I) eno-
lates such as Cu(hfac)(mhy) (10 k), whereby the films exhibit good adhesion strength
and resistivities to that of elemental copper165,166. After irradiation of the functionalized
substrates with UV light through a mask, copper was deposited only onto the nonirradi-
ated areas of the substrate. Ultrathin monolayers of copper prepared by this method are
potentially useful for very high resolution resistors, since the lateral resolution may be of
the order of molecular dimension (nanometallization).

Deposition of copper alloys such as copper/aluminum can be carried out starting from
copper(I) and copper(II) enolates. Copper alloys may be of technological and scientific
interest as they can help avoiding problems caused by electromigration, corrosion and
poor adhesion to dielectric substrates177.

b. Silver. Silver has the highest electrical conductivity (1.59 µ� cm) of all metals;
however, its greater cost and tarnishability has prevented it from being widely used in place
of copper for electrical purposes. Besides, the fast diffusion of silver into semiconductor Si
and SiO2 device materials has limited its application for metallization. Further applications
include the use of silver as a component of high-temperature superconducting ceramics178,
as silver mirrors179 or as bactericidal coatings180. One of the major problems in silver
CVD is the availability of suitable volatile and economical precursors, because of their
sensitivity to light and low thermal stability. There have been several reports on the use
of Lewis-base silver(I) β-diketonates with phosphanes, phosphites, alkenes, alkynes etc.
as auxiliary ligands as suitable CVD precursors. Also, the use of silver β-diketonate salts
including [Ag(tfac)] and [Ag(hfac)] as CVD metal sources is mentioned in the literature,
but most of these compounds do not sublime easily and hence require unusual vaporization
techniques. In contrast, the Lewis-base-stabilized silver β-diketonates listed in Table 5 are
better suited as CVD precursors because of their improved stability and volatility.

As nicely shown by Puddephatt and coworkers, the complexes Ag(hfac)(PR3) and
Ag(fod)(PR3) (R = Me, Et) are excellent CVD precursors for deposition of smooth pure
silver films (grain size 0.1–0.25 µm) using moist hydrogen as carrier gas, as could be
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TABLE 5. Deposition studies of silver(I) enolate CVD precursors

CVD precursor Evaporation
temp.
( ◦C)

Deposition
temp.
( ◦C)

Deposition
rate

(nm min−1)

Carrier
gas

Reactor
pressure
(mTorr)

Substrate Ref-
erence

Ag(hfac)(PMe3) 20–50 250–425 — H2 0.1 Cu 181
Ag(hfac)(PMe3)2

Ag(hfac)(PMe3) 50–100 250–350 30 none, H2, H2/H2O 50 glass, Si, Cu 182
Ag(hfac)(PEt3)
Ag(fod)(PMe3)
Ag(fod)(PEt3)

Ag(acac)(P(Bu-n)3)2 150 200 — N2 35ž103 TiN/Si 183

Ag(hfac)(P(OMe)3) 80 180–360 — Ar 100–500 Si, glass 184
Ag(hfac)(P(OEt)3)
Ag(hfac)(P(OPr-i)3)
Ag(tfac)(P(OMe)3)
Ag(tfac)(P(OEt)3)
Ag(tfac)(P(OPr-i)3)

Ag(hfac)(C≡NMe) 80–90 250–320 — none, H2, H2/H2O 0.1–100 Si, glass 185

Ag(hfac)(SEt2) 80 120–300 40 — — Cu/Si 186

FIGURE 14. SEM images of silver films grown from Ag(fod)(PEt3) using H2/H2O mixtures as
carrier gas on glass applying different substrate temperatures (left: 320 ◦C, right: 230 ◦C) without
annealing182. Reprinted with permission from Reference 182. Copyright 1995 American Chemical
Society

shown by SEM (Figure 14)182. If no reactive carrier gas is used, the layers contain carbon
impurities (5–10%) and show rough surfaces with an average grain size of 1–2 µm.
The impurities were explained by the higher temperatures (370–380 ◦C) required for the
deposition processes because the decomposition was not selective. As a consequence, in
some cases fluorine, oxygen and phosphorus impurities were observed. The main prod-
ucts in the presence or absence of hydrogen are hfacH or fodH and PMe3 or PEt3. No
disproportionation mechanism of the silver(I) source is observed, as it is characteristic for
the analogous copper(I) species.

Next to phosphine and phosphite silver(I) enolates also methylisocyanide-stabilized
species such as M(hfac)(N≡CMe) (M = Cu, Ag) can be used as suitable CVD precursors
for the deposition of thin metal films on glass or silicon substrates (Table 5)185.
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A detailed mechanistic study of the decomposition process of Ag(fod)(PEt3) on a
Ag(111) surface had been carried out using reflection absorption IR spectroscopy and
temperature-programmed desorption techniques. From these measurements the authors
conclude that the adsorbed Ag(fod)(PEt3) molecules dissociate on the surface. As byprod-
ucts, which are developed in the reaction with reducing agents like hydrogen or water,
mainly the β-diketonate fodH together with HF, CO2 and the radicals C(CH3)3

ž and
C3F7

ž were monitored at different temperatures. Attempts to describe the reaction paths
of adsorbed phases are given in equation 7187.

Ag(fod)(PEt3)(ads)

T > −173 °C

−143 °C to −103 °C

−73 °C

17 °C

217 °C

427 °C

Ag(ads) + fod(ads) + PEt3(ads) + Ag(fod)(PEt3)(ads)

PEt3(g) + CH4(g)

fodH(g) + (CHO)x(ads) + (CF)y(ads)

Ag(fod)(PEt3)(g)

C3F7(g) + C(CH3)3(g) + HF(g)
• •

CO2(g) + C(s)

(7)

The volatility and thermal stability in the gas phase during evaporation and trans-
port to the substrate of selected n-Bu3P silver β-diketonates has been investigated using
temperature-programmed and in-situ mass spectrometry by Kohse-Höinghaus, Lang and
coworkers183,188. Examination of the fragments detected during evaporation and in a cold-
wall CVD reactor allowed one to propose the gas-phase decomposition mechanisms of
some silver(I) precursors. For both compounds Ag(acac)(P(Bu-n)3)2 and Ag(hfac)(P(Bu-
n)3)2 the P(Bu-n)3 phosphine and the respective β-diketonate fragments are detected in
the temperature range of 170–330 ◦C, while the metal-containing fragment Bu3PAg+ is
found at higher temperatures, 330–420 ◦C for Ag(acac)(P(Bu-n)3)2 and 170–290 ◦C for
Ag(hfac)(P(Bu-n)3)2 (Figure 15)183. Use of a fluorinated ligand results in higher stability
during evaporation but shows an uneven evaporation interval. The formation of stable
evaporated adducts in the gas phase may be responsible for this behavior. Deposition
experiments resulted in the formation of smooth and conductive thin silver coatings on
glass substrates.

Aerosol-assisted CVD of Ag and Ag1−xPdx films, using Ag(hfac)(SEt2) and Pd(hfac-
C)(hfac-O,O)(SEt2) as precursors186, and the investigation of ligand exchange reactions
relevant to this189 were performed by Hampden-Smith and Kodas. The AA-CVD exper-
iments were carried out on Cu-coated Si wafers over a range of substrate temperatures
(120–300 ◦C) resulting in bright, reflective, analytically pure silver films186.

Silver and silver selenide thin films were prepared from a series of liquid silver precur-
sors containing β-diketonates and phosphite ligands (Table 5) as demonstrated by Shim
and coworkers184. In a typical deposition experiment, Ag(tfac)(P(OEt)3) produced very
pure silver films under relatively mild conditions (170 ◦C) without any appreciable amount
of fluorine, oxygen and phosphorus impurities. These films could easily be converted to
Ag2Se by selenium vapor deposition184.

Highly reflective, surface-metallized, flexible polyimide films containing silver are
accessible by the incorporation of [Ag(hfac)] into poly(amic acid) solutions followed
by thermal curing to 300 ◦C190. The silvered films are thermally stable and maintain
mechanical properties similar to those of the parent polyamide.
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FIGURE 15. Intensity of detected fragments (MS, m/z) as a function of temperature, in the gases
evolved from Ag(hfac)(P(Bu-n)3)2 (top): C12H27AgP+ (309), C4H2F3O2

+ (139), C4H9P+ (76), CF3
+

(69) and Ag(acac)(P(Bu-n)3)2 (bottom): C12H27AgP+ (309), C4H5O2
+ (85), C4H9P+ (76)183. Repro-

duced from Reference 183 by permission of Wiley-VCH

c. Gold. Gold surfaces and gold particles have recently attracted much attention due
to their very promising catalytic (e.g. alcohol oxidation, epoxidation of propylene, hydro-
genation), optical and electrical properties191 – 193. In the microelectronics industry gold
metallization is extensively used for technological applications where absolute reliabil-
ity must be maintained (e.g. electrical contacts to integrated circuits, wiring in multichip
packaging modules). Compared to copper and silver, gold also possesses a low resistivity
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(2.46 µ� cm) but inertness to chemical corrosion. Gold is also used as an absorber in
X-ray lithographic masks and for the repair of defects in thin film circuits194. Gold(III)
β-diketonates containing two methyl groups were found to be most promising precursors
for CVD of gold onto different substrate materials. Gold enolates of structural type Au(β-
diketonate)(Me)2 (β-diketonate = acac, hfac, tfac) are outstanding precursors because
they give pure, electrically conducting gold thin films by thermal-induced decomposi-
tion, whereby the fluorinated compounds are characterized by higher vapor pressures
and show faster growth rates196. Baum and coworkers195 – 197 deposited high-quality gold
films and lines by laser-induced, photothermal CVD with a focused argon ion laser, using
Au(acac)(Me)2, Au(hfac)(Me)2 and Au(tfac)(Me)2 as precursors. The deposition rates
(0.1, 0.45 and 2.5 µm s−1, respectively) are strongly dependent upon the vapor pressure.
Lines deposited from these three precursors, containing 95–100% gold, have resistivities
2- to 20-fold that of bulk gold, which can be reduced to 2- to 5-fold after annealing.
Plasma-enhanced CVD using Au(acac)(Me)2 as metal source was applied to prepare gold
alloys, such as Au/Pt, Au/Pd and Au/Pt/Pd198. Three different methods allow the depo-
sition of metallic films of varying composition. They always show a metallic luster and
resistivities between 100 and 200 µ� cm.

Au(acac)(Me)2 was used by Claus and coworkers to produce silica-supported gold
nanoparticles by MOCVD199, as a catalyst with Au content of 2.4 wt% and average Au
particle size of 1.4 nm, which fits well to other supported gold catalysts prepared from
alternative precursors by different routes199. The supported nanoparticles were applied as
catalyst for low-temperature oxidation of carbon monoxide.

Grunwaldt and coworkers200 prepared gold and gold–silver nanoparticles supported on
TiO2, Fe2O3/Fe3O4 and SiO2 by flame spray pyrolysis from Au(acac)(Me)2 and AgOBz.
Depending on the support material, the size of the gold particle was in the range of 2–4 nm
increasing with higher noble metal loading (0.1–1.0 wt%). Addition of silver resulted
in increased particle sizes (5–10 nm). The authors mention that flame spray pyrolysis
is limited when higher noble metal loadings are targeted200. Gold nanoparticles could
also be synthesized on porous granules of γ -Al2O3 by chemical vapor infiltration using
Au(acac)(Me)2

201. After calcination at 325 ◦C, small particles (�5 nm) of metallic gold
were obtained which show a significant catalytic activity in low-temperature oxidation
of CO.

V. METAL OXIDE DEPOSITION
In general, metal oxides are very common inorganic commodities, widely applied, and
display an assortment of unique chemical and physical properties. They are accessible by
different techniques including chemical vapor deposition and sol–gel methods. Their tech-
nological application extends from super- and semiconducting materials to electrochromic
devices, optical filters, protective coatings and solar absorbers2,3,202 – 205.

A. Main Group Elements

1. Group 2 elements

a. Magnesium. The metal oxides of alkaline earth elements have attracted much atten-
tion, i.e. MgO is thermodynamically very stable, possesses a low dielectric constant (10.0)
and a low refractive index (1.74). Therefore, it is an interesting substrate material for high
Tc superconducting films, perovskite-type ferroelectric coatings and protecting layers of
dielectrics206,207. Magnesium oxide is an inorganic insulating solid material with fcc Mg
and O sublattices and low-energy neutral (100) cleavage planes. Magnesium oxide can be
prepared by spray pyrolysis208 and MOCVD techniques209,210. Recently, the latter method
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was applied by Boo and coworkers for the growth of crack-free and uniform MgO thin
films using the simple molecular magnesium enolate precursors Mg(acac)2 and Mg(thd)2
and oxygen as carrier gas at 300 ◦C for deposition on GaAs209 or at 500–600 ◦C on
Si(100) and sapphire210. Noteworthy is that the substrate, the precursor and the substrate
temperature influence the crystal growth direction and/or the crystallinity of the deposited
MgO films. In addition, electrostatic spray pyrolysis (ESP) between 400–450 ◦C allowed
the deposition of pure MgO thin films on SiO2/Si(100) substrates with growth rates of 34
and 87 Å min−1 from Mg(tmhd)2

208. Only traces of carbon were found within the detec-
tion limit of XPS. The authors point out, however, that this impurity may be attributed to
surface contamination and/or carbon incorporation into the MgO films.

b. Strontium. Direct liquid injection MOCVD of [Sr(thd)2 x pmdeta] was used to obtain
polycrystalline SrO (>9 mTorr, <350 ◦C) and SrCO3 films (>9 mTorr, >400 ◦C)211. In-
situ FTIR monitoring of the gas phase allowed one to propose a decomposition mechanism
(Scheme 5). The ancillary ligand pmdeta is eliminated in the early stage of evaporation
yielding Sr(thd)2, which decomposes to produce SrO along with CO2 and a variety of
ketones above 300 ◦C. The CO2 interacts with SrO to give SrCO3, depending on the depo-
sition temperature and the partial pressure of the precursor source: a higher temperature
and a higher partial pressure increase the amount of SrCO3. This finding can be gener-
alized for alkaline-earth metal oxides deposited from β-diketonates211. These studies are
mainly pertinent to MOCVD optimization and fabrication of multicomponent materials,
such as SrTiO3, (Ba,Sr)TiO3 (BST), SrBi2Ta2O9 (SBT) and SrBaNb2O6 (SBN).
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t-BuC(O)Me + t-BuC(O)Pr-i

+ Me2CO +  CO2 +

SCHEME 5. Decomposition of [Sr(thd)2(pmdeta)] showing the sites (1–3) of bond cleavages211.
Reproduced from Reference 211 by permission of Wiley-VCH

c. Barium. Alkaline-earth metal β-diketonates are less volatile than the analogous tran-
sition metal enolates, e.g. Cu(II) β-diketonates, due to their oligomeric structures212,213

(for example, Ba(thd)2 is better described by the formula [Ba5(thd)9(H2O)3(OH)]). On
addition of an excess of free β-diketone to the carrier gas stream, these structures are
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cleaved to give lower aggregation and become more volatile. Between 300–400 ◦C,
[Ba5(thd)9(H2O)3(OH)] decomposes to afford barium oxide, thd-H and other byprod-
ucts213.

A series of volatile barium ketoiminates containing appended ether lariats (19, 20;
vapor pressure ca 1 mTorr at 150–200 ◦C) has been synthesized and successfully used for
MOCVD by Marks and coworkers214. The thermolysis mechanism of these barium coor-
dination complexes was studied applying mass spectrometry. They partially decompose
during sublimation involving ligand fragmentation at the CO bond β to the ketoimi-
nate nitrogen atom with formation of pinacolone, 2,2-dimethyl-5-imino-3-hexanone and
2-methyl-4-t-butylpyridine. The suitability of these complexes as MOCVD precursors of
barium-oxide-containing thin films has been demonstrated through the growth of BaPbO3
using Pb(thd)2 as lead source214.
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Ba
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(19)  R = (20)  R =Me, C2H4OMe,
C2H4OC2H4OMe

Me, C2H4OMe,
C2H4OC2H4OMe

2. Group 13 elements

a. Aluminum. Aluminum oxide possesses attractive chemical and physical proper-
ties. It is a relatively hard material, chemically inert, transparent in some modifications
and an electrical insulator. Alumina films are therefore important as insulating layers in
microelectronic devices215, hard and antireflective coatings216,217 and protection against
oxidation. α-Alumina (corundum) is extremely hard (it is used as an abrasive), unreactive
and stable at high temperature. It has a hexagonal structure consisting of a close-packed
array of O2− ions with Al3+ cations occupying octahedral interstices. γ -Alumina has a
defective spinel structure, absorbs water and has amphoteric properties.

The perceived advantage of aluminum β-diketonates over other alumina precursors,
such as AlMe3, anhydrous AlCl3 and Al(OPr-i)3, includes higher stability, easier handling
in the solid form and lower toxicity. Ajayi and coworkers reported about the atmospheric
pressure pyrolysis of Al(acac)3 under argon for deposition of amorphous Al2O3 films
on glass and silicon218,219. The films were porous and highly contaminated with carbon,
nevertheless, they showed good optical properties. MS evidence pointed to acetone and
carbon dioxide as the major products of decomposition, the latter being responsible for
the formation of the carbon impurities (for comparision see Section V.A.1.c)220. It was
found that the higher the deposition temperature, the higher the CO2 rate (Figure 16).

Maruyama and Arai applied low-temperature (250 ◦C) atmospheric pressure CVD of
Al(acac)3 to produce largely carbon-free aluminum oxide films on glass (borosilicate,
quartz) and silicon(100) substrates in air221. The effect of water vapor on the growth
of aluminum oxide films by low-pressure CVD from Al(acac)3 have been thoroughly
investigated by Kim and coworkers222. High water-vapor concentration improved the film
purity by facilitating removal of carbon-containing ligands from the growing surface,
producing pure and mirror-smooth Al2O3 films without affecting the film stoichiometry.
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FIGURE 16. Gaseous decomposition products from aluminum acetylacetonate as a function of
the temperature of pyrolysis220. Reprinted with permission from Reference 220. Copyright 1958
American Chemical Society

The formation of alumina from Al(acac)3 during CVD processes followed two different
reaction pathways, as could be shown by Rhoten and DeVore by thoroughly character-
izing the evolved gases223. Pyrolysis of Al(acac)3 in vacuum produced Al2O3, carbon,
water vapor and diverse volatile organic molecules. The activation energy for the ther-
mal decomposition of the aluminum precursor source is ca 100 kJ mol−1. However, a
lower-energy pathway (28 kJ mol−1) involves the reaction between Al(acac)3 and H2O
to produce carbon-free alumina films and acetylacetone as the main products, which is
attributed to the relatively low temperatures needed for this reaction.

A study of dielectric characteristics of alumina thin films deposited on silicon substrates
from Al(acac)3 dissolved in dmf by spray pyrolysis between 450 and 650 ◦C was recently
reported by Falcony and coworkers224. The addition of water vapor significantly improved
the dielectric characteristics and smoothness of the deposits. In comparison to the CVD
technique described above (see Section III.A.1) this procedure lead to considerable carbon
impurities in the films. The overall resistivity of the alumina layers decreases, when
both the concentration of the solution and the deposition temperature increase, which is
explainable with the increase of carbon residues in the films.

Nemetz and coworkers studied the influence of the temperature difference between the
precursor gas inlet and the substrate (the so-called ‘gradient’, �T ) on CVD processes
of Al(acac)3, especially on the deposition rate and the film microstructure, at pressures
between 7.5 and 30 Torr and temperatures reaching from 230 to 830 ◦C under oxygen225.
It was found that at 30 Torr the alumina deposits varied from porous powders to dense
films, depending on the applied temperature gradient (Figure 17). The deposition rate
reaches a maximum at ca 600 ◦C and can be qualitatively described by the competition of
concentration diffusion and thermophoresis of the dust particles. The powder formation
on the substrate at large temperature gradients can be reduced by decreasing the total
pressure.

In 2006, Carter and coworkers used combustion CVD (0.0015 M isopropanolic Al
(acac)3 solution, 1050–1125 ◦C) for the deposition of crystalline α-alumina on silica and
nichrome (Ni-20Cr)226. The oxidation response of coated and uncoated nichrome was
investigated by isothermal TGA, in air at 900–1100 ◦C, showing that the coated substrate
has a significantly lower mass gain. Pflitsch and coworkers reported the film growth of
Al2O3 on stainless steel by MOCVD, at atmospheric pressure and 330–500 ◦C, in hot-
wall CVD equipment (deposition rate 0.25 µm h−1)227. Deposition at 500 ◦C produced



970 Heinrich Lang and Roy Buschbeck

FIGURE 17. SEM cross-section of Al2O3 at different temperature gradients (left: �T = 0 K, middle:
�T = 30 K, right: �T = 80 K)225. Reproduced from Reference 225 by permission of Elsevier

amorphous, well adherent, completely closed and multicolored films. Annealing at 800 ◦C
gave γ -alumina, while at 1100 ◦C α-alumina was formed; however, the annealed deposits
were spalling227. In subsequent experiments alumina layers were deposited at temperatures
between 500 and 1000 ◦C. Films produced below 800 ◦C were amorphous and transparent,
while those grown at 1000 ◦C were dark and crystalline. The presence of γ -, θ - and
α-alumina in the crystalline phases was demonstrated228.

Vahlas and coworkers229 recently tested a new delivery system based on sublimation
in a fluidized bed, to improve mass and heat transport. A mixture of solid Al(acac)3
(minor component) and inert alumina or silica particles was fluidized with a combination
of water vapor and oxygen at 150 ◦C, by which amorphous Al2O3 films were obtained on
Ti6242 alloy wafers immersed in the bed. Pauleau and Dulac compared the kinetics of
vaporization of Al(acac)3, Al(tfac)3 and Al(hfac)3 by isothermal TGA230. The saturation
vapor pressure of Al(hfac)3 is 10-fold and 100-fold higher than those of Al(tfac)3 and
Al(acac)3, respectively.

b. Gallium. Less attention has been paid to the oxides of gallium than those of
aluminum. The α- and γ -Ga2O3 have the same structure as their Al2O3 counterparts.
Monoclinic β-Ga2O3 is the most stable crystalline modification. Nevertheless, gallium
oxide has some interesting properties. It is thermally and chemically stable and possesses
insulating features at 25 ◦C but is semiconducting at higher temperatures. Due to this and
its optical properties, gallium oxide is used as insulator on GaAs and as facet coatings
for GaAs-based lasers. Furthermore, Ga2O3 thin films find application as oxygen sensors
at temperatures between 800 and 1000 ◦C231.

Gallium oxide thin films can be deposited on alumina and titanium dioxide from
Ga(hfac)3 by MOCVD in the presence of oxygen (deposition temperature 470 ◦C, pressure
20 Torr, deposition rate 0.7 µm h−1)232. The amorphous layers are black, smooth, well
adherent to both substrates and have less than 5% C and traces of F impurities. Annealing
at 700 ◦C led to carbon-free and transparent polycrystalline Ga2O3 films. SIMS investiga-
tions showed that aluminum from the alumina substrate diffuses into Ga2O3 at 1000 ◦C.
However, TiO2 buffer layers prevent this diffusion. Niinistö and coworkers applied ALE
for growth of gallium oxide films using Ga(acac)3 as precursor, in the presence of water
or ozone233. The thin films were amorphous and showed only small thickness variations.
The layers obtained in the presence of water contained 30 at% of carbon, whereas in the
presence of ozone the Ga2O3 contained only 1 at% C.
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Mixed γ -Ga2O3-Al2O3 oxides of different stoichiometry were prepared by the solvo-
thermal method from Ga(acac)3 and Al(OPr-i)3 as starting materials and were used as
catalysts for selective reduction of NO with methane234. The initial formation of gallium
oxide nuclei controls the crystal structure of the mixed gallium–aluminum oxides. It is
found that the acid density per surface area is independent of the Al:Ga feed ratio but
depends on the reaction medium (diethylenetriamine, 2-methylaminoethanol, toluene, 1,5-
pentanediol etc.), whereby in diethylenetriamine the catalyst had lower densities of acid
sites and showed a higher methane efficiency.

c. Indium. Indium oxide is a transparent and conductive inorganic material which has a
wide range of industrial and technological applications. Especially, Sn-doped In2O3 (ITO)
is of importance for display panels and solar cell windows235 (for further doped indium
oxide materials see Section V.D).

Pyrolysis of In(acac)3 in air or oxygen at 320–400 ◦C was carried out by Ryabova
and Savitskaya as early as 1968236, using glass, vitreous silica and mica as substrates.
Amorphous In2O3 was formed in air at 320 ◦C, while at 400 ◦C crystalline indium oxide
phases of low resistivity (102 � cm) were obtained. In pure oxygen, crystalline deposit
formation occurred already at 320 ◦C. Reich and coworkers prepared In2O3 films by PE-
CVD, using In(thd)3 at 250–400 ◦C. This precursor is preferable to InMe3 due to its higher
stability, lower price and ability to give conducting films237. High-quality transparent
conductive cubic-phase indium oxide thin films on quartz are accessible by a coating
photolysis process using ArF excimer laser irradiation (50 mJ cm−2, repetition rate 5 Hz
for 5 min) employing the nontoxic In(acac)3 as starting material238. Another single source
precursor for the deposition of indium oxide thin films is dimeric [In(acac)(Me)2]2 as
reported by O’Brien and coworkers239. Low-pressure MOCVD allowed the deposition of
cubic In2O3 on borosilicate glass, Si(100) and GaAs(111) substrates in the temperature
range from 350 to 450 ◦C, without introducing oxygen. For a detailed discussion of the
preparation and use of mixed M–In2O3 (M = Sn, Zn, Cd, Mg) thin films, see Section V.D.

d. Thallium. Thallium differs from the other elements of group 13 since it has the M(I)
oxide Tl2O, besides the M(III) oxide Tl2O3 and a mixed oxide of composition Tl4O3.
However, Tl2O3 has been deposited from thallium β-diketonate precursors240,241. When
compared to other group 13 elements, thallium oxides possess electrical and optical prop-
erties that make them useful in transparent electrical contacts and in solar cells242. CVD of
Tl2O3 thin films from Tl(acac) and Tl(acac)(Me)2 single-source precursors was carried out
on MgO, Al2O3 and Si substrates241. XRD analysis showed that Tl2O, Tl4O3 and Tl2CO3
were present; in the case of the Si substrate also Tl8Si5O14. Low-pressure MOCVD exper-
iments on glass and random YSZ surfaces with the anhydrous, volatile, liquid, thermally
and air-stable thallium(I) precursors Tl(hfac)(diglyme) (21) and Tl(hfac)(tetraglyme) (22)
were carried out as reported by Fragalà and coworkers240. These ‘user-friendly’ thallium
sources yielded thallium-containing smooth and homogeneous films of ca 5 µm grain size
at 430 ◦C and 14 Torr deposition pressure without carbon and fluorine contamination.
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3. Group 14 elements

a. Tin. Tin dioxide adopts a rutile-type structure and occurs naturally as cassiterite. It is
highly transparent in the visible region, highly reflective in the IR region and adheres well
to diverse substrates. Beyond this, it has good chemical and mechanical stability. These
properties make SnO2 one of the most widely used inorganic basic materials for many
technological applications, such as gas-sensing devices, electrodes in photovoltaic devices
and conducting coatings on glass243,244. The number of literature sources on deposition
of SnO2 from tin halides (SnCl2, SnI4) and tetraalkyltin compounds, such as SnMe4 and
Sn(Bu-n)4, is impressive, but less is known about the use of tin enolate precursors.

CVD of SnO2 from tin(II) acetylacetonate studied by Maruyama and Ikuta indicated
two different decomposition mechanisms, depending on the deposition temperature245.
Below 400 ◦C decomposition is diffusion-controlled with a very small activation energy,
while at higher temperatures the kinetic is surface-controlled with larger EA values.

Chi and coworkers examined Sn(acac)2, Sn(tfac)2 and Sn(hfac)2 as suitable CVD
precursors of tin dioxide on substrates such as silicon, titanium nitride and glass246. Depo-
sition was carried out at 300–600 ◦C, with oxygen as carrier gas and the rates reaching
600 Å min−1. Below 400 ◦C all three precursors gave amorphous SnO2 coatings, while
at higher temperatures polycrystalline SnO2 layers are observed. The deposition rates
increase in the order Sn(hfac)2 < Sn(tfac)2 < Sn(acac)2.

Feng and coworkers247,248 prepared nanocrystalline tin oxide on monolithic mesoporous
silica starting from Sn(acac)2Cl2 by simple immersing of the substrate in the precursor
solution. Heat treatment (300–600 ◦C) leads to nanocomposites with a large specific sur-
face area247. The electrical properties of these nanocomposites were also investigated.
The authors found an inverse correlation between the precursor concentration and the
electrical resistivities of the samples248.

Tin dioxide thin films can be grown on silicon at room temperature by XeCl excimer
laser metal-organic deposition (MOD; 100 mJ cm2, repetition rate 10 Hz for 5 min) from
a solution of Sn(acac)2 in n-BuOH, whereby crystalline films were obtained without heat
treatment249. Increasing the laser energy to 260 mJ cm−2 resulted in an improvement of
the crystallinity, which is even better than that of films prepared at 900 ◦C without laser
irradiation. Molloy and coworkers250 used bimetallic [Sn(dmae)2Cd(acac)2]2 (dmae =
dimethylaminoethanol) as precursor for AA-CVD of amorphous SnO2 films, containing
no detectable amounts of cadmium.

b. Lead. Lead oxide, PbO, exists as the red tetragonal litharge (α-PbO, stable at room
temperature) and the yellow orthorhombic massicot (β-PbO). Litharge is not only the
most important oxide of lead, it is also the most widely used inorganic lead compound.
Another relevant oxide is tetragonal rutile-structured PbO2, which normally is maroon
colored. Lead oxides are used in the manufacture of glass and paints; they also are an
important component of many ferroelectrics, superconductors, optoelectronic devices and
sensors251,252. Volatile lead(II) β-diketonates (23a–g) have been used as single-source
precursors for CVD of lead oxides on different substrates253 – 256.

Krisyuk and Igumenov studied the thermal properties of lead(II) β-diketonates 23a–g
by TGA and temperature-dependent vapor pressure measurements253. Surprisingly, only
the nonfluorinated lead enolates produced films of α- and β-PbO on silicon substrates
with a high refractive index using the CVD technique (2 Torr, carrier gas argon, reagent
gas oxygen, source temperature 110–150 ◦C, substrate temperature 350–600 ◦C). The
decomposition pathways of Pb(thd)2 (23c) shown in equation 8 were postulated, pointing
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(23) (a) R = R′ = Me; Pb(acac)2
 (b) R = R′ = Mef; Pb(hfac)2
 (c) R = R′ = t-Bu; Pb(thd)2
 (d) R = R′ = Hexf; Pb(dhfa)2
 (e) R = Me; R′ = Mef; Pb(tfac)2
 (f) R = t-Bu; R′ = Mef; Pb(pta)2
 (g) R = t-Bu; R′ = C(Me)2OMe; Pb(mthd)2
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out that decomposition does not occur in the gas phase. The first step in the decomposition
is cleavage of one of the Pb−O bonds and further intramolecular rearrangements yielding
PbO.

O

O

Pb

O

O

PbO + OO

C

O

OHO

O
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Route II
PbO +

+ +

+

(23c)

(8)

A liquid delivery CVD method was applied by Hwang and coworkers to deposit lead
oxide thin films from a solution of 23c in ethylcyclohexane254. Films were grown on
Pt/SiO2/Si and Ir/IrO2/SiO2/Si substrates, in the presence of oxygen, at 475–525 ◦C. The
substrate temperature has no influence on the PbOx layer growth on the Pt electrode
substrate, while an oxidation of the iridium system along with deposition of metallic lead
was observed above 500 ◦C. It is possible to suppress the formation of metallic lead by
reducing the oxygen flow rate254.

Samoilenkov grew carbon-free high-quality films of β-PbO on SrTiO3 and α-PbO
on MgO, below 400 ◦C substrate temperatures, using Pb(thd)2 (23c) as precursor in
the presence of water vapor and oxygen255. Addition of water resulted in a fivefold
increase in growth rate at 300 ◦C, similarly to other metal enolates mentioned above
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(Section V.A.2). Lee and coworkers synthesized the alkoxyalkyl-substituted β-diketonates
Pb[RC(O)CHC(O)(CH2)3OR′]2 (R = t-Bu, Me, OMe, i-Pr; R′ = Me, Et), attempting to
improve the volatility and stability of lead enolates256. However, film growth experiments
showed that these compounds are not volatile enough to give satisfactory deposition rates
(100–200 Å h−1, as compared to 1200 Å h−1 for 23c).

Lead-dioxide-coated electrodes are accessible by the sol–gel method described by
Avaca, using Pb(acac)2 (23a) and a mixture of ethanol and acetic acid as starting
materials257. The solution was spread on a boron-doped diamond electrode body and
heated at 400 ◦C for 1 h in argon atmosphere. PbO2 electrodes have been widely used
as anodes under extreme conditions, due to their extended anodic window in aqueous
media258.

4. Bismuth

Bismuth(III) oxide is the most important industrial compound of Bi and is found natu-
rally as the mineral bismite. Bismuth(III) oxide has attracted interest as optical coatings,
metal-insulator semiconductor capacitors, microwave integrated circuits and as material
for solid oxide fuel cells259 – 261. At room temperature, monoclinic α-Bi2O3 is the stable
form and possesses a polymeric layer structure.

Kang and Rhee262 grew bismuth oxide films at 225–425 ◦C by direct liquid injec-
tion MOCVD, using Bi(thd)3 dissolved in n-BuOAc. Temperatures above 325 ◦C tend to
decrease the growth rate due to gas-phase dissociation processes. Annealing at tempera-
tures up to 650 ◦C is necessary to obtain monoclinic α-Bi2O3. Temperatures above 750 ◦C
convert α-Bi2O3 into cubic bismuth silicate due to the reaction with the silicon substrate.

The thermal and mass-transport properties of the MOCVD precursor Bi(thd)3 were
investigated by Bedoya and coworkers263. The authors suggested a temperature window
for efficient vaporization of 190–280 ◦C and determined decomposition of the precursor
above 350 ◦C.

B. Transition Metal Elements

1. Group 3 elements

a. Yttrium. Yttrium oxide is commonly used as a starting compound in both material
science and inorganic chemistry. Application fields of Y2O3 include, for example, ceram-
ics, optical glasses, refractory materials and protective coatings for plasma etching264 – 266.
The deposition of yttrium oxide from metal–organic complexes became only lately of top-
ical interest since it can replace SiO2 as a dielectric material due to its high permittivity
and good compatibility with silicon267.

The deposition of Y2O3 on Al2O3 wafers is possible by CVD (230–830 ◦C, 7.5 Torr)
from the metal–organic precursor Y(thd)3 as noted by Nemetz and Wahl225. Worthy of
mention is that at low temperatures the deposition rate follows the Arrhenius law, at
mean temperatures it is almost temperature-independent (diffusion-controlled), while at
high temperatures the deposition rate decreases with increasing temperature caused by
homogeneous side reactions. The deposited yttrium oxide thin films have columnar struc-
ture and no powder formation was observed. The same precursor was used for high-speed
laser CVD of yttria in oxygen atmosphere with deposition rates of up to 83 nm s−1, which
is 100- to 1000-fold those by conventional CVD268. The morphology of the respective
films depends on the total gas pressure (0.8 to 9 Torr) and the deposition temperature
(mainly determined by the laser power). Radical-enhanced ALD of smooth Y2O3 on
Si(100) from 200–400 ◦C using Y(thd)3 and oxygen radicals were examined by Van and
Chang269,270. Only submonolayer coverage of yttria was achieved per deposition cycle,
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due to the bulkiness of the thd β-diketonate unit. XPS studies showed that the films
were fully oxidized and that the carbon content can be decreased to 4 at% (350 ◦C)
with increasing temperature. The surface kinetics of this deposition were studied by
QCM. Arrhenius temperature-dependent plots gave the activation energies for adsorption
(−0.14 ± 0.05 eV) and desorption (0.16 ± 0.03 eV).

Yttria thin films can also be deposited on Si substrates from Y(hfac)3 and Y(thd)3
by oxygen plasma-assisted CVD271. It is found that with Y(hfac)3 the appropriate thin
films were contaminated with fluorine, leading to unexceptional electrical properties. As
discussed in Section V.A.4, next to yttrium oxide, SiO2 and yttrium silicate are formed
on the substrate surface. Pre-nitridation of the silicon surface impedes the reaction with
the substrate.

b. Lanthanum. At low temperature lanthanum(III) oxide has an A-M2O3 hexagonal
structure in which La3+ is 7-coordinated, while at high temperatures it possesses a C-M2O3
cubic crystal structure with 6-coordinated La3+ ions. La2O3 has the largest band gap of the
rare earth oxides (at 4.3 eV), the lowest lattice energy and a very high dielectric constant.
These properties lead to potential applications, such as dielectric layers in devices272, gas
sensors273, and protective274 and optical275 coatings. CVD, ALD and spray pyrolysis are
the methods of choice for the generation of lanthanum oxides from lanthanum enolates.

Polycrystalline lanthanum oxide films on Si(100) can be obtained from 0.01 M La-
(acac)3 solutions in 50% ethanol by pulse ultrasonic spray pyrolysis276. The crystalline
size depends on the ratio of the spray pulse time and the time interval between pulses.
Pure monoclinic films were produced with 5 s pulses followed by a 10 s interval and a
substrate temperature of 550 ◦C, with a nozzle-to-substrate distance of 6.5 to 7.5 cm.

Growth of La2O3 on Si as gate dielectrics is possible using La(thd)3 in an MOCVD
process277. As pointed out in Section V.A.4, the deposited ultrathin films form an interfa-
cial layer of lanthanum silicate with the substrate deteriorating their electrical properties;
therefore, alumina was introduced as capping layer.

The groups of Rhee278 and Jun279 synthesized La(thd)3(tetea) (24) and La(thd)3-
(tetraglyme) (25), which show an increased solubility compared to La(thd)3, for use as
precursors in direct liquid injection MOCVD. Deposition on Si(100) between 325 and
450 ◦C using argon as carrier gas along with oxygen as reactive gas lead to smooth dense
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(25) La(thd)3(tetraglyme)

films of La2O3. In case of complex 24 it was shown from thermal analysis that the
Lewis-base ligand tetea separates at 220 ◦C278. However, a comparative study pointed to
25 as a preferable precursor owing to the better thermal stability of the obtained layers
in contact with the silicon substrate, which is of importance for the annealing process279.

ALE allowed lanthanum oxide thin film deposition from La(thd)3 with ozone280 and
water281 as oxygen sources. Films grown below 275 ◦C are amorphous and have the
composition La2(O2)CO3, while deposition temperatures >300 ◦C yielded cubic La2O3
with a carbon impurity of only 3 at%. All films are smooth, transparent, uniform and thin.
However, the as-deposited films were found to be chemically unstable in ambient air,
showing transformation to monoclinic LaO(OH) and hexagonal La(OH)3. Post-annealing
leads to remarkable changes in both structural and electrical properties (Figure 18). The
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FIGURE 18. Influence of deposition and annealing temperature on lanthanum oxide film composi-
tion280. Reproduced from Reference 280 by permission of Elsevier
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higher the annealing temperature, the more the grains of crystalline phases grow up. This
results in an improved dielectric constant and leakage current density, which is attributed
to the reduction of defects in the La2O3 film and interfaces, respectively.

2. Group 4 elements

a. Titanium. Titanium(IV) oxide exists at room temperature in the three forms anatase,
brookite and rutile, all occurring in nature and containing a 6-coordinated titanium(IV) ion.
Rutile is the most common form and the others transform into it on heating. Titania is the
most widely used white pigment due to its brightness and excellent high refractive index,
which makes it useful for anti-reflection coatings282. Furthermore, TiO2 has attracted
significant attention as insulator for capacitors (due to its high dielectric constant) for
dynamic random access memory (DRAM) devices282. It shows an elevated corrosion
resistance and elemental chemical stability and a very good optical transparency both in
the visible and near-IR regions. As titanium oxide is exposed to UV light it becomes
increasingly hydrophilic, and therefore it can be used for anti-fogging coatings and self-
cleaning windows, or acquires photocatalytic properties, which can find application for
the electrolysis of water283.

Most precursors used for titanium oxide preparation, especially for film production, are
based on titanium alkoxides284. A variety of mixed enolate–alkoxide titanium complexes
exist, such as 26a–f, 27, 28 and 29a–e, which are typical CVD precursors for titanium
oxide.

CVD of anatase thin dielectric films on a single crystal of Si(111) was reported in the
early 1970s by Patai and coworkers285 by vaporizing 26a at 80–100 ◦C in a stream of
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(29a) R1 = R2 = Me, R3 = R4 = R5 = H
(29b) R1 = R2 = R5 = Me, R3 = R4 = H
(29c) R1 = R2 = R3 = Me, R4 = R5 = H
(29d) R1 = R2 = R3 = R4 = Me, R5 = H
(29e) R1 = R2 = i-Pr, R3 = R4 = H, R5 = Me

helium and oxygen with deposition at 550 ◦C and 650 ◦C. Lee and coworkers286 examined
the decomposition process of complexes 26a–e. Initially, the OPr-i alkoxides dissociate
followed by elimination of the substitutents of the chelating enolate ligands, and CHCO
fragments of the remaining Ti-β-diketonate. β-Diketonates containing aromatic substitu-
tents (bac, bpp) are resistant to thermal decomposition and an oxygen atmosphere must
be applied to guarantee complete thermal decomposition of the precursor to TiO2. The
sublimation rates of 26b and 26c are faster than their decomposition rates, which makes
them acceptable as precursors for CVD.

Anatase and rutile thin films can be generated from Ti(thd)2(OPr-i)2 (26b) by CVD
and photoassisted CVD (glass, quartz and ceramic substrates; substrate temperature 360–
600 ◦C; deposition pressure 9–76 mTorr)287. The photocatalytic activity of these films
was studied towards the photodegradation of fenarimol. In contrast to the films obtained
from Ti(OPr-i)4 with 26b as starting material, no photocatalytic effect was observed.

TiOx films were prepared from Ti(thd)2(OPr-i)2 (26b) and Ti(ibpm)2(OPen-t)2 (27)
by liquid-injection ALD using water as oxygen source at a deposition temperature of
300 ◦C288. Complex 26b showed a lower activation energy and a higher saturated depo-
sition rate than 27. The deposition temperatures of both species are comparable.

A tailored precursor, Ti(tbaoac)2(OPr-i)2 (26f), was developed by Müller, Devi and
coworkers289. Compared to 26b this precursor produced anatase films with higher growth
rates (10 nm min−1) and lower surface roughness (<2 nm) at substrate temperatures as
low as 350 ◦C. The fragmentation pathways shown in equations 9–11 were proposed.
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Very high deposition rates of titania were observed with the mono- or dinuclear titanium
β-diketoesters Ti(mpd)(mdop)2 (28, 17–28 nm min−1) and [Ti(mpd)(mdop)(µ-OMe)]2
(9–24 nm min−1), 5 to 6 times higher than those of Ti(thd)2(OPr-i)2 (26b)290. The higher
deposition rates can be explained by a weaker bonding of an ester moiety to titanium
compared to that from a ketone. The films obtained from the dimeric species were crys-
talline (anatase) and showed some carbon impurity (<3%). Dimerization of complex 28
was observed when diluting with methanol, as shown in equation 12.
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Bis(N-alkoxy-p-ketoiminate) titanium complexes (29) can be applied as starting mate-
rials in the deposition of TiO2 thin films291. Among them, complexes 29b and 29c are best
suited as precursors, due to their thermal stability and volatility. They provide the highest
deposition rates—approximately three times higher than that with Ti(thd)2(OPr-i)2 (26b).
Deposition of pure anatase layers was carried out at 450 ◦C using a liquid-injection CVD
setup. The films were uniform, less crystalline and contained the usual carbon impurities
(3–5%)291.

The synthesis of TiO2 anatase nanoparticles in supercritical CO2 starting from Ti(acac)2
(OPr-i)2 (26a) was recently reported by Alonso and coworkers292. Crystalline particles
with a mean diameter of 200 nm and standard deviation of 100 nm were obtained at
150 kTorr and 300 ◦C using a CO2/EtOH mixture (Figure 19). Compared to common
Ti(OPr-i)4, the β-diketonato complex was easier to handle and gave smaller particles.
Increasing the reaction temperature along with decreasing the pressure also led to smaller
nanoparticles.

Chemical vapor condensation (CVC) was applied by Lee293 for the production of TiO2
nanoparticles by decomposition of Ti(O)(acac)2. In the temperature range of 800–1000 ◦C
hollow-shell nanoparticles (10–40 nm diameter, 4–5 nm thick) of anatase–rutile mixed
phases were obtained. The formation of the hollow structure is a result of the competition
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FIGURE 19. SEM image of anatase nanoparticles derived from Ti(acac)2(OPr-i)2 in CO2/EtOH at
150 kTorr and 250 ◦C292. Reproduced from Reference 292 by permission of Elsevier

between the diffusion of TiO towards the surface and the reaction of this species with
oxygen (Scheme 6). The optical transmittance of the product is 35–70% in the wavelength
range of 400–800 nm, depending on the reaction temperature, which is lower than that
of commercially available TiO2 nanopowders (ca 80%).

b. Zirconium. Zirconium dioxide is found in nature as baddeleyite (monoclinic), which
is the most stable phase at room temperature with 7-coordinated zirconium ions. Zirco-
nium(IV) oxide is chemically stable, has a low coefficient of thermal expansion and, at
2715 ◦C, a high melting point. Therefore, it is a useful refractory material, being employed
in the manufacture of crucibles and furnace cores. In addition, it is a most promising alter-
native to SiO2 in microelectronic applications, oxygen-conductive membranes for use
in fuel cells294 and oxygen sensors295, high-temperature thermal barriers296 and optical
coatings297, hard protective layers298 and ferroelectrics299. For high-temperature applica-
tions, the cubic phase of zirconia, which is stable at 1000 ◦C, must be stabilized by yttrium
oxide (YSZ), resulting in superior mechanical properties.

CVD is widely used for the fabrication of zirconium oxide films starting from zirco-
nium enolates in the presence of oxygen to avoid high carbon impurities. The organic
substituents at the β-diketonate ligands have direct influence on the quality of the obtained
films. While Zr(acac)4 leads to high carbon impurities in the film300 and Zr(tfac)4 gives
fluorine-contaminated layers300 – 303, pure deposits are obtained from Zr(thd)4

304,305. The
latter system requires a high deposition temperature (>600 ◦C), which is incompatible with
the low growth temperature (<500 ◦C) required for deposition onto preprocessed silicon
circuits in microelectronic applications. Therefore, Jones306 – 308 and Baum309 developed
a new class of mixed alkoxy–enolate precursors, Zr(thd)2(OPr-i)2 and Zr(thd)2(OBu-
t)2, respectively. Both metal-organic compounds deposit ZrO2 on silicon substrates in
the temperature range of 400–600 ◦C, whereas Zr(thd)2(OBu-t)2 produced high carbon
impurities (>12 at%) in contrast to Zr(thd)2(OPr-i)2 (1.8 at%). Further physical and
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SCHEME 6. Formation of TiO2 hollow nanoparticles from Ti(O)(acac)2
293. Reproduced from Ref-

erence 293 by permission of The Ceramic Society of Japan

electrical characterization of ZrO2 films obtained from Zr(thd)2(OPr-i)2 were reported
by Landheer and coworkers310 Comparable layers with carbon impurities of ca 2 at%
can be obtained using dimeric [Zr(thd)(OPr-i)3]2 as starting material, which is more
volatile than Zr(thd)4

307. Especially at low temperature (350–600 ◦C) high growth rates
(ca 0.2 µm h−1) can be reached. Even higher growth rates (12 µm h−1, 0.5 mbar) were
reported by Morstein using the heteroleptic less hydrolysis sensitive zirconium complex
Zr(acac)2(OCH(CF3)2)2

311. Zirconia films with C and F levels between 0.25 and 0.5
at% were obtained in the temperature window from 475 to 625 ◦C (Figure 20). It was
found that with increasing deposition temperature, the initially cubic ZrO2 films convert
progressively into the monoclinic equilibrium phase.

A volatile, and hence promising, MOCVD precursor is the comparable zirconium
bis(acetylacetonato)bis(alcoholato) complex Zr(acac)2(OSiMe3)2

312.
Zr(tmnd)4 (30)313 and Zr(tod)4 (31)314 have also been found to be suitable precursors

for the deposition of monoclinic zirconia. Both species possess high deposition rates in
the temperature range of 500–750 ◦C but, as discussed earlier for fluorine-free zirconium
tetra-enolates, the disadvantage is the high carbon content of the appropriate zirconia films
(i.e. 30 7–8 at%)314.
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FIGURE 20. SEM images of the microstructure of zirconia films deposited from Zr(acac)2(OCH-
(CF3)2)2 at different temperatures (top cross-section of film, bottom detail of microstructure; left
500 ◦C, middle 550 ◦C, right 600 ◦C)311. Reproduced from Reference 311 by permission of
Wiley-VCH
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Zirconia coatings can also be obtained by ESD (electrostatic spray deposition) using
Zr(acac)4 as metal source315. In a typical experiment, precursor concentrations of 0.04–
0.16 mol L−1, a flow rate of 0.5 mL h−1, a positive high voltage from 5–10 kV, a nozzle-
to-substrate distance of 27 mm and a deposition temperature range of 300–500 ◦C were
applied. Various polymer additives were used to optimally tune the microstructure of the
coating. Smooth, dense and homogeneous thin layers were deposited.
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c. Hafnium. Monoclinic hafnium oxide is isomorphic to baddeleyite and is an electrical
insulator and a currently leading candidate to replace SiO2 as a gate insulator. Zirconium
and hafnium tetra-enolates show the expected similar behavior in the formation of thin
metal oxide films by decomposition in the presence and absence of oxygen. For example,
Hf(acac)4, Hf(tfac)4, Hf(hfac)4

301,316, Hf(thd)4
317, Hf(tod)4

313 and Hf(tmnd)2
314 produce

(monoclinic) HfO2 and other volatile organic compounds on heating above 300 ◦C. In the
presence of oxygen most of the carbon is removed as CO2 from the layers. Variations
of carbon and/or fluorine film contaminations were found, depending on the nature of
the substituents at the β-diketonate entities. As outlined for zirconia deposition, also the
mixed alkoxy–enolate hafnium(IV) complex Hf(thd)2(OPr-i)2 is suitable as precursor for
successful hafnia film production by CVD309 and chemical solution deposition (CSD)
processes (Figure 21)318. Hafnium oxide films produced by the latter method remain
amorphous at high temperatures (600 ◦C).
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FIGURE 21. Schematic representation of a CSD system318. Reproduced from Reference 318 by
permission of Taylor and Francis Inc. www.informaworld.com
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3. Group 5 elements

a. Vanadium. Besides the four oxides of vanadium (V2O5, VO2, V2O3 and VO) a
number of other phases of intermediate composition are known. Vanadium pentoxide is
both an amphoteric oxide and an oxidizing agent. The ability to reversibly lose oxygen
upon heating makes it a catalyst of choice, for example, in the oxidation of SO2 and
numerous organic compounds319,320 in air. In addition, V2O5 finds use as detector material
in bolometers due to its high thermal coefficient of resistance321. In contrast, VO2 is a
material that displays thermochromic properties and has potential application in the area
of energy-efficient glazing and solar heating322,323.

VO2, V2O5 and V6O13 can be grown on glass substrates by MOCVD using stable
vanadyl acetylacetonate VO(acac)2 as precursor324 – 326. In the temperature window of
475–520 ◦C monophasic, monoclinic VO2 films are obtained, while outside of this range
other vanadium oxide phases dominate324. The film microstructure depends strongly on the
growth temperature: a strong (200) orientation is present in films grown at 475 ◦C, whereas
grain orientation is nearly random at 520 ◦C. Furthermore, the oxygen flow rate influences
the stoichiometry of the films deposited, as shown in Figure 22325. Vanadium(IV) oxide
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films grown by AP-CVD (top) and DLI-CVD (bottom)325. M = monoclinic phase, B = metastable
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films prepared in a DLI-CVD reactor exhibited considerably poorer thermochromic and
morphological properties as compared to those grown by atmospheric-pressure CVD325.

A huge number of silica- and alumina-supported vanadium oxide catalysts are
obtained by the molecular designed dispersion technique as reported by Vansant and
coworkers319,320,327 – 335. The process of this method is depicted in Scheme 7 including
two different adsorption strategies (hydrogen bonding and ligand exchange). The following
three processes are observed during thermolysis: (i) sublimation of the excess VO(acac)2,
(ii) a nonoxidative proton-assisted thermolysis of the hydrogen-bonded acac ligands and
(iii) oxidative decomposition of the non-hydrogen-bonded ligands330. This procedure
resulted in the high dispersion of V5+ species.

Si–OH
+

VO(acac)2

Si-O-H acac-V(O)-acac

Si-O-V(O)-acac + Hacac

Si-O-VOx

Hydrogen bonding

Ligand exchange

Adsorption Thermal conversion
• •••

SCHEME 7. Schematic view of the molecular dispersion method for the production of vanadium
oxide deposits, using VO(acac)2 as metal source and silica as support328. Reprinted with permission
from Reference 328. Copyright 1996 American Chemical Society

On silica supports all the vanadium oxide species have V in strictly tetrahedral cood-
ination and no formation of microcrystallites was observed with a vanadium loading of
2.5 wt%, while on alumina surfaces vanadium loadings that are 5 times higher can be
achieved without induced crystallinity. The use of alkylchlorosilanes as coupling agents
for the preparation of hydrophobic MCM-48/VOx catalysts was reported by van der
Voort and Vansant336,337. The vanadium oxide catalysts are thermally stable up to 500 ◦C,
very resistant towards leaching in aqueous media and possess a high structural as well
as hydrothermal stability. Diffusion effects in vanadium oxide catalysts on SBA-15 (an
aluminosilicate molecular sieve) and its plugged analogues have been studied332, which
may be important regarding the oxidation of methanol to formaldehyde330, the oxidative
dehydrogenation of ethylbenzene to styrene in the presence of N2O335 and the selective
catalytic reduction (SCR) of NO with ammonia to N2

333,334. In general, higher vana-
dium oxide loadings result in higher conversions. Mixed-metal oxide catalysts of the type
VOx –TiOy on SBA-15 can also be synthesized by the molecular designed dispersion
methodology331,334. A higher dispersion of the metals is observed compared to the dis-
position of VO(acac)2 on SBA-15, leading to a higher catalytic activity towards the SCR
of NO with NH3

334.
The sol–gel synthesis of a V2O5 –SiO2 catalyst and its application in the oxidative dehy-

drogenation of n-butane to give CO, CO2 or dehydrogenated compounds was described
by Sham and coworkers using V(acac)3 and Si(OEt)4 (teos) as precursors338. Calcination
at 500 ◦C resulted in the formation of a solid with a high surface area, which allows a
better dispersion of active species. Furthermore, a direct correlation between the catalytic
activity and the Brönsted acidity was also observed.
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b. Niobium and tantalum. Niobium and tantalum form different oxide phases but they
are not so extensively characterized as those of vanadium. Their pentoxides are dense
white solids and are relatively more stable and difficult to reduce. Their structures are
complicated networks. In particular, Nb2O5 displays extensive polymorphism; however,
the polymorphs of both metal oxides are by no means all analogous. Niobium and tantalum
oxides each display a high dielectric constant and are employed as thin dielectric films
for storage capacitors. Uses of Nb2O5 include catalysis, special ceramics and moisture
sensors. Due to its high refractive index, Ta2O5 has been utilized in the fabrication of
photographic lenses.

Nanocrystalline niobium(V) oxide films are accessible by an extended sol–gel method
(Nb(OEt)5 + 2acacH + H2O in ethanol solution) as reported by Brooks and coworkers339.
Autoclaving leads to amorphous gels, from which homogeneous nanocrystalline, porous
and crack-free Nb2O5 films can be obtained. The orthorhombic T-phase is formed on
annealing at 600 ◦C.

Thin films of β-Ta2O5 with (111) orientation were prepared by Tominaga and coworkers
using Ta(thd)4Cl as CVD precursor (source temperature 215 ◦C, reactive carrier gas 1:1
argon–oxygen, substrate quartz and Si(100) at 600–700 ◦C, pressure 5 Torr, deposition
rate 50–150 Å min−1)340. The films are smooth but appeared to contain a number of pits
caused by columnar growth perpendicular to the substrate.

4. Group 6 elements

a. Chromium. Chromium(III) oxide, also known as chromia or chromium sesquioxide
of formula Cr2O3, is the most stable chromium oxide. It has the corundum structure and it
is semiconducting and antiferromagnetic below 35 ◦C. It has found wide application as a
green pigment, protective coating or catalyst341,342. Also known are brown-black colored
CrO2 and deep-red CrO3. Chromium(IV) oxide is metallic, conductive and ferromagnetic
and found use in the manufacture of magnetic recording tapes. In contrast, chromium(VI)
oxide is strongly acidic and rather covalent. Its intense oxidizing properties are widely
used in organic chemistry. Cr2O3 coatings on steel and steel alloys were prepared by CVD
of Cr(acac)3 in oxygen atmosphere343. Variation of the deposition conditions (precursor
and substrate temperature, flow rates of carrier gas argon and reactive gas oxygen) led to
the formation of optimized coatings.

A series of papers was published by Vansant and coworkers dealing with the gas-phase
deposition and thermal transformation of Cr(acac)3 to chromia on the surface of alumina
and silica supports344 – 347. Cr(acac)3 binds to the hydroxyl-terminated alumina surface by
hydrogen bonding and/or a donor–acceptor interaction with coordinatively unsaturated
Al3+ ions as outlined in Figure 23344.

On heating in nitrogen, the elimination of hydrogen-bonded enolate ligands is assisted
by proton transfer below 270 ◦C. The residual acac ligands need higher temperatures (ca
400 ◦C) to be removed from the surface, whereby in an oxygen atmosphere the oxidation
of the β-diketonate ligands occurs in a single step already at ca 300 ◦C, as could be shown
by DTG measurements and diffuse reflectance FTIR spectroscopy344. Comparable results
were observed for the deposition of Cr(acac)3 on hydroxylated silica surfaces at 190 ◦C345.
Mesoporous silicas, such as MCM-48, SBA-15, MCF and MSU, could be modified by the
molecular designed dispersion method using Cr(acac)3 in toluene solution346. The properly
calcined materials were studied with respect to their textural properties and chemical com-
position. When calcination is carried out in an oxygen-containing atmosphere, oxidation
of surface-bound Cr3+ to Cr6+ is observed.

b. Molybdenum. The most important oxide of molybdenum is MoO3 (molybdena).
Its structure consists of layers of linked MoO6 units showing a complex and unique
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FIGURE 23. Binding of Cr(acac)3 on a hydroxylated alumina surface344. Reproduced from Refer-
ence 344 by permission of The Royal Society of Chemistry

3-dimensional network. In contrast, less stable MoO2 possesses a distorted rutile structure.
In between these extremes lies a variety of intensely colored phases showing com-
plex structures. Molybdenum(VI) oxide has attracted considerable attention for high-
density storage devices, gas sensors, and heterogeneous and shape-selective adsorption
catalysis348,349.

Molybdenum(VI) oxide thin films can be prepared via metal-organic CVD from volatile
MoO2(acac)2 and MoO2(thd)2 single-source precursors as outlined by Fragalà350 and
Tondello351. MoO2(acac)2 was successfully applied as starting material for the one-step
deposition of silica- and zirconia-supported MoO3

350. Pure MoO3 films on silica were
obtained at a high O2/MoO2(acac)2 ratio (PO2 : PMoO2(acac)2

= 7 × 10−4, hence, with lower
deposition rates), while lower oxygen partial pressures result in the presence of some
molybdenum suboxides on alumina supports. Interestingly, it is noteworthy that on zircona
under identical conditions only pure MoO3 formation is observed. MoO2(thd)2 allows the
deposition of MoO3 layers on Pt and Si(100) substrates351. A qualitative indication on
the possible decomposition path was obtained by mass spectrometry and thermal analysis.
The deposition rate was found to be feed-rate limited because of the low vapor pressure
of MoO2(thd)2. At low flow rates a lower number of nucleation sites are formed, the
oxidation of the MoxOy species is favored and larger crystallites are obtained351.

The properties of silica- and/or alumina-supported molybdena catalysts for propene
metathesis were studied by Handzlik and coworkers352. These materials could be pre-
pared by thermal spreading of MoO2(acac)2 with well-dispersed molybdenum in a wide
range of its loading. The selective metathesis activity depends on the substrate and on
the surface molybdenum concentration. For example, a higher activity is found for the
molybdena–alumina system at high Mo loadings.

c. Tungsten. Tungsten(VI) oxide is the most stable and valuable oxide among the
known tungsten oxides. As already discussed for molybdenum oxides, also a variety of
tungsten oxides are known between WO3 and WO2. Tungsten oxide shows electrochromic
properties and can be used for smart windows, optical filters and display devices353,354.

Volatile tungsten(IV) oxo alkoxide/β-diketonate complexes of structural type W(O)(β-
diketonate)(OR)3 (R = i-Pr, t-Bu; β-diketonate = acac, 32, hfac, 33) are excellent pre-
cursors for the low-pressure CVD of electrochromic tungsten oxide films, as shown by
Chisholm and coworkers355. While with 32b and 33b the produced films were transparent
and blue, 32a and 33a led to pale yellow layers which darkened to pale green-blue when
exposed to air for several days355. With the exception of 33a, all other tungsten complexes
formed good-quality films with respect to adhesion and surface coverage; however, no
surface selectivity for quartz, pyrex or ITO was observed.
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Complexing-agent-assisted sol–gel processes also allowed the preparation of tung-
sten(VI) oxide gels and thin films by starting from WCl6 and ethanol followed by addition
of 2,4-pentanedione, as shown by Nishide and Mizukami356 – 358. All precipitated materi-
als (on quartz) were heated to 300–700 ◦C, resulting in the formation of crystalline and
transparent WO3 films (cubic, monoclinic or their mixture). The films prepared with 2,4-
pentanedione as additive showed comparable refractive indices with those prepared with
catechol; however, the values are lower than those of the films produced with ethylene
glycol or without any additive358. On peeling off the films from the quartz substrate the
cubic crystals of WO3 were transformed to stable monoclinic ones.

5. Manganese

Many oxides of manganese are known, whereby the oxidation state of manganese
reaches from +2 to +7. However, MnO2 is by far the most important oxide, though it is
not the most stable, decomposing to Mn2O3 (contains distorted MnO6 units, antiferromag-
netic < −193 ◦C) at ca 530 ◦C. Manganese(IV) oxide is widely used as oxidizing agent
in organic and organometallic chemistry. The only stoichiometric form is β-MnO2 (pyro-
lusite), which possesses the rutile-type structure. Mn3O4 (hausmannite, spinel structure)
is obtained, when any manganese oxide is heated to 1000 ◦C in air. All manganese oxides
are semiconductors, whereby the lowest resistivity is found for MnO2 (0.0028 � cm)359.
MnO2 has very promising electrochromic properties, but most commonly it is applied in
batteries. Furthermore, MnO2 can be used as a heterogeneous catalyst for the oxidation
of hydrocarbons360, the oxidation and reduction of nitric oxide361 and decomposition of
ozone362.

Liquid injection CVD (Si(100) substrate at 240–560 ◦C, 0.5 Torr), using a solution of
Mn(thd)3/thf to deposit manganese oxides with the average valence being smaller than
+3, was published by Nakamura and coworkers363. Addition of oxygen promotes decom-
position of the metal–organic precursor. Carbon-free manganese oxide films are obtained,
when the substrate temperature lies between 360–480 ◦C. No significant influence on the
atomic composition is found within this temperature range. Manganese oxide thin films
also can be grown from the same precursor and using ozone as oxidizing agent by the
ALD process364. Films were deposited on both soda-lime glass and Si(100) single crystals
in the temperature window 138–210 ◦C, giving mainly metal oxides with manganese in
the +4 oxidation state. At higher deposition temperatures the oxidation state decreases,
which is consistent with the thermodynamic stability of the solid phases in the Mn–O
system. The electrical resistivity of MnO2 on soda-lime is in the 0.3–3.2 � cm range.

Manganese oxide–silica aerogels with a content of 7 wt% Mn were synthesized by
Baiker365. In a typical sol–gel process Si(OEt)4 and Mn(acac)3 underwent a reaction to
give MnOx-SiO2, whereby, depending on the conditions (hydrolysis, gelation conditions,
calcination temperature), the structural, chemical and catalytic properties of the aerogels
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changed drastically. This procedure led to formation of different manganese oxide species,
ranging from crystalline Mn3O4 and amorphous Mn5O8 to highly dispersed manganese
oxides. The aerogels were used for selective catalytic oxidation of NH3. Amorphous
aerogels with highly dispersed MnOx showed high selectivity for N2 (78%), whereas
the aerogels containing crystalline Mn3O4 and amorphous Mn5O8 afforded N2O as main
product (74%). This can be correlated with the abundance of Lewis acid-bound ammonia,
which was higher on the amorphous dispersed mixed oxides.

6. Group 8 elements

a. Iron. Three oxides of iron can be distinguished, but all are subject to nonstoi-
chiometry. Fe2O3 exits in a number of forms, whereby the α- and γ -phases are the most
important ones. The paramagnetic α-Fe2O3 is also known as the mineral haematite which
adopts a corundum structure, while γ -Fe2O3 (maghemite), obtained by careful oxidation
of Fe3O4 (magnetite), is metastable, ferromagnetic and has cubic structure. The β-Fe2O3
phase, which can be produced by CVD from iron(III) enolates (see below), undergoes a
β → α phase transition on annealing at 500 ◦C. Iron oxides are widely used, for example,
as beam splitter and interference layer in optical devices (α-Fe2O3), as heterogeneous
catalysts and, due to its high magnetic coercivity and stable ferromagnetic properties, as
magnetic material in the manufacture of high-frequency transformers and high-density
magnetic recording tapes366,367.

Iron oxide formation from iron enolates depends on the decomposition temperature
and the partial oxygen pressure used in the appropriate deposition experiment. The iron
β-diketonate Fe(acac)3 gives Fe2O3 in the temperature range of 400–500 ◦C368. Replac-
ing the chelate ligands acac by tfac significantly lowers the decomposition temperature
and hence, Fe(tfac)3 produces β-Fe2O3 (bixbyite structure) at 300 ◦C369. Fe3O4 has been
prepared by electron cyclotron resonance PE-CVD using Fe(acac)3 as the source material,
hydrogen as carrier gas, an oxygen plasma and soda-lime glass as substrate at temperatures
in the range of 150–350 ◦C370,371. Magnetite growth from Fe(thd)3 has been obtained via
low-pressure CVD as discussed by Rastogi and Igumenov372. Oxidation of these thin
films converts Fe3O4 to γ -Fe2O3 which shows a superior magnetic coercivity (γ -Fe2O3,
122 kA m−1) and remanence value of 102 mT.

Lie and Kjekshus applied the ALD process with Fe(thd)3 and ozone as precursors on
diverse substrates in the temperature range of 160–210 ◦C373. Depending on the sub-
strates different orientations were found: on soda-lime glass and Si(100) (001)-oriented
columns of α-Fe2O3 with no in-plane orientation were formed, while on α-Al2O3(001)
and MgO(100) substrates α-Fe2O3 and β-Fe2O3 structures of highly oriented columns
with in-plane orientation matching that of the substrate were observed. The influence of a
magnetic field on the growth of α-Fe2O3 on α-Al2O3(001) and soda-lime glass by ALD
under the same conditions was studied374. The deposited iron oxide films are not influ-
enced by a magnetic field on α-Al2O3(001), whereas the film growth on other surfaces
is influenced. ALD in combination with low-energy ion scattering (LEIS) with Fe(acac)3
and O2 was performed at room temperature by Brongersma and Vansant, who studied
the growth of an iron oxide overlayer on YSZ375. Oxidation at T > 800 ◦C causes migra-
tion of Fe2O3 into the bulk which limits its usefulness in surface catalytic processes.
A reaction mechanism involving binding of Fe(acac)3 to the YSZ surface was proposed
(equation 13). The same authors also reported the use of Fe(acac)3 for deposition of
iron oxides on zirconia by the molecular designed dispersion method376. Upon reaction
with ZrO2, Zr-acac surface units are formed which are thermally unstable and trans-
form into zirconium acetate species at 110 ◦C in air or above 200 ◦C in vacuum. During



990 Heinrich Lang and Roy Buschbeck

calcination at 500 ◦C all organic groups are removed and zirconium/iron-hydroxyl moieties
are formed.

Zr
O

Zr
O

Zr
O

Zr

Fe
O

O
O

O

O
O

+

Zr
O

Zr O

Zr

O
Zr

Fe
O

OO
O

O

O

+ O2

− CO2
− H2O

Zr
O

Zr O

Zr

O
Zr

Fe
O

O

O

O

OH

(13)

Fabrication of patterned magnetite films by soft lithography and thermal decomposition
using Fe(acac)3 is also possible as described by Yang and coworkers377,378. The modality
to obtain such structures on gold substrates is illustrated in Scheme 8. The array size could
be tuned by changing the dimension of patterns on poly(dimethylsiloxane) stamps, the
concentration of Fe(acac)3 solution and the size of water droplets during the condensation
process.

Au

Au

Au

Au Au

Au

Au

HOOC-SAM

Microcontact print with
HOOC(CH2)15SH

Wash with CH3(CH2)15SH
solution

CH3-SAM

Water droplet

Water droplets
condense

Dip into a chloroform solution
of Fe(acac)3 and withdraw

Fe(acac)3 solution
Chloroform and
Water evaporate

Heat at 300 °C
Fe(acac)3 ring

Fe3O4 ring

25

50250
0
µm

SCHEME 8. Microlithographic fabrication of magnetic rings on gold substrates, including a mag-
netic force microscopy (MFM) image of Fe3O4 rings (phase shift mode)378. Reproduced from
Reference 378 by permission of Elsevier

The preparation, characterization and catalytic behavior of iron-oxide-modified
nanosized diamonds was reported by Tsoncheva and coworkers379,380. These composite
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materials are accessible by using shock-wave-synthesized ultrananosized diamond blends
impregnated with Fe(acac)3. This operation leads to highly dispersed iron oxide particles
with unique properties which can be applied as highly active and stable catalysts for the
decomposition of methanol.

Various mesoporous silicas (MCM-48, SBA-15, MCF, MSU) modified with iron oxides
introduced by Fe(acac)3 were prepared using the molecular designed dispersion method
(Section V.B.3.a)346,347,381,382. The mechanism of interaction between the iron acetylace-
tonate complex and the support surface differs from that with Cr(acac)3 (Section V.B.4.a)
and Cu(acac)2 (based on hydrogen bonding, Section V.B.8). In the case of the iron
precursor a ligand exchange mechanism is operative. Catalytic activities of the iron-
oxide-modified mesoporous silicas were investigated for the oxidative dehydrogenation
of ethyl benzene in the presence of N2O (nitrous oxide, laughing gas)381, the selective
reduction of NO by ammonia382 and the reduction of N2O with ammonia and methane347.

A possibility to generate Fe3O4 nanoparticles is given by the method described by
Zysler383. Tailoring the size of colloidal iron oxide magnetic cubic-faceted nanoparticles is
possible in the range of 4–22 nm by a one-step high-temperature reaction of a Fe(acac)3
solution at 250–270 ◦C383. The particle size can be easily modified by changing the
surfactant/precursor ratio (Figure 24). Magnetic measurements showed the usual behavior
for magnetic nanoparticle systems, i.e. super-paramagnetic and blocked regimes.

Monodisperse oleic-acid-coated magnetite nanoparticles of sizes 7 and 19 nm could be
prepared by the seed-mediated high-temperature thermal decomposition of iron acetyl-
acetonate384. Another group synthesized a series of highly branched and self-supporting
nanostructures of magnetic nanoparticles (Figure 25)385. The morphology is strongly
dependent on the nanoparticle concentration: at low concentrations straight rods of 80 nm
average diameter and several microns length are formed, while at higher concentrations
tree-like dendritic structures start appearing.

b. Ruthenium. Ruthenium has with RuO2 and RuO4 no oxides comparable to iron. RuO2
is a blue-to-black solid with rutile structure, where the intense color most probably results
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FIGURE 24. Size of iron oxide particles as a function of the surfactant/precursor molar ratio. The
SEM images are of samples S05 (A), S04 (B) and S01 (C)383. Reproduced from Reference 383 by
permission of Institute of Physics Publishing Ltd
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(a) (b)

(c) (d)

FIGURE 25. SEM images of Fe3O4 nanorods and nanodendrites obtained from Fe(acac)3 at various
concentrations: (a) 0.02 g L−1, (b) 0.10 g L−1, (c) 0.25 g L−1 and (d) 0.50 g L−1 385. Reprinted with
permission from Reference 385. Copyright 2006 American Chemical Society

from small amounts of Ru3+ ions. Yellow RuO4 is volatile and decomposes explosively
above 100 ◦C to RuO2. Ruthenium(IV) oxide displays interesting physical properties
including low resistivity and thermodynamic stability. This oxide is used in integrated
circuits, resistor applications and exhibits excellent diffusion barrier properties386,387.

The preparation of RuO2 films on Si and SiO2 from Ru(acac)3 in the presence of oxygen
is possible at 600 ◦C34. Compared to other precursors, i.e. Ru(η5-Cp)2, Ru(acac)3 gave
only inferior RuO2 thin films (643 µ� cm; for comparison: ruthenocene, 89.9 µ� cm). In
contrast, the deposition of dense and smooth RuO2 films with resistivities of 45–60 µ� cm
is possible by direct liquid injection from Ru(thd)3 in the presence of O2, in n-butylacetate
at 250 to 450 ◦C388. Higher deposition temperatures increase the resistivity of the films
due to carbon incorporation. Ruthenium oxide thin films on TiO2(100) of lower resistivity
(40 µ� cm) were obtained from Ru(thd)3 by CVD at 300 ◦C with oxygen as carrier
gas389. The cis-Ru(thd)2(CO)2 precursor enables the formation of high-quality RuO2 films
(45–210 µ� cm) with preferred (200) orientation by cold-wall MOCVD at 300 ◦C, as
accomplished by Chi and coworkers390,391.

7. Cobalt

There are two stable cobalt oxides, CoO and Co3O4. CoO has the NaCl structure and
is antiferromagnetic below 16 ◦C. It is used as a pigment in glasses and ceramics. When
heated in air between 600 and 700 ◦C it converts to Co3O4 of spinel structure. The oxides
of cobalt have a variety of applications due to excellent chemical stability and optical,
electrical and magnetic properties. Especially, thin films of Co3O4 are very appealing as
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magnetic materials, solar-selective absorbers, counterelectrodes, humidity sensors, oxygen
sensors, protective coatings and buffer layers392 – 394. Also, Co3O4 possesses high catalytic
activity, for example, in the oxidation of hydrocarbons395.

CoO films can be prepared by PE-MOCVD using Co(acac)2ž2H2O as source material396.
This method is a superior technique for preparing high-quality CoO films on soda-lime,
glass, Si(111), stainless steel and fused silica with good crystallinity and high orienta-
tion at low temperatures (substrate temperature 150–400 ◦C independently of the kind of
substrate).

CVD of Co3O4 was carried out using different kinds of cobalt enolate precursors in
the presence of oxygen or nitrous oxide. Shivashankar and coworkers applied Co(acac)2
in a low-pressure MOCVD process to grow strongly oriented or epitaxial thin films of
Co3O4 on substrates such as glass, MgO(100), Si(100), SrTiO3(100) and LaAlO3(100) in
the temperature range of 400–550 ◦C397,398. It was observed that the activation energy for
the growth of polycrystalline films on glass is significantly higher than that for epitaxial
growth on SrTiO3. SEM studies showed faceted grains characteristic of cubic symme-
try, the faceting getting stronger at higher growth temperatures. Systematic studies were
carried out with Co(acac)2 using O2 and N2O as oxygen sources399. Films grown in
N2O atmosphere comprise poorly crystallized, randomly oriented grains of either Co3O4
or CoO + Co3O4, while in the presence of oxygen only strongly faceted, uniform-sized
grains of Co3O4 are produced. Co(acac)2 enabled deposition of 100-nm-thick smooth
and polycrystalline Co3O4 layers onto Si(100) at 650 ◦C, applying pulsed-liquid injec-
tion CVD as shown by Apátiga400. According to the magnetic response of these films,
a strong magnetic susceptibility, matching antiferromagnetic spin alignments typical of a
film with low chemical inhomogeneities, was obtained (coercivity 6.61 mT, squareness
ratio 0.2607, saturation magnetization 12.17 nA m2)400. Co(acac)2 can also be used as pre-
cursor in microwave PE-CVD for the deposition of carbon-free, nanosized CoOx species
(2–10 nm) on titania401.

Novel self-generating liquid MOCVD precursors of type Co(hfac)2(MeOCH2CH2
OMe)402 and Co(hfac)2(Me(OCH2CH2)4OMe)(H2O)2

403 for cobalt oxide films were re-
ported by Gulino and Fragalá. In a typical CVD experiment using a low-pressure hori-
zontal hot-wall reactor (substrate temperature 350 ◦C, 4 Torr total pressure, argon–oxygen
ratio 1:1) cubic and highly oriented CoO films were deposited from Co(hfac)2(MeOCH2
CH2OMe) on optically transparent SiO2 substrates. In contrast, Co(hfac)2(Me(OCH2
CH2)4OMe)(H2O)2 afforded Co3O4 thin films (deposition conditions: substrate temper-
ature 400 ◦C, total pressure 2–5 Torr, argon–oxygen ratio 1:4). This cobalt oxide film
shows a high absorbance in the visible range and a low emission in the IR range, making
it a promising candidate for thermal solar energy conversion and for anodic electrochromic
materials. Another cobalt(II) enolate adduct is formed by dissolving Co(thd)2 in glyme404.
The films deposited at 350–540 ◦C by pulsed liquid injection MOCVD showed a pure
Co3O4 spinel structure; no CoO was formed as evidenced by XRD. However, XPS spectra
recorded for most of the films seem to correspond to CoO. This unexpected oxidation
state on the surface was ascribed to the effect of the high density of edges and corners
present in the surface morphology.

A series of complexes Co(acac)2(L) and Co(thd)2(L) were synthesized by varying the
bidentate ligand L from a diamino compound TMEDA (34a,b) to amino alcohols DMAE
(35a,b) and DMAP (36a,b) and applied as precursors in MOCVD experiments by Abrutis
and Hubert-Pfalzgraf405,406. Co3O4 films deposited on monocrystalline LaAlO3, Si, MgO
and sapphire from these adducts exhibited rather similar epitaxial quality and surface
roughness when compared with films grown from Co(acac)2, but they outperform exist-
ing cobalt CVD precursors in terms of volatility and oxidation stability. Especially, 34a
captivates because of its high deposition rate (1.6 µm h−1 at 600 ◦C).
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8. Nickel

Nickel(II) oxide crystallizes in the NaCl structure. Thin amorphous films of it exhibit
electrochromic behavior and are antiferromagnetic at TN = 247 ◦C. Nickel(II) oxide films
with smooth surfaces and columnar structures of preferred (100) orientation on MgO(111),
Si(111), soda lime glass, fused silica and stainless steel can be obtained by CVD368 and
PE-CVD396 between 150 and 500 ◦C from Ni(acac)2 in the presence of oxygen.

9. Copper

Two oxides of copper, Cu2O (cuprous oxide, cuprite; yellow or red) and CuO (cupric
oxide, black), are known of which the former is more stable at higher temperatures.
The solid-state structure of copper(I) oxide is related to that of β-cristobalite with Cu(I)
in linear sites and O2− in tetrahedral sites. Cuprite is mainly used as red pigment in
ceramics, porcelain, glazes and glasses. Additionally, it is used as antifouling agent due
to its fungicidal properties. Copper(II) oxide has a monoclinic crystal structure consisting
of square-planar CuO4 units which are linked by bridging oxygen atoms into chains with
cooperite structure type. It is used as a pigment in ceramics to give blue, red and green
glazes. Furthermore, it has application as a p-type semiconductor due to its narrow band
gap of 1.2 eV. Copper oxide materials find wide application in the fields of catalysis,
solar cells, coatings and electronic devices407. In addition, copper-based mixed oxide
films (for example, YBCO: Y-Ba-Cu oxides, BSCCO: Bi-Sr-Ca-Cu oxides, TBCCO: Ta-
Ba-Ca-Cu oxides) have been the subject of investigations due to their applications as
high-temperature superconducting materials (Section V.D.1).
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While copper(I) and copper(II) enolates are mainly used for the preparation of copper
thin films by CVD techniques (Section IV.B.5.a), under certain conditions (in the presence
of oxygen and/or water) also copper(I) and/or copper(II) oxides can be obtained. Chisholm
and Baxter proposed a mechanistic role for water and oxygen in the CVD of Cu, Cu2O
and CuO from Cu(hfac)2

408. Water is shown to provide the key step of H+ transfer in
facilitating the elimination of hfacH, while the oxygen atom of water remains in the
formed copper oxide (equation 14). The in situ formed Cu(hfac)(OH) species can be
stabilized either by coordination of another H2O molecule (monomeric structure) or by
an oligomerization giving dimers, tetramers and nonamers. The organic by-product hfacH
further reacts with oxygen to yield F3CCO2H and F3CC(O)CHO; the latter molecule
gives F3CC(OH)2CH(OH)2 in the presence of water. If hfacH is directly treated with
water, F3CC(OH)2CH2C(OH)2CF3 is produced.
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Törndahl and coworkers applied the results from these mechanistic investigations for the
ALD of Cu2O monolayers from Cu(hfac)2 and water on amorphous SiO2 and single-crystal
α-Al2O3

409. The introduction of the water pulse was found to be crucial for initiating the
film growth on both substrates. They used the oxide monolayers for reaction with ammonia
in an ALD experiment resulting in the formation of Cu3N films.

The kinetics and reaction mechanism of the formation of copper, copper(I) oxide and
copper(II) oxide films by low-pressure CVD from Cu(acac)2 in the presence of oxygen
was studied by the group of Fragalá410,411. At high PO2 (2.7–6 Torr) and low PCu(acac)2

(0–3 mTorr) pure Cu2O was formed, while at low PO2 and high PCu(acac)2
formation

of metallic copper with carbon contaminations is typical. Above 8 Torr PO2 , CuO films
have been grown under a reaction-rate-limited regime. A reaction mechanism based on
the dissociative adsorption of Cu(acac)2 on two different active sites was proposed to
explain the complex kinetics of the deposition process410. The same group reported on
the successful use of Cu(thd)2 in the synthesis of free-standing, ordered homogeneous
CuO nanotube arrays through a MOCVD template process at a deposition temperature
of 400 ◦C and 1.5 Torr PO2

412. Anodic Al2O3 membranes consisting of ordered hole
arrangements were used as templates. The nanotubes possess an outer diameter of ca
250 nm, wall thickness 40 nm and a length of ca 1 µm (Figure 26).

Recently, a novel consecutive two-step CVD process for producing thin, smooth and
conformal copper films on TaN substrates via Cu2O deposited with [Cu(hfac)2žH2O] was
given by Lee and coworkers413. Ethyl alcohol was used as additive to reduce the copper
oxide films. The grain size and roughness of these films range from 30–94 nm and
1.12–6.33 nm, respectively. Therefore, this technique may be of interest for the growth
of high-quality seed layers for electroplating to be used in ULSI circuit fabrication. A
facile mild synthesis methodology of submicron Cu2O and CuO crystallites from metal-
organic Cu(acac)2 has been described by Zhang and coworkers414. Cubic Cu2O crystals
of size 80–260 nm were produced by hydrothermal treatment in distilled water at 180 ◦C.
Thermolysis of Cu(acac)2 in air at 300 ◦C gave monoclinic CuO with a grain size of
130–470 nm.
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FIGURE 26. SEM image of CuO nanotubes (dark spots, seen as cross sections) grown into an
electrochemically generated alumina template412. Reprinted with permission from Reference 412.
Copyright 2004 American Chemical Society

10. Zinc

Zinc oxide (ZnO, wurtzite structure) eliminates oxygen on heating to form nonstoichio-
metric colored phases, Zn1+xO with x � 70 ppm. ZnO is almost transparent and is used
as white pigment, polymer stabilizer, emollient in zinc ointments, creams and lotions, as
well as in the production of Zn2SiO4 for TV screens. A major application is in the rubber
industry to lower the temperatures and to raise the rate of vulcanization. Furthermore, it is
an n-type semiconductor (band gap 3.37 eV) and shows piezoelectric properties, making
zinc oxide useful for microsensor devices and micromachined actuators415. Other applica-
tions include gas sensors416, solar cell windows417 and surface acoustic devices418. ZnO
has also been considered for spintronic application because of theoretical predictions of
room-temperature ferromagnetism419.

In general, Zn(acac)2 precursors are applied for production of ZnO films and nanocrys-
talline particles. Low-temperature conductive ZnO films with a minimum resistivity of
2.44 � cm have been obtained at 550 ◦C by CVD in oxygen atmosphere, as reported by
Natsume and coworkers420. Arrhenius plots of electrical conductivity exhibited linearity.

Homo- and heteroepitaxial growth of nonpolar smooth zinc oxide films on single-crystal
ZnO421 and sapphire422 was achieved by MOCVD with Zn(acac)2 at 650 ◦C substrate and
124 ◦C precursor temperature.

A method for the preparation of undoped ZnO films is by spray pyrolysis, using
Zn(acac)2žH2O between 100 and 400 ◦C either with a dry solvent or in the presence
of excess water423. Above 200 ◦C, a change in the decomposition mechanism occurs and
the films became more consolidated, transparent, have larger grains and are more conduc-
tive. Ultrafine ZnO particles of size less than 9 nm with a narrow size distribution were
prepared by Zn(acac)2 and NaOH in ethanolic solution424,425. The formation of stable
ZnO nanoparticles is attributed to the stabilization of surface Zn2+ ions chelated by acac
ligands and the presence of only a small amount of H2O.

C. Rare Earth Metal Elements

Although Ln(III) oxides (Ln2O3) are preferred among the rare earth elements, Ln(II)
oxides (EuO), Ln(IV) oxides (CeO2) and oxides of mixed oxidation states Ln(II)/Ln(III)
(Eu3O4) and Ln(III)/Ln(IV) (Pr6O11, Tb4O7) are also known. The lanthanide oxides adopt
three structural types conventionally classified as A-type (favored by the lightest lan-
thanides), B-type (favored by the middle lanthanides) and C-type (favored by the middle
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and heavy lanthanides). Lanthanide oxides Ln2O3 show properties similar to those of the
alkaline earth oxides. Rare earth metal oxide films are an important group of materials with
a high application potential in technological fields as diverse as refractory antireflection
coatings, due to their high refractive indices (1.91–1.98 for the C-type structure)426, pro-
tective and corrosion resistive coatings, since they are thermodynamically very stable427,
and passivation of group-III—group-V compound semiconductors428.

Excellent overviews on the deposition methods of lanthanide and actinide oxides were
published in several reviews by Niinistö429,430, Zhang and Yan431, Lee432 and Yagi433.

1. Cerium

Pale yellow cerium dioxide (ceria, ceric oxide) has the fluorite structure and is used in
catalysis434, solid oxide fuel cells (SOFC)435, thin film optical waveguides436, reversible
oxygen storage materials for automobile catalysts437 and for doping copper oxide super-
conductors438. The diverse cerium enolate precursors and deposition methods used in
the formation of cerium oxide thin films are summarized in Table 6, whereby the most
common precursor for ceria is Ce(thd)4.

In 1993, Dahmen and coworkers reported about the use of Ce(thd)4, Ce(fdh)4, Ce(thd)3
(phen) and Ce(fdh)3(phen) as MOCVD precursors for the preparation of CeO2 thin
films in the presence of oxygen439. From thermal analysis and evaporation-rate experi-
ments the following decreasing order of volatility was established: Ce(fdh)4 > Ce(thd)4 >
Ce(fdh)3(phen) ≈ Ce(thd)3(phen), with Ce(thd)4 as the most thermally stable species. The
deposited films showed high crystallinity and preferential orientation for substrate tem-
peratures in the range of 400–500 ◦C439. No nitrogen or fluorine was incorporated in the
films and only 2–4% of carbon impurities were found. Homogeneous and smooth films
with columnar orientation were formed. Similar results were reported by Ami442 and
Meng443,448, who deposited CeO2 on Si(100), YSZ and α-Al2O3 substrates containing
hydrogen-bonding groups on the surface. To achieve epitaxial growth of ceria a better
understanding of the initial stage of film growth is necessary. A decomposition mecha-
nism was proposed449, where the C−Bu-t bond was cleaved at first, followed by cleavage
of the C−H, C−O and C−C bonds.

TABLE 6. Deposition studies of cerium oxide (CeO2) films

Precursor Method Tprecursor
( ◦C)

Tsubstrate
( ◦C)

Pressure
(Torr)

Atmo-
sphere

Substrate Ref-
erence

Ce(thd)4 CVD 170–206 300–500 13–19 He/O2 Si, SiO2 439
CVD 150–200 300–500 0.04–2.25 O2 Si 440
CVD 300 680 4 O2 Al2O3 441
CVD 170–210 500–1000 1–10 Ar/O2 Si 442
CVD – 680–720 6.7–7.5 Ar/O2 YSZ, Al2O3 443

C-CVD a – 1000 – PhMe/O2 Al2O3 444
PE-CVD 170 150–300 1.1 Ar, Ar/O2 Si, SiO2 445

ALD 140 175–375 1.5 N2/O3 Si, glass 446

Ce(fdh)4 CVD 120–140 250–600 13–19 He/O2 Si, SiO2 439

Ce(thd)3(phen) CVD 180–220 400–550 13–19 He/O2 Si, SiO2 439
ALD 175–180 225–350 1.5 N2/O3 Si, glass 446

Ce(fdh)3(phen) CVD 180–220 275–550 13–19 He/O2 Si, SiO2 439

Ce(hfac)3(glyme) CVD 80–140 450–600 1 O2 TiN, Pt, Si 447

a Combustion CVD.
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Ce(thd)4 can be applied as metal source for ceria thin film formation by PE-CVD445

and combustion–CVD (C-CVD)444 (Table 6). Nanophase cerium oxide film deposition
was carried out in a low-pressure Ar and Ar–O2 plasma at low temperatures on SiO2 and
Si(100), whereby the film microstructure is influenced by the competition of the ablation
and deposition processes. The CeO2−x films had a Ce(IV)/Ce(III) ratio tunable as a func-
tion of the substrate temperature or the oxygen partial pressure445. Ceria films obtained
at significantly higher temperatures by the combustion-CVD method are strongly influ-
enced by the initial aerosol droplet size distribution444. Two types of film morphology
were found: small aerosols and low precursor concentrations resulted in apparently dense
materials, consisting of clusters nucleated in the gas phase and further grown on a sub-
strate, while larger aerosols and/or higher precursor concentrations gave films containing
polycrystalline particles with preferred (111) orientation.

The glycol ether-stabilized complexes [Ce(hfac)3(MeO(CH2CH2O)nMe)] (n = 1, 2,
3) and [(Ce(hfac)3)2(µ-MeO(CH2CH2O)4Me)] were used as CVD precursors for the
deposition of mixed Ce(IV)/Ce(III) oxides in oxygen atmosphere447. The films were con-
taminated with fluorine; however, when either moist oxygen was used or annealing was
carried out in an oxygen atmosphere at 600 ◦C, the films were fluorine-free. A possible
mechanism for fluoride formation is shown in equation 15.
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Cerium dioxide buffer layers are accessible by low-temperature ALD using Ce(thd)4
and Ce(thd)3(phen) as metal sources and ozone as oxygen source, as reported by Niin-
istö and coworkers446 (Table 6). The growth rates were 0.32 Å cycle−1 for Ce(thd)4 and
0.42 Å cycle−1 for Ce(thd)3(phen), similar to other ALD experiments carried out at higher
temperature446. The use of Ce(thd)4 instead of Ce(thd)3(phen) is recommended because
of the sensitivity of the growth rate to low reproducibility of the precursor synthesis and
to the instability of Ce(thd)3(phen), as it decomposes in air within a few weeks. The films
are polycrystalline with no dominating orientation, whereas for superconducting films it
would be favorable to have a preferred (100) orientation.

The formation of CeO2 and ZrO2 nanocrystals of size 2.0–2.5 nm (CeO2) and 2.5–
3.5 nm (ZrO2) as well as CeO2/ZrO2 core-shell nanocrystals (2.4 nm core, 1.2 nm shell)
have been studied by Omata and coworkers applying a hot surfactant colloidal synthe-
sis route450, using Ce(acac)3 and Zr(OPr-i)4 as precursors. The core-shell nanocrystals,
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which contain a high density of highly ionic conducting interfaces, may be used for the
fabrication of nanostructured solid electrolytes450.

2. Miscellaneous rare earth metals

In this section various existing lanthanide and actinide metal-organic enolate precursors
for rare earth metal oxide deposition are discussed and the rationale of their selection is
addressed. CVD, ALD and ultrasonic spray pyrolysis (USP) of the lanthanide or actinide
enolate starting materials has been carried out under a variety of conditions as can be
seen from Table 7.

A comparative study on rare earth metal oxide thin films of Nd, Sm, Eu, Gd, Dy,
Ho, Er, Tm grown on Si(100) substrates by ALD was recently published by Päiväsaari,
Putkonen and Niinistö (Table 7)430, using Ln(thd)3 in an ozone-containing atmosphere.
From all these precursors cubic (C-type) and polycrystalline films were obtained except

TABLE 7. Deposition studies of lanthanide and actinide oxide films other than cerium oxide

Film Precursor Method Tprecursor
( ◦C)

Tsubstrate
( ◦C)

Pressure
(Torr)

Atmosphere Substrate Ref-
erences

La2O3 La(thd)3 CVD 170–230 570 0.75–1.5 H2/H2O quartz 433

Nd2O3 Nd(thd)3 CVD 170–230 570 0.75–1.5 H2/H2O quartz 433
ALD 161–164 200–450 1.5–2.3 N2/O3 Si, glass 430, 451
CVD 130–160 800 10 Ar/O2 MgO 452

Nd(tmod)3 CVD 130–160 800 10 Ar/O2 MgO 452

Sm2O3 Sm(thd)3 CVD 170–230 570 0.75–1.5 H2/H2O quartz 433
ALD 148–152 300 1.5–2.3 N2/O3 Si 440

Sm(acac)3(phen) CVD 200–250 450–675 2 Ar/O2 Si, quartz 453

Eu2O3 Eu(thd)3 CVD 170–230 570 0.75–1.5 H2/H2O quartz 433
ALD 135 300 1.5–2.3 N2/O3 Si 430

Eu(acac)3(phen) CVD 150–250 450–800 2 Ar/O2 quartz 454
Eu(acac)3 USP – 550 – Air Si 455

Gd2O3 Gd(thd)3 CVD 170–230 570 0.75–1.5 H2/H2O quartz 433
ALD 140–160 225–400 1.5–2.3 N2/O3 Si 430, 456

Gd(acac)3(phen) CVD 150–250 450–800 2 Ar/O2 Si, quartz 454, 457

Dy2O3 Dy(thd)3 ALD 125 300 1.5–2.3 N2/O3 Si 430

Ho2O3 Ho(thd)3 CVD 170–230 570 0.75–1.5 H2/H2O quartz 433
ALD 130 300 1.5–2.3 N2/O3 Si 430

Er2O3 Er(thd)3 CVD 170–230 570 0.75–1.5 H2/H2O quartz 433
ALD 130 200–450 1.5–2.3 N2/O3 Si, glass 430, 458

RE-ALD 200 300 10−8 O Si 459
Er(acac)3(phen) CVD 150–250 450–800 2 Ar/O2 Si, quartz 454, 459

Tm2O3 Tm(thd)3 CVD 170–230 570 0.75–1.5 H2/H2O quartz 433
ALD 125–128 300 1.5–2.3 N2/O3 Si 430

Yb2O3 Yb(thd)3 CVD 170–230 570 0.75–1.5 H2/H2O quartz 433
Yb(acac)3(phen) CVD 150–250 450–800 2 Ar/O2 quartz 454

Lu2O3 Lu(thd)3 CVD 170–230 570 0.75–1.5 H2/H2O quartz 433

ThO2 Th(thd)4 CVD 170–230 510 0.75–1.5 H2/CCl2F2 quartz 433

U3O8 UO2(thd)2 CVD 170–230 500 0.75–1.5 Ar/O2 quartz 433

UO2 UO2(thd)2 CVD 170–230 500 0.75–1.5 Ar/H2O quartz 433

U4O9 UO2(thd)2 CVD 170–230 470 0.75–1.5 He/CCl2F2 quartz 433
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for Nd2O3, which also contained a hexagonal phase. The films show carbon, fluorine and
hydrogen contaminations of which the carbon impurity is related to the in situ formation
of metal carbonates. In the case of Nd2O3 it was found that films with low carbon
content were somewhat unstable and became hydrated upon storage in the ambient451.
The electrical properties of the films were studied extensively430. As assumed, the ALD
growth rates of the appropriate lanthanide oxides seem to follow rather linearly the ionic
radii of the rare earth metal elements.

Detailed surface reaction kinetic studies in radical-enhanced ALD of Er2O3 from
Er(thd)3 and oxygen radicals were given by Van and Chang459, applying the
Langmuir–Hinshelwood model to describe the adsorption of the appropriate precursor
molecule. The activation energies for adsorption and desorption were determined to
be −0.24 ± 0.09 and 0.29 ± 0.03 eV, respectively. The reactions of the chemisorbed
precursors with oxygen radicals were found to be saturative at 200–300 ◦C.

Oriented growth of lanthanide oxide thin films of Sm, Eu, Gd, Er and Yb on different
substrates is possible by the low-pressure MOCVD technology from the corresponding
phenanthroline adducts of rare earth metal enolates Ln(acac)3(phen) as described by Shiv-
ashankar and coworkers (Table 7)453,454,457,460. As expected, the films grown at lower
temperature (500 ◦C) are poorly crystalline, while those deposited above 525 ◦C display a
significant (111) texture. Irrespective of the deposition conditions and the substrate mate-
rials, the thin films comprise cubic Ln2O3 phases. Optical and electrical characterizations
of the films are also given. Using liquid Nd(tmod)3 (melting point 134–136 ◦C) as CVD
precursor of neodymium oxide452 allows source temperatures below 200 ◦C (ca 80 ◦C
lower than those of Nd(thd)3). The lower melting point is attributed to the unsymmetrical
ligand structure.

Nanophase europium oxide polycrystalline films can also be deposited on Si(100) by
nebulization of a Eu(acac)3 solution in a 50% ethanol–water mixture followed by pulse
ultrasonic spray pyrolysis in flowing air455. The thermal decomposition was exemplarily
studied using [Sm(acac)3(H2O)2] in the temperature range of 100–800 ◦C by thermo-
gravimetry, differential thermal analysis and IR spectroscopy of the gaseous products461.
Sm(acac)3 completely decomposes to Sm2O3 at 750 ◦C via in situ formation of Sm(acac)2
(OAc) at 150 ◦C, Sm(acac)(OAc)2 at 235 ◦C, Sm(OAc)3 at 270 ◦C, Sm2O(OAc)3 at 500 ◦C
and Sm2O2(CO3) at 650 ◦C. As gaseous by-products propyne, acetone, carbon oxides,
methane, and iso-butene were found. The product left after evolution of carbon oxides
from Sm2O2(CO3) had a high surface area (47 m2 g−1) and extensive porosity.

High-quality monodisperse, cubic lanthanide oxide nanocrystals (nanodiscs and nano-
plates) are accessible via a nonhydrolytic approach from lanthanide acetylacetonates and
benzoylacetonates462. The transformation from the metal-organic complexes to Ln2O3
was proposed to occur in two steps as depicted in Scheme 9. First a ligand exchange
between the lanthanide-bonded acac ligands and the solvent oleic acid takes place, fol-
lowed by the subsequent decomposition of the oleates into Ln2O3 catalyzed by the base
oleylamine. Dynamically stable nanoplates and thermodynamically stable nanodiscs could
be controllably prepared under fast/slow growth modes (Scheme 9).

Sol–gel processes are also suitable for lanthanide oxide formation, as could be shown
by the use of Tb(acac)3

463 and Dy(OBu-n)3 in acetylacetone464. Tb2O3 crack- and pine-
hole-free, dense and smooth microstructured buffer layers were produced on nickel tapes
by a reel-to-reel continuous sol–gel process. The authors report that the film properties
can be strongly influenced by solution components, temperature, time and atmosphere.
Nanocrystalline mesoporous dysprosium oxide Dy2O3 with narrow monomodal pore size
distribution can be approached by a combined sol–gel process with a surfactant-assisted
templating technique464. The spherical Dy2O3 nanoparticles were formed with aggrega-
tions.
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SCHEME 9. Possible mechanism for the formation of Ln2O3 nanoplates and nanodiscs (OAH =
oleic acid, OM = oleylamine, ODE = 1-octadecene)462. Reprinted with permission from Reference
462. Copyright 2007 American Chemical Society

D. Mixed Metal Oxides

This section provides a comprehensive tabular summary of mixed metal oxide deposi-
tion, complementary to the books edited by Rees Jr.2 and by Jones and O’Brien3, focusing
on the literature dealing with metal enolate precursors published after 1996.

Mixed metal oxides can be addressed as belonging to three main fields, namely super-
conducting metal oxides (SMOs) (Section V.D.1), transparent conductive oxides (TCOs)
(Section V.D.2) and ferroelectric oxides (Section V.D.3). The synthesis procedures for
mixed metal oxides include sintering, sol–gel, PLD or laser ablation, sputtering evap-
oration, MBE, MOVPE (metal–organic vapor-phase epitaxy), OMVPE (organometallic
vapor-phase epitaxy) and CVD in particular.

1. Superconducting metal oxides (SMOs)

A superconductor is a material which conducts electricity without resistance and the
exclusion of the interior magnetic field (Meissner effect) below a certain critical
temperature TC . Superconductivity occurs in a wide variety of materials, including ele-
ments, various metallic alloys and some heavily-doped semiconductors. Mixed metal
oxides belong to the class of high-temperature superconductors (TC > 30 K).

The discovery of high-temperature superconductivity in a lanthanum-based cuprate
perovskite material with a transition temperature of TC = 35 K by Bednorz and Müller
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in 1986465 stimulated an unprecedented enthusiasm and led to the discovery of differ-
ent families of cuprates which remain superconducting at appreciably higher tempera-
tures than those of low TC metallic superconductors. The most important systems are
Y–Ba–Cu–O (YBCO; TC = 93 K)466, Bi–Sr–Ca–Cu–O (BSCCO; TC = 105 K)467 and
Tl–Ba–Ca–Cu–O (TBCCO; TC = 120 K)468. A detailed discussion of the solid-state
structure of these materials is given elsewhere2.

Application of superconducting materials include (i) high-field superconducting mag-
nets in various systems (NMR, MRI, particle accelerators, magnetically levitated trains,
generators etc.), (ii) low-field applications (superconducting power transmission lines and
superconducting resonant cavities) and (iii) electronics application (analog-to-digital con-
verters, single-flux quantum shift registers, neural networks)2.

The deposition of mixed metal oxides is based on the deposition techniques and pre-
cursors used for the formation of metal oxides discussed earlier in this chapter. The most
important publications in the field of high-temperature superconducting materials produced
from metal enolates since the date of release of Rees’ book2 in 1996 are summarized in
Table 8.

2. Transparent conductive oxides (TCOs)

Indium tin oxide (ITO, In–Sn–O), the most common example of transparent conductive
oxides, is a mixture of In2O3 and SnO2, typically 90 wt% In2O3 and 10 wt% SnO2. It is
colorless and transparent in thin films and can be operated at temperatures up to 1400 ◦C.
However, there are other metal oxides known with optical band gaps of 2.5–4.0 eV like
magnesium-doped indium oxides476 and indium or gallium doped zinc oxides477,478. Thin
films of In and Sn oxides can be deposited on different surfaces by, for example, the
CVD techniques described earlier. ITO has been the subject of intense research because
of its importance in making transparent, conductive coatings for flat displays, OLEDs,
solar cells etc. and is also used for various optical coatings in architectural and automo-
tive glasses. Further applications include gas sensors, antireflection coatings and Bragg
reflectors.

Since ITO is a well-investigated material, much of the research in the field of transparent
conductive oxides has been directed at combining different main-group and transition
metal oxides, such as MgO, ZnO and CdO, in order to improve electrical and optical
properties. Recent developments made in the preparation of TCOs from metal β-diketonate
precursors are given in Table 9.

3. Ferroelectric oxides

The ferroelectric effect is an electrical phenomenon. Particular materials, including the
ternary oxides (Ba,Sr)TiO3, Pb(Zr,Ti)O3 and (Bi,La)TiO3, exhibit a spontaneous dipole
moment which can be switched between equivalent states by an external electric field.
Ferroelectric thin films are of importance for the production of nonvolatile ferroelectric
random access memory devices (FeRAM)480. Two possibilities to synthesize such mixed
metal oxides are given by the CVD and ALD methods. Table 10 shows the preparation
methods of such materials synthesized from metal enolates recently.

4. Miscellaneous mixed metal oxides

For the sake of completeness, a choice of further mixed metal oxides not mentioned
above are summarized in Table 11.
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TABLE 8. MOCVD of superconducting metal oxides (SMOs)

SMO Precursors References

YBa2Cu3Ox Y(thd)3, Ba(thd)2(pentaen)2, Cu(thd)2 469

YBa2Cu3Ox Y(thd)3, Ba(thd)2(tetraen)2, Cu(thd)2 470

YBa2Cu3Ox Y(thd)3, Ba(thd)2, Cu(thd)2 471

Tl2Ba2Can−1CunOx Ba(hfac)2(tet), Ca(hfac)2(tet), Cu(acac)2;
Tl2O3

472

Tl2Ba2CaCu2O8 Ba(hfac)2(tet), Ca(hfac)2(tet), Cu(thd)2; 473
Tl2O/Tl2O3 474

TlBa2Ca2Cu3O9+x Ba(hfac)2(mep), Ca(hfac)2(tet), Cu(thd)2;
TlF

475

TABLE 9. Deposition of transparent conductive oxides (TCOs)

TCO Precursors Deposition method Reference

In doped SnO2 (ITO) In(acac)3, Sn(acac)2Br2 AA-CVD 476

Mg doped In2O3 In(thd)3, Mg(thd)2(tmeda) MOCVD 476

In doped ZnO Zn(thd)2, In(thd)3 MOCVD 477

Ga doped ZnO Zn(acac)2, Ga(acac)3 MOCVD 478

Sn doped In2O3 In(thd)3, Sn(acac)2 MOCVD 479

TABLE 10. Deposition of ferroelectric oxides

Ferroelectric oxide Precursors Deposition
method

Reference

SrTiO3 TiO(thd)2, Sr(thd)2 ALD 481

SrTiO3 TiO(thd)2, Sr(thd)2 AA-CVD 482

SrTiO3 TiO(thd)2, Sr(thd)2 CVD 483
Ti(thd)2(OPr-i)2, Sr(thd)2

SrTiO3 Ti(OPr-i)4, Sr(thd)2 PE-CVD 484
BaTiO3 Ti(OPr-i)4, Ba(thd)2

PbTiOx Ti(thd)2(OPr-i)2, Pb(tmod)2 ALD 485

PbTiOx Ti(thd)2(OPr-i)2, Pb(thd)2 ALD 486

Pb(Zr,Ti)O3 Zr(thd)4/Zr(dibm)4/Zr(methd)4,
Ti(thd)2(OPr-i)2/Ti(mpd)(methd)2,
Pb(thd)2/Pb(methd)2

LD a -MOCVD 487

Bi4−xNdxTi3O12 Ti(thd)2(OPr-i)2, Nd(thd)3, Bi(thd)3 DLI-CVD 488

a Liquid delivery.
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TABLE 11. Deposition of miscellaneous mixed metal oxides

Mixed metal
oxide

Precursors Deposition
method

References

YSZ Zr(acac)4, Y(acac)3 AA-CVD 489

YSZ Zr(acac)4, Y(acac)3 USP 490

YSZ Zr(thd)4, Y(thd)3 MOCVD 491

YSZ Zr(thd)4, Y(thd)3 ALE 492

YSZ Zr(thd)4, Y(thd)3 AA-CVD 493, 494

YSZ Zr(thd)4, Y(thd)3 PI-MOCVD 495

YSZ Zr(thd)4, Y(thd)3 MOCVD 496

Ce doped YSZ Zr(tfac)4, Y(hfac)3,
Ce(thd)4

MOCVD 497

Ag doped YSZ Zr(tfac)4, Y(hfac)3,
Ag(hfac)(C4H8OS)2

MOCVD 498

LaAlO3 Al(acac)3, La(acac)3 MOCVD 499

LaAlO3 Al(acac)3, La(thd)3 ALE 500

LaAlO3 Al(acac)3,
La(hfac)3(diglyme)

MOCVD 501, 502

ZrAlO Al(acac)3, Zr(acac)3 pyrosol process 503

LaGaO3 La(thd)3, Ga(acac)3 ALE 504

ErxGa2−xO3 Er(thd)3, Ga(acac)3 ALE 505

MoO3-Bi2O3 BiPh3, MoO2(thd)2 MOCVD 506

LaMnO3±x Mn(acac)3, La(thd)3 MOCVD 507

LaCoO3 Co(thd)2, La(thd)3 ALE 508

LaNiO3 Ni(thd)2, La(thd)3 ALE 509

YScO3 Sc(thd)3, Y(thd)3 ALE 510

SrZrO3 Zr(thd)4, Sr(thd)2 MOCVD 511

LixLayFezO4 Li(acac), La(acac)3,
Fe(acac)3

thermal decomposition 512

Zr1−xCexO2 NPs Zr(acac)4, Ce(acac)4 thermal decomposition 513
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50. R. J. Silvennoinen, O. J. T. Jylhä, M. Lindblad, J. P. Sainio, R. L. Puurunen and A. O. I.

Krause, Appl. Surf. Sci., 253, 4103 (2007).
51. X. Yan, Q. Zhang and X. Fan, Mater. Lett., 61, 216 (2007).
52. F. Catlura, F. Molina, M. Sabio and F. Rodrı́guez, J. Electrochem. Soc., 142, 4084 (1995).
53. T. Maruyama and T. Tago, J. Mater. Sci., 28, 5345 (1993).
54. R. W. Moshier, R. E. Sievers and L. B. Spendlove, US Patent 3356527 (1967).
55. R. G. Charles and J. G. Cleary, US Patent 3594216 (1971).
56. P. A. Premkumar, R. Pankajavalli, O. M. Sreedharan, V. S. Raghunathan, K. S. Nagaraja and

C. Mallika, Mater. Lett., 58, 2256 (2004).
57. S. Arockiasamy, P. A. Premkumar, O. M. Sreedharan, C. Mallika, V. S. Raghunathan and

K. S. Nagaraja, J. Mater. Sci., 41, 3383 (2006).
58. K. V. R. Chary, P. V. R. Rao and V. Vishwanathan, Catal. Commun., 7, 974 (2006).
59. I. P. Beletskaya and A. V. Cheprakov, Chem. Rev., 100, 3009 (2000).
60. A. Cabot, J. Arbiol, A. Cornet, J. Morante, F. Chen and M. Liu, Thin Solid Films, 436, 64

(2003).
61. W. Lin, T. H. Warren, R. G. Nuzzo and G. S. Girolami, J. Am. Chem. Soc., 115, 11644

(1993).
62. W. Lin, B. C. Wiegand, R. G. Nuzzo and G. S. Girolami, J. Am. Chem. Soc., 118, 5977

(1996).
63. W. Lin, R. G. Nuzzo and G. S. Girolami, J. Am. Chem. Soc., 118, 5988 (1996).
64. W. Lin, S. R. Wilson and G. S. Girolami, Inorg. Chem., 33, 2265 (1994).
65. J. W. Elam, A. Zinovev, C. Y. Han, H. H. Wang, U. Welp, J. N. Hryn and M. J. Pellin, Thin

Solid Films, 515, 1664 (2006).
66. M. Benkhaled, S. Morin, C. Pichon, C. Thomazeau, C. Verdon and D. Uzio, Appl. Catal. A:

General, 312, 1 (2006).
67. L. Huang, Z. Wang, T. P. Ang, J. Tan and P. K. Wong, Catal. Lett., 112, 219 (2006).
68. G. Postole, A. Gervasini, C. Guimon, A. Auroux and B. Bonnetot, J. Phys. Chem. B, 110,

12572 (2006).
69. R. Kumar, S. Roy, M. Rashidi and R. J. Puddephatt, Polyhedron, 8, 551 (1989).
70. M. J. Rand, J. Electrochem. Soc., 120, 686 (1973).
71. J. Goswami, C.-G. Wang, W. Cao and S. K. Dey, Chem. Vap. Deposition, 9, 213 (2003).
72. S. Barison, M. Fabrizio, G. Carta, G. Rosetto, P. Zanella, D. Barreca and E. Tondello, Thin

Solid Films, 405, 81 (2002).
73. A. Lintanf, R. Neagu and E. Djurado, Solid State Ionics, 177, 3491 (2007).
74. S. Giuffrida, G. Ventimiglia, F. L. Callari and S. Sortino, Eur. J. Inorg. Chem., 4022 (2006).
75. Z. Liu, M. Shamsuzzoha, E. T. Ada, W. M. Reichert and D. E. Nikles, J. Power Sources,

164, 472 (2007).
76. J. Pulpytel, C. P. Etienne and F. Arefi-Khonsari, IEEE Trans. Plasma Sci., 33, 244 (2005).
77. T. P. Martin, C. P. Tripp and J. DeSisto, Chem. Vap. Deposition, 11, 170 (2005).
78. G. A. Battiston, R. Gerbasi, M. Porchia and A. Gasparotto, Chem. Vap. Deposition, 5, 13

(1999).
79. S. Daniele, C. Bragato, G. A. Battiston and R. Gerbasi, Electrochim. Acta, 46, 2961 (2001).
80. X. Teng, S. Maksimuk, S. Frommer and H. Yang, Chem. Mater., 19, 36 (2007).
81. D. Weller and A. Moser, IEEE Trans. Magn., 35, 4423 (1999).
82. C. B. Murray, S. Sun, H. Doyle and T. Betley, MRS Bull., 26, 985 (2001).
83. R. Narayanan and M. A. El-Sayed, J. Phys. Chem. B, 109, 12663 (2005).
84. H. Gu, P. Ho, K. W. T. Tsang, L. Wang and B. Xu, J. Am. Chem. Soc., 125, 15702 (2003).
85. S. Kang, Z. Jia, S. Shi, D. E. Nikles and J. W. Harrell, Appl. Phys. Lett., 86, 062503 (2005).
86. S. Kang, Z. Jia, S. Shi, D. E. Nikles and J. W. Harrell, J. Appl. Phys., 97, 10J318 (2005).
87. Z. Jia, S. Kang, S. Shi, D. E. Nikles and J. W. Harrell, J. Appl. Phys., 97, 10J310 (2005).
88. M. Chen and D. E. Nikles, Nano Lett., 2, 211 (2002).
89. H. L. Nguyen, L. E. M. Howard, G. W. Stinton, S. R. Giblin, B. K. Tanner, I. Terry, A. K.

Hughes, I. M. Ross, A. Serres and J. S. O. Evans, Chem. Mater., 18, 6414 (2006).



17. Deposition of metals and metal oxides by means of metal enolates 1007

90. Z. Liu, E. T. Ada, M. Shamsuzzoha, G. B. Thompson and D. E. Nikles, Chem. Mater., 18,
4946 (2006).

91. M. Chen and D. E. Nikles, J. Appl. Phys., 91, 8477 (2002).
92. C. Srivastava, G. B. Tompson, J. W. Harrell and D. E. Nikles, J. Appl. Phys., 99, 054304

(2006).
93. S. Kang, Z. Jia, S. Shi, D. E. Nikles and J. W. Harrell, J. Appl. Phys., 95, 6744 (2004).
94. S. Kang, J. W. Harrell and D. E. Nikles, Nano Lett., 2, 1033 (2002).
95. S. Wang, S. S. Kang, D. E. Nikles, J. W. Harrell and X. W. Wu, J. Magn. Magn. Mater., 266,

49 (2003).
96. S. Kang, D. E. Nikles and J. W. Harrell, J. Appl. Phys., 93, 7178 (2003).
97. Z. Jia, S. Kang, D. E. Nikles and J. W. Harrell, IEEE Trans. Magn., 41, 3385 (2005).
98. S. Kang, Z. Jia, D. E. Nikles and J. W. Harrell, IEEE Trans. Magn., 39, 2753 (2003).
99. A. C. S. Samia, J. A. Schlueter, J. S. Jiang, S. D. Bader, C.-J. Qin and X.-M. Lin, Chem.

Mater., 18, 5203 (2006).
100. Y.-J. Gu and W.-T. Wong, Langmuir, 22, 11447 (2006).
101. P. T. Panousis, D. P. Favreau, S. M. Merchant, V. Ryan and E. A. Dein, in Advanced Metal-

lization for ULSI Applications (Eds V. V. S. Rana, R. V. Joshi and I. Ohdomari), Materials
Research Society, Pittsburgh, PA, 1992, pp. 3–12.

102. S. Shingubara, Y. Nakasaki and H. Kaneko, Appl. Phys. Lett., 58, 42 (1991).
103. Y. Pauleau and A. Y. Fasasi, Chem. Mater., 3, 45 (1991).
104. X. Liu, Q. Wang and S. Wu, Chem. Vap. Deposition, 12, 679 (2006).
105. R. L. Van Hemert, L. B. Spendlove and R. E. Sievers, J. Electrochem. Soc., 112, 1123 (1965).
106. R. W. Moshier, R. E. Sievers and L. B. Spendlove, US Patent 3356527 (1967).
107. R. Kumar, F. R. Fronczek, A. W. Maverick, W. G. Lai and G. L. Griffin, Chem. Mater., 4,

577 (1992).
108. D. Temple and A. Reisman, J. Electrochem. Soc., 136, 3525 (1989).
109. A. E. Kaloyeros, A. Feng, J. Garhart, K. C. Brooks, S. K. Ghosh, A. N. Saxena and

F. Luehers, J. Electron. Mater., 19, 271 (1990).
110. W. G. Lai, Y. Xie and G. L. Griffith, J. Electrochem. Soc., 138, 3499 (1991).
111. N. Awaya and Y. Arita, in Digest of Technical Papers—IEEE International Solid-State Cir-

cuits Conference (Ed. J. L. Wuorinen), IEEE, Piscataway, NY, 1989, pp. 103–104.
112. N. Awaya and Y. Arita, in Advanced Metallization for ULSI Applications (Eds V. V. S. Rana,

R. V. Joshi and I. Ohdomari), Materials Research Society, Pittsburgh, PA, 1992, pp. 345–354.
113. Y. Hazuki, H. Yano, K. Horioka, N. Hayasaka and H. Okano, in Tungsten and Other Advanced

Metals for VLSI/ULSI Applications V (Eds S. S. Wong and S. Furukawa), Materials Research
Society, Pittsburgh, PA, 1990, pp. 351–357.

114. D.-H. Kim, R. H. Wentorf and W. N. Gill, in Advanced Metallization and Processing for
Semiconductor Devices and Circuits—II (Eds A. Katz, S. Murarka, Y. I. Nissim and J. M. E.
Harper), San Francisco Spring Meeting, Materials Research Society, Pittsburgh, PA, 1992, pp.
107–112.

115. R. G. Charles and J. G. Cleary, US Patent 3594216 (1971).
116. S. M. Fine, P. N. Dyer, J. A. T. Norman, B. A. Muratore and R. L. Iampietro, Mater. Res.

Soc. Symp. Proc., 204, 415 (1990).
117. D. N. Armitage, N. I. Dunhill, R. H. West and J. O. Williams, J. Cryst. Growth, 108, 683

(1991).
118. C. Oehr and H. Suhr, Appl. Phys. A, 45, 151 (1988).
119. G. S. Girolami, P. M. Jeffries and L. H. Dubois, J. Am. Chem. Soc., 115, 1015 (1993).
120. S. L. Cohen, M. Liehr and S. Kasi, Appl. Phys. Lett., 60, 50 (1992).
121. Y. Hu, M. Afzaal, M. A. Malik and P. O’Brien, J. Cryst. Growth, 297, 61 (2006).
122. C. R. Jones, F. A. Houle, C. A. Kovac and T. H. Baum, Appl. Phys. Lett., 46, 97 (1985).
123. F. A. Houle, C. R. Jones, T. Baum, C. Pico and C. A. Kovac, Appl. Phys. Lett., 46, 204

(1985).
124. D.-M. Mao, Z.-K. Jin and Q.-Z. Qin, J. Appl. Phys., 71, 6111 (1992).
125. N. Awaya and N. Arita, Jpn. J. Appl. Phys., 30, 1813 (1991).
126. H. Li, E. T. Eisenbraun and A. E. Kaloyeros, J. Vac. Sci. Technol. B, 10, 1337 (1992).
127. J. Pelletier, R. Pantel, J. C. Oberlin and Y. Pauleau, J. Appl. Phys., 70, 3862 (1991).
128. K. K. Banger, A. Kornilov, R. U. Claessen, E. T. Eisenbraun, A. E. Kaloyeros, P. J. Toscano

and J. T. Welch, Inorg. Chem. Commun., 4, 496 (2001).



1008 Heinrich Lang and Roy Buschbeck

129. K. K. Banger, S. C. Ngo, S. Higashiya, R. U. Claessen, K. S. Bousman, P. N. Lim, P. J.
Toscano and J. T. Welch, J. Organomet. Chem., 678, 15 (2003).

130. S. Higashiya, K. K. Banger, S. C. Ngo, P. N. Lim, P. J. Toscano and J. T. Welch, Inorg.
Chim. Acta, 351, 291 (2003).

131. A. Ouchi, Z. Bastl, J. Bohacek, J. Subrt and J. Pola, Surf. Coat. Technol., 201, 4728 (2007).
132. M. L. Kantam, V. S. Jaya, B. Sreedhar, M. M. Rao and B. M. Choudary, J. Mol. Catal. A:

Chemical, 256, 273 (2006).
133. G. Wenli, Z. Yue and L. Tongxiang, J. Mater. Sci., 41, 5462 (2006).
134. S. R. Puniredd and M. P. Srinivasan, Ind. Eng. Chem. Res., 46, 464 (2007).
135. H. K. Shin, K. M. Chi, M. J. Hampden-Smith, T. T. Kodas, M. F. Paffett and J. D. Farr,

Chem. Mater., 4, 788 (1992).
136. H. K. Shin, K. M. Chi, M. J. Hampden-Smith, T. T. Kodas, M. F. Paffett and J. D. Farr, Adv.

Mater., 3, 246 (1991).
137. A. Jain, K. M. Chi, H. K. Shin, M. J. Hampden-Smith, T. T. Kodas, M. F. Paffett and J. D.

Farr, Metallization: Performance and Reliability Issues for VLSI and ULSI, SPIE Conf. Proc.,
23, 1596 (1991).

138. R. R. Rye, K. M. Chi, M. J. Hampden-Smith and T. T. Kodas, J. Electrochem. Soc., 139, L60
(1992).

139. M. J. Hampden-Smith, T. T. Kodas and R. R. Rye, Adv. Mater., 4, 524 (1992).
140. R. R. Rye, J. A. Knapp, K. M. Chi, M. J. Hampden-Smith and T. T. Kodas, J. Appl. Phys.,

72, 5941 (1993).
141. M. Leschke, S. E. Schulz, R. Ecke, T. Gessner and H. Lang, Chin. J. Inorg. Chem., 20, 1257

(2004).
142. K. M. Chi, T. S. Corbitt, M. J. Hampden-Smith, T. T. Kodas and E. N. Duesler, J.

Organomet. Chem., 449, 181 (1993).
143. H. Lang, M. Leschke, M. Melter, B. Walfort, K. Köhler, S. E. Schulz and T. Gessner, Z.
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167. J. M. Blackburn, D. P. Long, A. Cabañas and J. J. Watkins, Science, 294, 141 (2001).
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188. T. Haase, K. Kohse-Höinghaus, N. Bahlawane, P. Djiele, A. Jakob and H. Lang, Chem. Vap.

Deposition, 11, 195 (2005).
189. C. Xu, M. J. Hampden-Smith, T. T. Kodas, E. N. Duesler, A. L. Rheingold and G. Yap,

Inorg. Chem., 34, 4767 (1995).
190. L. M. Davis, D. S. Thompson, C. J. Dean, M. Pevzner, J. L. Scott, S. T. Broadwater, D. W.

Thompson and R. E. Southward, J. Appl. Polym. Sci., 103, 2409 (2007).
191. M. Haruta, Catal. Today, 36, 153 (1997).
192. M. S. Chen and D. W. Goodman, Science, 306, 252 (2004).
193. D. Boyer, P. Tamarat, A. Maali, B. Lounis and M. Orrit, Science, 297, 1160 (2002).
194. T. H. Baum and P. B. Comita, Thin Solid Films, 218, 80 (1992).
195. T. H. Baum and C. R. Jones, Appl. Phys. Lett., 47, 538 (1985).
196. C. E. Larson, T. H. Baum and R. L. Jackson, J. Electrochem. Soc., 134, 266 (1987).
197. T. H. Baum, J. Electrochem. Soc., 134, 2616 (1987).
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P. Dapporto, Dalton Trans., 369 (2003).



17. Deposition of metals and metal oxides by means of metal enolates 1011

241. A. D. Berry, R. T. Holm, R. L. Mowery, N. H. Turner and M. Fatemi, Chem. Mater., 3, 72
(1991).

242. R. J. Phillips, M. J. Shane and J. A. Switzer, J. Mater. Res., 4, 923 (1989).
243. W. A. Badaway, J. Electroanal. Chem., 281, 85 (1990).
244. J. P. Zheng and H. S. Kwok, Appl. Phys. Lett., 63, 1 (1993).
245. T. Maruyama and Y. Ikuta, Solar Energy Mat. Solar Cells, 28, 209 (1992).
246. K.-M. Chi, C.-C. Lin, Y.-H. Lu and J.-H. Liao, J. Chin. Chem. Soc., 47, 425 (2000).
247. Y. S. Feng, S. M. Zhou, Y. Li, C. C. Li and L. D. Zhang, Solid State Sci., 5, 729 (2003).
248. Y. S. Feng, R. Yao and L. D. Zhang, Physica B, 350, 348 (2004).
249. T. Tsuchiya, M. Takeda, I. Yamaguchi, T. Manabe, T. Kumagai and S. Mizuta, Appl. Phys.

A, 79, 1541 (2004).
250. N. Hollingsworth, G. A. Horley, M. Mazhar, M. F. Mahon, K. C. Molloy, P. W. Haycock,

C. P. Myers and G. W. Critchlow, Appl. Organomet. Chem., 20, 687 (2006).
251. T. Kawahara, M. Yamamuka, T. Makita, J. Naka, A. Yuuki, N. Mikami and K. Ono, Jpn. J.

Appl. Phys., 33, 5129 (1994).
252. O. Auciello and R. Ramesh, MRS Bull., 21, 21 (1996).
253. V. V. Krisyuk, A. E. Turgambaeva and I. K. Igumenov, Chem. Vap. Deposition, 4, 43 (1998).
254. J. S. Zhao, J. S. Sim, H. J. Lee, D.-Y. Park and C.-S. Hwang, J. Electrochem. Soc., 152, C277

(2005).
255. S. V. Samoilenkov, Chem. Vap. Deposition, 12, 206 (2006).
256. J. T. Lim, J. C. Lee, W. I. Lee and I.-M. Lee, Bull. Korean Chem. Soc., 20, 355 (1999).
257. H. B. Suffredini, G. R. Salazar-Banda, S. T. Tanimoto, M. L. Calegaro, S. A. S. Machado

and L. A. Avaca, J. Braz. Chem. Soc., 17, 257 (2006).
258. M. Zhang and C. P. Wilde, J. Electroanal. Chem., 390, 59 (1995).
259. P. B. Clapham, Br. J. Appl. Phys., 18, 363 (1967).
260. E. Y. Wang and K. A. Pandelisev, J. Appl. Phys., 52, 4818 (1981).
261. A. M. Joshi, M. M. Mandhre, M. L. Jadhav, S. A. Gangal and R. N. Karekar, Jpn. J. Appl.

Phys., 27, 2168 (1988).
262. S. W. Kang and S. W. Rhee, Thin Solid Films, 468, 79 (2004).
263. C. Bedoya, G. G. Condorelli, S. T. Finocchiaro, A. Di Mauro, I. L. Fragalà, L. Cattaneo and
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Čučković, L. 721 (261), 736
Cuenca, A. 70 (170), 80
Cuesta, L. 263 (559), 283 (676), 307, 311
Cui, C. B. 582 (5, 6), 665
Cui, H. 912 (86), 926
Cui, H. B. 919 (125), 927
Cui, Q. 632 (317), 676
Cui, X. 566 (229), 576
Culkin, D. A. 111 (5), 125, 315 (8), 347, 368

(33), 406, 412 (66, 72), 452, 490 (126), 543
Cullimore, P. A. 425 (243), 456



Author Index 1041

Culpepper, M. B. 644 (374), 678
Cumming, J. B. 190 (56), 211 (252), 215, 220
Cummings, J. 619 (269), 675
Cummings, S. D. 897 (50), 899 (49), 925
Cummins, C. C. 204 (201), 205 (210), 218,

219, 233 (62, 63), 259 (540), 287, 307, 331
(129), 351

Cun, L.-F. 566 (229), 576
Cunliffe, W. J. 658 (438), 680
Cunningham, J. A. 245 (361), 297
Cuny, G. D. 553 (21), 571
Curini, R. 208 (236), 219
Curmi, P. M. G. 638 (346), 677
Curreli, N. 644 (373), 678
Curreli, S. 240 (202), 292, 893 (36), 905 (12),

919 (126), 920 (94, 95), 923, 924, 926, 927
Curry, M. J. 766 (52), 784
Curtis, M. D. 256 (521), 278 (641), 280 (42),

285 (688), 287, 306, 310, 311
Curtui, M. 108 (134), 128
Curzon, E. 188 (17), 214
Cuypers, L. 240 (237), 293
Cwikel, D. 252 (473), 304
Cygan, Z. T. 245 (400), 300
Czaun, M. 239 (170), 291, 598 (108), 669
Czea, M. Z. 706 (165), 734
Czisch, P. 271 (607), 308
Czuba, L. J. 357 (4), 405, 412 (21), 451

D’Angeli, F. 431 (316), 457
d’Angelo, J. 356 (3), 405
D’Anna, F. 432 (291), 457
D’Antonio, P. 498 (147), 544
D’Ascenzo, G. 208 (235, 236), 219
D’Auria, S. 657 (432), 680
D’Errico, J. J. 285 (688), 311
D’hooge, B. 781 (88), 785
Da Cunha, A. S. 617 (260), 674
Da Cunha Pinto, A. 617 (260), 674
da Gloria da Costa Carvalho, M. 617 (260),

674
da Silva, C. F. B. 161 (134), 180
da Silva, E. F. 162 (20), 177
Da Silva, E. L. 596 (90), 668
da Silva, G. F. Z. 645 (380), 649 (407), 679
Da Silva Lima, E. L. 617 (260), 674
da Silva, M. 239 (141), 290
da Silva, R. P. 694 (76), 732
Dabbagh, G. 231 (41), 287, 412 (92), 452
Daftari, A. 717 (236), 736
Dagorne, S. 567 (243), 576
Dahan, F. 240 (229), 275 (623), 293, 309
Dahiya, K. K. 239 (174), 291
Dahl, L. F. 240 (200, 207), 292
Dahl, L. M. 412 (17), 413 (146), 451, 453
Dahlenburg, L. 323 (79), 350
Dahmen, K.-H. 245 (343), 252 (483), 297,

304, 522 (260), 549, 997 (439), 1015

Dai, C. 561 (155), 574
Dai, J. 243 (295), 295, 532 (276), 549, 1003

(478), 1016
Dai, K. 249 (433), 302
Dai, L. 857 (178), 877
Dai, L.-X. 365 (27), 406
Dai, M. 555 (57), 572
Dai, Y. 650 (404), 651 (403), 660 (121), 669,

679
Dakhel, A. A. 111 (147), 129
Dakubu, S. 172 (228), 183
Daldal, F. 620 (254), 674
Daldy, J. A. 241 (270), 294
Dale, J. A. 804 (134), 820
Dale, S. H. 118 (44), 126, 245 (371), 298
Dallmann, K. 245 (387), 299, 520 (251), 548,

558 (123), 573
Dalton, K. 243 (315), 296
Damoense, L. 553 (15), 571
Dan, M. 240 (227), 293
Dance, I. G. 899 (57), 925
Dancey, K. 252 (468), 304
Dancey, K. P. 252 (468), 304
Dandona, P. 603 (146), 670
Danford, M. D. 245 (342, 356), 297
Dang, F. 157 (110), 180, 715 (220), 735
Danheiser, R. L. 751 (34), 766 (47), 775 (73),

783, 784
Daniel, S. D. 280 (662), 310
Daniel, T. 479 (74), 541
Daniele, S. 949 (79), 1006
Daniels, L. M. 166 (178), 181
Danilovich, V. S. 1003 (483), 1017
Danishefsky, S. J. 360 (16), 405, 440 (404),

459
Dank, P. O. 724 (286), 737
Danley, D. 660 (456), 681
Dapporto, P. 245 (297, 403, 404, 411), 295,

301, 302, 971 (240), 993 (402, 403), 1010,
1014

Darabantu, M. 566 (222), 575
Daraghmeh, H. 240 (223), 293
Darken, J. 255 (510), 305
Darling, T. R. 832 (46), 874
Darr, J. A. 245 (343), 297
Darriet, P. 607 (166), 671
Darrouzet, E. 620 (254), 674
Dartiguenave, M. 254 (497), 305
Das, B. K. 989 (372), 1014
Das, M. 255 (515), 306
Das, N. 240 (206), 292
Dasgupta, A. 939 (31), 1005
Dashkevich, L. B. 191 (64), 192 (65), 215
Dastanpour, A. 717 (234), 736
Dastru, W. 245 (297), 295
Date, M. 624 (295), 676
Date, T. 237 (88), 288
Datt, M. 553 (15), 571



1042 Author Index

Dauben, W. G. 616 (250), 674
Daul, C. 892 (14), 923
Daura-Oller, E. 554 (39), 571
Dautel, O. J. 908 (97), 909 (82, 83), 926
Davey, J. F. 653 (423), 680
David, W. I. F. 921 (140), 928
Davidson, F. 603 (142), 670
Davidson, J. E. 619 (270), 675
Davidson, W. R. 190 (47), 214
Davidsson, O. 21 (66), 76
Davies, A. G. 194 (92), 215, 241 (272), 294
Davies, C. 589 (47), 625 (298, 303), 667, 676
Davies, D. L. 239 (157, 177), 291, 619 (159),

671
Davies, G. 723 (274), 737
Davies, G. M. 245 (349), 297
Davies, H. M. L. 444 (438), 460
Davies, H. O. 245 (336, 338, 372, 373), 296,

298, 980 (308), 981 (307), 1012
Davies, K. M. 506 (202), 545
Davies, M. B. 594 (68), 667
Davies, N. A. 660 (121, 457), 670, 681
Davies, N. M. 613 (221), 673
Davies, S. G. 233 (60), 245 (347), 287, 297,

442 (428), 443 (435), 444 (439, 440),
460

Davies, W. 239 (182), 291
Davis, A. R. 238 (118), 239 (113), 289
Davis, E. S. 906 (68), 925
Davis, F. A. 394 (97), 408, 468 (32, 33), 469

(35–37), 540
Davis, J. J. 599 (118), 669
Davis, L. M. 964 (190), 1009
Davis, R. 208 (243), 219
Davis, T. P. 832 (46), 874
Davis, T. S. 238 (111), 289
Davis, W. M. 231 (45), 287
Davison, A. 245 (379), 299, 899 (57), 925
Davoust, D. 815 (200), 822
Davydov, A. V. 701 (109), 733
Dawe, L. 894 (39), 924
Dawson, A. 245 (400), 300, 619 (270), 675
Dawson, J. R. 384 (78), 407
Dawson, W. R. 139 (28), 178
Day, A. R. 42 (110), 78
Day, C. 200 (154), 217
Day, C. S. 201 (166), 218, 271 (586), 272

(589), 308
Day, P. 880 (2), 908 (100), 914 (73), 919

(125), 923, 926, 927
Day, V. W. 200 (154), 201 (166), 217, 218,

252 (453, 456, 457), 271 (586), 272 (589,
613), 303, 308, 309

Dayan, F. E. 609 (186), 662 (479–481), 672,
682

De Almeida, W. B. 613 (220), 658 (446), 673,
681

De Angelis, S. 279 (652), 310

de Aquino, E. V. 700 (102), 732
de Arellano, M. C. R. 70 (170), 80, 317 (21),

348
De Beer George, S. 899 (53), 925
de Boer, E. 789 (12), 797 (98), 818, 820
de Boer, J. W. M. 789 (12), 818
De Boishebert, V. 607 (19), 666
De Bruyne, C. K. 622 (282), 675
de Caro, D. 922 (145–147), 928
de Castro, B. 558 (126), 573
De Cola, L. 123 (211), 130, 242 (285), 295
De Felice, V. 315 (6), 347
de Filippis, B. 432 (339), 458
De Giovani, W. F. 597 (101), 669
de, I. 202 (185), 218, 412 (107), 453
De Jager-Veens, A. W. 153 (82–84), 179
De Jesus, K. 118 (177), 129
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Formigué, M. 906 (62), 925
Forniés, J. 245 (397), 300, 319 (39), 321

(52–54), 335 (142, 143, 145, 146), 349,
352

Forrest, S. R. 164 (145), 169 (201), 170 (210),
181, 182

Forrestal, K. J. 272 (610), 308
Forro, E. 431 (319), 457
Forsberg, J. H. 794 (5, 38), 818
Forsberger, J. H. 142 (43), 178
Forsén, S. 498 (145), 544
Forster, L. S. 169 (193), 182
Forster, W.-R. 779 (82), 784
Forsyth, C. M. 245 (343), 297, 522 (259),

549
Forsyth, M. 245 (343), 297, 522 (259), 549
Fort, A. 897 (51), 925
Forte Giacobone, A. F. 695 (84), 732
Forte, R. 843 (95), 875
Fortin, R. 635 (334), 677
Fortis, F. 807 (159), 821
Fortunak, J. 431 (338), 458
Fortuño, C. 245 (397), 300, 321 (54), 349
Foss, S. 989 (374), 1014
Foster, C. L. 239 (184), 291
Foster, D. F. 245 (400), 300
Foster, G. 621 (278), 675
Foster, M. L. 665 (476), 682
Fouda, M. F. R. 619 (267), 674
Foulon, J.-D. 118 (34), 126, 245 (339), 296
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Glöckle, M. 517 (246), 548
Glover, N. 237 (88), 239 (143), 288, 290, 605

(149), 670
Glowiak, T. 244 (244), 294
Gluhmann, M. 613 (215), 658 (439), 672, 680
Glusker, J. P. 623 (283, 288), 675
Glynn, M. 620 (272), 675
Gmelin, L. 240 (195), 292
Gnanasoundari, V. G. 556 (78), 572
Gnanou, Y. 846 (117), 849 (131), 876
Gnecco, J. 558 (122), 573
Gnecco, J. A. 558 (115), 573
Goasdoue, N. 815 (185, 200), 821, 822
Gobbi, A. 64 (163), 79
Gobetto, R. 245 (297), 295, 971 (240), 1010
Gobin, C. 661 (460), 681
Goddard, J. D. 766 (50), 784
Goddard, J. G. 615 (237), 673
Goddard, R. 98 (74), 127, 206 (219), 219, 245

(396), 260 (546), 300, 307
Goddard, W. A. 238 (131), 245 (393), 289,

299, 300, 320 (49), 349, 565 (198–200,
202, 203), 575

Godenschwager, P. F. 413 (143), 453
Godwin, A. D. 794 (51), 819
Godzik, A. 650 (412), 679
Goedken, V. L. 245 (339), 297

Goel, A. B. 284 (682), 311
Goel, S. 284 (682), 311
Goel, S. C. 281 (669), 310
Goering, H. L. 805 (143, 146), 821
Goeta, A. E. 245 (392), 299
Gohil, S. 245 (306), 295
Gokhale, N. H. 239 (182), 291
Gold, B. 660 (121), 669
Gold, V. 415 (213), 455
Goldby, S. D. 323 (85, 89), 350, 512 (227),

546
Golden, D. M. 211 (265), 220
Goldman, A. 634 (329), 677
Goldsby, K. A. 252 (478), 304
Goldsmith, R. B. 650 (414), 680
Goldstein, M. 661 (467), 682
Golhen, S. 532 (275), 549
Golmaya, D. 996 (417), 1015
Golubenko, A. N. 1003 (483), 1017
Gomboogiin, M. 570 (292), 577
Gomes da Costa, R. 202 (181), 218
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Löhr, G. 840 (86, 87), 875
Loiseau, F. 893 (38), 924
Lojero, C. G. 617 (178), 620 (254), 671,

674
Lokaj, J. 603 (140), 670
Lokhande, C. D. 993 (393), 1014
Lombardo, M. 196 (114), 216
Long, D. P. 960 (167), 1009
Long, F. A. 421 (242), 456
Long, N. R. 748 (21), 783
Long, T. E. 836 (54), 841 (55), 874
Longo, P. 261 (549), 266 (580), 307, 308
Longo, R. L. 140 (33), 162 (20), 177, 178
Longu, S. 642 (365), 678
Lonnberg, S. 174 (247), 183
Loos, J. 555 (54), 572
Loosli, H. R. 26 (75), 76
Lopes, E. B. 912 (105), 917 (84), 926, 927
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Österholm, H. 559 (137), 573
Osteryoung, R. A. 529 (244), 548
Ostrovskaya, V. M. 729 (326), 738
Osuch, C. E. 188 (23), 214
Oswald, I. D. H. 166 (180), 181, 619 (268,

270), 674, 675
Oswald, S. 957 (170), 1009
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Rodrı́guez de Córdoba, S. 648 (399), 679
Rodrı́guez-Delgado, A. 230 (40), 287, 344

(173), 352
Rodrı́guez-Escrich, C. 412 (108), 453
Rodrı́guez, F. 412 (25), 451, 944 (52), 1006
Rodrı́guez, L. 501 (169), 544
Rodriguez, R. 474 (58), 540
Rodrı́guez-Ubis, J. C. 156 (94), 179
Rodrı́guez, V. 252 (482), 304
Roeder, J. F. 983 (309), 1012



1116 Author Index

Roepke, F. W. 270 (603), 308
Roesky, H. 239 (105), 289
Roesky, H. W. 124 (77), 127, 240 (264), 294,

485 (112), 543
Roesky, P. W. 245 (339, 345, 360), 296, 297
Roffia, S. 324 (95), 350, 531 (256), 548
Rogachev, A. Y. 323 (76), 350
Rogers, D. W. 193 (85), 195 (104), 215, 216
Rogers, R. D. 188 (16), 214, 245 (375), 277

(634), 298, 309
Roh, J. S. 939 (38), 1005
Roh, Y. 245 (388), 299, 569 (281), 577
Rohde, A. M. 263 (545), 307, 333 (120), 351
Rohlfing, R. 240 (214), 292
Rohmer, M.-M. 253 (493), 305, 337 (155), 352
Rohr, C. 234 (76), 288
Rohwedder, J. J. R. 700 (102), 732
Roisnel, T. 532 (280), 549, 893 (34), 924
Rojas-Davila, E. 810 (170), 821
Rojo, T. 599 (113), 669
Roll, R. 553 (19), 571
Rolland, A. 662 (474), 682
Rolle, R. S. 661 (463), 681
Rollo, L. 614 (225), 673
Romagni, J. G. 662 (481), 682
Roman, E. 245 (385), 299
Romanenko, G. V. 99 (80), 127
Romano, L. J. 795 (77), 819
Romão, C. C. 562 (169), 574
Romea, P. 202 (185), 218, 373 (49, 50), 407,

412 (105, 107), 453
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Schöbel, R. 553 (19), 571
Schobert, R. 256 (518), 285 (689), 306, 311
Schoenborn, B. P. 623 (288), 675
Schoenert, S. 172 (221, 222), 183
Schoenfelner, B. A. 248 (429), 302, 535 (284,

289), 537 (285), 550
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Bisphenol A-neopentyl glycolterephthalate

copolyesters, coupling constants, 799,
800

Bis-silylation, β-diketonato metal complex
catalysis, 562

Bitumen asphaltene, Ln-induced NMR shifts,
800

Block copolymers, 827
coupling of preformed polymers, 862, 864
crown ether ligands, 847
dienes, 865, 866
epoxides, 865
macromolecular engineering, 857, 862–865,

866
poly(methyl methacrylate), 849

poly(tert-butyl acrylate), 843, 844
poly(lauryl methacrylate), 834

polypropylene, 830
polystyrene, 834

sequential polymerization, 864–865
silanolate ligands, 846
styrene derivatives, 834, 864–865
vinyl acetate–polystyrene, 828

Boat-like transition structures, aldol reactions,
52–54, 56

Boiler feed water, sodium isoascorbate
determination, 689

Bond energies, molybdenum enolates, 205
Bonds

C–C
formation, 356–385, 565–570
oxidative cleavage, 342–343
redox reactions, 508–510, 511

C–N cleavage, 268, 270
C–O

cleavage, 262, 344–345
electrostatic repulsion, 417–418

C=S, 414
metal–ligand bonds

EPR spectra, 119–120
mass spectra, 121
UV–VIS spectra, 109–112, 120
vibrational spectra, 84–87, 88, 101, 102

O–H strength, 421
see also Hydrogen bonding

Bornene, binuclear Ln–Ag NMR shift reagent,
813

Boron enolates
addition reactions, 50–56
aldol reactions, 372, 373–378, 386, 387

Bound shifts, NMR data fitting, 793
Boviquinones, bioactivity, 584, 585, 608, 609
Box–Behnken design (BBD), electrophoresis,

700
Bridgehead enolates, reactivity, 416
Bridging ligands, β-diketonato metal complex

synthesis, 245
Brilliant Green, forensic dye, 729
Broadening of NMR spectra

lanthanide enolate shift reagents, 790–791
reduction, 790–791
uncertainty and exchange broadening, 790,

804
Bromomagnesium enolates, 191
1-Bromopentane, binuclear Ln–Ag NMR shift

reagent, 813
Brønsted bases, enolate formation, 412–413
Bupivacaine, in situ racemization, 431
1,3-Butadiene, Cu complex, 960
1,3-Butadien-1-ol, stability, 210
Butan-2-one, acidity, 424
n-Butyl acrylate (nBuA), anionic

polymerization, 844, 846, 851, 852
t-Butyl acrylate (tBuA)

anionic polymerization
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t-Butyl acrylate (tBuA) (continued )
initiator effects, 834–835
ligands, 843, 844, 846, 849
propagating species, 841
reactivity ratio, 847
star-shaped copolymers, 867

Butylated hydroxytoluene (BHT), antioxidant,
616

4-t-Butylcyclohexene, binuclear Ln–Ag NMR
shift reagent, 813

2,3-Butylene oxides, Ln-induced NMR shifts,
806

s-Butylisothiouronium chloride/bromide,
binuclear Ln–Ag NMR shift reagents,
817

n-Butyl methacrylate (nBuMA), anionic
polymerization, 846, 850, 855

t-Butyl methacrylate (tBuMA)
anionic polymerization

ate complexes, 850
chain end-capping, 859
chain modification, 862
influences, 835, 836
ligands, 842–843, 844, 846
organolithium initiation, 837–838
propagating species, 839, 841

block copolymers, 865

Cadavers, lead rhodizonate spot test, 729–730
Cadmium diketonates, vibrational spectra,

101–102
Cadmium enolates, thermochemistry, 197
Cadmium enolato complexes

α-diketonato complex synthesis, 239
oxocarbon complexes, 240–241

β-diketonato complex synthesis, 245
Caesium enolato complexes, β-diketonato

complexes, 244
Calcination

Cr2O3 deposition, 986
Fe oxide deposition, 989–990
metal deposition, 939, 945, 966

Calcium ascorbate
complexometric titration, 713
FT–NIR spectroscopy, 688
potentiometry, 693

Calcium dienolates, Gibbs free energy, 192
Calcium enolates

structure, 11–12
thermochemistry, 192

Calcium enolato complexes
α-diketonato complex synthesis, 228–230,

239
croconato oxocarbon complex, 240
hydroxyquinone enolato complexes,

239–240
tropolonato complexes, 238

β-diketonato complex synthesis, 244, 245
polyketonato complexes, 247–249

Calcium oxide, superconductors, 994, 1002,
1003

Calvin cycle, Rubisco, 635
Camphanate esters, Ln-induced NMR shifts,

801, 803
Camphene, binuclear Ln–Ag NMR shift

reagent, 812, 813

D-Camphor, isomer separation, 711
Capacity factors, liquid chromatography, 707,

712
Capillary zone electrophoresis (CZE), 700
Caprolactone, ring-opening polymerization,

830–831, 848, 861–862, 863
Carbamates, basicity, 431
Carbanions, resonance hybrid, 2
Carbocycles, lithium ynolate-initiated cascade

reactions, 752–754, 755–756
Carbon, working electrodes, 694–695
Carbon-bonding

α-mercurated ketones, 197
thallium enolates, 193

Carbon–carbon bonds
β-diketonato metal complexes

oxidative cleavage, 342–343
redox reactions, 508–510, 511

formation
addition of ketone enolates to carbonyl

groups, 372–379
β-diketonato metal complex catalysis,

565–570
Michael addition of metal enolates,

380–385
α-substitution of ketone enolates,

356–371
Carbon dioxide

insertion into aluminum enolato complex,
346

sensors, 715–716
supercritical fluid chromatography, 707–708

Carbon fibre, working electrode, 695
Carbonic anhydrase, metal ion replacement,

649
Carbon monoxide, metal enolato complexes,

267–278, 275–276
Carbon–nitrogen bond cleavage, 268, 270
Carbon–oxygen bonds

electrostatic repulsion, 417–418
metal enolato complex cleavage, 262,

344–345
Carbon paste electrode (CPE), electroanalysis,

696, 699
Carbon suboxide, Grignard reactions, 191–192
Carbon–sulfur double bond compounds,

acidity, 414
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Carbonyl compounds
acidity, 413–421, 424–430
basicity, 431, 432
enolate–carbonyl equilibration, 415
metal enolato complex synthesis, 267–278
phosphorus ylide complex stabilization,

315–318
torquoselective olefination by lithium

ynolates, 764–774
trialkylaluminum reactions, 12–14, 31
ultratrace analysis, 713

Carbonyl β-diketonato metal complexes,
synthesis, 243

Carbonyl groups
addition

of ester enolates, 386–390
of ketone enolates, 372–379

C–C formation by addition of ketone
enolates, 372–379

mass spectra, 120–121
NMR spectra, 116
UV–VIS spectra, 114–115
vibrational spectra, 84, 87–88

acetylacetone, 106
copper diketonates, 100
manganese diketonates, 95
molybdenum diketonates, 92
nickel diketonates, 98
uranyl kiketonates, 104

9-Carboxyfluorene, enol acidity, 423
Carboxylation, Rubisco, 635, 637–639
Carboxylic acids

chain end-capping, 858
lanthanide chelate decomposition, 795
unsaturated, 4–5

Cardiovascular disease, flavonoids, 582
�-3-Carene, binuclear Ln–Ag NMR shift

reagent, 812, 813
Carnitine, NMR spectral broadening, 790, 791
Cascade reactions, lithium ynolates, 752–754,

755–756
Catalysis

allylic alkylations, 363–368, 399–400
intramolecular, 366–367

α-arylations, 368–371
β-diketonato metal complexes, 551–577
electrocatalysis, 694, 695, 696, 699
hydrogenation, 65–67
isomerization, 359–360

Catalyst deposition, 937
Au, 965, 966
CeO2, 997
Co, 942
Cu, 956
Fe, 939
Fe oxides, 989
Ir, 944
Mn oxides, 989

MoO3, 987
Ni, 945
Pd, 945, 947
Pt, 947, 951–952
VO, 985

Catalytic triad, serine protease, 588, 589
Catechol dioxygenase, Baeyer–Villiger

rearrangement, 650
Catechol-O-methyltransferase, inhibition, 661
Catechol oxidase, mimosine inhibition, 599
Cations

quasi-enolate vs. enoxyl cation dichotomy,
195, 197

tropolonato complexes, 238
see also Enolate cations; Organic salts

CD (circular dichroism), 691, 711, 727
Central composite face-centered design

(CCFD), electrophoresis, 700
Ceramics

deposition, 936–937, 939
high-temperature superconductors, 962

Cereals, analysis, 688
Cerium enolates, thermochemistry, 198
Cerium enolato complexes

β-diketiminato complexes, 252
α-diketonato complex synthesis, 239

hydroxyquinone enolato complexes,
239–240

squarato oxocarbon complex, 240
tropolonato complexes, 238, 239

β-diketonato complexes
oxide deposition, 997–999
synthesis, 245

dipivaloylmethanate, 687
hexafluoroacetylacetonato complex, 998
2,2,6,6-tetramethyl-3,5-heptanedionate, 998

Cerium oxide, deposition, 996, 997–999
Cesium enolates, thermochemistry, 186,

187–188, 189
Cetylpyridinium bromide, micelle, 699
CGC (complexation gas chromatography),

714, 719–722
Chain end-capping

electrophilic activation, 857–859
initiation by functional compound, 859–860

Chain modification
metalation of ester-containing polymers,

860–862, 863
pendant functional groups, 860–862, 863
polymerization of functional monomers, 862

Chair-like transition structures
aldol reactions, 46, 47, 52–54, 56
metal enolate formation, 357–359
regioselective protonation, 442

Charge distribution, lithium enolates, 5, 7
Charge transfer, LMCT states, 153
Chelate rings

alkaline earth metal enolates, 105
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Chelate rings (continued )
copper diketonates, 101
IR spectra, 87
lanthanide diketonates, 102
manganese diketonates, 96
nickel diketonates, 97
scandium diketonates, 88, 89
uranyl diketonates, 116
vanadium diketonates, 90–92

Chelating proton donors, diastereoselective,
442

Chelation
allylic esters, 400–401
amino acid enolates, 398, 400–401
mass spectrometry, 691–692
mimosine, 600
olefination of α-oxy and α-amino ketones,

771
peptide enolates, 402–405
retention time, 701
UV photoelectron spectroscopy, 690

Chemical-exchange spin-decoupling, 794
Chemical solution deposition (CSD), HfO2,

983
Chemical vapor condensation (CVC), TiO2

nanoparticles, 979–980
Chemical vapor deposition (CVD), 933–934

Ag, 962–964
Al2O3, 968–970
Au, 966
Bi, 938
Co, 942
Cu, 954–956, 957–961
Ir, 943–944
Ni, 944
Pd, 945–946
Pt, 947–948
Rh, 942–943
Ru, 940
superconductors, 691
see also Metalorganic chemical vapor

deposition
Chemical vapor infiltration, Au nanoparticles,

966
Chemiluminescent tracers, 715
Chemometrics, analytical methods, 685, 699,

700
Chemoselectivity, platinum enolate reactions,

65–68
Chiral alcohols, Rohrschnider–McReynolds

classification, 721
Chiral amides, asymmetric Michael reactions,

391–392
Chiral derivatizing agents, achiral NMR shift

reagent coupling, 801, 803–804
Chiral discrimination

column chromatography, 710, 712

NMR spectral broadening, 790, 801,
813–815

Chiral enolates, Michael additions, 443–444
Chiral ketones, Rohrschnider–McReynolds

classification, 721
Chiral Lewis acids, asymmetric α-alkylation,

363
Chiral lithium amide, enantioselective Michael

addition, 391–392
Chiral NMR shift reagents, 805–811

binuclear Ln–Ag reagents, 813–815
Chiral recognition, NMR spectral broadening,

790–791
Chiral selectors, enantioseparation, 710, 712,

721
Chiral solvating agents (CSAs), achiral NMR

shift reagent coupling, 804
Chiral stationary phase (CSP),

chromatography, 703, 710, 711, 712, 721
Chiral substrates, asymmetric conjugate

addition of ester enolates, 392–393
Chloranil, photoactivation, 482–483
Chloride ions, ion selective electrode, 717
Chlorine–lithium exchange, dilithioenolate

formation, 189
1-Chlorocyclohexane, binuclear Ln–Ag NMR

shift reagent, 813
α-Chloro-α-sulfinyl ketones, alkali metal

ynolate preparation, 744
Chlorthalidone, liquid chromatography, 707
2-Chromafuran, thermochemistry, 205
4–Chromanone, enol acidity, 422, 423
Chromia, deposition, 986, 987
Chromium, deposition, 939
Chromium enolates, thermochemistry,

204–205
Chromium enolato complexes

acetylacetonato complex
analytical reagent, 723–724, 725
gas chromatography, 719
liquid chromatography, 703, 705, 706,

708, 710–711
metal/metal oxide deposition, 939, 986,

987
photoracemization, 691
x-ray spectroscopy, 692

aminoenolato complex, 346
β-diketiminato complexes, 252
α-diketonato complex synthesis, 239

squarato oxocarbon complex, 240
β-diketonato complexes

column chromatography, 703, 710–711
electrophoresis, 700
gas chromatography, 701, 702, 718, 723
NMR shift reagents, 794
synthesis, 244, 245, 324
thin layer chromatography, 705
UV–VIS spectra, 92
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vibrational spectra, 92
dipivaloylmethanate, 708
hexafluoroacetylacetonato complex, 701
from ketenes, 265
ketenido complexes, 328
metalafurans, 341
from oxo complexes, 282–283
phosphinoenolato complexes, 337
redox reaction synthesis, 259
trifluoroacetylacetonato complex, 701, 702,

718
Chromium oxides, deposition, 986, 987
Chromone, enthalpy of formation, 195
Circular dichroism (CD), 691, 711, 727
Circularly polarized luminescence (CPL), 711
Cisplatin, anticancer activity, 595
Citric acid cycle, pyruvate, 635
Claisen rearrangement

biosynthesis, 586
chelated enolates of allylic esters, 400–401
ester enolates, 386
retro-Claisen reaction, 653

Cleavage
C–C bond cleavage, 509–510
cobalt enolate formation, 209
β-diketones, 652–658

hydrolytic cleavage, 652–655
oxidative cleavage, 655–658

metal enolato complex synthesis, 261–263
ether cleavage, 278–281

see also Oxidative cleavage
Clinical analysis, electrophoresis, 700
13C NMR shifts

isotropic shielding constants, 21, 22–24
lanthanide enolate shift reagents, 790–791

achiral, 798, 800
chiral, 807, 810, 813, 814
paramagnetic relaxation reagents, 794

lithium enolate aggregates, 17–18, 19–20
13C NMR spectroscopy

cobalt enolates, 117–118
vanadium enolates, 118
yttrium enolates, 118
zinc enolates, 117

CoA see Coenzyme A
Cobalt, deposition, 942
Cobalt(III) complexes, dinitro-bis(arginine),

710
Cobalt diketonates, vibrational spectra, 96–97
Cobalt enolates

EPR spectra, 120
mass spectra, 121
NMR spectra, 117–118
structure, 15–16, 17
thermochemistry, 209–211
UV–VIS spectra, 86, 109–111

Cobalt enolato complexes
acetylacetato complex

analytical aspects, 692, 704, 706,
710–711, 719, 724

metal/metal oxide deposition, 942,
993–994

radical polymerization, 827–829
carbonyl-stabilized phosphorus ylide

complexes, 317–318
CO insertion, 276
β-diketiminato complexes, 252
α-diketonato complex synthesis, 235, 239

hydroxyquinone enolato complexes,
239

oxocarbon complexes, 240
tropolonato complexes, 238

β-diketonato complexes
column chromatography, 703
electrophoresis, 700
gas chromatography, 701
NMR shift reagents, 788, 792, 795
synthesis, 244, 245, 322, 323, 324,

325–326
from 4-acyl-5-pyrazolones, 247, 248

thin layer chromatography, 705
trifluoroacetic acid reaction, 500

hexafluoroacetylacetonato complex, 701,
722, 993

from ketenes, 265–266
from ketimines, 250, 251, 252
phosphinoenolato complexes, 255
2,2,6,6-tetramethyl-3,5-heptanedionate,

993–994
Cobaltocene, ionization energy, 210
Cobalt oxides, deposition, 992–994
Coefficient of spontaneous emission,

photoluminescence, 145–146
Coenzyme A (CoA)

biological group-transfer processes,
590–592

enoyl-CoA hydratase, 653
Coercivity

Co3O4, 993
Fe2O3, 989
Pt alloy nanoparticles, 951, 952, 953

Cohumulone, bioactivity, 583, 584
Colchicine, bioactivity, 611
Cold-wall CVD reactors, metal deposition,

934, 940, 964
Column chromatography, 703–704

isomer separation, 710
Comb-shaped copolymers, macromolecular

engineering, 857, 859, 869–872
Combustion CVD

alumina, 969
CeO2, 998
see also Enthalpies of combustion

Complexation gas chromatography (CGC),
714, 719–722

Complexation liquid chromatography, 722
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Complexation shifts
binuclear Ln–Ag NMR shift reagents, 811
lanthanide NMR shift reagents, 791

Complexes
d8 metal–dithiolene complexes, 879–928

bis(dithiolene) complexes, 885–895
mixed-ligand complexes, 881, 885,

895–906
noninnocent ligands, 881–882
push–pull character of ligands, 883, 885
square-planar d8 metal dithiolenes,

881–906
peptide metal complexes, 402, 403
see also Metal complexes; Metal enolato

complexes
Complexometric titration, calcium ascorbate,

713
Conductors

membranes, 695, 697
poly(3,4-ethylendioxithiophene), 694
see also Molecular conductors

Configuration, absolute
enantiomers, 704, 711, 720, 721
Ln-induced NMR shifts, 801, 803, 806,

810–811
Conformation

aldol reactions, 46, 47, 52–56
enolates, 417–419
Houk conformation, 443–444

Conjugate addition
β-diketonato metal complex catalysis,

567–568
ester enolates

chiral amides, 391–392
chiral substrates, 392–393

Michael addition, 383, 391–392
organozincate conjugate

addition–alkylation, 361–362
Conjugated compounds, palladium enolates,

212
Contact effects

lanthanide NMR shift reagents, 788, 791,
792, 811

wrong-way shifts, 792, 793
Continuum solvation model

lithium enolates, 5, 20
palladium enolates, 64–65

Coordination chemistry, metal enolato
complexes, 313–353

α-Copaene, binuclear Ln–Ag NMR shift
reagent, 813

Copolymers
vinyl propionate, 807
see also Block copolymers; Star-shaped

copolymers
Copper

deposition, 122, 952–962
Cu(I) precursors, 957–962

Cu(II) precursors, 953–957
ion selective electrode, 716
redox reactions, 689

Copper diketonates, vibrational spectra,
98–101

Copper enolates
EPR spectra, 119
Rh-catalyzed allylic alkylation, 367–368
structure, 14–15
thermochemistry, 195
UV–VIS spectra, 109
vibrational spectra, 100, 106

Copper enolato complexes
acetylacetonato complexes

analytical aspects, 687, 714
metal/metal oxide deposition, 942, 954,

955–957, 995
molecular structure, 124

β-diketiminato complexes, 252
α-diketonato complex synthesis, 239

hydroxyquinone enolato complexes,
239–240

oxocarbon complexes, 240
tropolonato complexes, 238

β-diketonato complexes, 245, 322–323
anodic stripping voltammetry, 693
Cu deposition, 122, 953–956, 957,

958–960
Cu–In alloy deposition, 938
gas chromatography, 718
supercritical fluid chromatography, 707
synthesis from 4-acyl-5-pyrazolones, 247,

248
κ1-O-diketonato ligands, 322
hexafluoroacetylacetonato complex

analytical aspects, 701, 722
metal/metal oxide deposition, 938,

954–956, 957–962, 995
molecular structure, 122

ketoiminato complexes, 250, 251, 252, 326,
953, 954, 956, 962

protonation, 336
tetracyanoethylene reaction, 284–285
2,2,6,6-tetramethyl-3,5-heptanedionate, 995
thioenolato complexes, 255–256
1,1,1-trifluoro-2,4-pentanedionate complex,

690, 701, 702, 954
Copper oxides

deposition, 994–995, 996
superconductors, 994, 1002, 1003

Coprecipitation, Ni deposition, 945
Core-first method, star-shaped copolymers, 868
Cosmetics, analysis, 686, 687, 708, 709
Coulometric titration, 693
Coumarin, enthalpy of formation, 195
Counterions

anionic polymerization in polar solvents,
835
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d8 metal–dithiolene complexes, 914–918
Coupling

achiral NMR shift reagents, 801, 803–804
C–C bond coupling, 508–509
Hiyama coupling, 768, 769
oxidative, 469–478
polymers, 862, 864
reductive, 258–259
Suzuki coupling, 323–324
three-component, 361
see also Cross-coupling

Coupling constants, NMR shift reagents,
794–795, 799, 800

COX-2 (cyclooxygenase-2), 613
CPE (carbon paste electrode), 696, 699
CPL (circularly polarized luminescence), 711
Croconates

analytical reagents, 728–729
oxocarbon ligands, 187, 240

Cross-conjugated compounds, palladium
enolates, 212

Cross-coupling
β-diketonato metal complex catalysis,

565–567
metal enolate nucleophiles, 368–371

Crotonaldehyde, stability, 210
Crotonase, hydrolytic cleavage, 653
Crown ethers

anionic polymerization of methacrylates/
acrylates, 847

secondary-ion mass spectrometry, 691
Cryptands, anionic polymerization of

methacrylates/acrylates, 848
Cryptophane A, 129Xe NMR, 809–810
CSAs (chiral solvating agents), 804
CSD (chemical solution deposition), 983
CSP (chiral stationary phase), 703, 710, 711,

712, 721
Cubic tetramers, lithium enolates, 7
Cupin, crystal structure, 640, 646
Cuprimetric determination, ascorbic acid, 698
Curcumin

β-diketonato complex synthesis, 244
tautomerism, 586

CVC (chemical vapor condensation), 979–980
CVD see Chemical vapor deposition
Cyanide ions, spectrophotometry, 688–689,

715
Cyanine dyes, Ln-induced NMR shifts, 795
Cyclic mixed dimers, lithium enolates, 31–32
Cyclic sulfate diesters, Ln-induced NMR

shifts, 796
Cyclic sulfides, Ln-induced NMR shifts, 795
Cyclic sulfite diesters, Ln-induced NMR shifts,

796
Cyclization

Nazarov cyclization, 445–446
oxidative, 470–473

Cycloaddition reactions
[2 + 2] cycloaddition of lithium ynolates

aldehydes and ketones, 751–752
aldimines to β-lactams, 754–755,

757–758
isocyanates to azetidine-2,4-diones,

758–759
multisubstituted carbocycles and

heterocycles, 754
[3 + 2] cycloaddition of metal ynolates

nitrones to isoxazolidinones, 759–761
oxiranes and aziridines, 761–762

[4 + 2] cycloaddition of metal ynolates
six-membered heterocycles, 762–763
vinylketenes to phenols, 763–764

β-diketonato metal complex catalysis,
569–570

metal enolato complexes, 332–333,
345–346

see also Addition reactions
Cyclobutadienetriolates, manganese enolates,

206
Cyclobutanone, acidity, 415, 427
Cyclodecanone, acidity, 427
Cyclodextrin inclusion paramaters,

acetylferrocenes, 208
Cyclodextrins, amphiphillic, 800, 801
Cycloheptanols, Ln-induced NMR shifts, 803
Cycloheptanone, acidity, 427
Cyclohexa-2,4-dienone, phenol, 412
1,2-Cyclohexanediol, Ln NMR shift reagents,

791
Cyclohexanols, Ln-induced NMR shifts, 803
Cyclohexanone, acidity, 427
Cyclohexylcarbamates, enantioseparation, 711
Cycloisomerases, sugar metabolism, 634
Cyclooctadiene, Cu complex, 960
Cyclooxygenase-2 (COX-2), inhibitors, 613
Cyclopentadiene complexes, orientation,

798
η5-Cyclopentadienidodithiolene, neutral radical

Ni complexes, 896
Cyclopentadienyl isomers, group 1 elements,

187–188
Cyclopentanols, Ln-induced NMR shifts, 803
Cyclopentanone, acidity, 427
Cyclopropanation, β-diketonato metal complex

catalysis, 569–570
p-Cymene, pyranone complexes, 606
Cytochrome P450, flaviolin oxidation, 621
CZE (capillary zone electrophoresis), 700

d8 metal–dithiolene complexes, 879–928
bi(1,2-dithiolene) compounds, 909–910
molecular conductors and magnets,

906–921, 922
photoconductors, 921–922
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d8 metal–dithiolene complexes (continued )
square-planar d8 metal dithiolenes, 881–906
structural/physical properties, 909–910

DAS645 and DAS869, herbicides, 645, 662,
663, 664

DCC–DMAP (dicyclohexyldimethylcarbodi-
imide–4-dimethylaminopyridine),
431–432

Deamination, amine oxidases, 642–644
Dearomatization, benzophenone, 199
Decarboxylation

dihydroxyfumaric acid, 212
β-lactones, 751, 752–754, 755–756

Decomposition
cerium enolates, 997
metal enolato complexes, 347
pyrolytic, 702
radiolytic, 702
silver enolates, 196, 964
strontium enolates, 967
tin enolates, 972
zinc enolates, 996

Deferiprone, Fe overload, 615–616, 617
Dehydroascorbate, ascorbic acid biosynthesis,

640–641
Dehydroascorbic acid

electrochemical analysis, 694, 697
liquid chromatography, 709

Dehydrogenative stannylation, β-diketonato
metal complex catalysis, 562

DELFIA (dissociation-enhanced rare-earth
fluoroimmunoassay), 173–174

Delocalized π system
group 1 enolates, 187
lithium dienolates, 4

Deltate oxocarbon ligands, 240, 272
Density functional calculation see DFT

calculations
Deoxygenation, sodium isoascorbate, 689
Deposition

metal oxides, 966–1004
metals, 937–966
techniques, 933–937

Deprotonation
deprotonation–reprotonation, 433
diketoamine oxidation, 259
β-diketones, 686–687
enantioselective, 437
Gibbs free energy, 207
metal enolate generation, 2, 30–32

aluminum enolates, 13
metal enolato complexes, 326, 327, 328,

329, 330
acyl complexes, 275
synthesis

from diketones, 236–247
from monoketones, 226–236

see also Protonation

Deracemization, photoderacemization, 691
Derivatizing agents, chiral, 801, 803–804
Desferrioxamine, heart failure prevention, 615
Desilyliodination, torquoselective olefination,

768
Deuteriated compounds

binuclear Ln–Ag NMR shift reagents, 812
Ln-induced NMR shifts, 796–798, 801,

806, 810
DFT calculations

acireductone autooxidation, 650
2-acylcyclohexane-1,3-diones, 115–116
alkali metal enolates, 115–117
Cu(I) β-diketonates, 957
GGA–DFT calculations, 27
GIAO–DFT calculations, 21, 22–24
lithium enolates

IR spectroscopy, 27
NMR spectroscopy, 20–21, 23–24
structure, 8, 10–11

platinum enolates, 65
tautomeric enolates, 32–33
thallium enolates, 108
vibrational spectroscopy

copper diketonates, 101
nickel diketonates, 97

2,4-Diacetylated 3-platinacyclobutanone,
formation, 213

1,1′-Diacetylferrocene, thermochemical data,
207–208

Diamines, tertiary, 846–847
Diamond, working electrode, 694
Dianions

alkali metal ynolate preparation, 742–744,
746, 748–749

lithium enolates, 189
Diastereoselectivity

addition of ester enolates to carbonyl
groups, 386–390

aldol reactions, 55–56
substrate-controlled

induced diastereoselectivity, 373–378
simple diastereoselectivity, 372, 386

alkylation reactions, 34–40, 360–361
Pd-catalyzed allylic substitutions, 366
protonation, 440–450
proton transfer, 440–450

external, 449
internal, 448–450

reduction, 434
Diazo compounds, metal enolato complex

synthesis, 285
Dibenzyl peroxydicarbonate, α-hydroxy

carbonyls synthesis, 466
Diboration, β-diketonato metal complex

catalysis, 561
2,6-Di-t-butylphenol, diastereselective

protonation, 444, 445
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D,D-Dicampholylmethanate
chiral NMR shift reagents, 805, 806
Eu complex, 790, 805, 806, 809

Dicarbonyl compounds, tautomerism, 84
β-Dicarbonyl compounds, in syntheses,

497–498
1,3-Dicarbonyl compounds, ion pair

association constants, 420
9,10-Dicyanoanthracene, photoinduced

electron transfer, 481
1,4-Dicyanonaphthalene, photoinduced

electron transfer, 482
Dicyclohexyldimethylcarbodiimide–4-

dimethylaminopyridine (DCC–DMAP),
Ibuprofen racemization, 431–432

Dieckmann condensation, lithium
ynolate-initiated cascade reactions,
752–754

Dieldrin, Ln-induced NMR shifts, 805
Dielectric solvation energies, lithium enolates,

10
Diels–Alder reactions, lanthanide

tris(β-diketonates), 807
Dienes, copolymerization of

methacrylates/acrylates, 865, 866
Dienols, β-δ-tricarbonyl compounds, 533
Diethyl malonate, acidity, 417, 419, 420, 422
Differential scanning calorimetry (DSC), In

deposition, 938
Differential thermal analysis (DTA)

lanthanide dipivaloylmethanates, 687, 702
Ni deposition, 944
Sm oxide deposition, 1000

Diffusion barriers, Rh deposition, 942
DIFLUORPHOS (2,2,2′,2′-tetrafluoro(4,4′-

bi(1,3-benzodioxole)-5,5′-diyl)bis
(diphenylphosphine)), 439, 440

Dihydromaesanin, HPPD inhibition, 664
Dihydroorotate dehydrogenase

atovaquone inhibition, 617, 618
polyporic acid inhibition, 583–584

Dihydroquercetin, anthocyanidin synthase
structure, 647, 648

Dihydroxyacetone phosphate, glycolysis, 627
2,3-Dihydroxyacrylic acid, dihydroxyfumaric

acid decarboxylation, 212
Dihydroxybenzenes, β-diketone oxidative

cleavage, 655
trans-4,5-Dihydroxy-4,5-dihydroaldrin,

Ln-induced NMR shifts, 805
Dihydroxyfumaric acid, Ni-catalyzed

decarboxylation, 212
α-α′-Dihydroxy ketones, preparation, 466–467
Dihydroxymaleic acid, enthalpy of formation,

212
1,3-Dihydroxynaphthalene, quinone derivative,

609

Dihydroxypyridine, mimosine metabolization,
599–602

Diimine–dithiolene complexes, mixed-ligand,
896–899

β-Diketiminato complex synthesis, 249–251
Diketoamines, deprotonated, 259
α-Diketonato metal complexes

synthesis, 237–242
L-ascorbato complexes, 241
enediolato complexes, 241–242, 258
hydroxypyrone/hydroxypyridinone, 237,

238–239
hydroxyquinone complexes, 239–240
oxocarbon ligands, 240–241
tropolonato complexes, 237–239

β-Diketonato metal complexes
analytical chemistry, 686–687, 714

column chromatography, 703–704
complexation gas chromatography, 720
complexation liquid chromatography, 722
electroanalysis, 692–693
gas chromatography, 701–703, 718–719
liquid chromatography, 705–707,

710–713
mass spectrometry, 691–692
reagents, 723–727
resonance-enhanced multiphoton

ionization, 692
zone chromatography, 704

anions, 238, 239, 498
catalysis, 551–577

addition of main group compounds,
559–564

C–C bond formation, 565–570
cross-coupling, 565–567
hydroformylation, 552–556
hydrogenation, 559
isomerization, 570
oxidation, 556–559

chemistry, 135–136
condensation reactions, 327
electrochemistry

functionalized β-diketonates, 527–532
polyketonates, 535–539
simple β-diketonates, 512–523

electroluminescence, 160–165, 170–171
electronic properties, 137–138, 142–144
electrophilic substitution, 323–325, 512, 705
homo, hetero-di and polynuclear complexes,

322–323
luminescence, 134–135, 136–137,

141–168, 169
bioassays, 172–174, 172
laser materials, 174–176

molecular structure, 82–84
EPR spectra, 120, 499–500
mass spectra, 121
NMR spectra, 116–118, 122
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β-Diketonato metal complexes (continued )
UV–VIS spectra, 111–115
vibrational spectra, 84–108

NMR shift reagents, 788–818
noncoordinated ligands, 342
nucleophilic substitution, 325–327
oxidative cleavage of C–C bond, 342–343
photoluminescence, 142–160, 168–170
rearrangements and equilibria, 319–321,

343
redox reactions, 497–512

involving the diketonate, 507–512
involving the metal, 498–507

structure, 138–140, 141
synthesis, 242–247

from 4-acyl-5-pyrazolones, 245–247, 248
bridging ligands, 245
carbonyl complexes, 243
families, 243–244
specific groups, 244–245
substituted at position 4, 243

thermochemical data, 186
triboluminescence, 165–168

κ1-O-diketonato ligands, 321–323
Diketones

metal enolato complex synthesis, 236–247
α-diketonato complexes, 237–242
β-diketonato complexes, 242–247
enediolato complexes, 258–259

molecular structure, 82–84
Pt-catalyzed hydrogenation, 65–67
sila-β-diketones, 115

β-Diketones
deprotonation, 686–687
electrochemistry, 512, 513
enzyme cleavage, 652–658

hydrolytic, 652–655
oxidative, 655–658

fluorinated, 706
formation, 587
gas chromatography, 701, 702, 723
tautomerism, 585–586

1,3-Diketones, intramolecular oxidative
cyclization, 471

Dilithioenolates, stability, 189
Dilithium enolates, cobalt enolate formation,

209
Dilithium ynolate, preparation, 748–749
Dimedone, thermochemical data, 228–229
Dimeric model, anionic polymerization,

839–840, 841, 843, 845, 849
Dimerization, oxidative, 501–502
Dimers

aldolases, 628
enantioselective protonation, 68–69
ester enolates, 17
lithium enolate aggregates, 9, 17, 30–32
thorium E-enedionediolates, 200, 201

2,2-Dimesityl enols, electrochemistry,
491–492, 493

Dimetalafurans, rhenium enolato complex, 233
Dimethylaminoethyl methacrylate

(DMAEMA), anionic polymerization,
843, 862

[3-(Dimethylamino)propyl]trimethyl
ammonium iodide, binuclear Ln–Ag
NMR shift reagent, 817

4-Dimethylaminopyridine, dicyclohexyl-
dimethylcarbodiimide–4-dimethylamino-
pyridine, 431–432

3,3′-Dimethylbianthrone, chirality, 809
3,3′-Dimethylbisphenol A-phenolphthalein

copolyterephthalate, compositional
tetrads, 799, 800

3,3-Dimethyl-1-butene, Cu complex, 961
Dimethyloxirane, α-hydroxyketone formation,

486
Dimethylpenta-2,3-dienoates, Ln-induced

NMR shifts, 807, 808
3,5-Dimethylphenylcarbamate, optical

resolution, 711
Dimethyl sulfoxide (DMSO), enol stability,

415
3,5-Dinitrobenzoyl-L-leucine, Ln-induced

NMR shifts, 804
3,5-Dinitrobenzoyl 1-phenylethylamine

derivative, Ln-induced NMR shifts, 804
Dinitro-bis(arginine)cobalt(III) complex,

enantioseparation, 710, 721
Dinuclear complexes, squarate oxocarbon

metal enolato complexes, 240
Dioleoylphosphatidylcholine, Ln-induced

NMR shifts, 800, 802
Diols, fluorescent sensor, 690
1,3-Dioxa-2-platinacyclooctadienone,

formation, 213
Dioxygen oxidation, α-hydroxylation, 466
Dip coating, metal deposition, 935, 937, 956
4-(4-Dipentylamino-(E)-β-styryl)-1-(2,2,2-

trifluoroethyl)pyridinium perchlorate,
Ln-induced NMR shifts, 800

Diphenylacetaldehyde, enol acidity, 423
Diphenylethanedione (benzil), dioxygenase

activity, 651
1,1-Diphenylethene (DPE)

block copolymers, 865
polystyrene–poly(methyl methacrylate),

834
chain end-capping, 859, 860
star-shaped copolymers, 867

1,1-Diphenylhexyllithium (DPHLi)
anionic polymerization

initiator, 843
ligated polymerization, 844, 846, 847, 849

polystyrene–poly(methyl methacrylate)
copolymerization, 834, 835
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sequential polymerization, 864
Diphenyl methyllithium (DPMLi), anionic

polymerization, 843
Diphenylpicrylhydrazyl radical

antioxidant capacity, 688
UV detection, 689

Diphytanoyl phosphatidylcholine, Ln-induced
NMR shifts, 800, 802

Dipivaloylmethanates
analytical reagents, 687, 708, 726
lanthanide complexes, NMR shift reagents,

789, 797, 798, 800, 801, 811
Ln complexes, 687, 702, 718

Dipolar shifts
NMR spectroscopy, 788, 789, 791–792, 811

dipolar shift equation, 792–793
Dipole moments, scandium diketonates, 88
1,3-Dipoles, [3 + 2] cycloaddition, 759–761
Diprotonated imino ligand, Cu complex, 322
Direct Coulomb interaction,

intraconfigurational transition intensities,
150, 152

Diruthenium diketonates, vibrational spectra,
96

Diselenoles, metal ynolate analogues, 780, 781
Disodium croconate, analytical reagent,

728–729
Dispersion see Molecular designed dispersion
Disproportionation, Tl compounds, 193
Dissociation-enhanced rare-earth

fluoroimmunoassay (DELFIA), 173–174
Distribution coefficients

column chromatography, 703
electrophoresis, 700
zone chromatography, 704

1,3-Disubstituted allenes, binuclear Ln–Ag
NMR shift reagents, 813, 814

β-Dithioketones, gas chromatography, 701
Dithiolenes

bis(dithiolene) complexes, 885–895
d8 metal–dithiolene complexes, 879–928
mixed-ligand complexes, 895–906

different dithiolene ligands, 899–904,
905

different substituents at same C2S2
moiety, 904–906

diimine–dithiolene, 896–899
one dithiolene and other ligands, 895–899

phosphorescence, 715
Dithiothreitol, liquid chromatography, 709
DKR (dynamic kinetic resolution), 431,

433–436
DMAEMA (dimethylaminoethyl

methacrylate), 843, 862
DMSO (dimethyl sulfoxide), 415
DNA

antitumor agent binding, 619
enol stabilization, 589

footprinting reagent, 599
mimosine inhibition, 600
oxidative cleavage, 595, 599, 602, 608

Dodec-7-yn-1-ol, tritiation, 797
Donor–acceptor complexes

redox reactions, 510–511
silyl enolate reactions, 480

Dopamine
amperometric detection, 693
electrochemical determination, 686, 694,

696
voltametric detection, 699

Dopamine β-hydroxylase, mimosine
inhibition, 661

Dopamine β-monooxygenase, inhibition, 661
DPE see (1,1-Diphenylethene)
DPHLi see 1,1-Diphenylhexyllithium
DPMLi (diphenyl methyllithium), 843
Drugs see Pharmaceuticals
DSC (differential scanning calorimetry), 938
DTA see Differential thermal analysis
D-TE (D-tagatose 3-epimerase), 623, 629
Dynamic coupling mechanism,

intraconfigurational transition intensities,
150, 151

Dynamic equilibria
copper enolates, 195
tin enolates, 194

Dynamic kinetic resolution (DKR), in situ
racemization, 431, 433–436

Dynamic processes, NMR shift reagents, 798
Dysprosium enolates, thermochemistry, 199
Dysprosium enolato complexes

β-diketiminato complexes, 252
β-diketonato complexes

photoluminescence, 159–160
synthesis, 245

tropolonato complex synthesis, 238, 239
Dysprosium oxide, deposition, 1000

ECD (electron capture detection), 702, 713,
718, 723, 726, 728

EDS (energy disperse spectroscopy), 938, 961
EDTA see Ethylenediaminetetraacetic acid
EDX (energy disperse x-ray spectroscopy),

951, 961
EIE (equilibrium isotope effect), 41, 44
EIMS (electron-impact mass spectra), 118
EL see Electroluminescence
Electrical properties, d8 bi(1,2-dithiolene)

compounds, 909–910
Electroanalysis, 692–700
Electrocatalysis, working electrodes, 694, 695,

696, 699
Electrochemical analysis methods, 692–700

artificial neural network, 686, 699
electroanalysis, 692–700
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Electrochemical analysis methods (continued )
electrophoresis, 700
working electrodes, 686, 693, 694–697, 699

Electrochemical couples, manganese enolates,
206

Electrochemical deposition, 933, 935–936
silyl enolates, 483–484

Electrochemistry, 461–550
β-diketonates

β-diketones, 512, 513
functionalized β-diketonates, 527–532
polyketonates, 535–539
simple β-diketonates, 512–523
transition metal β-diketonates, 512–523

ECE mechanism, 491–492
enols and enolato derivatives, 490–497
group 4 enolates, 493–496, 497
silyl enolates, 483–484, 497
square-planar d8 metal dithiolenes, 882–885

6π Electrocyclic ring closure, [4 + 2]
cycloaddition of lithium ynolates,
763–764

Electrode potentials
β-diketones, 512, 513
transition metal β-diketonates, 512–523,

530–532, 535–539
Electrodes

electroanalysis, 686, 693, 694–697, 699
metal deposition, 937, 948, 949
Pb oxide deposition, 973

Electroless plating, metal deposition, 936, 945,
947, 953

Electroluminescence (EL)
OLED configuration, 160–165
rare-earth β-diketonates, 160–165
transition metal enolates, 170–171

Electron capture detection (ECD), 702, 713,
718, 723, 726, 728

Electron donor–acceptor complexes
redox reactions, 510–511
silyl enolate reactions, 480

Electronic properties
Ln–substrate complexes, 801
square-planar d8 metal dithiolenes, 882–885

Electron-impact mass spectra (EIMS), yttrium
enolates, 118

Electron impact measurements, ionization
energies, 210–211

Electron paramagnetic resonance (EPR)
amine oxidases, 642
β-diketonates, 499–500
Fe(II)–ascorbate complexes, 595
furanones, 608
hydroxyflavone complexes, 597, 599
4-hydroxyphenylpyruvate dioxygenase, 665
lawsone complexes, 611
maltol complexes, 605
mimosine complexes, 600

molecular structure, 119–120
oxicam complexes, 614
quercetin complexes, 597, 599, 646, 648
quercetin 2,5-dioxygenase, 646

Electron spectroscopy for chemical analysis
(ESCA), Ru deposition, 940

Electron transfer
ECE mechanism, 491–492
intramolecular, 506
photoinduced, 481–483

Electroosmotic flow (EOF), 700
Electrophilic activation, chain end-capping,

857–859
Electrophilic substitution, β-diketonates,

323–325, 512, 705
Electrophoresis

analytical aspects, 700
deposition, 936
secondary-ion mass spectrometry, 691

Electroplating, metal deposition, 936, 953
Electropolymerization, deposition, 936
Electrospray ionization–mass spectrometry

(ESI–MS), 691, 715
Electrostatic repulsion, enolate conformation,

417–418
Electrostatic spray deposition (ESD)

Pt electrodes, 948
zirconia, 982

Electrostatic spray pyrolysis (ESP), MgO
deposition, 967

Electrothermal atomic absorption method
(ETAAS), 713, 726

Elemental analysis
rare earths, 722–723
trace metals, 691, 713
x-ray spectroscopy, 692

ELSD (evaporative light scattering detection),
709

EMA (ethyl methacrylate), 846, 850, 865
Embden–Meyerhof pathway, glycolysis,

624–625
Embelin, bioactivity, 609
Emission quantum yields, photoluminescence,

145–146, 153–154, 155–156
Enantiomeric discrimination

column chromatography, 703–704,
710–711

complexation gas chromatography, 720–721
gas chromatography, 719
Ln-induced NMR shifts, 801, 804, 806, 807,

810–811
Enantioselectivity

α-alkylation with chiral Lewis acid, 363
complexation gas chromatography, 720–721
β-diketonato metal complex catalysis, 555
Michael reactions, 383–384, 391–392
Pd-catalyzed allylic substitutions, 366
platinum enolate reactions, 65–68
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protonation reactions, 68–70
proton transfer, 436–440, 441

external, 438–439
Endoperoxides, acireductone oxidation, 650
Enediolates, thermochemical data, 186, 194
Enediolato complexes

from carbonyl compounds, 271–272, 273
α-diketonato metal complexes, 241–242,

258
1,2-Enedithiolates, phosphorescence, 715
Energy disperse spectroscopy (EDS), metal

deposition, 938, 961
Energy disperse x-ray spectroscopy (EDX),

951, 961
Energy levels, luminescence, 136–138,

141–144
Energy transfer, photoluminescence, 142–144,

145, 150, 152–153, 155–156
Enol-acyl-carrier protein reductase, inhibition,

584
Enolases

(α/β)8 structure, 632, 633, 634
metal ions, 632–635

Enolate anions, electrochemistry, 491–492
Enolate cations

Fe(II), 208
quasi-enolate vs. enoxyl cation dichotomy,

195, 197
Enolate ions

intermediates in synthesis, 82–83, 124, 125
mass spectra, 120–121
stabilization energy, 105

Enolates
anti-aromatic, 415, 416
bridgehead, 416
charge effects, 421
chiral, 443–444
conformation, 417–419
enolate–carbonyl equilibration, 415
formation, 412–413
masked enolates, 478–484
metal complexes, 592
prostereogenic, 437, 439, 440
stabilization, 415–417, 420–421
see also Metal enolates

Enolato complexes see Metal enolato
complexes

Enol-containing natural products, 581–585
Enol ethers, metal enolate formation, 359
Enolization

theoretical aspects, 30–34
halide-containing aggregates, 6
trialkylaluminum–carbonyl reactions,

12–14
Enols

acidity, 421–431
benzofuran conversion, 491–492, 493
biological systems, 581–592

chemical reactions, 585–587
natural products, 581–585
stabilization of functional group, 587–592

chemical reactions, 585–587
electrochemistry, 490–492, 493, 494
enolate formation, 412–413
enzyme inhibition, 660–665
formation, 412–413
molecular structure, 82–84
O–H bond strength, 421
proton transfer, 412–413
β-δ-tricarbonyl compounds, 533
see also Keto–enol equilibrium

Enone/enolate radical anions, In-derived, 193
Enones, metal enolato complex synthesis,

256–258
Enoxyl cations, quasi-enolate vs. enoxyl cation

dichotomy, 195, 197
Enoyl-CoA hydratase, hydrolytic cleavage,

653
Enthalpies of activation, metalation reactions,

29
Enthalpies of combustion, 186

silver enolates, 196
Enthalpies of formation, 186

acetylferrocenes, 208
calcium enolates, 192
dysprosium enolates, 199
palladium enolates, 212
rhodium enolates, 211
samarium enolates, 198–199
silver enolates, 195–196
thorium enolates, 200
tin enediolates, 194–195
uranium enolates, 201
vanadium enolates, 203
yttrium enolates, 198
zinc enolates, 196–197

Enthalpies of hydrogenation
thorium enolates, 200
uranium enolates, 201

Enthalpies of hydrolysis, chromium enolates,
204

Enthalpies of interconversion, uranium
enolates, 201

Enthalpies of thermal decomposition, silver
enolates, 196

Environmental risks, analytical methods, 685
Enzymes

enol inhibition, 660–665
metalloenolates, 620–665

EOF (electroosmotic flow), 700
Epimerases

(α/β)8 structure, 629
glycolysis enol intermediates, 628–631,

634
Epimerization, diastereoselective protonation,

440–443
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Epoxides
copolymerization of methacrylates/acrylates,

865
β-diketonato metal complex catalysis, 558
ring cleavage, metal enolato complex

synthesis, 281
Epoxy, graphite–epoxy composite electrodes,

699
3,4-Epoxythiolane 1,1-dioxide, Ln-induced

NMR shifts, 796
EPR see Electron paramagnetic resonance
Equilibration

group 1 enolates, 188–189
tin enolates, 194

Equilibrium constants
actinide enolates, 201
rhenium enolates, 207

Equilibrium isotope effect (EIE), lithium
enolates, 41, 44

Erbium enolato complexes
β-diketiminato complexes, 252
β-diketonato complexes

gas chromatography, 718
synthesis, 245

2,2,6,6-tetramethyl-3,5-heptanedionate, 1000
tropolonato complex synthesis, 238, 239

Erbium oxide, deposition, 999, 1000
ESCA (electron spectroscopy for chemical

analysis), 940
ESD see Electrostatic spray deposition
ESI–MS (electrospray ionization–mass

spectrometry), 691, 715
ESP (electrostatic spray pyrolysis), 967
Ester dianions, lithium ynolate preparation,

742–744, 746
Ester enolates

anionic polymerization models, 16
Claisen rearrangement, 386
conjugate additions, 391–393
diastereoselective addition to carbonyl

groups, 386–390
synthons, 385–405

Esters
α-keto dianions, 742–744
metal enolato complex synthesis, 226–263
polymer metalation, 860–862, 863
torquoselective olefination, 760–762

ETAAS (electrothermal atomic absorption
method), 713, 726

Ethanal
acidity, 424
see also Acetaldehyde

Ethers
cleavage, 278–281
complexation gas chromatography, 720
complexation liquid chromatography, 722
gas chromatography, 719

Ethoxysorgoleone, HPPD inhibition, 664

Ethyl acetate, acidity, 415, 416
Ethyl acetoacetate

acidity, 430
β-diketonato complex synthesis, 687

Ethylated metals, trace analysis, 713
Ethyl cyanoacetate, acidity, 416–417
Ethylene

biosynthesis, 649
plant hormone production, 642, 648
propylene copolymerization, 830

Ethylenediaminetetraacetic acid (EDTA)
complexometric titration, 713
electroanalysis, 693

Ethylene oxide, polymerization, 827
Ethylfluorogermane, Ln-induced NMR shifts,

795
Ethyl Green, forensic dye, 729, 730
Ethyl maltol, kojic acid precursor, 583
Ethyl methacrylate (EMA), anionic

polymerization, 846, 850, 865
Ethyl nitroacetate, acidity, 416–417
N -Ethylquinolinium iodide, binuclear Ln–Ag

NMR shift reagent, 817
Ethyl salicylate, diastereoselective protonation,

442
Europium enolato complexes

acetylacetonato complex, 1000
β-diketiminato complexes, 252
α-diketonato complex synthesis

squarato oxocarbon complex, 240
tropolonato complexes, 238, 239

β-diketonato complexes
complexation gas chromatography, 720
mass spectrometry, 691
NMR shift reagents, 727, 790–792,

795–798, 800–801, 803–810, 817
photoluminescence, 145–154, 715

experimental, 146–147, 148–149
theoretical, 147, 150–153

synthesis, 245, 323
protonation, 336
1-thenoyl-3,3,3-trifluoroacetonato complex,

707
Europium oxide, deposition, 1000
Evans aldol reaction, boron enolates, 50
Evaporative light scattering detection (ELSD),

709
EXAFS (extended x-ray absorption fine

structure), 595, 646
Exchange broadening, lanthanide NMR shift

reagents, 790, 804
Exchange interaction, intraconfigurational

transition intensities, 150, 152
Exchange reactions

Cl–Li, 189
lead enolates, 195
Li–halogen, 189, 746
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Excited states, ligand luminescence, 136–138,
141–144

Extended x-ray absorption fine structure
(EXAFS), 595, 646

External protonation
diastereoselective, 449
enantioselective, 438–439

E/Z equilibration
acyclic semidiones, 188
tin enolates, 194

FAAS (flame atomic absorption spectroscopy),
713, 726

Facial –meridional isomers, chromatography,
704, 711

Fatty acid synthase, Plasmodium falciparum
inhibition, 592–593

Fenton reaction, ascorbic acid, 594–595
Ferrocene, ionization energy, 210
Ferrocenyl diketonates, redox reactions,

526–527
Ferroelectric oxides, deposition, 1002, 1003
Ferromagnetism

conducting/magnetic hybrid materials,
919–920

Cu(II)–lawsone complexes, 611
d8 metal–dithiolene complexes, 907, 914,

918
bi(1,2-dithiolene) compounds, 909–910

FFD (full factorial design), 700
FIA (flow injection analysis), 689
FID (flame ionization detection), 701, 702,

708, 718, 724, 725
Fine chemicals, catalytic hydroformylation

production, 552, 555
Fitness for purpose, analytical methods, 685
Flame atomic absorption spectroscopy

(FAAS), 713, 726
Flame ionization detection (FID), 701, 702,

708, 718, 724, 725
Flame spectrometric detection (FSD), 701
Flame spray pyrolysis, Au–Ag nanoparticles,

966
Flash photolysis, alkali metal ynolate

preparation, 748
Flavesone, HPPD inhibition, 662, 664
Flaviolin, bioactivity, 590, 591, 608, 609, 621
Flavonoids, bioactivity, 581–582, 596–599
FLD (fluorescence detection), 691, 715, 728
Flisoprenin-A, stereostructure, 811
Flow injection analysis (FIA), 689
Fluorescence

ascorbic acid determination, 690
metal enolates, 135, 172–174, 175
microscope fluorescence spectrometer, 715
Tb determination, 714–715
thin layer chromatography, 705

see also X-ray fluorescence spectroscopy
Fluorescence detection (FLD), 691, 715, 728
Fluorination, β-diketonato metal complex

catalysis, 564
Fluoroimmunoassay, 173–174, 715
19F NMR shifts, lanthanide enolate shift

reagents, 800, 803
Folin–Ciocalteu method, biological samples,

688
Food additives

electroanalysis, 700
micelle-enhanced UV spectrophotometry,

689
Food preservatives, sodium D-isoascorbate,

689
Forced electric dipole mechanism,

intraconfigurational transition intensities,
150, 151

Forensic science
lead rhodizonate spot test, 729–730
luminescence, 715

Formation see Enthalpies of formation
9-Formylfluorene, enol acidity, 423
1-Formyl-1′,2′,3′,4′,5′-pentamethylcobaltocene,

auto-redox reaction, 210
Fourier transform–infrared (FT–IR)

Cr2O3 deposition, 986
Pt deposition, 949
SrO deposition, 967

Fourier transform–near infrared (FT–NIR),
calcium ascorbate, 688

Francium enolates, unknown, 186
Free radicals

flavonoid activity, 596
see also Radicals

D-Fructose, epimerization, 629
Fructose-1,6-biphosphate aldolase, enol

intermediate stabilization, 627
Fructose-1,6-diphosphate, glycolysis, 627
Fructose-6-phosphate, glycolysis, 11, 624, 625,

627
Fruits, analysis, 688
FSD (flame spectrometric detection), 701
FT–IR see Fourier transform–infrared
FT–NIR (Fourier transform–near infrared),

688
Fucose isomerase, sugar metabolism, 623, 624
Full factorial design (FFD), electrophoresis,

700
Fulvalene, thorium enolates, 200, 201
Fulvenoids, group 1 elements, 187–188
Fumarate, tyrosine catabolism, 654–655, 656,

662
Fumarylacetoacetase, biosyntheses, 662
Fumarylacetoacetate, biosyntheses, 662
Fumarylacetoacetate hydrolase, hydrolytic

cleavage, 654–655, 656
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Fumarylpyruvate, acetylpyruvate hydrolase
reaction, 654

Functional groups
bis(dithiolene) complexes, 893–895
chain end-capping, 857–860
β-diketonates

electrochemistry, 527–532
redox reactions, 524–527

enols in biological processes, 587–592
pendant, 860–862, 863

Furaneol, bioactivity, 583, 607
Furanones, bioactivity, 607–608
Furans

lithium ynolate-initiated cascade reactions,
754, 756

ring cleavage, 280–281

γ -rays
radiolytic decomposition, 702
radioprotective compounds, 686

Gadolinium enolato complexes
β-diketiminato complexes, 252
α-diketonato complex synthesis

hydroxyquinone enolato complexes,
239–240

squarato oxocarbon complex, 240
tropolonato complexes, 238, 239

β-diketonato complexes
electronic properties, 137–138
synthesis, 245

Galactonolactone, ascorbic acid biosynthesis,
639

Galactonolactone oxidase, 639
D-Galactose, ketose–aldose isomerization, 623
Gallium enolates

formation, 378–379
thermochemistry, 193

Gallium enolato complexes
acetylacetonato complex, 725, 970–971
β-diketiminato complexes, 252
α-diketonato complex synthesis, 239

squarato oxocarbon complex, 240
tropolonato complexes, 238

β-diketonato complex synthesis, 244, 245
κ1-O-diketonato ligands, 321
enediolato complexes, 258–259
hexafluoroacetylacetonato complex, 970
thioenolato complexes, 255–256

Gallium oxide, deposition, 970–971
Gas chromatography (GC), 701–703, 705,

706, 718–719, 728
comparison with other methods, 691, 704
complexation chromatography, 714,

719–722
β-diketonate reagents, 723, 724, 725, 727
trifluoroacetylacetonate reagents, 701, 702,

718, 726

volatile chelates, 713
Gas-phase activation energies, theoretical

aspects, 40–41
Gas-phase transfer of precursor, 933–934
Gas sensors, 715–716
Gauge-invariant atomic orbital see

GIAO–DFT calculations
GC see Gas chromatography
GCE (glassy carbon electrode), 694, 695–696,

699
GEC (graphite–epoxy composite), 699
Generalized gradient approximation see

GGA–DFT calculations
Genes

TetA, 658–660
TetR, 613

Gentisate 1,2-dioxygenase, flavonoid
biosynthesis, 648

Gentisic acid, maleylpyruvic acid formation,
648

Geometric isomers, liquid chromatographic
separation, 710–713

Germanium enolato complex synthesis, 239
tropolonato complexes, 238

GFP (green fluorescent protein), 589–590
GGA–DFT calculations, IR spectroscopy, 27
GIAO–DFT calculations, isotropic shielding

constants, 21, 22–24
Gibbs free energies

calcium dienolates, 192
nickel enolates, 212
platinum enolates, 213
rhenium enolates, 207

Glassy carbon electrode (GCE),
electroanalysis, 694, 695–696, 699

Gluconeogenesis, enolases, 632
Glucose oxidase (GODred), colorimetry, 725
Glucose-6-phosphate, glycolysis, 589, 624, 625
Glucose tolerance factor (GTF), 725–726
Glutathione, liquid chromatography, 708–709
Glyceraldehyde-3-phosphate, glycolysis, 627
Glycidyl methacrylate (GMA), anionic

polymerization, 843, 865
Glycine, acidity, 428
Glycolysis

enolases, 632–635
enol intermediates, 587, 589, 627–631
ketose–aldose isomerization, 621–627
pyruvate kinase, 635, 636
triosephosphate isomerase enolates,

631–632
GMA (glycidyl methacrylate), 843, 865
GODred (glucose oxidase), 725
Gold

deposition, 965–966
working electrode, 694

Gold enolates, thermochemistry, 196
Gold enolato complexes
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acetylacetonato complex, 966
carbonyl-stabilized phosphorus ylide

complexes, 317
β-diketonato complex synthesis, 245
hexafluoroacetylacetonato complex, 966
2-oxoalkyl isomerization, 320
protonation, 334, 335
1,1,1-trifluoro-2,4-pentanedionate complex,

966
Gout treatment, colchicine, 611
Gradiflorone, HPPD inhibition, 662, 664
Graft copolymers

macromolecular engineering, 857, 869–872
grafting from, 869, 870–872
grafting onto, 869–870, 872
grafting through, 869

Graphite, working electrode, 694
Graphite–epoxy composite (GEC), electrodes,

699
Green chemistry, β-diketonato metal complex

catalysis, 556
Green fluorescent protein (GFP) enol

stabilization, 589–590
Grevillins, bioactivity, 584, 585
Grignard reagents

β-diketonato metal complex cross-coupling,
566

magnesium enolates, 191–192
Group 1 elements

enolato complexes, luminescence, 171–172
metal enolato complexes, synthesis,

226–228, 244, 252
thermochemistry, 186–190

Group 2 elements
enolato complexes, luminescence, 171–172
metal enolato complexes, synthesis,

228–230, 244, 245, 252
oxide deposition, 966–968
thermochemistry, 190–192

Group 3 elements
deposition, 938
enolato complex synthesis, 230, 245, 252
oxide deposition, 974–977
thermochemistry, 197–200

Group 4 elements
enolate electrochemistry, 493–496, 497
enolato complex synthesis, 230–233, 245,

252
oxide deposition, 977–983
thermochemistry, 201–203

Group 5 elements
deposition, 938
β-diketonate electrochemistry, 512, 513, 514
enolato complex synthesis, 233, 245, 252
oxide deposition, 974, 984–986
thermochemistry, 203–204

Group 6 elements
deposition, 939

β-diketonate electrochemistry, 514–515,
527

enolato complex synthesis, 233, 245, 252
oxide deposition, 986–988
thermochemistry, 204–206

Group 7 elements
β-diketonate electrochemistry, 515,

527–528
enolato complex synthesis, 233, 245, 252
oxide deposition, 988–989
thermochemistry, 206–207

Group 8 elements
deposition, 939–942
β-diketonate electrochemistry, 515–520,

529–530
enolato complex synthesis, 233–234, 245,

252
oxide deposition, 989–992
thermochemistry, 207–209

Group 9 elements
deposition, 942–944
β-diketonate electrochemistry, 520–521,

530–531
enolato complex synthesis, 234, 245, 252
oxide deposition, 992–994
thermochemistry, 209–211

Group 10 elements
deposition, 944–952
β-diketonate electrochemistry, 521,

531–532
enolato complex synthesis, 234–236, 245,

252
oxide deposition, 994
thermochemistry, 211–213

Group 11 elements
deposition, 122, 952–966
β-diketonate electrochemistry, 521–522,

532
oxide deposition, 994–995, 996
thermochemistry, 195–196

Group 12 elements
enolato complexes

luminescence, 171–172
synthesis, 228–230, 244, 245, 252

oxide deposition, 996
thermochemistry, 196–197

Group 13 elements
β-diketonates, 701
oxide deposition, 968–971
thermochemistry, 192–193

Group 14 elements
oxide deposition, 972–974
thermochemistry, 193–195

Group transfer polymerization (GTP)
anionic polymerization of

methacrylates/acrylates, 854–857
chain end-capping, 858, 860
chain modification, 862
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Group transfer polymerization (GTP)
(continued )

graft copolymers, 869
star-shaped copolymers, 865, 868

GTF (glucose tolerance factor), 725–726
GTP see Group transfer polymerization
Guaiacol peroxidase, ascorbic acid

determination, 689
Guanidinium salts, anionic polymerization of

methacrylates/acrylates, 851, 852, 853
L-Gulono-1,4-lactone, ascorbic acid

biosynthesis, 639
Gunshot formulations, sodium rhodizonate,

729

Hafnium enolates, thermochemistry, 202–203
Hafnium enolato complexes

amidoenolato complexes, 273
carbonyl-stabilized phosphorus ylide

complexes, 317
α-diketonato complex synthesis, 233, 239

tropolonato complexes, 238
β-diketonato complexes

HfO2 deposition, 983
synthesis, 245

enediolato complexes, 271, 273
Lewis acid reactions, 344

Hafnium oxide, deposition, 983
Halides, tin enolate reactions, 60–64
Halogenated compounds, binuclear Ln–Ag

NMR shift reagents, 811
Halogens, silyl enolate oxidation, 479–480
N -Halosuccinimides, silyl enolate oxidation,

479–480
Hammett constants, gold enolates, 196
Hawkinisinuria, tyrosine catabolism

imbalance, 662
HDMF (4-hydroxy-2,5-dimethyl-3(2H)-

furanone), 583, 607
Heat capacities, acetylferrocenes, 208
Heck reaction, β-diketonato metal complex

catalysis, 565
Height equivalent of a theoretical plate

(HETP), 703
HEMF (4-hydroxy-2-ethyl-5-methyl-3(2H)-

furanone), 583, 607
Hemochromatosis, deferiprone treatment, 615
3-(Heptafluorobutyryl)-D-camphorate

Ln complexes, 790, 791
chiral NMR shift reagents, 805, 806–809,

813, 815
6,6,7,7,8,8,8-Heptafluoro-2,2-dimethyl-3,5-

octanedionate
Ag complex, 811, 962–964
binuclear Ln–Ag NMR shift reagents, 811,

813, 815, 817

Ln complexes, 789, 792, 795–798, 800,
803, 804

Heptose, sugar metabolism pathway, 627
Herbicides, HPPD inhibitors, 661–662,

663–664, 665
Hess’ Law, cobalt enolate formation, 209
Heteroatoms

bis(dithiolene) complexes, 891–893
metal ynolates, 775–782

Heterocycles
bis(dithiolene) complexes, 891–893
lithium ynolate-initiated reactions, 754, 757,

758–759
metal ynolate [4 + 2] cycloaddition,

762–763
Hetero-di-β-diketonato complexes, 322–323
Heterodimers, lithium enolates–lithium

halides, 6
Heterogeneous catalysts, deposition, 944, 945,

947, 989
HETP (height equivalent of a theoretical

plate), 703
Hexa-2,4-diene, binuclear Ln–Ag NMR shift

reagent, 812
Hexafluoro-2-butyne, trimerization, 508
Hexaketonates, electrochemistry, 536–539
Hexakinase, glycoloysis, 624
Hexaphenylethane riddle, samarium enolates,

199
1-Hexene, binuclear Ln–Ag NMR shift

reagent, 812
Hexopyranosides, deuteriation, 796
Highly-ordered pyrolytic graphite (HOPG)

electrode, 694
High performance liquid chromatography

(HPLC)
ascorbate determination, 708–710
normal phase, 705–706, 707
reverse phase, 703, 705, 706–709, 727

High-precision isotope ratio measurement, 691
High-temperature superconducting ceramics,

Ag deposition, 962
HIV protease, inhibition, 660, 661
Hiyama coupling, torquoselective olefination,

768, 769
HMF (4-hydroxy-5-methyl-3(2H)-furanone),

607, 608
HMMF (4-hydroxy-5-methyl-2-methylene-

3(2H)-furanone), 607
HMS (hydroxymandelate synthase), 661, 665
1H NMR spectroscopy

acetylpyruvate, 654
alkali metal enolates, 115–117, 687
cobalt enolates, 118
copper enolates, 687, 724
iridium diketonates, 97
lanthanide enolate shift reagents, 727, 798
manganese enolates, 95, 96, 116
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methylglyoxal, 656
Pt–ascorbic acid complexes, 595, 596
vanadium enolates, 118, 688
yttrium enolates, 118, 687

2H NMR shifts, lanthanide enolate shift
reagents, 796–798, 812

3H NMR shifts, lanthanide enolate shift
reagents, 796, 797

Holmium enolato complexes
acetylacetonato complex, 691
β-diketiminato complexes, 252
β-diketonato complex synthesis, 245
tropolonato complex synthesis, 238, 239

Homo-β-diketonato complexes, 322–323
Homodimers, lithium enolates, 6
HOMO energies

copper diketonates, 99
iridium enolates, 112–113, 123
ruthenium diketonates, 113
thallium enolates, 108
titanium diketonates, 90

Homofuraneol, bioactivity, 607, 608
Homogentisate, bioactivity, 661–662
Homogentisate 1,2-dioxygenase, biosyntheses,

648, 662
Homologation

lithium ynolate preparation, 742–744
thioesters, 772, 773

Homologous series, tantalum enolates, 204
HOPG (highly-ordered pyrolytic graphite)

electrode, 694
Horner–Wadsworth–Emmons (HWE)

reaction, 44–45, 433
Horseradish peroxidase, ascorbic acid

determination, 690
Hot-wall CVD reactors

Co oxide deposition, 993
metal deposition, 934, 938, 942, 944, 947

Houk conformation, diastereoselective
protonation, 443–444

HPLC see High performance liquid
chromatography

HPPD (4-hydroxyphenylpyruvate
dioxygenase), 609, 661–665

Humulone, bioactivity, 583, 584
HWE (Horner–Wadsworth–Emmons)

reaction, 44–45, 433
Hybrid materials, conducting/magnetic hybrid

materials, 918–921
Hydration, β-diketonato metal complex

catalysis, 563
Hydride generation, trace metal analysis, 713
Hydride transfer, lithium enolates, 42, 43, 44
Hydroaminomethylation, β-diketonato metal

complex catalysis, 562–563
Hydroarylation, β-diketonato metal complex

catalysis, 565

Hydroboration, β-diketonato metal complex
catalysis, 559–561

Hydroflavonols, biosynthesis, 642
Hydroformylation

β-diketonato metal complex catalysis,
552–556

hydroaminomethylation, 562–563
Rh-catalyzed, 394

Hydrogen, sensors, 716
Hydrogenation

β-diketonato metal complex catalysis, 559
parahydrogen-induced polarization,

807–808
Pt-catalyzed, 65–67
see also Enthalpies of hydrogenation

Hydrogen atoms, prochiral pairs, 805
Hydrogen bonding, d8 metal–dithiolene

complexes, 908, 917
Hydrogen sulfide, determination in air, 714
Hydrolysis see Enthalpies of hydrolysis
Hydrolytic cleavage, β-diketones, 652–655
α-Hydroperoxide intermediate,

α-hydroxylation, 464–465
Hydrophobicity, neutral enolates, 420
Hydrophosphination, β-diketonato metal

complex catalysis, 563
Hydroquinone

electroanalysis, 699
liquid chromatography, 708

Hydrovinylation, β-diketonato metal complex
catalysis, 565

Hydroxo complexes, metal enolato complex
synthesis, 282–283

Hydroxyacetaldehyde, dihydroxyfumaric acid
decarboxylation, 212

Hydroxyacetophenone, oxidative cleavage, 655
Hydroxybenzoquinone, bioactivity, 582
α-Hydroxy carbonyl compounds, synthesis,

464–469
Hydroxycarboxylic acid methyl esters,

Ln-induced NMR shifts, 803
Hydroxycarboxylic acids, optical resolution,

711
4-Hydroxy-2,5-dimethyl-3(2H)-furanone

(HDMF), bioactivity, 583, 607
4-Hydroxy-2-ethyl-5-methyl-3(2H)-furanone

(HEMF), bioactivity, 583, 607
Hydroxyflavone, Cu complexes, 597–598, 599
α-Hyroxylation, lithium enolates, 464–465
Hydroxyl groups, chain end-capping,

857–858, 860
Hydroxyltropolone, enzyme inhibition, 661
Hydroxylysine, collagen synthesis, 641
Hydroxymandelate, biosynthesis, 661, 662,

665
Hydroxymandelate synthase (HMS), 661, 665
4-Hydroxy-5-methyl-3(2H)-furanone (HMF),

bioactivity, 607, 608
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4-Hydroxy-5-methyl-2-methylene-3(2H)-
furanone (HMMF), bioactivity, 607

Hydroxynaphthoquinones, bioactivity, 608,
609–610, 616–618

Hydroxyphenylglycine, biosynthesis, 665
4-Hydroxyphenylpyruvate, biosyntheses,

661–662, 665
4-Hydroxyphenylpyruvate dioxygenase

(HPPD), inhibition, 609, 661–665
Hydroxyproline, collagen synthesis, 641
Hydroxypyridinones, α-diketonato complexes,

237, 238–239
Hydroxypyrones, α-diketonato complexes,

237, 238–239
Hydroxyquinones

bioactivity, 608, 609
α-diketonato complex synthesis, 237,

239–240
Hydroxytoluene, butylated, 616
Hyperconjugation, enol formation, 412
Hypervalency

organoiodine, 745
torquoselective olefination, 768, 769

Hypoxia-inducible transcription factor, prolyl
hydroxylase, 641–642

IBMA (isobornyl methacrylate), 865
Ibuprofen, in situ racemization, 431–432
IC (ion chromatography), 709
ICP–AES (inductively coupled plasma–

atomic emission spectroscopy), 713, 723,
725

ICP–MS (inductively coupled plasma–mass
spectrometry), 708, 713, 723, 726

IEC (ion exchange chromatography), 703
Ilimaquinone, bioactivity, 609
Imaging agents

magnetic resonance imaging, 794
metalloenolates, 619–620

Iminoxy radicals, redox reactions, 510–511
Immersion plating, 936
Immunoassay techniques, 172–176, 715
Implicit solvation model, lithium dienolates, 5
Impregnation, metal deposition, 939, 941, 945,

946–947
Indanones

basicity, 432
enol acidity, 422, 427

Indium, deposition, 938
Indium enolates

diastereoselective addition reactions,
387–388

thermochemistry, 193
Indium enolato complexes

acetylacetonato complex, 716, 971
β-diketiminato complexes, 252
β-diketonato complexes

In deposition, 938
synthesis, 244, 245

hexafluoroacetylacetonato complex, 938
2,2,6,6-tetramethyl-3,5-heptanedionate, 971
thioenolato complexes, 255–256
tropolonato complex synthesis, 238, 239

Indium oxide
deposition, 971
Sn-doped, 971, 1002, 1003

Indole, binuclear Ln–Ag NMR shift reagent,
815

Inductively coupled plasma–atomic emission
spectroscopy (ICP–AES), 713, 723, 725

Inductively coupled plasma–mass
spectrometry (ICP–MS), 708, 713, 723,
726

INEPT (insensitive nuclei enhanced by
polarization transfer), 807

Infrared spectroscopy see IR spectroscopy
Initiators, anionic polymerization in polar

solvents, 833–835
Injection analysis

multisyringe spectroscopic flow, 689
sequential, 699

Inner-sphere mechanism, redox reactions,
506–507

Inorganic salts, ligated anionic polymerization,
842–844, 847, 859

Inositol monophosphatase, inhibition, 661
Insecticides, tropolones, 611
Insensitive nuclei enhanced by polarization

transfer (INEPT), 29Si NMR, 807
Insertion reactions

metal enolato complexes, 328, 330, 346
synthesis, 261–263, 267–271

in situ racemization, proton transfer, 431–436
Insulin

Cr(III) trifluoroacetylacetonate complex,
725–726

mimetic V–maltol complexes, 605
Integrated circuits, Ru deposition, 939
Interconversion, uranium enolates, 201
Intermolecular interactions

bis(dithiolene) complexes, 891
d8 metal–dithiolene complexes

counterion role, 914–918
fluorine segregation effects, 908, 911
H-bonding effects, 908, 917
single-component molecule systems,

907–908, 911–914, 922
square-planar d8 metal dithiolenes, 885
substituent effects, 917–918

oxidative coupling, 473–478
Internal protonation, diastereoselective,

448–450
Intraconfigurational transition intensities

photoluminescence, 135, 145–154
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energy transfer rates, 150, 152–153,
155–156

experimental, 146–147, 148–149
theoretical, 147, 150–153

Intramolecular electron transfer, redox
reactions, 506

Intramolecular enolates, zinc enolates, 196
Intramolecular oxidative cyclization, 470–473
Intramolecular palladium-catalyzed allylic

alkylations, 366–367
Intrinsic bound shifts, NMR data fitting, 793
1-Iodohexane, binuclear Ln–Ag NMR shift

reagent, 813
Iodometric determination, 713
Ion chromatography (IC), 709
Ion exchange chromatography (IEC), 703
Ionic liquids, β-diketonato metal complex

oxidation, 558
Ionization energies, cobaltocene, 210
Ionophores

lanthanide enolates, 717–718
lasalocid, 688

Ion pairing
association constants, 420
enolate acidity, 418, 419, 420

Ion-pair reversed phase high performance
liquid chromatography (IP-RP-HPLC),
703, 707

Ion scattering, Fe oxide deposition, 989
Ion-selective electrodes (ISE), 697, 714,

716–718
IP-RP-HPLC (ion-pair reversed phase high

performance liquid chromatography),
703, 707

3-Iridacyclobutanes, iridium enolates, 211
Iridium, deposition, 943–944
Iridium diketonates

phosphorescence, 123
UV–VIS spectra, 111–113, 688
vibrational spectra, 97

Iridium enolates, thermochemistry, 211
Iridium enolato complexes

acetylacetonato complex, 325, 706, 943–944
aldol reaction, 332
cycloaddition, 345–346
α-diketonato complex synthesis, 234, 239

tropolonato complexes, 238
β-diketonato complexes

electroluminescence, 170–171
synthesis, 245

from 4-acyl-5-pyrazolones, 246
metalafuran, 263
oxidative addition, 329, 330, 347
2-oxoalkyl isomerization, 320
protonation, 333, 334
redox reaction synthesis, 259
2,2,6,6-tetramethyl-3,5-heptanedionate, 943,

944

Iron
deposition, 939
overload treatment, 615–616, 617

Iron complexes
cyclopentadiene complex orientation, 798
mimosine, 600

Iron enolates
molecular structure, 111
thermochemistry, 207–208

Iron enolato complexes
acetylacetonato complex

analytical aspects, 692, 703, 706, 715,
725

metal/metal oxide deposition, 939,
989–991, 992

β-diketiminato complexes, 252
α-diketonato complex synthesis, 233–234,

239
hydroxyquinone enolato complexes, 239
oxocarbon complexes, 240
tropolonato complexes, 238

β-diketonato complexes
column chromatography, 703
synthesis, 245, 323, 326

hexafluoroacetylacetonato complex, 701
phosphinoenolato complexes, 254
polyketonato complexes, 248
redox reactions, 259, 689
2,2,6,6-tetramethyl-3,5-heptanedionate, 989
thioenolato complexes, 255–256

Iron overload, 615–616, 617
Iron oxides, deposition, 989–991, 992
IR spectroscopy, 688

acetylacetonate reagents, 724
graft copolymers, 872
lanthanide dipivaloylmethanate, 687
α-lithio carboxylic esters, 838, 840
molecular structure, 84–108, 120
Sm oxide deposition, 1000
theoretical aspects, 25–27
volatile Ba complexes, 690
see also Fourier transform–infrared

ISE (ion-selective electrodes), 697, 714,
716–718

Iso-alpha acids, bioactivity, 583
Isoascorbic acid

analytical reagents, 727–728
electroanalysis, 694
UV detection, 685

Isobornyl methacrylate (IBMA), block
copolymers, 865

Isobutyraldehyde, enol acidity, 421–422
Isocyanates

cycloaddition of metal ynolates, 758–759,
763

metal enolato complex synthesis, 266
π -Isoelectronic structures, thermochemistry,

190–191
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cis-Isohumulone, bioactivity, 583, 584
Isoleptospermone, HPPD inhibition, 662, 664
Isolobal compounds, tin enolates, 193–194
Isomerization

β-diketonato metal complex catalysis, 570
enolato to 2-oxoalkyl, 315, 316, 319–321,

343
ketenido complexes, 328
ketose–aldose isomerases, 621–627
metalotropic, 194
Rh-catalyzed, 359–360

Isomers
2,3-butylene oxides, 806
facial –meridional, 704, 711
liquid chromatographic separation, 704,

710–713
tetrameric, 7

Isopenicillin N synthase, pH dependence, 646
Isoselenocyanates, metal ynolate analogues,

780, 781
Isothiouronium salts, binuclear Ln–Ag NMR

shift reagent, 815, 817
Isotope effects

lithium enolates, 41–42, 43, 44
NMR shift reagents, 797

Isotope ratio measurement, 691
Isotopic incorporation, base-mediated

enolization, 431
Isotropic shielding constants, 13C NMR, 21,

22–24
Isoxazolidinones

β-amino acid formation, 759–760
lithium ynolate [3 + 2] cycloaddition,

759–761
Isoxazolyllithium, lithium ynolate preparation,

741–742
Isoxicam, COX inhibitor, 613, 614
ITO see Tin-doped indium oxide

Jahn–Teller distortion, Cu–hydroxyflavone
complexes, 597–598

Kaempferol
bioactivity, 582
biosynthesis, 644
crystal structure, 646, 647

K-edge x-ray absorption spectroscopy, 692
Ketenes

cleavage, 209
formation from metal ynolates, 740–741,

744, 745, 758–759, 763, 775
metalation, 746, 748
metal enolato complex synthesis, 263–266,

274–275
Ketene silylacetals, NMR spectroscopy, 836
Ketenides, group 1 elements, 189
Ketenido complexes, 263, 274–276, 328–329

Ketenolates, group 1 elements, 187
Ketiminato complexes

β-diketonato reactions, 326–327
synthesis, 249–252

Ketimines, metal enolato complex synthesis,
249–252

2-Ketiminoenolates, thermochemical data, 186
β-Ketoaldehydes, formation, 587
α-Keto dianions

alkali metal ynolate preparation, 742–744
lithium enolates, 189

β-Ketoenamines, gas chromatography, 701
Keto–enol equilibrium, 82–84, 412

acetylacetone, 83–84, 106
biological systems, 581, 592
electrochemistry, 490
lanthanide diketonates, 103
magnesium enolates, 11–12
π metal–ligand interaction, 109
2,4-pentanedione, 498
silyl enolates, 479

Ketoenols
Rb salt, 190
tautomerism, 587

β-Ketoesters, formation, 587
Ketohydrazonato complexes, 249–252, 327
Ketoiminoenolato complexes, 328
Ketone enolates

C–C bond formation
addition to carbonyl groups, 372–379

aldol reactions, 372–378
α-substitution, 356–371

α-alkylations, 360–363
cross-coupling reactions, 368–371
metal enolate formation, 356–360
transition-metal catalyzed allylic

alkylations, 363–368
Ketones

catalytic oxidation production, 556–557
[2 + 2] cycloaddition of lithium ynolates,

751–752
deprotonation, 2, 30–32
α-mercurated ketones, 197
metal enolato complex synthesis, 226–263

diketones, 236–247
enones, 256–258
monoketones, 226–236
polyketones, 247–249

torquoselective olefination, 764–767,
769–771

α,β-unsaturated, 442–443
Ketopyrans, molybdenum enolates, 205
Ketose–aldose isomerases, glycolysis,

621–627
Kinetic control

carbonyl basicity, 431
diastereoselective protonation, 442
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metal enolate formation, 356–357,
359–360, 364, 378–379

Kinetic isotope effect (KIE)
enolase glycolysis, 632
lithium enolates, 41–42, 44

Kinetic resolution, in situ racemization, 431,
433–436

Kinetic studies, redox reactions, 506–507
Kojic acid

bioactivity, 583, 602–607
copper enolates, 195
α-diketonato complex synthesis, 237
electroanalysis, 696
enzyme inhibition, 661
liquid chromatography, 708, 709
molybdenum enolates, 205
skin bleaching formulations, 686, 687

β-Lactams, [2 + 2] cycloaddition of lithium
ynolate, 754–755, 757–758

γ -Lactams, [3 + 3] cycloaddition of metal
ynolates, 762

Lactides, ring-opening polymerization, 826,
830–831, 861

Lactones
Ln-induced NMR shifts, 804
Meldrum’s acid conformation, 419
rhenium enolates, 207

β-Lactones
[2 + 2] cycloaddition of lithium ynolate,

751, 752–754, 755–756
decarboxylation, 751, 752–754, 755–756
lithium ynolate preparation, 741

γ -Lactones, [3 + 3] cycloaddition of metal
ynolates, 761

LA–CVD (laser-assisted CVD process), 934,
943, 956

Lanthanide diketonates
electrochemistry, 522–523
La ion extraction, 122
vibrational spectra, 89, 102–104

Lanthanide enolates
ionophores, 717–718
NMR shift reagents, 686, 723, 727,

787–822
achiral

applications, 795–801
binuclear Ln–Ag reagents, 812–813,

817–818
chiral derivatizing agents, 801,

803–804
chiral solvating agents, 804
ligands, 789

binuclear Ln–Ag reagents, 789, 808,
811–818

chiral, 805–811
coupling constants, 794–795

dipolar shifts, 788, 789, 791–793, 811
enantiomer resolution, 719
metal effects, 789–790
shift mechanism, 791–792
spectral broadening, 790–791
structural fitting of data, 792–794
temperature effects, 790

redox reactions, 489
thermochemistry, 198–200

Lanthanide enolato complexes
acetylacetonato complexes, 1000
croconato oxocarbon complexes, 240
β-diketiminato complexes, 252
β-diketonato complexes

Ln–substrate complexes, 793
NMR shifts, 788–818
oxide deposition, 999, 1000
supercritical fluid chromatography, 707
synthesis, 245

dipivaloylmethanate
analytical reagents, 687, 702, 726
NMR shift reagents, 789, 797, 798, 800,

801, 811
enediolato complexes, 272
from ketenes, 265–266
luminescence, 610
from oxo complexes, 283

Lanthanide oxides, deposition, 996–1001
Lanthanide tris(β-diketonates)

absolute configuration, 810
Diels–Alder reactions, 807
NMR shift reagents, 788–789, 795, 805

Lanthanum enolato complexes
acetylacetonato complex, 704, 707, 975
β-diketiminato complexes, 252
α-diketonato complex synthesis, 239

hydroxyquinone enolato complexes,
239–240

squarato oxocarbon complex, 240
tropolonato complexes, 238, 239

β-diketonato complexes
NMR shift reagents, 719, 789, 803
synthesis, 245, 323

2,2,6,6-tetramethyl-3,5-heptanedionate,
975–976

Lanthanum oxide, deposition, 975–977
Lapachol, bioactivity, 617–618
Lasalocid, ionophore, 688
Laser-assisted CVD process (LA–CVD), 934,

943, 956
Laser materials, rare-earth β-diketonates,

174–176
Laser photolysis, Cu complexes, 690
Latent fingerprints, forensic science, 715
Lauryl methacrylate (LMA) polymerization,

834
Lawsone, bioactivity, 609–611
LDA see Lithium diisopropylamide
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LDL (low density lipoprotein), 608
Lead enolates

molecular structure, 106–107
thermochemistry, 195

Lead enolato complexes
acetylacetonato complexes, 106, 706, 974
α-diketonato complex synthesis, 239

squarato oxocarbon complex, 240
tropolonato complexes, 238

β-diketonato complexes
Pb oxide deposition, 972–973
synthesis, 245

2,2,6,6-tetramethyl-3,5-heptanedionate,
972–973

thioenolato complexes, 255–256
Lead oxides, deposition, 972–974
Lead rhodizonate spot test, 729–730
Least squares (LS) analysis, 699
LEIS (low-energy ion scattering), 989
Leptospermone, HPPD inhibition, 662, 664
Leucine, acidity, 429
Leucoanthocyanidines, oxidation, 644
Leucomelone, enzyme inhibition, 584, 660
Levobupivacaine, in situ racemization, 431
Lewis acids

chiral, 363
keto–enol conversion, 587, 588
metal enolato complex reactions, 343
titanium enolate aldol reactions, 58

Lewis bases
Cu(I) β-diketonates, 957, 960
enol formation, 413, 588
π -face selectivity, 51–52

Libertellenones, bioactivity, 582
Lifetime, photoluminescence, 144, 145
Ligands

acetylacetonato
molecular structure, 106–108, 111
reactions, 322–323, 325–326, 329–330,

334, 335, 336
supramolecular solid-state architecture,

124
achiral, 789
bis(dithiolene) complexes, 893–895
block copolymers, 846, 847
bridging, 245
β-diketonato, 507
κ1-O-diketonato, 321–323
diprotonated imino, 322
luminescence, 136–138, 141–144
metal–ligand bonds

EPR spectra, 119–120
mass spectra, 121
UV–VIS spectra, 109–112, 120
vibrational spectra, 84–87, 88, 101, 102

noncoordinated, 342
noninnocient, 881–882
oxocarbon, 240–241, 272, 273

push–pull character, 883, 885
see also Mixed-ligand complexes

Ligand-to-metal charge transfer (LMCT)
states, intraconfigurational transition
intensities, 153

Ligated anionic polymerization
methacrylates and acrylates, 826, 842–849

crown ethers, 847
cryptands, 848
inorganic salts, 842–844, 847, 859
lithium 2-(dimethylamino)ethoxide, 849
lithium 2-(2-methoxyethoxy)ethoxide,

842, 849
organic salts, 844–846
pyridine, 848
tertiary diamines, 846–847

Light Green SF Yellowish, forensic dye, 729,
730

Limonene, binuclear Ln–Ag NMR shift
reagent, 812, 813

LiOEEM (lithium 2-(2-methoxyethoxy)
ethoxide), 842, 849, 860

Lipophillic systems, Ln-induced NMR shifts,
800

Lipopolysaccharide, synthesis, 627
Lipoxygenase, inhibition, 609, 660
Liquid chromatography, 703–713, 714

column chromatography, 703–704, 710
complexation liquid chromatography, 722
high-performance, 705–707, 708–710
isomer separation, 710–713
thin layer chromatography, 704–705
zone chromatography, 704

Lithiation, lithium ynolate preparation,
747–749

α-Lithio carboxylic esters, unimeric models,
838–839

Lithium acetylides, oxygenation, 745
Lithium amide

bases, 396
chiral, 391–392
electroanalysis, 694
enantiomerically pure, 437

Lithium t-butoxide
poly(methyl methacrylatae) dimeric model,

839
anionic polymerization of methacrylates/

acrylates, 844–845
Lithium t-butylperoxide, oxygenation of

lithium acetylides, 745
Lithium chloride, anionic polymerization of

methacrylates/acrylates, 842–844, 847,
859, 862, 865, 866

Lithium dienolates, structure, 4–5
Lithium diisopropylamide (LDA)

anionic polymerization
chain end-capping, 859
chain modification, 860–862
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graft copolymers, 869–872
polymer network, 872–873

Lithium 2-(dimethylamino)ethoxide, anionic
polymerization of methacrylates/
acrylates, 849

Lithium enolates
addition reactions, 41–50
cobalt enolate formation, 209
gas-phase activation energies, 40–41
α-hyroxylation, 464–465
IR spectroscopy, 25–27
NMR spectroscopy, 16–24
redox reactions, 485–487
reductive conversion of ynolates, 774
ruthenium diketonate formation, 96
structure, 4–11
thermochemistry, 186–188, 189, 190
UV–VIS spectroscopy, 25, 114

Lithium enolato complexes
aldol reactions, 331
carbonyl complexes, 270
β-diketiminato complexes, 252
α-diketonato complex synthesis, 226–228,

231, 232–233, 236
tropolonato complexes, 239

β-diketonato complex synthesis, 244
from 4-acyl-5-pyrazolones, 248

insertion reactions, 261
2-oxoalkyl versus enolato coordination, 315,

319
phosphinoenolato complexes, 232, 253
tetrahydrofuran ring cleavage, 278–279

Lithium ester enolates
asymmetric Michael reaction, 391
lithium ynolate preparation, 746–747
nucleophilic addition of nitrones, 49–50

Lithium halides, heterodimers, 6
Lithium–halogen exchange, lithium ynolate

preparation, 746
Lithium 2-(2-methoxyethoxy)ethoxide

(LiOEEM), anionic polymerization of
methacrylates/acrylates, 842, 849, 860

Lithium perchlorate, anionic polymerization of
methacrylates/acrylates, 844

Lithium trimethylsilylynolate, from
trimethylsilyldiazomethane, 744

Lithium ynolates
asymmetric reactions, 760–761
cascade reactions, 752–754, 755–756
[2 + 2] cycloaddition

aldehydes and ketones, 751–752
aldimines to β-lactams, 754–755,

757–758
isocyanates to azetidine-2,4-diones,

754–755, 757–758
multisubstituted carbocycles and

heterocycles, 754
[3 + 2] cycloaddition, 759–761

[4 + 2] cycloaddition, 763–764
preparation

from isoxazolyllithium, 741–742
metalation, 746–748
oxygenation of terminal alkynes, 745
rearrangement, 742–744

reductive conversion to enolates, 774
torquoselective olefination of carbonyls,

764–774
acylsilanes, 767–769
aldimines, 772–774
esters, 760–762
ketones, 764–767

α-oxy and α-amino ketones, 769–771
thioester homologation, 772, 773

see also Metal ynolates
Living polymerization, 826–827, 830
LMA (lauryl methacrylate), 834
LMCT (ligand-to-metal charge transfer) states,

153
Lobster enolase, metal complexes, 633, 634
Lornoxicam, COX inhibitor, 613, 614
Low density lipoprotein (LDL), furanone

inhibition, 608
Low-energy ion scattering (LEIS), Fe oxide

deposition, 989
Low-temperature NMR spectroscopy, 798
LS (least squares) analysis, 699
Luminescence

applications, 172–177
energy levels, 136–138, 141–144
Ln(III)–lawsone complexes, 610
luminescent sensitizers, 169
metal enolates, 131–184

rare-earth enolates, 134–135, 141–168
bioassays, 172–174, 175
laser materials, 174–176

transition metal enolates, 123, 168–170
Luminol, chemiluminescence, 715
LUMO energies

iridium enolates, 97, 112–113, 123
ruthenium diketonates, 113
thallium enolates, 108

Lutetium enolates, thermochemistry, 200
Lutetium enolato complexes

CO insertion, 267, 268, 269
α-diketonato complex synthesis, 236

hydroxyquinone enolato complexes,
239–240

tropolonato complexes, 238, 239
β-diketonato complex synthesis, 245

Lysyl hydroxylase, collagen synthesis, 641

Macromolecular engineering, 857–873
block copolymers, 857, 862–865, 866
chain end-capping by functional group,

857–860
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Macromolecular engineering (continued )
chain modification by pendant groups,

860–862, 863
comb-shaped copolymers, 857, 859,

869–872
graft copolymers, 857, 869–872
polymer networks, 872–873
star-shaped copolymers, 857, 865–868

Macromonomers
graft copolymers, 869
living polymerization, 827
unsaturated end-groups, 859

Maesanin
bioactivity, 609
enzyme inhibition, 660, 664

Maesanol, HPPD inhibition, 664
Magnesium ascorbyl phosphate, analysis, 686,

687, 708, 727
Magnesium enolates

aldol reactions, 124, 125, 372
diastereoselective addition reactions,

388–390
NMR spectra, 116–117
structure, 11–12
thermochemistry, 191–192

Magnesium enolato complexes
acetylacetonato complex, 703, 967
β-diketiminato complexes, 252
α-diketonato complex synthesis,

228–229
tropolonato complexes, 238

β-diketonato complex synthesis, 245,
322–323, 323

epoxide ring cleavage, 281
from isocyanates, 266
from ketenes, 264
redox reaction synthesis, 259
2,2,6,6-tetramethyl-3,5-heptanedionate,

967
Magnesium oxide, deposition, 966–967
Magnetic force microscopy (MFM), Fe3O4,

990
Magnetic properties

d8 metal–dithiolene complexes, 907, 911,
912, 914–918

bi(1,2-dithiolene) compounds, 909–910
Magnetic resonance imaging, image contrast

agents, 794
Magnetic susceptibility, Ln complexes, 687,

727
Magnets

d8 metal–dithiolene complexes, 906–918
conducting/magnetic hybrid materials,

918–921
Main group metal enolates, luminescence,

171–172
MALDI (matrix-assisted laser desorption),

725–726

Maleylacetoacetate, biosyntheses, 662
Maleylpyruvate, acetylpyruvate hydrolase

reaction, 654
Maleylpyruvic acid, gentisic acid conversion,

648
Maltol

bioactivity, 583, 602–606
α-diketonato complex synthesis, 237

2-Manganesafuran, thermochemistry, 206
Manganese diketonates, vibrational spectra,

92, 95–96
Manganese enolates

encapsulation, 125
EPR spectra, 119
thermochemistry, 206–207

Manganese enolato complexes
acetylacetonato complex, 724–725, 988
carbonyl complexes, 270–271
CO insertion, 270, 276
β-diketiminato complexes, 252
α-diketonato complex synthesis, 239

oxocarbon complexes, 240–241
tropolonato complexes, 238

β-diketonato complex synthesis, 243, 245,
323, 325–326

from 4-acyl-5-pyrazolones, 247, 248
from ketimines, 249, 251, 252
protonation, 334
redox reaction synthesis, 259
supercritical fluid chromatography, 707
tetracyanoethylene reaction, 285
2,2,6,6-tetramethyl-3,5-heptanedionate,

988
Manganese oxides, deposition, 988–989
Mannich reactions, amino acid enolates, 393,

394–395, 396
Mannose-6-phosphate, glycolysis, 626, 627
MAPLE (matrix-assisted pulsed laser

deposition), 716
Masked enolates, silyl enolates, 478–484
Mass spectrometry, 691–692

deposition
Ag, 964
MoO3, 987

electron-impact MS, 118
inductively coupled plasma MS, 708
membrane introduction ion trap, 692
molecular structure, 120–121

scandium diketonates, 88
yttrium enolates, 118

Matrix-assisted laser desorption (MALDI),
725–726

Matrix-assisted pulsed laser deposition
(MAPLE), 716

MCM-41, Fe deposition, 939
MED (microwave emission detector), 718
MEKC (micellar electrokinetic

chromatography), 700
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Melanin
cosmetics, 686
electroanalysis, 694

Meldrum’s acid, conformation, 419
Meloxicam, COX inhibitor, 613, 614
Membrane introduction ion trap MS (MIMS),

692
Membranes

conducting, 695, 697
ion selective electrodes, 716–717

trans-2-Menthene, binuclear Ln–Ag NMR
shift reagent, 813

Mercaptane, liquid chromatography, 709
α-Mercurated ketones, C-bonded, 197
Mercury compounds, 2-oxoalkyl mercury, 315,

320
Mercury diketonates, vibrational spectra, 102
Mercury enolates

quasi-enolate vs. enoxyl cation dichotomy,
195, 197

thermochemistry, 197
Mercury enolato complexes

carbonyl-stabilized phosphorus ylide
complexes, 317

α-diketonato complexes, 239
hydroxyquinone enolato complexes,

239–240
tropolonato complexes, 238

β-diketonato complex synthesis, 245
2-oxoalkyl isomerization, 320

Meridional isomers, facial –meridional, 704,
711

meso-compounds, enantioselective
deprotonation, 437

Mesoporous materials
MCM-41, 939
near-infrared luminescence, 176–177

Mesotrione, herbicide, 662, 663
Metal(III) acetylacetonates, organic monolayer

assembly, 123–124
1-Metala-2,6-dioxyacyclohexane rings,

β-diketonato complexes, 243
2-Metala-1,3-dioxolenes, structure, 202–203
Metalafurans

chromium enolato complex, 341
from CO and carbonyl complexes, 276–278
coordination chemistry, 340–342
iridium enolato complex, 263
molybdenum enolato complex, 278
niobium enolato complex, 278
osmium enolato complex conversion, 258,

283, 329
from phosphinoenolato complexes, 337
platinum enolato complexes, 284, 340
redox reactions, 258, 260
rhenium enolato complexes, 233, 263, 277,

284
ruthenium enolato complex, 263

tungsten enolato complexes, 277, 284,
341–342

Metal alloys see Alloys
Metal ascorbates, bioactivity, 594–596
Metalation

ester-containing polymers, 860–862, 863
ester enolates, 385–386
ketenes, 746, 748
lithium ynolate preparation, 746–748
theoretical aspects, 27–30
ynolate dianions, 748–749

Metal complexes
applications, 122–125
bioactivity, 592–620
EPR spectra, 120, 499–500
Ln-induced NMR shifts, 795
mass spectra, 121
UV–VIS spectra, 109

Metal diimine–dithiolene complexes,
mixed-ligand, 896–899

Metal(II) diketonates, metal–oxygen
frequencies, 86–87

Metal(III) diketonates, metal–oxygen
frequencies, 85–86

Metal–dithiolene complexes, 879–928
Metal enolates

analytical aspects, 683–738
determination, 687–713
as reagents and aids, 713–730

biological aspects, 579–682
antitumor agents, 618–619
biochemicals, 592–612
biosensors, 619–620
metal complexes of enolates, 592–620
pharmaceuticals, 592–593, 612–618

catalysis, 551–577
C–C bond formation, 380–385
chemical reactions, 585–587
deposition of metals/metal oxides,

929–1017
electrochemistry, 461–550
generation by deprotonation, 2, 13, 30–32
luminescence, 131–184
macromolecular engineering, 857–873
Michael addition, 380–385

enantioselective, 383–384
of ketone enolates, 380–383
ring closure with ketone enolates,

384–385
molecular structure, 81–130
polymerization, 823–878
reactivity, 27–73, 74
redox chemistry, 461–550
spectroscopy, 16–27
structure, 2, 3–16
synthesis

addition of ketone enolates to carbonyls,
378–379
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Metal enolates (continued )
from enol ethers, 359
Rh-catalyzed isomerization, 359–360
stereo- and regioselectivity, 356–359

synthons in organic chemistry, 355–409
theoretical aspects, 1–80
thermochemical considerations, 185–221
see also Enolates; Metalloenolates

Metal enolato complexes, 313–353
aldol reactions, 323–324, 330–333
alkoxide formation, 343
amidoenolato complexes, 272, 273
aminoenolato complexes, 346
arsinoenolato complexes, 252, 254, 265
cleavage of C–O bond, 262, 344–345
condensation reactions, 327
cycloaddition reactions, 332–333,

345–346
decomposition, 347
definition, 224–225, 314
deprotonation, 326, 327, 328, 329, 330
electrophilic substitution, 323–325, 705
enediolato complexes, 241–242, 258,

271–272, 273
ketenido complexes, 263, 274–276,

328–329
ketohydrazonato complexes, 327
Lewis acid reactions, 343
nucleophilic substitution, 325–327
oxidative addition, 315, 317, 329, 330,

347
2-oxoalkyl coordination, 224–225, 314,

315–330
carbonyl-stabilized phosphorus ylide

complexes, 315–318
CO2 insertion, 346
isomerization, 315, 316, 319–321, 343
metalafurans, 277
nucleophilic substitution, 326–327
Pd(II) and Pt(II) complexes, 315–317
rearrangements and equilibria, 318–319
synthesis, 236, 249

phosphinoenolato complexes, 232, 234, 265,
267–268, 336–340

polyketonato complexes, 247–249
protonation reactions, 324–325, 333–336
reactions to form other enolato complexes,

321–330
synthesis, 223–311

from acyl halides, 266–267
from carbon monoxide and carbonyl

complexes, 267–276
cleavage of ethers, 278–281
from isocyanates, 266
from ketenes, 263–266
from ketones, aldehydes and esters,

226–263
group 1, 226–228, 244, 252

groups 2 and 12, 228–230, 244, 245,
252

group 3, 230, 245, 252
group 4, 230–233, 245, 252
groups 5, 6 and 7, 233, 245, 252
group 8, 233–234, 245, 252
group 9, 234, 245, 252
group 10, 234–236, 245, 252
rare-earth elements, 236, 245, 252

from oxo, hydroxo or alkoxo complexes,
281–283

oxygenation reactions, 283–284
thioenolato complexes, 255–256
see also β-Diketonato metal complexes

Metal-free initiators, anionic polymerization of
methacrylates/acrylates, 851–854

Metal ions
enolases, 632–635
as Lewis acids, 587
pairing, 418, 419, 420

3-Metallacyclobutanones, platinum enolates,
213

Metal–ligand bonds
EPR spectra, 119–120
mass spectra, 121
UV–VIS spectra, 109–112, 120
vibrational spectra, 84–87, 88, 101, 102

Metalloenolates
antitumor compounds, 618–619
biosensors and imaging agents, 619–620
enzymes, 620–665
see also Metal enolates

α-Metalloketones, thermochemical data, 186
Metalloproteases, Lewis acidity, 588
Metallotriad, nucleophilicity, 588, 589
Metal–metal exchange reactions, lead

enolates, 195
Metalorganic chemical vapor deposition

(MOCVD)
Au, 966
Bi2O3, 974
CeO2, 997
Co oxides, 993–994
Cu, 122
CuO nanotubes, 995
group 2 oxides, 966–967, 968
group 13 oxides, 969–970, 971
lanthanide oxides, 999–1000
MoO2, 987
Pd, 945
Pt, 947–948
RuO2, 974
superconductors, 702, 1003
transition metal oxides, 975, 981, 984–985
ZnO, 996
see also Chemical vapor deposition

Metalotropic isomerization, tin enolates, 194
Metal oxides
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deposition by means of metal enolates, 933,
966–1001

mixed metal oxides, 971, 994, 1001–1004
Metal–oxygen frequencies, vibrational spectra,

84, 85–87
Metals

deposition by means of metal enolates,
929–1017

deposition techniques, 933–937
main group elements, 938
transition metal elements, 938–966

see also Metal ions
Metal ynolates, 739–785

preparation
alkali metal ynolates, 741–749
silyl ynolates, 775

properties, 749–750
reactions, 750–774

asymmetric, 760–761
reactive heteroatom analogues, 775–782
see also Lithium ynolates

Metastasis, lapachol inhibition, 617
Methacrylates

anionic polymerization, 16–21, 70, 73,
831–857

apolar solvents, 837–838
macromolecular engineering, 857–873
polar solvents, 833–837

Methionine salvage pathway
5′-methyl-thioadenosine removal, 648, 649
phosphoacireductone, 639

Methoxybenzene, binuclear Ln–Ag NMR shift
reagent, 815

α-Methoxy-α-trifluoromethylphenylacetic acid,
Ln-induced NMR shifts, 803

Methylanthracenes, binuclear Ln–Ag NMR
shift reagents, 813

Methylbenzenes, binuclear Ln–Ag NMR shift
reagents, 812

3-Methylcyclohexene, binuclear Ln–Ag NMR
shift reagent, 813

γ -Methylene-γ -butyrolactone, rearrangement,
207

3-Methylene-1-nickela-isobenzofuran,
equilibrium, 212

Methyleneruthenaoxetane complex, stability,
208

5-Methyl-2-furanol, in rearrangements, 207
Methylglyoxal, β-diketone oxidative cleavage,

655–656
2-Methyl-1-hexene-2-yne, Cu complex, 957,

959, 960, 962
Methyl 2-lithioisobutyrate (MiBLi)

anionic polymerization
ligands, 843, 844–845, 848, 849
propagating species, 838–839, 841

Methyl methacrylate (MMA)
anionic polymerization

ate complexes, 850
chain end-capping, 859–860
counter-ion effects, 835
group transfer polymerization, 854–857

chain end-capping, 858, 860
chain modification, 862
graft copolymers, 869
star-shaped copolymers, 865, 868

ligands, 842–849, 859
metal-free initiators, 851–854
organolithium initiation, 837
organomagnesium initiation, 838
propagating species, 839–842
reactivity ratio, 847
stereochemical aspects, 836–837
temperature effects, 835, 836

block copolymers
polypropylene, 830
polystyrene, 834
sequential polymerization, 864–865

4-Methyl-6-(2-methylprop-1-enyl)cyclohexa-
1,3-dienecarboxylate, Ln-induced NMR
shifts, 803

1-Methylnaphthalene, binuclear Ln–Ag NMR
shift reagent, 813

N -Methylnicotinium iodide, binuclear Ln–Ag
NMR shift reagent, 817

1-Methylnonafulvene-1-oxide, thermochemical
data, 188

Methyl nonanoate, deuteriation, 797
3-Methylpent-1-ene, binuclear Ln–Ag NMR

shift reagent, 813, 814
4-Methyl-1-pentene, Cu complex, 961
1-Methylphenanthrene, binuclear Ln–Ag

NMR shift reagent, 813
Methylphenylarsinous acid, chirality, 808–809
S-Methyltetrahydrothiophenium iodide,

binuclear Ln–Ag NMR shift reagent, 817
2-Methyl-tetralone, deracemization, 437–438
5′-Methyl-thioadenosine

Baeyer–Villiger rearrangement, 650
biosynthesis, 648, 649

Methylthiopropanoate, acireductone oxidative
cleavage, 649, 650

5′-Methylthioribulose-1-phosphate,
acireductone biosynthesis, 648–649

Methyltransferase, mitomycin catalysis, 608
Meyers-type enolate alkylations, 39
MFM (magnetic force microscopy), 990
MFS (microscope fluorescence spectrometer),

715
MiBLi see Methyl 2-lithioisobutyrate
Micellar electrokinetic chromatography

(MEKC), 700
Micelle-enhanced UV spectrophotometry, 689
Micelles, electrochemical methods, 699
Michael addition

asymmetric, 391–392
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Michael addition (continued )
C–C formation, 380–385

enantioselective, 383–384
of ketone enolates, 380–383
ring closure with ketone enolates,

384–385
chiral enolates, 443–444
enantioselective, 383–384, 391–392
ester enolates, 391–392
lithium ynolate-initiated cascade reactions,

754, 755
metal ynolate [4 + 2] cycloaddition,

762–763
Michael-initiated ring closure (MIRC)

reaction, 384–385
Microdialysis, liquid chromatography, 709
Microporous polypropylene, membrane

introduction ion trap MS, 692
Microribonucleic acid (MiRNA), 694, 699
Microscope fluorescence spectrometer (MFS),

715
Microscope laser Raman spectrometer

(MLRS), 715
Microwave emission detector (MED), 718
Microwave-excited plasma, gas

chromatography, 723
Migration reactions, metal enolato complex

synthesis, 261–263, 267–271
Mimosine

bioactivity, 583, 599–602, 615
enzyme inhibition, 660

MIMS (membrane introduction ion trap MS),
692

MIRC (Michael-initiated ring closure)
reaction, 384–385

MiRNA (microribonucleic acid), 694, 699
Mitomycins, bioactivity, 609
Mixed aggregates, lithium enolates, 9, 30–32
Mixed dimer enolates, enantioselective

protonation, 68–69
Mixed-ligand complexes

different dithiolene ligands, 899–904, 905
different substituents at same C2S2 moiety,

904–906
one dithiolene and other ligands, 895–899

neutral radical Ni
η5-cyclopentadienidodithiolene
complexes, 896

Pt complexes with one chelating
1,1-bis(diphenyldiphosphino)ethane
ligand, 895

square-planar d8 metal diimine–dithiolene
complexes, 896–899

square-planar d8 metal dithiolenes, 881,
885, 895–906

Mixed metal oxides, deposition, 971, 994,
1001–1004

MLRS (microscope laser Raman
spectrometer), 715

MMA see Methyl methacrylate
MNDO calculations see Semiempirical

MNDO calculations
Mobile crystalline material (MCM-41), 939
MOCVD see Metalorganic chemical vapor

deposition
Molecular conductors

d8 metal–dithiolene complexes, 906–921
conducting/magnetic hybrid materials,

918–921
counterion role, 914–918
single-component molecule systems,

907–908, 911–914, 922
Molecular designed dispersion

Cr2O3 deposition, 986
Fe oxide deposition, 989, 991
VO catalysts, 985

Molecular structure, 81–130
EPR spectra, 119–120
mass spectra, 120–121
NMR spectra, 115–119
supramolecular structure, 98–99, 124
UV–VIS spectra, 108–115
vibrational spectra, 84–108

copper diketonates, 98–101
lead enolates, 106–107
manganese diketonates, 92, 95–96
molybdenum diketonates, 92, 94
scandium diketonates, 88–89
titanium diketonates, 90, 91, 93 –14

see also Structure
Molybdena, deposition, 986–987
Molybdenum diketonates, vibrational spectra,

92, 94
Molybdenum enolates, thermochemistry,

205–206
Molybdenum enolato complexes

acetylacetonato complex, 987
C–O bond cleavage, 262
diazo compound reaction, 285
β-diketiminato complexes, 252
α-diketonato complex synthesis, 233, 239

hydroxyquinone enolato complexes,
239–240

oxocarbon complexes, 240
tropolonato complexes, 238

β-diketonato complex synthesis, 245
from ketenes, 265
metalafurans, 278
2-oxoalkyl to enolato rearrangement, 318
phosphinoenolato complexes, 254, 337, 340
protonation, 340
2,2,6,6-tetramethyl-3,5-heptanedionate, 987
thioenolato complexes, 255–256

Molybdenum oxides, deposition, 986–987
Mompain, bioactivity, 609
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Monoketones, metal enolato complex
synthesis, 226–236

Monomer–tetramer equilibration constants,
group 1 enolates, 188–189

Monooxygenase, flaviolin formation, 590, 591
Monosegmentaed flow analysis (MSFA),

699–700
Monothio-β-diketones, gas chromatography,

701
Mössbauer spectroscopy

Fe(II)–ascorbate complexes, 595
lawsone derivatives, 610

MSFA (monosegmentaed flow analysis),
699–700

Multistriatin, 13C NMR shift reagents, 791
Multisubstituted compounds,

carbocycles/heterocycles, 752–754,
755–756

Multisyringe spectroscopic flow injection
analysis, 689

Myrcene, binuclear Ln–Ag NMR shift
reagent, 813, 814

Myricetin
bioactivity, 582
biosynthesis, 644

Naked eye optodes, 714
Nanoparticles

Au, 966
CeO2, 998–999
Cu, 956–957
Fe3O4, 991, 992
Ln oxides, 1000–1001
Pt, 947, 948
Pt alloys, 949–952, 953
TiO2, 979–980
transition metals, 938–939
ZnO, 996
ZrO2, 998–999

Nanotubes
Cu-coated carbon nanotubes, 957
CuO, 995, 996

Naphthalene, binuclear Ln–Ag NMR shift
reagent, 812–813

N -(1-(1-Naphthyl)ethyl)trifluoroacetamide,
Ln-induced NMR shifts, 804

1-(1-Naphthyl)ethyl urea amino acid
derivative, Ln-induced NMR shifts, 804

Natural bond orbital (NBO) analysis,
torquoselective olefination, 768

Natural population analysis, lithium enolates, 7
Natural products

β-diketonato metal complex catalysis, 556
enol-containing, 581–585

Nazarov reaction
tautomerization, 445–446

torquoselective olefination of esters, 771,
772

NBO (natural bond orbital) analysis, 768
nBuA (n-butyl acrylate), 844, 846, 851, 852
nBuMA (n-butyl methacrylate), 846, 850, 855
Near-infrared (NIR) luminescence, 169,

176–177
Neodymium enolato complexes

β-diketiminato complexes, 252
α-diketonato complex synthesis

squarato oxocarbon complex, 240
tropolonato complexes, 238, 239

β-diketonato complex synthesis, 245
2,2,6,6-tetramethyl-3,5-heptanedionate, 1000

Neodymium oxide, deposition, 999, 1000
Neomarinone, bioactivity, 590, 591
Neptunium enolato complexes

β-diketonato complex synthesis, 245
tropolonato complex synthesis, 238

Neurodegenerative diseases, flavonoids, 582
Neuroprotective compounds

deferiprone, 616
flavonoids, 596

Neutral enolates, solvation, 419–420
Neutral radicals, mixed-ligand Ni

η5-cyclopentadienidodithiolene
complexes, 896

Niaciamide, liquid chromatography, 709
Nickel, deposition, 944–945
Nickel acetylacetoneethylene diimidate, Ni

deposition, 944
Nickel acetylacetone imidate, Ni deposition,

944
3-Nickela-1-indanone, equilibrium, 212
Nickel-catalyzed decarboxylation,

dihydroxyfumaric acid, 212
Nickel complexes

cyclopentadiene complex orientation, 798
neutral radical Ni

η5-cyclopentadienidodithiolene
complexes, 896

Nickel diketonates, vibrational spectra, 97–98
Nickel enolates

molecular structure, 98
thermochemistry, 211–212

Nickel enolato complexes
acetylacetonato complex

analytical aspects, 706, 716, 719
metal/metal oxide deposition, 944–945,

994
aldol reactions, 332–333
cycloaddition, 332–333
β-diketiminato complexes, 252
α-diketonato complex synthesis, 234–235,

239
hydroxyquinone enolato complexes, 239
oxocarbon complexes, 240
tropolonato complexes, 238
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Nickel enolato complexes (continued )
β-diketonato complexes

liquid chromatography, 705
NMR shift reagents, 788, 792
oxidative cleavage of C–C bond, 342
synthesis, 245, 322, 323, 326

hexafluoroacetylacetonato complex, 722,
944

from ketenes, 265–266, 274, 275
from ketimines, 249, 250, 251, 252
2-oxoalkyl isomerization, 319
phosphinoenolato complexes, 234, 252–253,

255, 260–261, 338, 339–340
polyketonato complexes, 248
protonation, 335
redox reaction synthesis, 258, 259–260
1,1,1-trifluoro-2,4-pentanedionate complex,

944
Nickel oxide, deposition, 994
Nicotinic acid, liquid chromatography, 709
Niobium enolates, thermochemistry, 203–204
Niobium enolato complexes

carbonyl-stabilized phosphorus ylide
complexes, 317

β-diketonato complex synthesis, 245
metalafurans, 278
phosphinoenolato complexes, 254
tetrahydrofuran ring cleavage, 280
tropolonato complex synthesis, 238

Niobium oxide, deposition, 986
NIR (near-infrared) luminescence, 169,

176–177
α-Nitration agents, silyl enolates, 480
Nitroalkyl compounds, intramolecular

oxidative cyclization, 471–472
(2-(2-Nitro-4-fluoromethylbenzoyl)-1,

3-cyclohexanedione) (NTBC), herbicide,
662–663, 665

Nitrogen dioxide, complexes, 703–704, 705,
710–711

Nitrogen oxides, sensors, 716
Nitrogen trioxide, complexes, 714
α-Nitro ketones, silyl enolate reactions, 480
Nitrones

[3 + 2] cycloaddition of lithium ynolates,
759–761

lithium ester enolate nucleophilic addition,
49–50

N -(4-Nitrophenylsulfonyl)-L-phenylalanyl
ester, Ln-induced NMR shifts, 806

NMR spectroscopy
anionic polymerization

ate complexes, 850
ligands, 843, 844, 845, 846, 847, 848, 849
phosphonium salts, 853
propagating species, 838, 839, 840, 841,

842, 843
antitumor compounds, 619

graft copolymers, 872
ketene silylacetals, 836
lanthanide enolate shift reagents, 686, 723,

727, 787–822
achiral, 789, 795–804, 812–813,

817–818
binuclear Ln–silver shift reagents, 789,

808, 811–818
chiral, 805–811
coupling constants, 794–795
dipolar shifts, 788, 789, 791–793, 811
enantiomer resolution, 719
metal effects, 789–790
shift mechanism, 791–792
spectral broadening, 790–791
structural fitting of data, 792–794
temperature effects, 790

magnesium enolate-assisted polymerization,
838

methyl 2-lithioisobutyrate, 838
mimosine complexes, 600
molecular structure, 115–119, 122

2-acylcyclohexane-1,3-diones, 115–116
alkali metal enolates, 115–117
cobalt enolates, 117–118
lanthanide diketonates, 102
magnesium enolates, 116–117
palladium diketonates, 98
titanium diketonates, 90
titanium enolates, 118–119
uranyl diketonates, 104, 116
vanadium enolates, 118
yttrium enolates, 118
zinc enolates, 117

nuclear Overhauser effect, 118, 794
poly(methyl methacrylate) dimeric model,

839
pyranone complexes, 606–607
shift reagents, 686, 723, 725, 787–822
sugar metabolism, 625
theoretical aspects, 16–24

15N NMR shifts, paramagnetic relaxation
reagents, 794

NOE (nuclear Overhauser effect), 118, 794
Nonafluoropentanoic acid, liquid

chromatography, 710
Non-Anh conformation, aldol reaction

transition structures, 46, 47
Nonbenzenoid bis(dithiolene) complexes,

885–889, 890–891, 893
Noncoordinated β-diketonato ligands, 342
Nonfunctionalized olefins, polymerization,

826, 829–830
Noninnocent ligands, square-planar d8 metal

dithiolenes, 881–882
Nonproteinogenic amino acids, amino acid

enolates, 393
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Non-steroid anti-inflammatory drugs (NSAID),
613–615

Norfuraneol, bioactivity, 607, 608
Normal phase high-performance liquid

chromatography, 705–706, 707
NSAID (non-steroid anti-inflammatory drugs),

613–615
NTBC ((2-(2-nitro-4-fluoromethylbenzoyl)-1,

3-cyclohexanedione)), 662–663, 665
Nuclear magnetic resonance see NMR

spectroscopy
Nuclear Overhauser effect (NOE), NMR

spectroscopy, 118, 794
Nucleophiles

enols in biological processes, 588, 589
ketone enolates

cross-coupling reactions, 368–371
transition-metal catalyzed allylic

alkylations, 363–368
Nucleophilic addition, lithium enolates, 48–50
Nucleophilic substitution

lithium enolates, 40, 41
metal enolato complexes, 325–327

Occupational risks, analytical methods, 685
2-Octene, binuclear Ln–Ag NMR shift

reagent, 812
OLED (organic light emitting diodes),

160–165
Olefination, torquoselective, 764–774
Olefins

binuclear Ln–Ag NMR shift reagents, 811,
813

nonfunctionalized polymerization, 826,
829–830

polymerization catalyst, 688
tetrasubstituted, 765, 767

Oligomeric model, anionic polymerization,
840–842

Oligonucleotide, dihydroxypyridine
condensation, 602

ONIOM method, aldol reactions, 45–47
17O NMR shifts, lanthanide enolate shift

reagents, 796, 807
Open mixed dimers, lithium enolates, 31–32
Optical isomers, separation, 710–713
Optodes, 714
Orcinol, acetylpuruvate hydrolase, 653, 654
Organic chemistry, synthons, 355–409
Organic light emitting diodes (OLED),

electroluminescence, 160–165
Organic salts

binuclear Ln–Ag NMR shift reagents,
815–818

ligated anionic polymerization, 844–846
Ln-induced NMR shifts, 795–796

Organocopper-mediation reduction–alkylation,
36–38

Organoiodine, hypervalent, 745
Organolithium derivatives, polymerization,

837–838
Organomagnesium derivatives, methyl

methacrylate polymerization, 838
Organoruthenium compounds, antitumor

activity, 619
Organotin(IV) compounds

enolates, 59–60, 119
oxicam complexes, 614–615

Organozinc compounds
conjugate addition–alkylation, 361–362
β-diketonato metal complex cross-coupling,

566–567
Orientation, cyclopentadiene complexes, 798
Orthogonal signal correction (OSC),

electroanalysis, 699
Osmium, deposition, 942
Osmium enolates, thermochemistry, 209
Osmium enolato complexes

acetylacetonato complex, 942
carbonyl-stabilized phosphorus ylide

complexes, 317
C–O bond cleavage, 262
β-diketiminato complexes, 252
α-diketonato complex synthesis, 239
β-diketonato complex synthesis, 245
from ketenes, 265, 274
metalafuran conversion, 258, 283, 329
from oxo complexes, 283
phosphinoenolato complexes, 338, 339
protonation, 334
redox reaction synthesis, 258

Outer-sphere mechanism, redox reactions,
506–507

Oxalacetate, acetylpyruvate hydrolase reaction,
654

Oxalate decarboxylase, two-domain structure,
646

Oxaziridines, α-hydroxy carbonyls synthesis,
468–469

Oxetene, conrotatory electrocyclic reaction,
766

Oxicams, anti-inflammatory drugs, 613–615
Oxidation

deprotonated diketoamines, 259
β-diketonates, 498–501

catalysis, 556–559
dioxygen oxidation, 466
polyketonates, 534–535
silyl enolates, 478–481

Oxidation state, manganese β-diketonato
complex synthesis, 243

Oxidative addition
β-diketonates, 498–501
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Oxidative addition (continued )
enolato complex formation, 315, 317, 329,

330, 347
from carbonyl compounds, 259–261

Oxidative cleavage
β-diketonato metal complex C–C bonds,

342–343
β-diketones, 655–658
DNA

Cu(II)–quercetin complex, 599
Fe(II)–ascorbate complexes, 595
Fe(II)–mimosine complex, 602
furanones, 608

see also Cleavage
Oxidative coupling, 469–478

intermolecular, 473–478
intramolecular, 470–473

Oxidative cyclization, intramolecular,
470–473

Oxidative dimerization, arylamines, 501–502
Oxides, trace metal analysis, 713
5-Oxidovinylphenanthridinium species,

Ln-induced NMR shifts, 808
Oximes, Ln-induced NMR shifts, 798
Oxiranes, [3 + 2] cycloaddition of metal

ynolates, 761
2-Oxoalkyl coordination

metal enolato complexes, 224–225, 314,
315–330

carbonyl-stabilized phosphorus ylide
complexes, 315–318

CO2 insertion, 346
isomerization, 315, 316, 319–321, 343
metalafurans, 277
nucleophilic substitution, 326–327
Pd(II) and Pt(II) complexes, 315–317
rearrangements and equilibria, 318–319
synthesis, 236, 249

2-Oxoalkyl mercury, Pd(II) and Pt(II) enolato
complexes, 315

Oxocarbon ligands
dianionic, 272, 273
α-diketonato complex synthesis, 240–241

Oxocarbon rings, manganese enolates, 206
Oxocarbons, thermochemical data, 186
Oxo complexes, metal enolato complexes,

282–283
Oxoporphyrins, deuteriation, 797
Oxovanadium(IV) complexes

chemiluminescence, 715
ion selective electrode, 717
liquid chromatography, 706
vibrational spectroscopy, 688
x-ray spectroscopy, 688, 692

Oxygen, sensors, 716
Oxygenation

deoxygenation, 689
lithium ynolate preparation, 745

metal enolato complex synthesis, 283–284
Rubisco, 635, 638–639

Oxygen–hydrogen bond strength, enol acidity,
421

Oxygen sensors, hydroxylases, 642
α-Oxy ketones, torquoselective olefination,

769–771
Ozone, sensors, 716
Ozonolysis, silyl enolates, 478–479

π -Bases, metal enolate complexes, 592
π -Face selectivity, boron enolates, 50, 51–52
π Metal–ligand interaction, UV–VIS spectra,

109–112
PA–CVD see Plasma-assisted CVD
Palladium, deposition, 945–947
Palladium catalysis

allylic alkylations, 365–367, 368
amino acid enolates, 397–398
intramolecular, 366–367

α-arylations, 368–371
Palladium diketonates, vibrational spectra,

97–98
Palladium enolates

addition reactions, 64–65, 66
redox reactions, 490
thermochemistry, 212

Palladium enolato complexes
acetylacetonato complex, 706, 707, 724, 945
β-diketiminato complexes, 252
α-diketonato complexes, 235–236, 239

squarato oxocarbon complex, 240
tropolonato complexes, 238

β-diketonato complexes
electrophoresis, 700
noncoordinated ligands, 342
oxidative cleavage of C–C bond, 342
synthesis, 245

κ1-O-diketonato ligands, 322
enolato vs 2-oxoalkyl coordination,

315–317
isomerization, 320

hexafluoroacetylacetonato complex,
945–946

from ketimines, 250, 252
2-oxoalkyl complexes, 225
phosphinoenolato complexes, 253, 255, 338,

339–340
protonation, 335
2,2,6,6-tetramethyl-3,5-heptanedionate, 945,

946
Paracetamol, electrochemical determination,

686, 694, 699
Parahydrogen-induced polarization (PHIP),

Ln-induced NMR shifts, 807–808
Paramagnetic relaxation reagents, NMR

spectroscopy, 794
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Paramagnetism
bis(dithiolene) complexes, 886, 889, 890,

891, 894
conducting/magnetic hybrid materials, 919,

920
d8 metal–dithiolene complexes, 907, 911,

914, 917–918
bi(1,2-dithiolene) compounds, 909–910
square-planar d8 metal dithiolenes, 883

mixed-ligand complexes, 906
Parkinson’s disease, Fenton chemistry, 595
Partial least squares (PLS) regression,

electroanalysis, 696, 699
Partition coefficients

electrophoresis, 700
gas chromatography, 701
liquid chromatography, 705, 706–707, 712
thin layer chromatography, 704

PAS (photoacoustic spectroscopy), 713
PBD (poly(butadiene)), 865
PCL see Poly(ε-caprolactone)
PCR (principal component regression), 699
PE–CVD see Plasma-enhanced CVD
PEDOT (poly(3,4-ethylenedioxythiophene)),

694
PEMA (poly(ethyl methacrylate)), 850, 865
Pendant functional groups, chain modification,

860–862, 863
Pentamethyl ferrocene, ionization energy, 210
2,4-Pentanedione

complex NMR shift reagents, 788, 792, 794,
795

enol acidity, 421–422, 430
ion pair association constants, 420
keto–enol equilibrium, 498

Pentose phosphate pathway, arabinose, 628
PEO (poly(ethylene oxide)), 865, 869, 870
Peptide enolates, backbone modifications,

401–405
Peptide metal complexes, 402, 403
3-(Perfluoroacyl)-(1-R)-camphorate,

complexation gas chromatography, 720
Periodate, iodometric determination, 713
Peroxyacids, α-hydroxy carbonyls synthesis,

466
PGI (phosphoglucose isomerase), 623–625,

626
PGMA (poly(glicidyl methacrylate)), 844, 865
Phaeohyphomycosis, polyketide intermediates,

590
Pharmaceuticals

analytical aspects, 686
electroanalysis, 693, 694, 699
liquid chromatography, 710, 727
UV–VIS spectroscopy, 690

ascorbic acid, 708
catalytic hydroformylation production, 552,

555–556

complexation liquid chromatography, 722
cuprimetric titration, 699
enol-containing, 592–593, 612–618

Phenacylcobalamin, enolate formation, 210
Phenanthrene, binuclear Ln–Ag NMR shift

reagent, 812–813
Phenols

enol form of cyclohexa-2,4-dienone, 412
lanthanide chelate decomposition, 795
lithium ynolate [4 + 2] cycloaddition,

763–764
Phenylacetaldehyde, enol acidity, 422, 423
Phenylalanine, acidity, 429
2-Phenyl-2-butanol, chiral NMR shift reagents,

805
2-Phenyl-1-ethanol, prochiral H atoms, 806
1-Phenylethan-1-one

acidity, 425
basicity, 432
see also Acetophenone

1-Phenylethylamine, 3,5-dinitrobenzoyl
derivative, 804

Phenylglycine, acidity, 429
1-Phenyl-2-propen-1-ol, hydrogenation, 808
Phenylsquarate ligands, manganese enolates,

206
Phenylthiol (PhSH), enantioselective

protonation, 439, 440
PHIP (parahydrogen-induced polarization),

807–808
Phosphination, hydrophosphination, 563
Phosphines

binuclear Ln–Ag NMR shift reagents, 811
redox reactions, 501–504

Phosphinoenolato complexes, 252–255,
260–261, 265, 267–268, 336–340

Phosphoacireductone, methionine salvage
pathway, 639

Phosphoglucose isomerase (PGI), sugar
metabolism, 623–625, 626

Phosphohexose isomerase, glycolysis, 587
Phosphomannose isomerase (PMI)

ascorbic acid biosynthesis, 639–640
cupin-fold structure, 640
sugar metabolism, 623

Phosphomolybdate/phosphotungstate–
molybdenum/tungsten blue redox
systems, 689

Phosphonium salts
anionic polymerization of

methacrylates/acrylates, 851, 852–854
Ln-induced NMR shifts, 796

Phosphopyruvate, EPR spectroscopy, 632
Phosphorescence

dithiolenes, 715
metal enolates, 123, 135

Phosphorus ylide complexes, carbonyl
stabilized, 315–318



1194 Subject Index

Phosphorylcholine, tritiation, 797
Phosphotriesterase, carboxylation, 638
Photoacoustic spectroscopy (PAS), 713
Photoactivation, chloranil, 482–483
Photochemical reduction, β-diketonates,

504–506
Photoconductors

bis(dithiolene) complexes, 893
d8 metal–dithiolene complexes, 921–922

Photoderacemization, 691
Photoelectron spectroscopy

ionization energy determination, 210
volatile Ba complexes, 690

Photoinduced electron transfer, silyl enolates,
481–483

Photoluminescence (PL), 690
rare-earth β-diketonates, 142–160, 169, 715

emission quantum yields, 145–146,
153–154, 155–156

intraconfigurational transition intensities,
135, 145–154

intramolecular energy transfer, 142–144,
145, 150, 152–153, 155–156

transition metal enolates, 168–170
Photoluminescent tracers, 714–715
Photolysis

enol formation, 412
flash photolysis, 748
In2O3 deposition, 972
laser photolysis, 690
Pt deposition, 947

Photooxidation, silyl enolates, 479
PhSH (phenylthiol), 439, 440
PIBMA (poly(isobornyl methacrylate)), 865
Pinenes, binuclear Ln–Ag NMR shift

reagents, 812, 813
Pirin, crystal structure, 646
Piroxicam, COX inhibitor, 613, 614
Pivaloyltrifluoroacetone, rare earth analysis,

723
PL see Photoluminescence
Plant hormone, ethylene production, 642, 648
Plasma-assisted CVD (PA–CVD)

Cu, 953, 956
Pt, 949
Y2O3, 975

Plasma-enhanced CVD (PE–CVD), 934
Au, 966
CeO2, 998
CoO, 993
Cu, 953
Fe3O4, 989
In2O3, 971
NiO, 994

Plasmodium falciparum, thiolactomycin
inhibition, 592–593

Plastoquinones, in plants, 661
Plating, metal deposition, 936, 945, 947, 953

Platinum
deposition, 947–952, 953
working electrode, 694

Platinum-catalyzed hydrogenation, platinum
enolate formation, 65–67

Platinum complexes
luminescence, 123
mixed-ligand with

1,1-bis(diphenyldiphosphino)ethane,
895

Platinum enolates
addition reactions, 65–68
thermochemistry, 213
UV–VIS spectra, 113–114

Platinum enolato complexes
acetylacetonato complex, 692, 707, 947–952
β-diketiminato complexes, 252
α-diketonato complexes, 239

hydroxyquinone enolato complexes,
239–240

oxocarbon complexes, 240
β-diketonato complexes, 323, 329, 330

electrophoresis, 700
liquid chromatography, 706
noncoordinated ligands, 342
synthesis, 245

from 4-acyl-5-pyrazolones, 246
κ1-O-diketonato ligands, 322
enolato vs 2-oxoalkyl coordination,

315–317
isomerization, 319–320

epoxide ring cleavage, 281
from ketenes, 266
ketiminato complexes, 250, 252, 326
metalafurans, 284, 340
oxygenation synthesis, 284
phosphinoenolato complexes, 253, 338, 339
polyketonato complexes, 248–249
protonation, 335
redox reaction synthesis, 258, 261

PLD (pulsed layer deposition), 716
PLP (pyridoxal phosphate), 587–588
PLS (partial least squares) regression, 696, 699
Plutonium enolato complexes

β-diketonato complex synthesis, 245
tropolonato complex synthesis, 238

PM3 calculations see Semiempirical PM3
calculations

PMI see Phosphomannose isomerase
Pneumonia, atovaquone treatment, 616
31P NMR shifts

binuclear Ln–Ag reagents, 813
lanthanide enolate reagents, 800

Polar aprotic solvents, enol stability, 415
Polar solvents, anionic polymerization of

methacrylates/acrylates, 833–837
Polyamines, biosyntheses, 648–649
Poly(butadiene) (PBD), block copolymers, 865
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Poly(tert-butyl acrylate) (PtBuA)
anionic polymerization

chain end-capping, 858–859
ligands, 843, 844, 847

block copolymers, 843, 844, 864
star-shaped copolymers, 865, 867

Poly(tert-butyl methacrylate) (PtBuMA)
block copolymers, 844, 864–865
dimeric model, 840
graft copolymers, 869–870
tacticity, 843

Poly(ε-caprolactone) (PCL)
graft copolymers, 869
pendant substituents, 861–862, 863
polymerization mechanism, 830–831, 848

Polycyclic aromatic compounds, binuclear
Ln–Ag NMR shift reagents, 812–813

Poly(2,6-dimethyl-1,4-phenylene oxide),
Ln-induced NMR shifts, 798

Polydimethylsiloxane
chiral stationary phases, 721
membrane introduction ion trap MS, 692

Poly(ε-caprolactone) (PCL), polymer
networks, 872–873

Poly(3,4-ethylenedioxythiophene) (PEDOT),
694

Poly(ethylene oxide) (PEO), block copolymer,
865, 869, 870

Poly(ethyl methacrylate) (PEMA), block
copolymer, 850, 865

Polyfunctional substrates, Ln-induced NMR
shifts, 800–801

Poly(glicidyl methacrylate) (PGMA), block
copolymer, 844, 865

Polyglycoldimethylethers, secondary deuterium
isotope effect, 797

Poly(isobornyl methacrylate) (PIBMA), block
copolymer, 865

Polyketide intermediates, biosynthesis,
590–592

Polyketide synthases, intermediates, 591, 592
Polyketonates

electrochemistry, 535–539
redox reactions, 533–535

Polyketonato complexes, synthesis, 247–249
Poly(lauryl methacrylate), poly(methyl

methacrylate) block copolymer, 834
Polymer analysis, Ln-induced NMR shifts,

798–800
Polymerization, 823–878

nonfunctionalized olefins, 826, 829–830
olefins, 688
sequential, 864–865
theoretical aspects, 70–73, 74

NMR spectroscopy, 16–20
see also Anionic polymerization; Group

transfer polymerization

Polymer networks, macromolecular
engineering, 872–873

Poly(methyl methacrylate)
anionic polymerization

ate complexes, 850
chain end-cappping, 857–858, 860
dimeric model, 839–840, 841
group transfer polymerization, 854–857

chain end-capping, 858, 860
chain modification, 862
graft copolymers, 869
star-shaped copolymers, 865, 868

ligands, 844–849
metal-free initiators, 851–854
oligomeric model, 840–841
unimeric model, 844–845, 848, 849, 850,

853
block copolymers

coupling of preformed polymers, 862
poly(tert-butyl acrylate), 843, 844
poly(lauryl methacrylate), 834
polypropylene, 830
polystyrene, 834
sequential polymerization, 864–865

comb-shaped copolymers, 869
graft copolymers, 869–872
Ln-induced NMR shifts, 798
star-shaped copolymers, 865, 868
tacticity

apolar solvents, 838
ate complexes, 850
group transfer polymerization, 855, 857
ligated polymerization, 843, 844, 845,

847, 848, 849
polar solvents, 836–837

Polynuclear β-diketonato complexes, 322–323
Polyphenol oxidase, inhibition, 583, 661
Polyporic acid (PPA), bioactivity, 583–584
Polypropylene

membrane introduction ion trap MS, 692
polymerization, 826, 829–830
tacticity, 829–830

Poly(propyleneglycol) (PPG), Ln-induced
NMR shifts, 798

Polystyrene (PS)
block copolymers, 864–865

poly(tert-butyl acrylate), 864
poly(methyl methacrylate), 834
vinyl acetate, 828

graft copolymers, 869, 870
star-shaped copolymers, 865, 867

Poly(β-substituted-β-propiolactone), 13C
NMR, 800

Poly(vinyl chloride) (PVC), ion selective
electrode membrane, 697, 716–717

Porphyrinates, circular dichroism, 727
Potassium enolates, thermochemistry,

186–188, 189–190
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Potassium enolato complexes
α-diketonato complex synthesis, 226–228,

231–232, 233, 234
tropolonato complexes, 239

β-diketonato complex synthesis, 244
2-oxoalkyl versus enolato equilibrium, 315,

319
Potassium hydroxide α-diketonato complexes,

239
Potassium ynolate, from α-chloro-α-sulfinyl

ketones, 744
Potentiometry

calcium ascorbate, 693
cuprimetric titration, 698
working electrode, 697

PPA (polyporic acid), 583–584
PPG (poly(propyleneglycol)), 798
Praseodymium enolato complexes

acetylacetonato complex, 707
β-diketiminato complexes, 252
α-diketonato complex synthesis

squarato oxocarbon complex, 240
tropolonato complexes, 238, 239

β-diketonato complexes
complexation gas chromatography, 720
NMR shift reagents, 727, 792, 800, 803,

804, 807, 809, 810, 813
synthesis, 245

Precision
analytical methods, 685
column chromatography, 703

Price–Butler method, biological samples, 688
Primary alcohols, Ln-induced NMR shifts,

801, 803, 806, 810
Principal component regression (PCR), 699
Prochiral pairs, Ln-induced NMR shifts, 805
Proline, acidity, 428
Proline methyl ester hydrochloride, acidity,

428
Prolyl hydroxylase, 581, 641
Promethium β-diketonato complex synthesis,

245
Propanation, cyclopropanation, 569–570
Propanone, acidity, 415, 416, 424
Propylene, polymerization, 826, 829–830
Prostatic specific antigen (PSA), bioassay, 174,

175
Prostereogenic enolates

1,4-additions, 439, 440
enantioselective protonation, 437, 439, 440

Protactinium enolato complexes
β-diketonato complex synthesis, 245
tropolonato complex synthesis, 200, 238,

239
Proteins

TetA, 658–660
TetR, 613

Protoactinium tropolanato complexes, 200

Protonation
diastereoselective, 440–450

external, 449
internal, 448–450

enantioselective, 436–440, 441
external, 438–439

metal enolato complexes, 324–325,
333–336, 340

regioselective, 442
theoretical aspects

enantioselective, 68–70
lithium dienolates, 4

see also Deprotonation
Proton transfer

diastereoselective, 440–450
external, 449
internal, 448–450

enantioselective, 436–440, 441
external, 438–439

enol formation, 412–413
in situ racemization, 431–436
lithium enolates, 40

PS see Polystyrene
PSA (prostatic specific antigen), 174, 175
Pseudocontact effects, NMR shifts, 788
PSGC (pyrolytic sulfurization gas

chromatography), 702–703
D-Psicose, epimerization, 629
D-Psicose 3-epimerase, sugar metabolism, 629
PtBuA see Poly(tert-butyl acrylate)
PtBuMA see Poly(tert-butyl methacrylate)
195Pt NMR spectroscopy, Pt–ascorbic acid

complexes, 595, 596
Ptrescine, spermidine formation, 648, 649
Puberulic acid, bioactivity, 611
Puberulonic acid

bioactivity, 611
enzyme inhibition, 661

Pulsed laser deposition (PLD), 716
Pulvinic acid, 594
Purity, enantiomeric discrimination, 801
Push–pull character, ligands, 883, 885
PVC (poly(vinyl chloride)), 697, 716–717
2H -Pyran, formation, 210
Pyranones, bioactivity, 602–607
Pyrene, binuclear Ln–Ag NMR shift reagent,

812–813
Pyridine

anionic polymerization of
methacrylates/acrylates, 848

Co(II) acetyl acetonate-mediated
polymerization, 828

Pyridinones, α-diketonato complex synthesis,
237, 239

Pyridoxal phosphate (PLP), α-keto acid
formation, 587–588

Pyridoxine, liquid chromatography, 708
Pyrogallol, enzyme inhibition, 661
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Pyrolysis
metal deposition, 942, 947, 951, 966
metal oxide deposition, 966–967, 968–969,

971, 975, 996
Pyrolytic decomposition, U compounds, 702
Pyrolytic graphite electrode, working

electrode, 694
Pyrolytic sulfurization gas chromatography

(PSGC), 702–703
Pyrones

α-diketonato complex synthesis, 237, 239
thermochemical data, 195

Pyrroles
binuclear Ln–Ag NMR shift reagents, 815
lithium ynolate-initiated cascade reactions,

754, 757
Pyruvate

biosynthesis, 653, 654, 656
enol intermediate, 635, 636

Pyruvate kinase, metal–enolate interaction,
635, 636

QD see Quercetin 2,5-dioxygenase
Quality control, analytical methods, 686, 707,

709
Quasi-enolate vs. enoxyl cation dichotomy,

195, 197
Quaternary ammonium ions, Ln-induced NMR

shifts, 795–796
Quercetin

bioactivity, 582, 596, 597, 599
biosynthesis, 644
crystal structure, 646, 647

Quercetin 2,5-dioxygenase (QD)
crystal structures, 646, 647
kojic acid inhibition, 583
metalloenolates, 598–599, 644–648
oxidative cleavage, 657

Quinolinium, Ln-induced NMR shifts, 795
Quinones, bioactivity, 608–611
Quinonoid, pyridoxal phosphate reaction, 588

Racemases, sugar metabolism, 634
Racemization

column chromatography, 704
photoderacemization, 691
proton transfer, 431–436

Radical anions, enone/enolate, 193
Radical polymerization, 827–829

methacrylates, 827, 869
Radicals

acetylacetonato, 510, 511
diphenylpicrylhydrazyl, 688, 689
flavonoid activity, 596
iminoxy, 510–511
Ni η5-cyclopentadienidodithiolene

complexes, 896

Radiolytic decomposition, lanthanide
dipivaloylmethanates, 702

Radioprotective compounds, radiotherapy, 686
Radium enolates, unknown, 192
Raman spectroscopy, 688

copper diketonates, 100–101
microscope laser Raman spectrometer, 715
tin enolates, 108
uranyl diketonates, 104–105

Rapanone, bioactivity, 609
Rare earth enolato complexes

β-diketonates
electroluminescence, 160–165
luminescence, 134–135, 141–168

bioassays, 172–174, 175
laser materials, 174–176

near-infrared region, 169, 176–177
photoluminescence, 142–160, 169
structures, 138–140, 141
triboluminescence, 165–168

synthesis, 236
croconato oxocarbon complexes, 240
tropolonato complexes, 238

Rare earth oxides, deposition, 996–1001
Reaction calorimetry, enthalpies of formation,

192, 196–197, 203
Reactive oxygen species (ROS)

flavonoids, 596, 599
furanones, 608
maltol, 604

Reactivity
anionic polymerization of

methacrylates/acrylates, 847
solvation control, 415
theoretical aspects, 27–73, 74

Rearrangements
alkali metal ynolate preparation from

α-chloro-α-sulfinyl ketones, 744
α-keto dianions from esters, 742–744
trimethylsilyldiazomethane, 744

Bayer–Villiger rearrangement, 650
Claisen rearrangements, 386, 400–401
2-oxoalkyl to enolato, 318–319

Redox reactions, 461–550
β-diketonates

amine or phosphine reactions, 501–504
functionalized β-diketonates, 524–527
inner-sphere mechanism, 506–507
involving the diketonate, 507–512
involving the metal, 498–507
kinetic studies, 506–507
outer-sphere mechanism, 506–507
polyketonates, 533–535
simple β-diketonates, 498–512

α-hydroxy carbonyls synthesis, 464–469
lanthanide enolates, 489
metal enolato complex synthesis, 256–261

enediolato complexes, 258–259
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Redox reactions (continued )
enone reduction, 256–258
oxidation of deprotonated diketoamines,

259
oxidative addition reactions, 259–261

oxidative coupling, 469–478
phosphomolybdate/phosphotungstate–

molybdenum/tungsten blue, 689
spectrophotometry, 689
transition metal enolates, 484–490

Reducing saccharides, analysis effects, 688
Reduction

diastereoselective, 434
β-diketonates, 498–501

photochemical reductions, 504–506
enones, 256–258
organocopper-mediation

reduction–alkylation, 36–38
trialkylaluminum–carbonyl reactions, 12

Reductive amination, hydroaminomethylation,
562–563

Reductive coupling, enediolato complex
formation, 258–259

Reductive lithiation, lithium ynolate
preparation, 747

Reformatsky reagent, 2-oxoalkyl complex, 225
Regioselectivity

α-alkylation with chiral Lewis acid, 363
metal enolate formation, 356–359
protonation, 442
transition-metal catalyzed allylic alkylations,

363–364, 399, 400
Relative energies

boron enolate conformers, 53–54
lithium enolates, 6, 7, 8

Relaxation times, NMR data fitting, 794
REMPI (resonance-enhanced multiphoton

ionization), 691–692
Repressor TetA/TetR, tetracyclines, 613,

658–660
Reprotonation, deprotonation–reprotonation,

433
Resistivity

alumina, 969
metal films, 940–941, 944
RuO2, 992
ZnO, 996

Resonance, enol formation, 412, 420
Resonance-enhanced multiphoton ionization

(REMPI), 691–692
Retention time

complexation gas chromatography, 720
complexation liquid chromatography, 722
gas chromatography, 701, 702, 704
liquid chromatography, 706, 712–713
supercritical fluid chromatography, 707
thin layer chromatography, 704–705

Retro-Claisen reactions, hydrolytic enzymatic
cleavage, 653

Reverse phase high performance, liquid
chromatography (RP-HPLC), 703, 705,
706–709, 727

2-Rhenafuran-3-ol, equilibrium constant, 207
Rhenium enolates, thermochemistry, 207
Rhenium enolato complexes

C–O bond cleavage, 345
β-diketiminato complexes, 252
α-diketonato complex synthesis, 233, 239
β-diketonato complex synthesis, 245
ketiminato complexes, 252, 327
metalafurans, 233, 263, 277, 284
2-oxoalkyl to enolato rearrangement, 318
from oxo complexes, 283
oxygenation synthesis, 284
phosphinoenolato complexes, 254

Rhodamine B, sodium isoascorbate
determination, 689

Rhodium, deposition, 942–943
Rhodium catalysis

allylic alkylations, 367–368, 399–400
hydroformylation, 394
isomerization, 359–360

Rhodium enolates, thermochemistry, 211
Rhodium enolato complexes

acetylacetonato complex, 705, 706, 707,
710, 942–943

aldol reactions, 331
β-diketiminato complexes, 252
α-diketonato complex synthesis, 234, 239

tropolonato complexes, 238
β-diketonato complexes

gas chromatography, 718
synthesis, 244, 245, 324

from 4-acyl-5-pyrazolones, 246
κ1-O-diketonato ligands, 322
hexafluoroacetylacetonato complex, 942,

943
from ketenes, 265, 274
2-oxoalkyl versus enolato equilibrium, 319,

320
phosphinoenolato complexes, 338, 339
protonation, 334
tetrahydrofuran reaction, 284
2,2,6,6-tetramethyl-3,5-heptanedionate, 942,

943
Rhodizonates

analytical reagents, 729–730
oxocarbon ligands, 187, 240

Ribonuclease H, inhibition, 661
Ribonucleic acid see RNA
Ribonucleotide reductase, mimosine inhibition,

600, 660
Ribose-5-phosphate, ketose–aldose

isomerization, 627
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Ribose-5-phosphate isomerase, sugar
metabolism, 627

Ribosomes, tetracyclines, 612
Ribulose-1,5-bisphosphate, carboxylation, 638
Ribulose-1,5-diphosphate

carboxylase/oxygenase (Rubisco), 635,
637–639

Ribulose-5-phosphate
epimerization, 628
ketose–aldose isomerization, 627

L-Ribulose-5-phosphate 4-epimerase, sugar
metabolism, 628

Ring cleavage, metal enolato complex
synthesis, 278–281

Ring closure
6π electrocyclic ring closure, 763–764
Michael addition with ketone enolates,

384–385
Ring-opening polymerization, 827

lactides, 826, 830–831, 861
thiol end-groups, 858

RNA
extraction, 728
microribonucleic acid, 694, 699
tetracycline resistance, 658

Rohrschnider–McReynolds classification, 720,
721

ROS see Reactive oxygen species
Rotational barriers

lithium enolates, 8–9
Ln-induced NMR shifts, 798

RP-HPLC (reverse phase high performance
liquid chromatography), 703, 705,
706–709, 727

RSH see Thiols
Rubidium enolates, thermochemistry,

186–187, 188, 190
Rubidium enolato complex synthesis, 244
Rubisco (ribulose-1,5-diphosphate

carboxylase/oxygenase), metalloenolates,
635, 637–639

Ruthenacyclobutanone, stability, 208
Ruthenium, deposition, 939–942, 949–950
Ruthenium diketonates

electrochemistry, 517–518, 519
UV–VIS spectra, 113
vibrational spectra, 96

Ruthenium enolates, thermochemistry, 208
Ruthenium enolato complexes

acetylacetonato complex
analytical aspects, 707, 710–711
metal/metal oxide deposition, 939, 949,

951, 992
alkoxide formation, 343
carbonyl-stabilized phosphorus ylide

complexes, 317
CO insertion, 275, 276
cycloaddition, 345

cyclohexane reaction, 346
decomposition, 347
β-diketiminato complexes, 252
α-diketonato complex synthesis, 234, 239

squarato oxocarbon complex, 240
β-diketonato complexes

liquid chromatography, 710–711
synthesis, 244, 245
thin layer chromatography, 705

hexafluoroacetylacetonato complex,
939–940

ketenido complexes, 328–329
ketiminato complexes, 326, 327
metalafurans, 263
2-oxoalkyl isomerization, 319, 320, 321
phosphinoenolato complexes, 254–255, 337,

340
photoderacemization, 691
protonation, 334
redox reaction synthesis, 261
2,2,6,6-tetramethyl-3,5-heptanedionate, 940,

941–942, 992
thermal reductive elimination, 488
1,1,1-trifluoro-2,4-pentanedionate complex,

939–940
Ruthenium oxides, deposition, 991–992
Rutin, bioactivity, 596

Saccharides
ITO electrode preparation, 696
lipopolysaccharide, 627
optical resolution, 711
reducing, 688

Samarium enolates
diastereoselective addition reactions, 388,

389
thermochemistry, 198–199

Samarium enolato complexes
acetylacetonato complex, 1000
alkoxide formation, 343
β-diketiminato complexes, 252
α-diketonato complex synthesis, 236

tropolonato complexes, 238, 239
β-diketonato complexes

NMR shift reagents, 790, 810
photoluminescence, 157–159
synthesis, 245

insertion reaction, 263
tetrahydrofuran ring cleavage, 279

Samarium oxide, deposition, 1000
epi-β-Santalene, binuclear Ln–Ag NMR shift

reagent, 813
Scandium diketonates, vibrational spectra,

88–89
Scandium enolates, thermochemistry, 197
Scandium enolato complexes

β-diketonato complex synthesis, 245
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Scandium enolato complexes (continued )
tropolonato complex synthesis, 238, 239

Scandium ketone enolate, Michael addition,
383, 384

Scanning electron microscopy (SEM)
metal deposition

Ag, 963
Cu, 961
In, 938
Pt, 947–948
Rh, 942–943
Ru, 940

metal oxide deposition
Al2O3, 969, 970
Co3O4, 993
CuO nanotubes, 996
Fe3O4 nanoparticles, 969, 970
TiO2, 969, 970
zirconia, 982

Schiff bases
β-diketonato metal complexes, 557, 706
pyridoxal phosphate catalysis, 588

Screen-printed carbon electrodes (SPCE),
electroanalysis, 696

Scurvy, ascorbic acid deficiency, 641
Secondary alcohols, Ln-induced NMR shifts,

803, 810
Secondary deuterium isotope effect, NMR

shift reagents, 797
Secondary-ion mass spectrometry (SIMS),

691, 970
Seed material, Rh deposition, 942
Selectivity

β-diketonato metal complex catalysis, 553,
555

see also Chemoselectivity;
Diastereoselectivity;
Enantioselectivity; Stereoselectivity

Selenadioazolines, metal ynolate analogues,
780

Selenoalkynolates, metal ynolate analogues,
780–782

Selenoketenes, metal ynolate analogues, 781
SEM see Scanning electron microscopy
Semidiones, thermochemical data, 186, 188
Semiempirical AM1 calculations, boron

enolate aldol reactions, 50–52
Semiempirical MNDO calculations

metalation reactions, 27–28
NMR data, 17

Semiempirical PM3 calculations
alkylation, 34–36
cobalt enolates, 15–16, 17
lithium enolates, 4–5, 17, 21, 21–22, 30–32
protonation, 68–70

Semitriones, manganese enolates, 206
Sensors see Biosensors
Sequential injection analysis (SIA), 699

Sequential polymerization, block copolymers,
864–865

Serine protease, nucleophilicity, 588, 589
Serralysin, metallotriad, 588, 589
SFC (supercritical fluid chromatography), 703,

707–708, 714, 720
SIA (sequential injection analysis), 699
Significance testing, NMR data fitting, 794
Silaboration, β-diketonato metal complex

catalysis, 561
Silaβ-diketones, UV–VIS spectra, 115
Silalactone, torquoselective olefination, 768,

769
Silanolates, anionic polymerization of

methacrylates/acrylates, 845–846
Silver

binuclear Ln–Ag NMR shift reagents, 789,
808, 811–818

deposition, 962–965, 966
mechanism, 964

Silver ascorbate, electroanalysis, 699
Silver enolates

intermolecular oxidative coupling, 473
thermochemistry, 195–196

Silver enolato complexes
acetylacetonato complex, 707, 724, 964, 965
α-diketonato complex synthesis

croconato oxocarbon complex, 240
hydroxyquinone enolato complexes, 239
tropolonato complexes, 238

β-diketonato complexes, 245, 322–323, 323
Ag deposition, 962–965
binuclear NMR shift reagents, 811
synthesis from 4-acyl-5-pyrazolones, 246

κ1-O-diketonato ligands, 322
6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-

octanedionate, 811, 962–964
hexafluoroacetylacetonato complex,

945–946, 962–965
2-oxoalkyl isomerization, 320
phosphinoenolato complexes, 253
1,1,1-trifluoro-2,4-pentanedionate complex,

811, 962, 963, 964
Silver oxide, α-diketonato complex synthesis,

241–242
Silylation, bis-silylation, 562
Silyl bis-enolates, intermolecular oxidative

coupling, 473–477
Silyl enolates

chemical oxidation, 478–481
electrochemical syntheses, 483–484
electrochemistry, 497
photoinduced electron transfer, 481–483

Silyl enol ether, Michael addition, 382, 383
Silylketenes

[4 + 2] cycloaddition of lithium ynolates,
763–764

metalation, 748
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Silyl ynolates
preparation, 775
see also Metal ynolates

Simple diastereoselectivity
addition of ester enolates to carbonyl

groups, 386
substrate-controlled aldol reactions, 372

Simple β-diketonates
electrochemistry, 512–523
redox reactions, 498–512

Simple overlap model, intraconfigurational
transition intensities, 147, 150

SIMS (secondary-ion mass spectrometry), 691,
970

Single-component molecule systems
bis(dithiolene) complexes, 891
molecular conductors, 907–908, 911–914,

922
square-planar d8 metal dithiolenes, 885

Single point energy calculations, lithium
enolates, 5–6

Singlet states
ligand luminescence, 136–137
silyl enolate oxidation, 479

29Si NMR shifts
lanthanide enolate shift reagents, 807
paramagnetic relaxation reagents, 794

Skin bleaching formulations, 686, 709
SMOs (superconducting metal oxides),

1001–1002, 1003
Sodium ascorbate

electroanalysis, 693
liquid chromatography, 708, 727–728
thin layer chromatography, 705

Sodium croconate, analytical reagent,
728–729

Sodium dodecylbenzenesulfonate, micelle, 699
Sodium dodecylsulfate

electrophoresis, 700
RNA extraction, 728

Sodium enolates, thermochemistry, 186–188
Sodium enolato complexes

β-diketiminato complexes, 252
α-diketonato complex synthesis, 226–229,

231
squarato oxocarbon complex, 240
tropolonato complexes, 239

β-diketonato complex synthesis, 244
from 4-acyl-5-pyrazolones, 246

κ1-O-diketonato ligands, 322
insertion reactions, 261, 262

Sodium hexamethyldisilazane (NaHMDS),
metal enolato complexes, 235

Sodium hydroxide α-diketonato complex
synthesis, 239

Sodium isoascorbate
micelle-enhanced UV spectrophotometry,

689

RNA extraction, 728
UV–VIS determination, 689, 725

Sodium metabisulfite, liquid chromatography,
708–709

Sodium methoxide, α-diketonato complex
synthesis, 239

Sodium rhodizonate, analytical reagent, 729
Soil contamination, lead rhodizonate spot test,

729
Sol–gel technique

metal deposition, 933, 936–937, 956
metal oxide deposition, 966, 974, 985, 986,

988, 988–989, 1000
Solid-phase extraction, electrophoresis, 700
Solvation

chiral solvating agents, 804
dielectric solvation energies, 10
enolate stability and reactivity, 415–417
lithium enolates, 4, 5, 6–7, 9–10, 20
neutral enolates, 419–420
palladium enolates, 64–65

Solvents
apolar, 837–838
enol formation, 413
polar, 415, 833–837

Solvothermal method, mixed Ga–Al oxide
deposition, 971

Sorbicillactone A, bioactivity, 582
D-Sorbose, epimerization, 629
Sorgoleone

bioactivity, 609
HPPD inhibition, 664

Sorption, gas chromatography, 701, 702, 719
Sotolon, bioactivity, 607, 608
SPCE (screen-printed carbon electrodes), 696
Speciation

electrothermal atomic absorption
spectroscopy, 726

liquid chromatography, 706, 707
trace metal analysis, 713

Spectral analysis methods, 688–692
theoretical aspects, 16–27

Spectrophotometric methods, 688–689, 715
Spermidine, biosyntheses, 648, 649
Spermine, biosyntheses, 648, 649
Spin coating, 933, 934–935, 936
Spin-decoupling, chemical-exchange

spin-decoupling, 794
Spray pyrolysis

metal deposition, 942, 966
metal oxide deposition, 966–967, 969, 975,

996, 999, 1000
Spreading of precursor viscid solutions,

934–935
Squarate oxocarbon ligands

complex syntheses, 240, 272, 273
group 1 enolates, 187
manganese enolates, 206
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Square-planar d8 metal dithiolenes, 881–906
bis(dithiolene) complexes, 885–895
diimine–dithiolene complexes, 896–899
electronic/electrochemical properties,

882–885
mixed-ligand complexes, 881, 885, 895–906
noninnocent ligands, 881–882
push–pull character of ligands, 883, 885

Stability
carbonyl compounds and enols, 424–430
enolates, 415–417, 420–421
enols in biological systems, 587–592

glycolysis, 627–631
Stannylation, dehydrogenative, 562
Stannyl enolates see Tin enolates
Star-shaped copolymers, 827, 857, 865–868

arm-first method, 865, 867
core-first method, 868

Stereochemistry
anionic polymerization in polar solvents,

836–837
secondary and tertiary alcohols, 810

Stereoelectronic effect, torquoselective
olefination by lithium ynolates, 766–767

Stereoselectivity
aldol reactions

π -face selectivity, 50, 51–52
substrate-controlled, 372–378

boat-like transition structures, 52–54, 56
chair-like transition structures

aldol reactions, 46, 47, 52–54, 56
metal enolate formation, 357–359
protonation, 442

induced, 373
metal enolate formation, 356–359
platinum enolate reactions, 65–68
proton transfer, 431–450
Rh-catalyzed allylic alkylation, 399, 400
see also Torquoselective olefination by

lithium ynolates
Steric interactions

alkylation, 34–40
enolization, 32
IR spectroscopy, 27
Ln–substrate complexes, 801
metalation, 29–30
titanium enolates, 59

Stille reaction, β-diketonato metal complex
catalysis, 565–566

Stipitatic acid, bioactivity, 611
Stipitatonic acid, bioactivity, 611
Stoichiometry, Ln–substrate complexes, 793
Strontium, deposition, 967
Strontium enolates, rare, 192
Strontium enolato complexes

β-diketonato complex synthesis, 244, 245
tetrahydrofuran ring cleavage, 279, 280
2,2,6,6-tetramethyl-3,5-heptanedionate, 967

tropolonato complex synthesis, 238
Strontium oxide, BSCCO superconductor, 994,

1002, 1003
Strontium titanate, deposition, 967
Structure

(α/β)8 enzyme structure, 628, 629, 631,
632, 633, 634, 635, 636

cupin-fold domains, 640
d8 metal–dithiolene complexes, 879–928

d8 bi(1,2-dithiolene) compounds,
909–910

diimine–dithiolene complexes, 898–899
lithium ynolate complex, 749
metal enolates, 2
propagating species in anionic

polymerization, 838–842
rare-earth β-diketonates, 138–140, 141
theoretical aspects, 3–16

aluminum enolates, 12–14
calcium and magnesium enolates, 11–12
cobalt enolates, 15–16
copper and titanium enolates, 14–15
lithium enolates, 4–11

see also Molecular structure
Styrene, hydrogenation, 808
Sublimation

dipivaloylmethanates, 702, 726
metal enolates, 723
volatile Ba complexes, 690

Substitution
α-amido substituted allylic esters, 400–401
α-substitution of ketone enolates, 356–371
bimolecular nucleophilic substitution, 40, 41
d8 metal–dithiolene complexes

different substituents at same C2S2
moiety, 904–906

magnetic properties, 917–918
β-diketonato complexes, 243, 323–327
1,3-disubstituted allenes, 813, 814
electrophilic, 323–325, 512, 705
lithium ynolate-initiated cascade reactions,

752–754, 755–756
multisubstituted carbocycles/heterocycles,

752–754, 755–756
Pd-catalyzed allylic substitutions, 366
pendant substituents, 861–862, 863
poly(ε-caprolactone), 861–862, 863
poly(β-substituted-β-propiolactone), 800
substituent groups, 3
2,2′,6,6′-tetrasubstituted biphenyls, 809, 810
tetrasubstituted olefins, 765, 767
see also Nucleophilic substitution

Substrates
α-alkylation of ketone enolates, 360–362
chiral, 392–393
diastereoselective protonation, 441
Ln–substrate complex NMR shifts

polyfunctional substrates, 800–801
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stoichiometry, 793
stereoselective aldol reactions, 372–378

Succinimide, enantioselective protonation, 438
O-Succinylbenzoate synthase, sugar

metabolism, 634
Sugars

liquid chromatography, 708
metabolism, 621–635

Suillusin, polyporic acid precursor, 584, 585
Sulcotrione, herbicide, 662, 663
Sulfides, Ln-induced NMR shifts, 795
Sulfones, Ln-induced NMR shifts, 796
Sulfonium salts

binuclear Ln–Ag NMR shift reagent, 815
Ln-induced NMR shifts, 796

Sulfoxide groups, chain end-capping, 860
Sulfoxides, Ln-induced NMR shifts, 804
Sulfur atoms, bis(dithiolene) complexes,

891–893
Sulfurization gas chromatography, 702–703
Sulfur oxide compounds, Ln-induced NMR

shifts, 796
Superconducting metal oxides (SMOs),

1001–1002, 1003
Superconductors

d8 metal–dithiolene complexes, 906–907
gas chromatography, 702
high-temperature, 962, 994, 1001–1002
mass spectrometry, 691

Supercritical fluid chromatography (SFC), 703,
707–708, 714, 720

Superoxides, scavenging, 597
Supramolecular structure, copper diketonates,

98–99, 124
Surface enolates, magnesium enolates, 192
Suzuki coupling reactions, metal enolato

complexes, 323–324
Suzuki–Kiyaura reaction, β-diketonato metal

complex catalysis, 565
Synthesis

alkali metal ynolates, 741–749
electrochemical, 483–484
metal enolates

addition of ketone enolates to carbonyl
groups, 378–379

from enol ethers, 359
Rh-catalyzed isomerization, 359–360
stereo- and regioselectivity, 356–359

metal enolato complexes, 223–311
from acyl halides, 266–267
from carbon monoxide and carbonyl

complexes, 267–276
cleavage of ethers, 278–281
from isocyanates, 266
from ketenes, 263–266
from ketones, aldehydes and esters,

226–263

from oxo, hydroxo or alkoxo complexes,
281–283

oxygenation reactions, 283–284
silyl ynolates, 775

Synthetic antibody action, chromatography,
714, 722

Synthons, 355–409
amino acid enolates, 393–401

allylic alkylation, 397–400
asymmetric syntheses, 393–397
Claisen rearrangements, 400–401

C–C formation
addition of ketone enolates to carbonyls,

372–379
Michael addition of metal enolates,

380–385
α-substitution of ketone enolates,

356–371
ester enolates, 385–405

amino acid enolates, 393–401
conjugate additions, 391–393
diastereoselective addition to carbonyls,

386–390
peptide enolates

peptide enolates, 401–405

TA (tetronic acid), 594
Tacticity

poly(methyl methacrylate)
apolar solvents, 838
ate complexes, 850
group transfer polymerization, 855, 857
ligated polymerization, 843, 844, 845,

847, 848, 849
polar solvents, 836–837

polypropylene, 829–830
D-Tagatose

epimerization, 629
ketose–aldose isomerization, 623

D-Tagatose 3-epimerase (D-TE), sugar
metabolism, 629

Tandem reactions
lithium ynolate-initiated cascade reactions,

752–754, 755–756
organozincate conjugate

addition–alkylation, 361–362
Tantalum enolates, thermochemistry, 204
Tantalum enolato complexes

from acyl halides, 266–267
bond cleavage

C–N, 268, 270
C–O, 345

CO insertion, 267, 275, 276
α-diketonato complex synthesis, 233
β-diketonato complex synthesis, 245
enediolato complexes, 272
redox reaction synthesis, 256, 257
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Tantalum enolato complexes (continued )
2,2,6,6-tetramethyl-3,5-heptanedionate, 986
tropolonato complex synthesis, 238

Tantalum oxide, deposition, 986
Tautomerization

curcumin, 586
enols, 412, 413, 585–586
in situ racemization, 434
β-ketoenols, 587
Lewis acids, 587, 588
Nazarov cyclization, 445–446
theoretical aspects, 32–34
β-δ-tricarbonyl compounds, 533
see also Keto–enol equilibrium

tBuA see t-Butyl acrylate
tBuMA see t-Butyl methacrylate
TCD (thermal conductivity detection), 701,

718
TCOs (transparent conductive oxides), 1002,

1003
Technetium enolato complexes

β-diketiminato complexes, 252
α-diketonato complex synthesis, 239
β-diketonato complex synthesis, 245

Temperature effects
anionic polymerization in polar solvents,

835, 836
lanthanide NMR shift reagents, 790, 798,

804
TEM (transmission electron microscopy), 951
Tenoxicam, COX inhibitor, 613, 614
Terbium, fluorescence, 714–715
Terbium enolato complexes

acetylacetonato complex, 715, 1000
β-diketiminato complexes, 252
α-diketonato complex synthesis

squarato oxocarbon complex, 240
tropolonato complexes, 238, 239

β-diketonato complexes
fluorescence, 715
photoluminescence, 154, 156–157, 715
synthesis, 244, 245

from 4-acyl-5-pyrazolones, 246
protonation, 336

Terbium oxide, deposition, 1000
Terminal alkynes, lithium ynolate preparation,

745
Terpenoids, polyketide hybrids, 590, 591
p-Terphenyl, binuclear Ln–Ag NMR shift

reagent, 812
Tertiary alcohols, Ln-induced NMR shifts, 810
Tertiary diamines, ligated anionic

polymerization, 846–847
TetA, tetracycline resistance, 658–660
tet-operator, tetracycline resistance, 659–660
TetR, tetracycline resistance, 613, 658–660
Tetracyclines

antibiotics, 612–613

bacterial resistance, 613, 658–660
bioactivity, 583

2,2,2′,2′-Tetrafluoro(4,4′-bi(1,3-benzodioxole)-
5,5′-diyl)bis(diphenylphosphine)

(DIFLUORPHOS), enantioselective
protonation, 439, 440

Tetrahydrofuran ring cleavage, metal enolato
complex synthesis, 278–280

Tetrahydropyranylation, β-diketonato metal
complex catalysis, 564

Tetrahydrothiophene, binuclear Ln–Ag NMR
shift reagent, 817

Tetrahydroxychalcone, flavonoid biosynthesis,
644

Tetraketonates, electrochemistry, 536, 537
Tetraketones

electrochemistry, 536, 537
redox reactions, 533–534

Tetralones
basicity, 432
enol acidity, 422, 423, 427

Tetramers
ester enolates, 17, 19
lithium enolate isomers, 7
monomer–tetramer equilibration constants,

188–189
N ,N ,N ′,N ′-Tetramethyl-1,2-ethylenediamine

(TMEDA), ionic polymerization of
methyl methacrylate, 846, 857–858

3,4,5,6-Tetramethylphenanthrene, binuclear
Ln–Ag NMR shift reagent, 814, 815

2,2′,6,6′-Tetrasubstituted biphenyls, axial
chirality, 809, 810

Tetrasubstituted olefins, torquoselective
olefination synthesis, 765, 767

Tetronic acid (TA), 594
TGA see Thermogravimetric analysis
Thallium diketonates, molecular structure,

107–108
Thallium enolates, thermochemistry, 193, 195
Thallium enolato complexes

acetylacetonato complex, 971
β-diketonato complex synthesis, 245
hexafluoroacetylacetonato complex, 971
ketiminato complexes, 326
tropolonato complex synthesis, 238

Thallium oxide
deposition, 971
TBCCO superconductor, 994, 1002, 1003

1-Thenoyl-3,3,3-trifluoroacetonato complexes,
chromatography, 705, 707, 722, 727

Theoretical aspects, 1–80
reactivity, 27–73, 74
spectroscopy, 16–27
structure, 3–16

Thermal conductivity detection (TCD), 701,
718

Thermal decomposition, silver enolates, 196
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Thermochemistry, 185–221
Thermodynamic control

carbonyl basicity, 431
metal enolate formation, 356–357, 361

Thermogravimetric analysis (TGA)
deposition

metal oxides, 969, 970, 972
metals, 938, 944

β-diketonates, 702, 718
lanthanide dipivaloylmethanate, 687

2-Thiabicyclo[4.3.0]nonane 2,2-dioxide,
Ln-induced NMR shifts, 796, 807

1-Thiadecalin 1,1-dioxides, Ln-induced NMR
shifts, 796

6a-Thiathiophthene, isolobal compounds, 194
Thiazole, binuclear Ln–Ag NMR shift

reagent, 815
Thin layer chromatography (TLC), 691,

704–705, 714, 722, 725
Thioalkynolates, metal ynolate analogues,

778–779
Thioamides, Ln-induced NMR shifts, 798
β-Thiodiketonates, thermochemical data, 186
Thioenolate intermediates, biosynthesis, 592
Thioenolato complexes, 255–256
Thioesters, homologation, 772, 773
Thioethers

complexation gas chromatography, 720
complexation liquid chromatography, 722
gas chromatography, 719

Thiofuranones, enzyme inhibition, 592, 593,
660

Thiolactomycin, Plasmodium falciparum
inhibition, 592–593

Thiols
chain end-capping, 858
kinetic spectrophotometry, 689

Thorium enolates, thermochemistry, 200, 201
Thorium enolato complexes

CO insertion, 268
β-diketonato complex synthesis, 245
enediolato complexes, 271, 272
protonation, 336
tropolonato complex synthesis, 238, 239

Three-component coupling, α-alkylation of
ketone enolates, 361

Threshold energies, ruthenium enolates, 208
Through-bond shifts see Contact effects
Thujaplicin, bioactivity, 611
Thulium enolato complexes

β-diketonato complexes
photoluminescence, 160
synthesis, 245

tropolonato complex synthesis, 238, 239
TIM see Triosephosphate isomerase
Time-resolved luminescence bioassay,

172–174, 175

Tin chloride, peptide enolate chelation,
404–405

Tin dioxide, deposition, 972
Tin-doped indium oxide (ITO)

deposition, 971, 1002, 1003
working electrode, 696

Tin enolates
addition reactions, 59–64

aldehydes, 60, 61, 62
halides, 60–64

molecular structure, 108
NMR spectra, 119
thermochemistry, 193–195
transition-metal catalyzed allylic alkylation,

363–364
Tin enolato complexes

acetylacetonato complex, 972
β-diketiminato complexes, 252, 252
α-diketonato complex synthesis, 239,

241–242
squarato oxocarbon complex, 240
tropolonato complexes, 238

β-diketonato complex synthesis, 245
hexafluoroacetylacetonato complex, 972
ketoiminoenolato complex, 328
phosphinoenolato complexes, 254
rearrangement, 346
redox reaction synthesis, 256, 257, 259
thioenolato complexes, 255–256
1,1,1-trifluoro-2,4-pentanedionate complex,

971
Tipranavir (Aptivus), enzyme inhibition,

584, 660, 661
Titania, deposition, 977–980
Titanium bis(enolates) oxidation, 488
Titanium diketonates, vibrational spectra, 90,

91, 93 –14
Titanium enolates

addition reactions, 56–59
aldol reactions, 373–375, 376, 378
electrochemistry, 493–495, 496
intermolecular oxidative coupling, 473
NMR spectra, 118–119
redox reactions, 485–487, 488
structure, 14–15
thermochemistry, 201–202
trifluoromethylation, 200, 485–486

Titanium enolato complexes
acetylacetonato complex, 692
aldol reactions, 331, 344
amidoenolato complexes, 273
carbonyl-stabilized phosphorus ylide

complexes, 317
C–O bond cleavage, 344–345
cyclohexanone reaction, 346
diazo compound reaction, 285
β-diketiminato complexes, 252
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Titanium enolato complexes (continued )
α-diketonato complex synthesis, 230–231,

233, 239
tropolonato complexes, 238

β-diketonato complexes
synthesis, 245
TiO2 deposition, 977–980

enediolato complexes, 259
insertion reactions, 261–262
from ketenes, 264, 275
ketenido complexes, 328
ketiminato complexes, 249, 250, 252, 327
Lewis acid reactions, 344
from oxo complexes, 282
phosphinoenolato complexes, 253
polyketonato complexes, 248
redox reaction synthesis, 256, 257, 259
tetrahydrofuran ring cleavage, 279–280
thioenolato complexes, 255–256

Titanium oxide, deposition, 977–980
Titanocene, anticancer activity, 607
Titration

biamperometric, 699–700
complexometric, 713
coulometric, 693
cuprimetric, 698

TL (triboluminescence), 165–168
TLC (thin layer chromatography), 691,

704–705, 714, 722, 725
TMEDA (N ,N ,N ′,N ′-tetramethyl-1,2-

ethylenediamine), 846, 857–858
Tocopherols, in plants, 661
Toluene, binuclear Ln–Ag NMR shift reagent,

812
Topaquinone (TPQ)

amine oxidase production, 642–644
bioactivity, 608, 609

Torquoselective olefination by lithium ynolates
carbonyl compounds, 764–774

acylsilanes, 767–769
aldimines, 772–774
esters, 760–762
ketones, 764–767
α-oxy and α-amino ketones, 769–771
thioester homologation, 772, 773

stereoelectronic effect, 766–767
Torsional barriers, acetylferrocenes, 208
Toxoplasmosis, atovaquone treatment, 617
TPQ see Topaquinone
Trace metals

mass spectrometry, 691
ultratrace analysis, 713

Transcription factor, hypoxia-inducible,
641–642

Transferrin, two-domain structure, 646
Transition d-metal β-diketonates

electrochemistry, 512–523
electroluminescence, 170–171

photoluminescence, 168–170
UV–VIS spectra, 115

Transition metal enolates
redox reactions, 484–490
in synthesis, 84

Transition metals
catalytic allylic alkylations, 363–368,

397–398
deposition by means of metal enolates,

938–966
nanoparticles, 938–939, 947, 948–952,

953, 966
oxides, 974–996

Transition structures
aldol reactions, 46, 47, 52–54
metal enolate formation, 357–359
non-Anh conformation, 46, 47

Transmetalation
metal enolato complex synthesis

from diketones, 236–247
from monoketones, 226–236

Transmission electron microscopy (TEM), Pt
alloy nanoparticles, 951

Transparent conductive oxides (TCOs), 1002,
1003

Transphobia, 2-oxoalkyl versus enolato
coordination, 315, 316, 336

Trialkylaluminum
carbonyl-type reactions, 12–14
enolato complex synthesis, 230, 231

Trialkylsilylketenes, metllation, 748
Triboluminescence (TL), rare-earth

β-diketonates, 165–168
Tributylstannyl enolates

α-diketonato complex synthesis, 241–242
NMR spectra, 119

β-δ-Tricarbonyl compounds, tautomeric
equilibrium, 533

Trifluoroacetylacetonates
analytical reagents, 701, 702, 718, 725–726
synthesis, 322–323

3-(Trifluoroacetyl)-D-camphorate
Ln complexes, 790, 791

chiral NMR shift reagents, 805, 806–809,
810, 813

Trifluoromethylation, titanium enolates, 200,
485–486

Trihydroxychalcone, flavonoid biosynthesis,
644

Triketonates, electrochemistry, 535
Triketones, NTBC herbicide, 662, 663, 665
1,3,5-Triketones, tautomeric equilibrium, 533
Trimerization, hexafluoro-2-butyne, 508
Trimers

ester enolates, 17
lithium enolate aggregates, 9, 17

Trimethylsilyldiazomethane, lithium
trimethylsilylynolate preparation, 744
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Triones, herbicides, 662, 663–664
Triorganostannyl enolates, NMR spectra, 119
Triosephosphate isomerase (TIM)

(α/β)8 structure, 631, 635, 636
sugar metabolism, 623, 631–632

Triphenylphosphine, binuclear Ln–Ag NMR
shift reagent, 813

Triphenylphosphite, binuclear Ln–Ag NMR
shift reagent, 813

Triphenylphosphite ozonide, α-hydroxy
carbonyls synthesis, 468

Triplet states, ligand luminescence, 137–138
1,6,6a-λ4-Trithiapentalene, isolobal

compounds, 194
Tritiated compounds, Ln-induced NMR shifts,

796, 797
Trolox, antioxidant, 616, 688
Tropolonates, thermochemical data, 186
Tropolonato complexes

anionic, 238, 239
cationic, 238
α-diketonato complex synthesis, 237–239

Tropolones
bioactivity, 611–612
enzyme inhibition, 661

Tungsten enolates, thermochemistry, 205–206
Tungsten enolato complexes

C–O bond cleavage, 262
CO insertion, 270, 276
β-diketonato complex synthesis, 245
furan ring cleavage, 281
from ketenes, 265
metalafurans, 263, 277, 284, 341–342
2-oxoalkyl isomerization, 318, 319
oxygenation synthesis, 284
phosphinoenolato complexes, 254
redox reaction synthesis, 256, 257–258

Tungsten oxides, deposition, 987–988
Tyrosinase, inhibition, 583, 599, 661
Tyrosine aminotransferase, deficiency, 662
Tyrosine catabolism, fumarate, 654–655, 656,

662, 665
Tyrosinemia, 654, 662, 665

Ubiquinone, bioactivity, 608–609
Ultrasonic spray pyrolysis (USP), Ln/Ac oxide

deposition, 975, 999, 1000
Ultratrace analysis, Bi, 713
Ultraviolet spectroscopy see UV spectroscopy
Umpolung, silyl enolates, 479
Uncertainty broadening, lanthanide NMR shift

reagents, 790
Unimeric model, anionic polymerization,

838–839, 840, 844, 847–850, 853
γ ,δ-Unsaturated amino acids, from amino acid

ester enolates, 398, 400–401

Unsaturated carboxylic acids, lithium salts,
4–5

Unsaturated groups, chain end-capping, 859
α,β-Unsaturated ketones, diastereoselective

protonation, 442–443
UPS (UV photoelectron spectroscopy), 690
Uranium atom, coordination number, 104
Uranium enolates, thermochemistry, 200–201
Uranium enolato complexes

CO insertion, 268, 276
deltato complex, 272, 273
squarato complex, 272, 273

β-diketiminato complexes, 252
α-diketonato complex synthesis, 239

oxocarbon complexes, 240
tropolonato complexes, 238, 239

β-diketonato complex synthesis, 245
enediolato complexes, 271, 272, 273
from isocyanates, 266
from ketimines, 251, 252
polyketonato complexes, 248
protonation, 336

Uranium oxide, trifluoroacetylacetonato
complex, 701

Uranyl diketonates
NMR spectra, 116
U separation, 122
vibrational spectra, 104–105, 116

Urease, carboxylation, 638
Uric acid

amperometric detection, 693
electrochemical determination, 686, 694,

696
electrophoresis, 700
voltametric detection, 695, 699

Usnic acid
bioactivity, 583, 584
HPPD inhibition, 662, 664

USP (ultrasonic spray pyrolysis), 975, 999,
1000

UV detection
chemometrics, 685
electrophoresis, 700
liquid chromatography, 706, 707, 708, 727
luminescence, 715
UV–VIS spectroscopy, 689

UV photoelectron spectroscopy (UPS), volatile
Ba complexes, 690

UV spectroscopy
anionic polymerization

ligands, 848
phosphonium salts, 853

optodes, 714
resonance-enhanced multiphoton ionization,

691
thin layer chromatography, 705

UV–VIS spectroscopy, 108–115, 688–691
chromium diketonates, 92, 724
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UV–VIS spectroscopy (continued )
cobalt enolates, 109–111, 688
copper enolates, 109
iridium diketonates, 111–113, 688
lanthanide dipivaloylmethanate, 687
micelle-enhanced, 689
ruthenium diketonates, 113
theoretical aspects, 25

Vacuum pyrolysis, Pt deposition, 947, 951
Validation

analytical methods, 685
voltammetry, 699, 700

Valine, acidity, 429
Vanadium, redox reactions, 689
Vanadium diketonates, vibrational spectra,

90–92, 93 –14
Vanadium enolates

EPR spectra, 119–120
NMR spectra, 118
thermochemistry, 203, 204

Vanadium enolato complexes
acetylacetonato complex, 688, 692, 984–985
CO insertion, 268, 269
β-diketiminato complexes, 252
α-diketonato complex synthesis, 239

squarato oxocarbon complex, 240
tropolonato complexes, 238

β-diketonato complex synthesis, 245
enediolato complexes, 259
from ketenes, 274
from ketimines, 249, 251, 252
ketohydrazonato complexes, 327
protonation, 334, 335
thioenolato complexes, 255–256

Vanadium oxides
complexes, 688, 692, 706, 715, 717
deposition, 984–985

Vancomycin, antibiotic, 665
Van’t Hoff plots, reverse phase HPLC, 706
Vibrational spectra, 84–108

cadmium diketonates, 101–102
carbonyl frequencies, 87–88
chromium diketonates, 92
cobalt diketonates, 96–97
copper diketonates, 98–101
iridium diketonates, 97
lanthanide diketonates, 102–104
manganese diketonates, 92, 95–96
mercury diketonates, 102
metal–oxygen frequencies, 84, 85–87

metal(II) diketonates, 86–87
metal(III) diketonates, 85–86

molybdenum diketonates, 92, 94
nickel diketonates, 97–98
palladium diketonates, 97–98
ruthenium diketonates, 96

scandium diketonates, 88–89
titanium diketonates, 90, 91, 93 –14
uranyl diketonates, 104–105
vanadium diketonates, 90–92, 93 –14
yttrium diketonates, 89–90
zinc diketonates, 101–102

Vinyl acetate
graft copolymers, 871–872
Ln-induced NMR shifts, 807
radical polymerization, 827–828

4-Vinylcyclohexene, binuclear Ln–Ag NMR
shift reagent, 813

Vinylene carbonates, tin enedioates, 194
Vinylketenes, [4 + 2] cycloaddition of lithium

ynolates, 763–764
4-Vinylphenylboronic acid, fluorescent sensor,

690
Vinyl propionate copolymers, Ln-induced

NMR shifts, 807
Vinylsilanes, torquoselective olefination of

acylsilanes, 767–768
Viscid solution spreading, 934–935
Visible spectroscopy see UV–VIS

spectroscopy
Vitamin C tablets

coulometric titration, 693, 727
electroanalysis, 695
see also Ascorbic acid

51V NMR spectroscopy
maltol complex, 604–605
mimosine complexes, 600

Volatile chelates
acetylacetonates, 723
mass spectroscopy, 691
trace metal analysis, 713
UV photoelectron spectroscopy, 690

Volmer–Weber model, Ir deposition, 944
Voltammetry

anodic stripping, 693
glassy carbon electrode, 695
voltametric electric tongue, 686, 699

Wacker process, enol intermediate, 585, 592
Weiss constants, lanthanide

dipivaloylmethanate, 687
Working electrodes, electrochemical analysis,

686, 693, 694–697, 699
Wrong-way shifts, lanthanide NMR shift

reagents, 792, 793

XANES (x-ray absorption near edge spectra),
595

Xanthone, enthalpy of formation, 195
XAS see X-ray absorption spectroscopy
129Xe NMR shifts, cryptophane A, 809–810
Xenon difluorides, silyl enolate oxidation,

479–480
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Xerogels, sol–gel process, 937
XPS (x-ray photoelectron spectroscopy), 967,

975
X-ray absorption near edge spectra (XANES),

Fe(II)–ascorbate complexes, 595
X-ray absorption spectroscopy (XAS), 692

Fe(II)–ascorbate complexes, 595
K-edge XAS, 692

X-ray crystal structure
α-lithio carboxylic esters, 838
lithium ynolate complex, 749

X-ray diffraction (XRD)
metal deposition, 942–943, 944, 949, 951
metal oxide deposition, 971, 993

X-ray fluorescence spectroscopy (XRF), 692
X-ray photoelectron spectroscopy (XPS),

metal oxide deposition, 967, 975
XRD see X-ray diffraction
XRF (x-ray fluorescence spectroscopy), 692
Xylenes, binuclear Ln–Ag NMR shift

reagents, 812
Xylose isomerase, sugar metabolism, 622, 623
D-Xylulose-5-phosphate, epimerization, 628

Yeast enolase, metal complexes, 632, 633
Ylides, phosphorus ylide complexes, 315–318
Ynamides, metal ynolate analogues, 775–778
Ynamines, metal ynolate analogues, 775–778
Ynediolates, group 1 elements, 187
Ynolates, thermochemical data, 186
Ynol ethers, formation from metal ynolates,

745, 775
YSZ (yttria-stabilized zirconia), 980
Ytterbium enolates, thermochemistry, 199–200
Ytterbium enolato complexes

β-diketiminato complexes, 252
α-diketonato complex synthesis, 236

hydroxyquinone enolato complexes,
239–240

squarato oxocarbon complex, 240
tropolonato complexes, 238, 239

β-diketonato complexes
configuration, 711
NMR shift reagents, 791, 800, 805, 806,

813
synthesis, 245

Yttrium diketonates, vibrational spectra, 89–90
Yttrium enolates

NMR spectra, 118
thermochemistry, 197–198

Yttrium enolato complexes
CO insertion, 268, 269
α-diketonato complex synthesis, 236

hydroxyquinone enolato complexes,
239–240

squarato oxocarbon complex, 240
tropolonato complexes, 238, 239

β-diketonato complexes
analytical aspects, 687
synthesis, 245

furan ring cleavage, 281
hexafluoroacetylacetonato complex, 938,

954–956, 975
tetrahydrofuran ring cleavage, 280
2,2,6,6-tetramethyl-3,5-heptanedionate,

974–975
Yttrium oxide

deposition, 974–975
YBCO superconductor, 994, 1002, 1003
zirconia stabilization, 980

Zimmerman–Traxler model, dimple
diastereoselectivity, 372

Zinc bis(ascorbate) tetrahydrate, enthalpy of
formation, 197

Zinc diketonates, vibrational spectra,
101–102

Zinc enolates
conjugate addition–alkylation, 361–362
formation, 379
NMR spectra, 117
thermochemistry, 196–197

Zinc enolato complexes
acetylacetonato complex, 706, 996
from alkoxo complexes, 281–282
β-diketiminato complexes, 252
α-diketonato complex synthesis, 228–230,

239, 242
hydroxyquinone enolato complexes, 239
oxocarbon complexes, 240
tropolonato complexes, 238

β-diketonato complex synthesis, 245, 323
κ1-O-diketonato ligands, 321
insertion reactions, 261, 262
ketiminato complexes, 250–251, 252, 326,

327
2-oxoalkyl isomerization, 225, 320
protonation, 335, 336
thioenolato complexes, 255–256

Zinc oxide, deposition, 996
ZINDO/1 calculations, cobalt enolates, 15–16
Zirconia, deposition, 980–983
Zirconium enolates

electrochemistry, 495–496, 497
redox reactions, 487–488
thermochemistry, 202–203

Zirconium enolato complexes
aldol reactions, 331–332, 344
aminoenolato complex, 346
carbonyl-stabilized phosphorus ylide

complexes, 317
C–O bond cleavage, 345
CO insertion, 267, 268, 269, 276
β-diketiminato complexes, 252
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Zirconium enolato complexes (continued )
α-diketonato complex synthesis, 231–233

tropolonato complexes, 238
β-diketonato complexes

synthesis, 245
Zr oxide deposition, 980–983

enediolato complexes, 259, 271
furan ring cleavage, 281
from isocyanates, 266
from ketenes, 265
ketenido complexes, 275, 328, 329

Lewis acid reactions, 344
from oxo complexes, 282
oxygenation synthesis, 283
phosphinoenolato complexes, 232, 253, 268,

337
protonation, 336
tetrahydrofuran ring cleavage, 279–280
ylide reaction, 284

Zirconium oxide, deposition, 980–983
Zone chromatography, 704
Zone melting, 704
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