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1900-1950: GRIGNARD, SABATIER,
AND CATALYSIS IN GERMANY

It is at the turn of the X Xth century that the major French contribution came into

fruition with the work of Barbier and especially of his student Victor Grignard.

Grignard’s name is forever engraved in the history of chemistry for the reaction of

magnesium with organic halides RX leading, by oxidative addition, to Grignard

reagent RMgX that can alkylate carbonyl derivatives.

MgR’COR’’
RX      RMgX      RR’R’’COH

Et2O

This discovery had an enormous impact, not only on organic chemistry, but also

proved to be of considerable importance in transition-metal organometallic chemis-

try. For instance, in 1919, Hein synthesized what he believed to be a polyphenyl-

chromium derivative [(Cr(!-Ph)n]:

CrCl3  +  PhMgBr      [Cr(!-Ph)n]!0,+1 n = 2, 3 or 4

However, some 36 years later, it was revealed that the compound posseses a

" sandwich-type structure.

The first half of the XXth century was especially noteworthy for the emergence of

catalysis. The distinction between homogeneous and heterogeneous catalysis was

first delineated by the French chemist Paul Sabatier (one of Berthelot’s students).

Sabatier and Senderens’ work on the heterogeneous hydrogenation of olefins to

saturated hydrocarbons using nickel eventually led to a Nobel Prize shared in 1912

between Sabatier and Grignard. Many seminal discoveries, however, were made in

Germany during this first half of the XXth century. In 1922, Fischer and Tropsch

reported the heterogeneously catalyzed reaction between CO and H2 (syngas) to

form mixtures of linear alkanes and alkenes with few oxygenates as by-products

(Fischer-Tropsch process, industrially developed in 1925). In 1938, Roelen dis-

covered the catalysis by [Co2(CO)8] of the hydroformylation of olefins by CO and

H2 (oxo process). From 1939 to the late 1940s, Reppe worked on the catalysis of

transformation of alkynes (tetramerization to cyclo-octatetraene, 1948).

Curiously, there were only a few advances in the discovery of new complexes dur-

ing this period. Besides iodotrimethylplatinum, [PtMe3I], synthesized by Pope at the

beginning of the XXth century, the list includes [Fe(#
4
-butadiene)(CO)3] made by

Reilhen in 1930 and Hieber’s work on metal carbonyls from 1928 onwards (e.g. the

synthesis of [Fe(H)2(CO)4], 1931).
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Fe
OC

CO
CO OC

Fe
OC CO

CO

H

H

First diene-complex
Reilhen, 1930

First metal-hydride complex
Hieber, 1931

H3C
Pt

H3C CH3

I

First !-alkyl-metal complex
Pope, 1909

1950-1960: THE DISCOVERY OF FERROCENE

AND THE BOOM OF ORGANOMETALLIC CHEMISTRY

It is in the 1950s that inorganic and organometallic chemistry boomed, especially in

the United States. Henry Taube classified the inorganic complexes as inert or labile

towards substitution reactions, depending on the nature of the ligand and oxidation

state of the metal (1951). This work laid the foundation of molecular engineering

that allowed him to carry out a crucial series of experiments: the catalysis of sub-

stitution reactions by electron or atom transfer, and the distinction between outer-

sphere electron transfer and that proceeding by the inner sphere which is

considerably faster (1953).

Structural bio-organometallic chemistry has its origin with the English chemist

Dorothy Crowfoot-Hodgkin who established the X-ray crystal structure of vitamin

B12 coenzyme between 1953 and 1961 using a primitive computer, resulting in her

awarding the Nobel Prize in 1964. Consecutively, the legendary Harvard University

chemist Robert B. Woodward achieved the total synthesis of this coenzyme in

70!steps with 99 co-workers from 1961 to 1972.

In England too, several chemists had noted, at the beginning of the 1950s, this very

stable orange powder that formed when cyclopentadiene is passed through iron

tubings. Some chemists had even filled pots with it in their laboratory. Keally,

Pauson and Miller first published the compound in 1951, and Pauson reported the

structure [Fe(!-C5H5)2] in the journal Nature. In doing so, he made the same mis-

take as Hein, 32 years earlier. In the meantime, however, Sidgwick had published

the 18-electron rule for transition-metal complexes in his book “!The Electronic

Theory of Valency!” (Cornell University, Ithaca, 1927). Pauson’s proposed

! structure for bis-cyclopentadienyl-iron only had 10 valence electrons and was

soon challenged. At Harvard University, Willkinson and Woodward recognizing

Sidgwick’s rule, immediately understood that the Pauson formulation was incorrect.

A few months later, they published the first sandwich structure, just before Fischer:

bis-cyclopentadienyl-iron is ferrocene, an 18-electron complex, in which the two

rings are perfectly parallel, "-bound to the iron atom and having aromatic properties

(1952).
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Fe
H

H
Fe

FeCp2 : erroneous ! structure
Pauson, 1951

"-sandwich structure of ferrocene
Wilkinson and Fischer, 1952

Wilkinson did not make tenure in Harvard, and he moved back to London at Impe-

rial College, fortunately for British inorganic chemistry. This structure awarded

Wilkinson and Fischer the Nobel Prize in 1973. Cobaltocenium, isoelectronic with

ferrocene, was also synthesized in 1952. Sandwich complexes with other metals

shortly followed, opening the route to an organometallic chemistry of ! complexes

with poly-hapto ligands developed particularly in Oxford by Wilkinson’s bright

student, Malcolm L.H. Green. Some of these complexes such as [FeCp(CO)2]2 have

a metal-metal bond and a non-rigid structure, carbonyls jumping rapidly from one

metal to another: these are the fluxional complexes (Cotton and Wilkinson, 1955).

Longuet-Higgins and Orgel predicted in 1956 that it would be possible to isolate

18-electron complexes of cyclobutadienyl, a highly instable anti-aromatic

compound. Their prediction turned into reality only two years later with syntheses

of such complexes using several transition metals.

Fe Fe

O
C

C
O

OC

CO

Fe

OC CO
CO

Ni

Cl

Cl

Cl

Cl
Me

Me

Me

MeMe

Me

Me

Me

Ni

Cotton and Wilkinson, 1955
Fluxional molecule

Stabilization of cyclobutadiene
Criegee, 1959Hubel, 1958

Another very important discovery, in 1955, was that of olefin polymerization cata-

lyzed by soluble titanium and aluminum compounds by Ziegler and Natta. These

authors were awarded the Nobel Prize for chemistry in 1963. The stereospecific

polymerization of propylene, which was also discovered by Ziegler and Natta, was
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attributed initially to the surface effect of the heterogeneous initiator, but this

interpretation did not survive. Ziegler also discovered the hydroalumination of

olefins, leading to tris-alkyl-aluminum, which is a very important industrial chemi-

cal. It was also during this period that Georg Wittig found the reaction that now

bears his name (1953) and that Herbert C. Brown discovered the hydroboration of

olefins (1956). They were jointly awarded the 1979 Nobel Prize. This decade ended

with the report of the first oxidative addition reaction in transition-metal chemistry

by Shaw and Chatt in 1959.

1961-1981: THE DISCOVERY OF MULTIPLE METAL-
CARBON BONDS AND THE GOLDEN AGE OF CATALYSIS

Molecular compounds with metal-metal bonds had been known for a long time.

Gold nanoparticles were known inter alia in Ancient Egypt for their decorative and

therapeutic properties, and calomel was used by chemists in India in the XIIth cen-

tury. The Hg-Hg bond in the mercurous ion was recognized at the beginning of the

XXth century. It was in the 1960s, however, that a more complete development of

metal clusters appeared, particularly for the metal-carbonyl clusters by Paolo Chini

in Italy, Earl Muetterties and Lawrence Dahl in the United States and Lord Jack

Lewis in England. At the same time, the syntheses, structures and properties of

multiple metal-metal bonded compounds, including those with up to the quadruple

bonds were studied, in particular by F. Albert Cotton.

The birth of an extraordinary family, the carboranes and metallocarboranes, whose

father is Frederic Hawthorne, also occurred during this decade in the United States.

Later, W.N. Liscomb obtained a Nobel Prize (1976) for the clarification of the

structures of boranes.

Fe

2 –

Dicarbolyl iron(II)
analog of ferrocene

M.F. Hawthorne, 1965
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In 1962, Vaska published the famous 16-electron complex [Ir(CO)(Cl)(PPh3)] that

bears his name. It is well known for the reversible addition of dioxygen and for the

series of other oxidative addition reactions that it undergoes with a large number of

substrates, including H2 at 25°C.

Ir
PPh3OC

ClPh3P
Ir

PPh3OC

HPh3P

Cl

H

PPh3OC

OPh3P

Cl

O
O2 H2IIII III

Ir

Vaska’s complex and the oxidative addition of O2 and H2 , 1965

In 1964, the first metal-carbene complex was published by E.O. Fischer and the

catalyzed metathesis of olefins (below) was reported by Banks.

+
[cata]

Although these two events were not connected at this time, several years later it

turned out that they had a considerable mutual impact. Indeed, in 1971, Yves

Chauvin, from the Institut Français du Pétrole near Paris, proposed that the mecha-

nism of olefin metathesis proceeds by coordination of an olefin onto the metal cen-

ter of a transition-metal alkylidene complex to form a metallacyclobutane that can

decompose to a new metal-alkylidene and a new olefin. Subsequently, this mecha-

nism was shown by Chauvin and others to be correct, and metal-alkylidene com-

plexes, discovered three years later by Richard R. Schrock, now occupy a central

place in organometallic chemistry and catalysis (vide infra).

M CR2

M=CR2  +  H2C=C
Metallacyclobutane

key intermediate

M=CR2

H2C=C

M

CH2

CR2

CM=CH2  +  R2C=C

Mechanism proposed by Chauvin for olefin metathesis

In 1965, Wilkinson (together with his former Ph.D. student John Osborn), and

Coffey independently discovered the first homogeneous olefin hydrogenation cata-

lyst, Wilkinson’s catalyst, [RhCl(PPh3)3]. In 1970, Henri Kagan reported in a patent
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the first efficient enantioselective asymmetric RhI hydrogenation catalyst bearing

his chelating chiral ligand DIOP of C2-symmetry, and his work became widely

known with his famous articles in Chem. Commun. and J. Am. Chem. Soc. in 1971

and 1972, respectively.

CH3C*

R1

R2
C CH2

R2

R1
H H

H

O

O PPh2

PPh2

L*2RhIS2
+

C2 axis 

S = solvent
+

Kagan’s ligand, DIOP: L*2 =

An important application of the Kagan ideas and type of chelate complexes permit-

ted the synthesis of L-DOPA, the Parkinson disease drug, which was carried out

five years later by Knowles at the Monsanto company.

It is also during this decade (1973-1980) that Sharpless reported the asymmetric

epoxidation of allylic alcohols, a useful reaction in organic chemistry. The Nobel

Prize in Chemistry was awarded to Knowles, Sharpless and Noyori in 2001 for

asymmetric catalysis.

At the end of the 1960s, the concept of mixed valence appeared. H. Taube, on the

experimental side, and N.S. Hush, with the theoretical aspects, made seminal

decisive contributions. Taube characterized the first mixed-valence and average-

valence complexes by varying the nature of the ligand L in the series

[(NH3)5RuLRu(NH3)5]
5+. In organometallic chemistry, the first mixed-valence

complex, biferrocenium monocation was published in 1970.

FeII

FeIII

+

The Creutz-Taube complex, 1969 Biferrocenium, Cowan (1970)

5+
(NH3)5RuN NRu(NH3)5

First inorganic (Ru) and organometallic (Fe) mixed-valence complexes

A. Streitweiser and U. Mueller-Westerhoff reported uranocene, the first f-block

sandwich complex, in 1968, and in 1970, Wilkinson found that metal-alkyl com-

plexes that have less than 18 valence electrons are stable provided that they do not

have !-hydrogen atoms. H. Werner and A. Salzer reported the first triple-decker

sandwich complex in 1971.
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Ni

Ni

U MeTa
Me

Me

Me

Me

First triple-decker sandwich
complex

Werner and Salzer, 1971

+

Stable metal-alkyl
complexes (no #H)

Wilkinson, 1970

Uranocene
Mueller-Westerhoff

and Sreitweiser, 1968

During this same year, 1971, E.O. Fischer synthesized the first metal-carbyne com-

plex and the Monsanto Company developed the rhodium-catalyzed carbonylation of

methanol to acetic acid. In 1975, the DuPont de Nemours Company produced

adiponitrile using the Ni0-catalyzed hydrocyanation of butadiene.

CO

W

CO

Br C Me

CO

OC

CO

W

C

OC CO

COOC

Me OMe

Carbyne complex
Fischer, 1973

Stabilized carbene complex
Fischer, 1964

It is also in the early 1970s that Richard R. Schrock, a former student of John

Osborn at Harvard, then at the DuPont de Nemours Company in Delaware, made

the very important discoveries of the first stable, isolable methylene-, alkylidene-

and nucleophilic alkylidyne complexes of transition metals. These classes of com-

pounds later brought a new dimension to the field of the metathesis reactions. Thus,

in 1974, Schrock reported the isolation and X-ray crystal structure of the neopen-

tylidene complex [Ta(CH2CMe3)3(=CH-CMe3)], the first transition metal carbene

complex that is not stabilized by an heteroatom on the carbene. This complex also

represented the discovery of the !-elimination reaction. In 1975, Schrock published

the isolation and X-ray crystal structure of [TaCp2Me(=CH2)], the first methylene

complex and a transition-metal cousin of Wittig’s reagent. Indeed, Schrock’s “ylid”

was shown to react by methylene transfer with aldehydes, ketones and esters. Other

similar methylene transfer reagents followed, for instance, Tebbe’s complex

[TiCp2(!-Cl)(!-CH2)AlMe2] and later the species “[TiCp2(=CH2)]”, which is now

used and generated by heating [TiCp2Me2]. In 1976, Schrock reported the first syn-

thesis of an alkylidyne complex [Ta(CH2CMe3)(Me2PCH2CH2PMe2)(C-t-Bu)] in

which the alkylidyne ligand possesses nucleophilic character.
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Ta

CH3

CH2

C

t-Bu

H

CTa
t-BuCH2

P

P

Cl

t-Bu

First alkylidene 
complex

Schrock, 1974

First methylene 
complex

Schrock, 1975

(t-BuCH2)3Ta

First nucleophilic alkylidyne 
complex

Schrock, 1976

Schrock also showed in 1980 that, importantly, some alkylidene complexes of tan-

talum and tungsten can metathesize olefins if they contain alkoxy ligands, and, in

1990, he reported a whole family of very active tungsten metathesis catalysts inclu-

ding chiral ones, which led him to disclose, in collaboration with Hoveyda, the first

examples of enantioselective metathesis reactions.

The first application of Fischer-type metal-carbene complexes in organic synthesis

also appeared in 1975 with the Dötz reaction:

OR

(CO)5Cr R'

OH

R'

R'

OR

+        R'

Other applications of the stoichiometric reactions of transition-metal complexes in

organic synthesis, such as the Pauson-Khand reaction, were reported in the same

year.

In 1977, H. Kagan published a practical synthesis of an excellent reducing agent,

SmI2, which found many applications in organic synthesis such as the pseudo-

Barbier reaction, the Reformatsky reaction, the formation of pinacols, and the

deoxygenation of epoxides and sulfoxides. Various reactions involving the forma-

tion of C-!C bonds by treatment of SmI2 with unsaturated substrates were subse-

quently developed by Kagan’s group and many other research groups.

Sm   +   ICH2CH2l
 THF
 25°C

[SmI2(THF)n]   +   CH2=CH2

C-C coupling 

reduction of a substrate (halide, carbonyl derivative) to
a radical and addition onto another unsaturated substrate


