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Biographical Notes

I was born on October 10, 1930 in Menin (Menen in
Flemish) in western Flanders, on the border between
Belgium and France. My parents were French. To be
more precise, they were not only both from the Tours
region, but also descended from long-established fam-
ilies in the little village of Beaumont-la-Ronce. I used
to spend my holidays there in my grandparents’ large
family house, with my numerous cousins. When I die,
I am going to be buried in the village cemetery. My
grandmother was fond of painting and playing the
piano. She had been given lessons by Emmanuel
Chabrier, who used to spend the summer months in
nearby Membrolle. He said in his correspondence
that he did not much care for his pupils on the whole
and my grandmother found him very strict.

Most of my ancestors were small-scale farmers. My
father was an electrical engineer. After three years of
military service and quite a difficult time in the First
World War, he was sent by the company that had
taken him on after his demobilization to Ypres and
then Menin, to work on rebuilding (building) the elec-
tricity network in this war-ravaged province. I remem-
ber him always being very motivated and working
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very long hours. He was sent to war again in 1939 and
taken prisoner. There were five brothers and sisters in
the family and we had quite a strict upbringing.

From my bedroom, I looked out over our large
garden (roses and vegetables) and the Lys river,
which at that particular point separates France from
Belgium and was where the flax was retted in tanks
then dried in little bundles in a field (what a foul
smell!). T watched the barges go past, towed by
horses or even by men. It was a fascinating sight: the
man pulling the rope remained bent over and unmov-
ing for several minutes before the barge started to
move. I also remember Vauban’s fortifications in this
land of invasions, and the smell of roasted chicory. I
still have many paintings of Flanders that my father
bought from contemporary painters—somewhat clas-
sical, but not devoid of charm.

I went to pre-school in Flanders and then the
French primary school, which meant that I crossed
the border every day. I then continued my secondary
and higher education in various towns. During the
war, I managed to come through the bombings un-
scathed, though sometimes only just. The war taught
me to eat what there was; I am still not a fussy eater,
although I do enjoy good food.

To be perfectly truthful, I was not a very brilliant
student, even at chemistry school. I chose chemistry
rather by chance, because I firmly believed (and still
do) that you can become passionately involved in
your work whatever it is. Various circumstances,
mainly to do with my military service, prevented me
from doing a PhD and I have often regretted it,
though you do need to choose the “right” supervisor
in the “right” discipline—no easy task when you are
totally inexperienced.

So I took a job in industry, but the fact that process
development consisted primarily of copying what al-
ready existed, with no possibility of exploring other
fields, prompted me to resign. Furthermore, I discov-
ered that this was a very common attitude among

27



NOBEL LECTURES

Y. Chauvin

managers. They are afraid of anything new: “Do what
everyone else does and change as little as possible: at
least we know it will work”. It is the opposite of my
way of thinking, which, I must admit, is a bit of an ob-
session! I have often got into arguments about it. My
motto is more, “If you want to find something new,
look for something new!” There is a certain amount
of risk in this attitude, as even the slightest failure
tends to be resounding, but you are so happy when
you succeed that it is worth taking the risk.

The whole contradiction of research (whether ap-
plied or fundamental) generally lies in the fact that
we have to start out with the knowledge handed
down by our predecessors, but be able to depart from
it “at the right time”.

I joined Institut Francais du Pétrole in 1960 and
managed to focus my work on what I thought would
be most interesting. I got married the same year and
over the course of time we had two sons and five
grandsons.

The oil industry essentially uses heterogeneous cat-
alysis: cracking, reforming, hydrodesulfurization, hy-
drogenation, etc., but that was not what interested
me. | have always tried to avoid areas that have been
perfected with time. At the time, nothing much was
being done in France on coordination chemistry, orga-
nometallics, or homogeneous catalysis by transition
metals and I was fascinated by the achievements in
Italy (G. Natta), Great Britain (J. Chatt), Germany
(at the Max Planck Institute in Miilheim), and the
United States. As a result, I unwittingly became the
French specialist in these disciplines, which brought
me into contact with both the positive and the unwiel-
dy aspects of the various commissions at the CNRS. I
spent the best part of my time on applied chemistry,
which was what I had been employed for and which I
was quite happy about. This was how I came to devel-
op two homogeneous catalysis processes. The first
one, which uses a nickel-based catalyst, was called
“Dimersol” and exists in two basic versions: The “gas-
oline” version (Figure 1) consists of dimerizing pro-
pene to high-octane isohexenes. There is, quite often,
an excess of propene, especially in oil refineries that
do not produce petrochemicals, as in the United
States. There are currently 35 plants in operation (in-
cluding 18 in the USA), with a combined annual
output of 3.5 million tonnes. It was the first and only
time that coordination catalysis had been used in re-
fining.

The “chemical” version of the Dimersol process
(Figure 2) consists of dimerizing n-butenes to isooc-
tenes, basic inputs for plasticizers, using the “oxo” re-
action. Current production levels stand at
400000 tonnes a year.

The second process I developed, and which uses a
titanium-based catalyst, was called “Alphabutol”. It
consists of dimerizing ethylene to 1-butene (Figure 3),
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Dimersol Process : for gasoline

» Dimerization of propylene into
isohexenes : additive in gasoline
as octane number booster

+ One of the first examples of
application of homogeneous
catalysis in refining

» First industrial unit in 1977
+ 35 units in operation worldwide
* 3.5 Mt products / year

Figure 1.

Dimersol Process : for chemistry

» Isoctenes are used as starting
material for PVC plasticizers

+ 0.5 Mt products / year

Figure 2.

the comonomer of low-density linear polyethylene.
The benefits of such a process were not evident to
begin with and stem from a number of causes. There
are currently 20 plants operating worldwide, with a

Alphabutol process

« Dimerization of ethylene into 1-
butene (Ti homogeneous
catalyst)

« 1-Butene is used as co-
monomer for polyethylene
manufacture

+ First industrial unit in 1987
+ 20 units in operation
= 0.4 MUY

" - 2005 : 3 new units 110 000t/Y
total capacity

Figure 3.
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combined output of 400000 tonnes a year. However,
others are under construction, which will take total
output to over 0.5 million tonnes a year.

While there are obvious drawbacks to not having
done a PhD (especially when you supervise those
with them!), the advantage is that at least your mind
is free to focus on whatever presents itself. At the
time, I was working on batteries and, in particular,
the non-aqueous electrolytes used to extend their
electrochemical window. I thought it would be a good
idea to try to use these electrolytes, which belong to
the class of ionic liquids, as catalyst solvents. These
liquids feature very low vapor pressure and virtual in-
solubility in hydrocarbons, paving the way for a bi-
phasic catalysis. The mixture of alkylimidazolium
chloride and aluminum chloride forms a liquid with a
very low melting point (below ambient temperature;
Figure 4). It proved to be a first-rate solvent for
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Figure 4.

nickel-based dimerization catalysts (Dimersol cata-
lysts). The diagram for this process, called “Difasol”,
is shown in Figure 5. The reaction volume required
for a biphasic system is 10-times smaller than for a
homogeneous system (important for safety: refineries
do not like to have large volumes in reaction because
they are potential “bombs”, especially at start-up);
likewise for nickel consumption. This new process,
dealt with in a PhD thesis in 1990, will see the light of
day thanks to the inventiveness and determination of
Hélene Olivier-Bourbigou, who took over from me in
the laboratory.

What applied chemistry has taught me is the need
for absolute solidarity between the research laborato-
ry and the “downstream” side (pilot testing, market-
ing, setting up industrial plant): same enthusiasm,
same determination, especially when everything goes
wrong!

There is no difference between fundamental re-
search and applied research. Although this is my
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view, based on personal taste and the areas I have
worked in, it is not necessarily true for others. The
PhD work either led to, or was derived from process-
es. I have spoken so much about “processes” because
they took up about three-quarters of my working
time.. However, I also took an interest in other as-
pects of coordination chemistry, such as palladium
catalysis, rhodium catalysis, asymmetric amino acid
synthesis, and so on. After retiring in 1995, I was in-
vited to work in J.-M. Basset’s laboratory in Lyon,
which allows me to pursue a reasonable level of activ-

1ty.

Olefin Metathesis: Discovery and First
Achievements

At no time in my life did I dream of such a prize.
Indeed, as I explained in my biography, I had no
training in research as such and as a consequence I
am in a sense self-taught. What I owe to the Institut
Francais du Pétrole is some freedom to choose my re-
search area. I have always been an avid reader of
chemical literature, eager for what is new. Like all sci-
ences, chemistry is marked by magic moments. For
someone fortunate enough to live such a moment, it
is an instant of intense emotion: an immense field of
investigation suddenly opens up before you. There
were very many of these moments in the course of
my career. For example, the discovery of ferrocene,
the stereospecific polymerization of olefins by G.
Natta (I never failed to read any of his articles!), the
homogeneous catalysis of hydrogenation by rhodium
complexes (G. Wilkinson), the homogeneous catalysis
of dimerization of olefins by nickel complexes (G.
Wilke and B. Bogdanovic) and the catalysis of asym-
metric hydrogenation. I experienced the latter with
an especially keen intensity because we were in very
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close touch with Henri Kagan, who came every
month to tell us about his chemistry; it was outstand-
ing! And 1964 was an especially magical year
(Figure 6): a revelation for me, by R. L. Banks and
G. C. Bailey of Phillips Petroleum, of the dispropor-
tionation of olefins catalyzed by a molybdenum- or
tungsten-based heterogeneous catalyst deposited on

Heterogeneous catalysis...

M(CO)g/Al,O4 (M = Mo, W)
s e AU
90 °C-315 °C
Propylene Ethylene 2-Butene
(trans + cis)

R. L. Banks, G. C. Bailey (Phillips Petroleum Co.)
I. & E. C. Product Research and Development
1964, 3 170.173.

e

1964:
a magic year...

Homogeneous catalysis

MoCI./AIEt,

\k.vmm i e

G. Natta Angew. Chem. Int. Ed. Engl. 1964, 3, 723

Metallocarbene

Wir glauben daher fiir W(CO)5;(COCH,)(CH,)
eine Struktur folgender Art annehmen zu dirfen.

,LO-CH,

(CO) w=C E. O. Fischer
? "CH, Angew. Chem. 1964, 76, 645

a new metal-carbon bond

Figure 6.

alumina; the homogeneous catalysis of polymeri-
zation of cyclopentene by ring opening, published by
G. Natta, and the existence of a new metal-carbon
bond, the carbenes of E.O. Fischer. A priori these
three had nothing in common.

The disproportionation of linear olefins (Banks and
Bailey), since called metathesis, is an equilibrated re-
action, governed basically by entropy. This is doubt-
less why, from the start, “pairwise mechanisms” were
favored (Figure 7), which assume a perfect symmetry
of the reaction intermediates. In addition, these inter-
mediates are based on the only bonds known at the
time: m bonds and o bonds between hydrocarbons and
transition metals. Other mechanisms were proposed
(Figure 8).

The polymerization of cyclopentene into polypente-
nylene (Natta), for its part, is governed mainly by the
enthalpy linked to the release of the ring strain when

“Pairwise” mechanism

Transalkylidenation
w* w*
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C C °C o

Figure 7.
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WRONG TURNS
Unusual intermediates proposed initially have since been rejected
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the ring is cleaved; but entropy also plays a part there
owing to the multiple conformations of the chain and,
like the metathesis of acyclic olefins, the reaction is
equilibrated. These factors are no longer the same in
the case of the higher cycles, as we shall see later. To
explain the high molecular weights observed from the
start of the reaction, Natta assumed the existence of a
o bond between the transition metal and the growing
chain, the proposed mechanism being an o-cleavage
of the ring such as is often invoked in classic organic
chemistry.

My immediate reaction back in 1964 was the
thought that disproportionation and ring opening
were part of the same reaction. In addition to the fact
that both reactions preserved the number and type of
double bonds (only the molecular weight of the prod-
ucts was changed), they used the same transition
metals, molybdenum and tungsten. In fact, at the
time, in a way that may be surprising today, there was
a gap—a total lack of understanding—between homo-
geneous catalysis and heterogeneous catalysis (some
people even attributed the fundamental role in the
transformation to the catalyst support!). Since 1 was
familiar with both types of catalysis in our Institute,
that was not a real problem for me. But how could
the statistical aspect of the one be reconciled with the
chain growth of the other? Meanwhile, N. Calderon
had also started building a bridge between homogene-
ous catalysis and heterogeneous catalysis.!! It then
seemed obvious to associate the two reactions, where
the enthalpy of ring opening would in a sense
“freeze” the statistical reactivity of the acyclic
olefin.”! Accordingly we treated cyclopentene with 2-
pentene in the molar ratio 1:1 with the homogeneous
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catalyst WOCI, and SnBu, or AIEt,Cl. The result is
shown in Figure 9 and Table 1: in addition to the C,
di-unsaturated product of the expected coupling of cy-
clopentene with 2-pentene (545 carbon atoms), there
were other products, also di-unsaturated (5+44) and
(546), the ratio was 1:2:1 for the C,/C,,/C;; species,
then higher tri-unsaturated products containing
(545+5), (5+5+4), and (54+5+6) carbon atoms; and

Co-reaction of cyclopentene with 2-pentene

homogeneous
R! W catalyst
L) o L ==
R2
cyclopentene 2-pentene
@ P S
R' R' R?
—/ —/ —/
L e
R R'" T R R
rR? R' R?
Cio Cq Cn

J.-L. Hérisson, Y. Chauvin, Makromolekulare Chemie 1971, 141, 161-176

Figure 9.

Table 1. Telomerization of cyclopentene with 2-pentene.

Catalyst and WOCI4/SH(C4H9)4 WOCI4/A1(C2H5)2CI
reaction time

7 min 14 min 24 h
Relative molar
quantity
cyclopentene 32 35 148
butenes 9.3 18.7
pentenes 58 31.3 159
hexenes 8.8 17.7
CyHyg 4.5 8.1 16.8
CoHys 9.5 183 181 344 36.8 704
C1Hy 43 8.2 16.8
C,Hy, 2.0 3.6 8.9
CsHye 43 83 6.9 139 185 36.0
CysHog 2.0 34 8.6
CoH3, 1.0 1.5 5.0
CyHs, 2.8 4.8 3.0 6.0 8.7 18.6
C, Hs 1 1.5 4.9
C,Hy 0.8 n.d.
CysHy, 1.6 3.1 n.d.
C26H44 0.7 n.d.
chlorobenzene 30 90 -
D % 24 54 -
C % 29 46 44
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so on, in decreasing quantities, but in each case form-
ing “triads”. This was, then, a “telomerization” reac-
tion in which the telogene is n-pentene and the taxo-
gene is cyclopentene. Since the participation of the 2-
pentene in the telomerization reaction is at each in-
stant equal to its participation in the metathesis reac-
tion, the telomerization products are as a conse-
quence not derived from the metathesis products. The
reaction, like the metathesis and polymerization of cy-
clopentene, is equilibrated. The general characters of
the telomerization reaction have been verified for
many pairs of olefins, such as 2-pentene/cyclooctene,
2-hexene/cyclopentene, and 3-heptene/cyclopentene.
a-Olefins, such as propene and 1-pentene are, as in
the case of metathesis, less reactive, but the telomers
form in ratios from 1:10:1 to 1:20:1.

1,5-cyclooctadiene (cod) and 1,5,9-cyclododeca-
triene (cdt) lead to telomers of the same type, but in
this case the successive “triads” are separated by four
atoms of carbon and not by an integral multiple of
the number of carbon atoms forming the ring.

This situation therefore means that alkylidene “res-
idues” are left on the transition metal. The most obvi-
ous hypothesis is the formation of a metallocarbene
sequestering an olefin to form a metallacyclobutane
intermediate (Figure 10).

MECHANISM
Olefin metathesis is a chain reaction

Overall reaction

A_Bx A B A B

S =M
o=
o e c
X X X

= M i

= 2 lhet]
Initiating R

metal A B A 8

or

cartzene — 5 4 X 5

N p— D + U
B A B A

Carbene mechanism

Linear polymers with high molecular
weight : observed at the beginning of

the reaction
H
iz P HC/—\H jiasal "
M=c_ + chlt (GHa)y —> M=C _CH=CHR —> elc...
R (CHz);
Figure 10.

The mechanism may be a little more complex in re-
ality: the reactivity of cod and cdt as “butadienyli-
dene” (=CH-CH,-CH,-CH=) even at the very start of
the reaction, so that it cannot be explained as a
“back-biting” reaction (reaction of the metallocar-
bene with one of the double bonds of the growing
chain), remains to be explained.
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While the cyclopentene is in equilibrium with its
polymer (polypentenylene), this is not true of the
higher cycles, such as cyclooctene and cyclooctadiene:
their polymers are in equilibrium with the cycloo-
ligomers.”! This situation is due to the relative stabili-
ty of the cycles, as P. J. Flory has shown in the case of
the lactones (Figure 11). These macrocycles are
formed by back-biting.

All three reactions (disproportionation, polymeri-
zation, telomerization) can be represented as shown
in Figure 12. It remained to be shown how the initial

4r :‘n‘
Y
lgc L
1
N
2r- _
//w“'“’ﬂ
| ‘\,/ |
2
1 1 1 1
4 8 12 16 20 24

n

Figure 11. Logarithm of the cyclization constant C for the
lactonization of w-hydroxyacids versus ring size 1.1

Reaction of disproportionation

metallocarbene forms when a tungsten halide and an
organometallic species are mixed. For this investiga-
tion we chose methylated derivatives that cannot give
rise to B-H elimination: methyllithium and tetrame-
thyltin. All that could be hoped for was to favor a-H
elimination with the formation of a methylidene spe-
cies that could simply be “trapped” by means of ole-
fins with a di-substituted double bond: 2-butene, 2-
pentene, 3-hexene. Figure 13 summarizes the results
of these experiments.’! The formation of propene and
of 1-butene clearly demonstrates the existence on the
tungsten of a methylidene group. The formation of
methane is explained by an a-H elimination, doubt-
less followed by a reducing elimination resulting from
a double alkylation of the tungsten.

E. O. Fischer’s carbene is itself a very active cata-
lyst for the polymerization of cyclopentene in the
presence of TiCl, when activated, probably photo-
chemically, by chlorination of the tungsten (it is well
known that TiCl, is photochemically reduced by alk-
anes).[l

It is also possible to characterize and count the
metallocarbenes formed on rhenium peroxide impreg-
nated on alumina, by means of reaction with a 1,2-di-
substituted olefin. Subsequent reaction with ethylene
leads to propene!’ by a sequence of reactions that
might be as given in Equations (1) and (2) (where re
is a symbol formerly used by K. Ziegler).

R4HC -+ -CHRy RyHC == CHRy
=] < +
W+ -CHRy W=CHR,
RiHC=CHRy + + RHC=CHR,
RHC  CHR, RyHG == CHR,
Al o+ = D e
W CHR; W= CHR,
e
Reaction of polymerization
W=CHR W CHR e w==CH
SR (Yf ©Hg)y = }Hz)n
HC==CH HS  CH H!.‘-" H_/ Hi:;cﬁ_//
(CH?,).'\ \(CHQ (il [{ 2)n ( sz)n
HC==CHR HC=CHR  etc....
Reaction of telomerization .,
= W=CH=(CHg) ~CHERCHRy _ Y CH—(CHg)p —CH=CHR
\ﬂ/(l(m \r RHC=CHR, RgH\Q ' Ermz
R".{C.,,‘Cr_lK )uHZ)n
i ) so _ N .
Y ‘V W= (::!'<-(CH2)n~(-H:Cz~?Pg w* CH—(CHy)p —Cli==CHRy
w=ch O\ : RoHC=CHR, T RHC T CHR
N (CHZ n
R;HC=CH
C&~_/ o ~eer”
C,
% WE=CH—(CH)y—CH=CHRy \n/ CH=={Cl2)q —CH==CHRy
84::(‘:1—5 R ™ !T
CH2)> ((CHg)n efc....
J.-L. Hérisson, Y. Chauvin, Makromolekulare Chemie 1971, 141, 161-176.
Figure 12.
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Formation of the metallocarbene: WClg + Sn(CHj3),,

TABLEAU

Produits de réaction entre W (Cl);, M (CH:), et une oléfine

9 molaires par rapport
au tungsténe mis en ceuvre
e—— . b

Méthane

W (Cl). Coréactif T  Oléfine + Propy-
Oléfine (3] (**) Solvant (°C) W (Cl); éthane Iéne Buténe-1
Buténe-2....... 0,5 LiCH, Benzéne 4 10 22 6,3 -
(15 ml)
Buténe-2....... 0,5 Sn (CH:); Benzéne 4 10 3,5 3,6 -
(15 ml)
Hexeéne-3...... 0,2 Sn (CH:): Benzéne 4 10 n. d. - 2,6 v
(30 ml)
10,5 LiCH,  Benzéne 4 10 22 4,4 4,7 [W]=CH,
| (15 mIl)
0,2 Sn (CH:); Benzeéne 4 10 10 9,6 10,4
(30 ml)
Penténe-2 (). . . 0,2 Sn (CHa)s }()3;1;);‘3; —20 10 n. d. 8,5 6,4
1 - 2
(30 ml) R'CH=CHR
0,4 Sn(CH.): Chloro- —20 2,5 n. d. 6,8 6,9
benzéne
(30 ml)

(*) On observe la formation de buténe-2 et d’hexéne-3 issus de la disproporti

penténe-2 en excés.
(**) Sn/W = 2; Li/W = 2.

J.-P. Soufflet, D. Commereuc, Y. Chauvin, C. R. Acad. Sci. 1973, 276, 169171

Figure 13.

re=0 + CH,CH=CHCH, — re=CHCH, + CH,CH=0

1)
I‘GICHCH3 + CHZZCHZ — CH3CH = H2 + I'e:CH2
2)

Concluding Remarks

Obviously, not everyone has the opportunity to wit-
ness the birth of a new bond like the one discovered
by E. O. Fischer, and the event is likely to become in-
creasingly rare! Nor are they likely to be present at
the birth of a unified concept encompassing two types
of catalysis that until then had not been on speaking
terms. It was an opportunity that had to be seized!

I owe a great deal to everyone who took part in what I can
rightly call an “adventure”, because at the start we could not
be sure of reaching a significant result. And more particularly
to the talented students directly involved—J.-L. Hérisson, J.-

d

formation of
a-olefins

P. Soufflet, and G. Zaborowski—without whom this work
(and therefore the prize!) would not have existed.
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