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Coordination Chemistry in
Europe since Alfred Werner

Luigi M. Venanzi*

Abstract. The development of coordination chemistry in Europe since Alfred Werner’s
epoch-making 1893 publication is reviewed. Mention will be made of the work done
by the German School (P. Pfeiffer, F. Hein, W. Hieber, W. Reppe, W. Klemm, E.Q.
Fischer), the French School (M. Délépine. R. Charronat, A. Joly, J.-P. Mathieu), the
Scandinavian School (K.A. Jensen, J. Bjerrum, I. Leden, L.G. Sillen), the English
School (F.G. Mann, J. Chatt, R.S. Nyholm, G. Wilkinson), the Russian School (L.A.
Chugaev, I.I. Chernyaev, A.A. Grinberg, K.J. Jatzimirski), the Italian School (A.
Miolati, L. Cambi, L. Malatesta, P. Chini), and the Swiss School (G. Schwarzenbach).

Beitrag zur Konstitution anorganischer Verbindungen.
Vaon
Averrp Werxak.

Mit 17 Iviguren im Text.

Unter Metallammoniaksalzen versteht man Verbindungen, welche
Metallsalzen  dadurch  entstehen, dafs sich in iy Molekiil
Awmmoniakmolekiile cinsehichen, oder besser: Metallammoniaksalze
sind Verbindungen, welche nach derselben Reaktion aus Ammoniak
und Metallsalzen entstehen, nach dev sich Chlorammonium aus Salz-
sinre (welche letzterc ja das Haloidsalz des Wasserstoffes ist) und
Ammoniak bildet.
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Fig. 1. The title page of Alfred Werner's epoch-making publication

FACTORS DETERMINING THE STABILITY OF COMPLEXES
L.E.ORGEL

Mathematical Insticute, Oxford

and L. E.SUTTON
Physical Chemistry Laboratory, Oxford

The objects of this paper are, firstly, to discuss in a general way, and to illustratc,
some of the main conclusions from a paper which should appear this year (by
Craig, Maccoll, Nyholm, Orgel and Sutton*) and which was briefly reported in
1950 (I.C.I. Symposium on Co-ordination Chemistry) and, sccondly, to show the
connection between the point of view implicit therein and that adopted in another
paper on complexes by one of us (Orgel, J. Chem. Soc. (1952) 4756) which was
based on the Penney-Schlapp treatment of crystal fields.

Fig. 2. L.E. Orgel’s contribution at the 1953 Copenhagen Symposium on Coordination Chemistry
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This year marks the hundredth anni-
versary of the submission of Alfred Wern-
er’s epoch-making paper (Fig. 1) [1][2].
Furthermore, forty years have lapsed since
the ‘Symposium on Coordination Chem-
istry’ was held in Copenhagen in August
1953 [3]. This was was the first ‘open’
International Conference on Coordination
Compounds. Some of the papers present-
ed there proved to be of fundamental im-
portance for the development of coordina-
tion chemistry, and thus this short histor-
ical account will be centered around that
event.

Undoubtedly, the most seminal lecture
presented at that Symposium was given by
L.E. Sutton on some work by L.E. Orgel
on ‘crystal field theory’ (Fig. 2) [4].

The fundamental aspects of this theory
had been published several years earlier,
but the mathematical language used by H.
Bethe, W.G. Penney and R. Schlapp, as
wellasJ.H. van Vleck, hindered the assim-
ilation of these concepts by coordination
chemists. It was the great insight and skill
of L.E. Orgel, as well as his didactic talent,
that encouraged experimentalists to use
these ideas which contributed so signifi-
cantly to the revival of inorganic chemis-
try [S].

This approach had a catalytic effect on
theoretical, spectroscopic, and magnetic
studies, particularly through the publica-
tions of H. Hartmann, C.K. Jgrgensen,
C.J. Ballhausen, J.S. Griffith, and C.E.
Schdiffer [6].

Furthermore, the -bonding ideas, al-
ready current in 1953, for the cyano and
carbonyl complexes, and later extended to
the chemistry of what we now call ‘soft
donors’ mainly by J. Chart [7] (Fig. 3)and
R.S. Nyholm [8], also got their first inter-
national baptism at this meeting.

As it befits a symposium held in Co-
penhagen, the study of complexes in solu-
tion was prominently featured. Clearly the
revolutionary developments in that area
had already occurred by 1953, but, once
again, that symposium provided an open
forum for a field which, up to that time,
had been mainly a Scandinavian preserve.

Althrough the pioneering studies of
the stabilities of metal complexes in solu-
tion had been carried out by R. Abegg, G.
Bodlinder, and N. Bjerrum during the first
quarter of this century, it was Jannik Bjer-
rum who combined the intimate knowl-
edge of his father’s work and the use of the
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glass electrode, to produce the results first
reported in his thesis, published in 1941
[9].

While on this topic, mention must be
made of another fundamental thesis, that
of Ido Leden, published in 1943 [10] (Fig.
4), which introduced the experimental
methodology for the study of equilibrium
constants based on the use of metal elec-
trodes.

The Scandinavian School of solution
chemistry soon after achieved world fame
also through the contributions of Sture
Fronaens [l 1], Lars-Gunnar Sillen [12],
and Sten Ahrland [13].

While on the topic of solution equi-
libria, it is appropriate to mention the work
of G. Schwarzenbach, then at the Univer-
sity of Zurich. His fundamental studies of
complex formation with aminopolycar-
boxylic acids and polyamines, published
between 1945 and 1955, in addition to
leading to major advances in analytical
chemistry, allowed him to give a quantita-
tive formulation of ‘the chelate effect'
[14].

Another fundamental observation, re-
lating to the stability of complexes in
solution, i.e., the Irving-Williams  series,
was also presented for the first time at the
Copenhagen  Conference [15].

Finally, one cannot leave the field of
solution chemistry without mentioningM.
Eigen's major contribution in the field of
kinetics. Double significance has to be
attached to his work: firstly for the devel-
opment of the experimental techniques,
the measurement of the rates of H,O ex-
change for a wide variety of metal ions, as
well as their classification, and, secondly,
for outlining the now familiar three step-
mechanism  [16].

Yet another classical picture in coordi-
nation chemistry was shown for the first
time at the Copenhagen Conference, i.e.,
J. Chatt's platinum-ethylene  orbital inter-
action diagramme (Fig. 5) [17].

The postulation of a rational bonding
scheme for metal-olefin interactions, in-
volving the donation of metal IT-electrons,
first outlined by M.J.S. Dewar in 1951
[18] (Fig. 6), opened the way for further
advances in the field of IT-complexes and
marked a revival in the field of metal-
olefin complexes.

In this context, it is appropriate to rec-
ollect that Pt-olefin complexes were well
known in A(fred Werner's time [19] as
work on Zeise's salt had been carried out
in the early 1820ies and first published in
1827. Later Pt-olefin coordination chem-
istry had been extensively studied by A.D.
Gelman in Leningrad (as it was then)
during the forties and early fifties [20].
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In the platinous complexes we havo a ,,-bond Ptp,

THE CO-ORDINATE LINK IN the classical co-ordinate link, fonned by the com-
bination of a filled 3.03p"orbital of the phosphorus

CHEMISTRY atom and a vllCant 5d &6p'-orbital of the platinum

By DR. J. CHAIT atom, together with e, .bond fonned by the overlap

5 . . . . . of a fiuL.d 5d-orbital of the pla~inum atom and e
mperial Chem:fabéil;?gﬁgss'wcﬁxyn_Buﬁ:ﬁmk Restilrch moonl 3d-orbital of the phosphorus atom. ThuU8

. i the electrons for the ,-bond are supplied by tho
VIDENCE that tho coordinate link may BOrne-  phosphoru.. atom and for tho ,-bond by tho
times be represented more ncclU'litoly by a double pla~inum atom; anrl as the elec~ronegativity of X
bond has been advancod by Phillip e Hunter and
Sutton' to explain the observed low dipole moments X
and short intoratomic distances in such SUbatnnC08as /
the phosphine 0"id08, and by Pauling’ to explain tho >
observed short interatomic distancoa in the metal PI-P - X
r.arbonyls, nitrosyls and complo” cyanides. That m
these effects are capable of other explanation has
boon .hown by Wells'; yot on chemical grounds alonc
it appears that co-or,li *¢'t,ion occurs by two typee of
bond: (1) the clall8ieal co-ordinate link; roul (2) a inc the drift of olectrons fonning tho ,,-bond
bond typified by tho co-ordination of the olofin08, will partially neutralizo tho inductive effect of tho
for the fonnation of which it appoam that d olectrons atoms X. Tho availability of the lone.pair for a-bond
from the meUIll as well as two elect.rons from the formation will thus not be impaired to the sarno
ligand are necesa.ary. extent as in the absenco of a ".bond, an that in practico
we find that the stability of the complex iBnot greatly
affected by the electronogativity of X. In the boron
ooriee, where no d.olootrons Bra ava.Ha.blo, wo obaorvo
only the dooreasing Btreng~h of the ,-bond as X
incrooeca in electronogativity —from the stable tri-n-
propyl phosphine complex through the wonkly
bound phosphorus trichlorido complex, culminating
in the complete disruption of tho bond in stich non-
existent compounds as BF,.PF .

X

Fig. 3. J. Chatt 's publication on Ir-bonding effects in complexes Ivith phosphorus donors

POTENTIOMETRISK ~ UNDERSOKNING
AV NAGRA KADMIUMSALTERS
KOMPLEXITET

SO~ ~IED \EDERH{IlILIGT TILLSTANU FOB VIXNANIIE

A\'" FILOSOFISK DOKTORSGIIAU VID LUNIIS UX[VEISITET

hQ~I~IEl ATT TILL  OFFENTLIG GIIA\SK1VING FIIA~I-

LXGGAS A KE\IISKA I="STITUTIO="E:\S F(IBELXS="INGS-
SAL FBEDAGE" DE=" ~I ~IAJ IlU KL. i F. ~1

AV

/N0 LEDEi\

FIL. LIC. B

1.eN))
GLEEINI'PSKA U:AI\,-HOKII.-\.XDEI.X

Fig. 4. The title page ofl. Leden's thesis
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However, it was only after 1953 that olefin
complexes of practically all the transition
elements were prepared and an extensive
coordination chemistry of the acetylenes
was developed.

At this point, it is appropriate to make
ashort digression from the presentation of
organometallic chemistry and mention the
discovery and study of the trans-effect
and the work done by the Leningrad School
of coordination chemistry. The founder of
that school was L.A. Chugaev who intro-
duced into Russia Alfred Werner’s postu-
lates. His ideas concerning ‘the mutual

influence of atoms in molecules’ led to the
formulation of the trans-effect by his pu-
pil LI Chernyaev [22].

The empirical rules of the trans-effect,
elaborated by chemists of the Leningrad
school, were rationalized by A.A. Grin-
berg, B.W. Nekrassow 23], and, later, by
J.K. Syrkin [24]. Valuable physico-chem-
ical data were also provided by K.B. Jatz-
imirski[25]. Furthermore, Grinberg’sbook
summarized the state of knowlege in this
area current in the late 40ies {23].

Chatt’s ideas on the trans-effect were
also sketched out at the Copenhagen Con-

| ) 7-Type bond

[ ) o-Type bond

Fig. 1. Orbitals used in the combination of
ethylene with platinum.

n -
K 2
A o g
Y e Pt
- CI‘
\ D A X
HT 2

Fig. 2. Spatial arrangements of atoms
in [C.H PtCLy]".

The plane of the hydrogen atoms is parallel to the

plane CPZCI® but probably displaced slightly from

cn-planarity with the carbon atoms by the repulsion
of the hydrogen atoms by the plarinum atom.
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ference and were published two years later
[26]. A similar explanation was independ-
ently provided by L.E. Orgel [27].

Going back to organometallic chemis-
try, where European chemists featured so
prominently, one notes that the early de-
velopments in this field occurred mainly
in two areas: the metal-carbonyl com-
pounds and the compounds containing
metals bonded to organic fragments.

At the time of the publication of Alfred
Werner's fundamental paper, many met-
al-carbonyl compounds were known, the
first group being P. Schiitzenberger’s Pt-
carbonyl halides, published in 1868 [28].
However, greatactivity in this area started
with the work of L. Mond who described
the preparation of Ni-carbonyl in 1890
[28], of Fe-carbony! in 1891 [28] (also
reported independently by Berthelot) and
of the carbonyls of Co and Mo in 1910
[28].

However, soon after, the most signifi-
cantdiscoveries in this area came from the
(then) Technische Hochschule Miinchen.
For three quarters of a century, a succes-
sion of very eminent coordination chem-
ists pioneered not only the field of metal-
carbonyl compounds (W. Manchot and W.

Fig. 5.

The Pr-ethylene bonding scheme as presented at the Copenhagen Conference

2. The d-electrons in heavy metals, bromine elc. have the
correct symmetry to intcract with the antibonding n-MO of an
olefine, in x-complexes formed from the olefine and the heavy
atom, I the latter carries d-eleclroas, it can therefore form a
second dative molecular bond with the vacant antibonding =-MO,
opposite in direction to the normal molecular bond ; this is illus.
trated diagrammatically below, the phases of lhc Iobes of the
urbitals being indicated to :how the symmelry properties. The
s orbital of Ag‘ has the wrong symmetry for interaction with the
antibonding =-MO, and likcwisc the d-orbital has the wrong
symmelry for interaction with the bunding =-MQ. The two
molecular bonds are therefore distinct.

The combination of these two oppositely-directed dative mole-
cular bonds should leave the oleline much less charged than it
would be in a normal n-complex ; this would accou fornt the low
reaclivity of the ncomplexes from olefines with melals, where the
binding energy of the d-electrons is low, and also for the differences
in reactivily of dilleront melals since the stabilities of the two
bonds will be affected differently by changes in overall structure

-

normal molecular bond molecular bond formed by
d-¢lectrons of Ag with anti-

bonding =-MOQ ‘of olefine.

(thus - I substiluents should stabilize the nurmal molecular bond
and weaken the adnormal one, while = E substituents, such as
phenyl, should stabilize both). The relative efects of substituents
should therefore depend on the relative strengths of the two lypes
of molecular bond in any given case. These arguments would also
explain why only Cu+ (not Cu*~) combines with olefines ; in Cu++
the d-electrons are loo tightly bound o shuw donor activily.

Zur Frage eines Wolfram-Carbonyl-Carben-
Komplexes

Von Prof. Dr. E. O. Fischer und Dipl.-Chem. A. Maasbol

Institut fiir Anorganische Chemice der Universitit Miinchen

Setzt man W(CO)g unter Stickstoft in Ather mit LiCgHs um,
so crhdlt man ohne Eliminierung von CO-Liganden durch
nucleophile Addition ein orangegelbes, wasserldsliches, diu-
magnetisches Anion, das sich als Tetramethylammoniumsalz
fillen 1iBt. Das orangefurbene, feinkristalline Produkt hat
die Zusammensetzung [N(CH3)4{W(CO)sCOCsHs] Fp ==
102,5°C (Zers.). Das Anion ist mit Siuren protonicrbar. Bei
Versuchen, das beim Ansiiuern entstchende, in Ather aufge-
nommene, freie ,,Hydrid™ zu isolieren, wurde nach Abziehen
des Losungsmittels nur W(CO)g und Benzaldechyd beobach-
tet. Das in verdiinnter Losung stabile, protonierte Produkt
liiBt sich in guten Ausbeuten mit Diazomethan methylieren.
Nach Chromatopraphie und Sublimation im Hochvakuum
bei 45-50°C isoliert man orangerote, diamagnetische, in or-
ganischen Medien gut l6sliche Kristalle vom Fp = 59°C.
Analyse und Molekulargewichtsbestimmung belegen die Zu-
sammensetzung W(CO)x(COCsHs)(CH3).

In analoger Weise erhiilt man durch Addition von LiCHj un
W(CO)g in Ather und durch Fillung als {N(CH3)]-Salz aus
wifiriger Losung gelbes. diamagnetisches

[N(CH3)4}[W(CO)sCOCH3) Fp = 143°C. Sein Anion rcu-
giert bei der Protonierung und anschlieflenden Methylic-
rung mit CH,N; zu gelbem. diamagnetischem, fliichtigem
W(CO)s(COCH:)(CHj3) vom Fp = 52°C.

Fig. 6. M.J.S. Dewar’s bonding scheme for silver olefin interactions

Fig. 7. E.O. Fischer’s first publication on carbene complexes




GESTERN - HEUTE - MORGEN

19

CHIMIA 48 (1994) Nr. 172 (Janvar/Februar)

Katalytische Umsetzungen von Olefinen an
Platinmetall-Verbindungen

Das Consortium-Verfahren zur Herstellung von Acetaldehyd

Von Dr. J. SMIDT
zusammen mit Dr. W. HAFNER, Dr. R. JIRA, Dr. J.SEDLMEIER, Dr. R. SITEBER,
Dipl.-1ng. R.RUTTINGER und Dipl.-Ing. H. KO JER
Consortium fiir elektrochemische Industrie GmbH., Miinchen

Es wird tber einen neuen Weg der katalytischen Oxydation von Olefinen mit Platinmetall-Verbin-
dungen berichtet. Mit Sauerstoff und Oxydationsiibertrdgern gelingt eine kontinuierliche, selektive
Umsetzung zu Carbonyl-Verbindungen, die offensichtlich Gber Edelmetall-Olefin-Komplexe ablduft.
Die Oxydation ist auch bei anderen ungesdtrigten Verbindungen mdglich und erdffnet neue prdapara-
tive Moglichkeiten. Die Methode ist Grundlage aussichtsreicher technischer Verfahren fir die Her-
stellung von Carbonyl-Verbindungen aus niederen Olefinen, insbesondere von Acetaldehyd aus Athylen,

Einleitung

Uber die Oxydation von Olefinen mit Sauerstoff zu Al-
. dehyden und Ketonen wird seit mehreren Jahrzehnten be-
richtet. Das Problem hatte anfangs nur vereinzelte For-
scher interessiert. Spater und besonders in letzter Zeit
wurde es wegen seiner zunehmenden wirtschaftlichen Be-
deutung von einem weiteren Kreis, vornehmlich von Indu-
strielaboratorien bearbeitet, da Olefine heute wohlfeile

Rohstaffe sind.

Die chemische Technik verwendet fiir die Produktion der
niederen Aldehyde und Ketone aus Olefinen mit gleicher
Anzahl Kohlenstoffatome Verfahren mit zwei getrennten
Reaktionsschritten:

. Hydratisieren des Olefins zum Alkohuol,

2. Dehydrieren oder Oxydieren des Alkohols zur Carbonyl-
Verbindung.

+ H;0 —H
(1) R'HC=CHR" T—25 R'HC-CHR" > R~C-CH,R"

OH [¢]

Man hat sich vielfach bemiiht, diese beiden Schritte in
einem Verfahren zu vereinen; dazu geben technische und
wirtschaftliche Gesichtspunkte geniigend Anreiz. Es ist
aber bis heute nicht gelungen, hierbei die gleich guten Aus-
beuten wie bei den 2-Stufen-Verfahren zu erhaiten.

\Wir haben unsere Arbeiten aut dem Gebiet der Olefin-
Oxydation, insbesondere der Oxydation von Athylen,
Ende 1936 aufgenommen. Nach entmutigenden Vorver-
suchen zeichnete sich bald die Méglichkeit ab, Olefine mit

Fig. 8. The first publication describing the Wacker process

Hieber [28]), but also to that of the metal-
nitrosyl compounds (Manchot and F. Seel
[29]), the cyano and acetylide complexes,
particularly of metals in low oxidation
states (R. Nast [30]) and last, but certainly
not least, the metal m-complexes (E.O.
Fischer, of whom more will be said later).
Their contributions are such that it would
not be possible to do justice to them in the
available space. As mentioned earlier, the
synthetic chemistry of the metal-carbonyl
compounds was actively pursued by Man-
chot. However, our knowledge of this
class of compounds and particularly of
their reactivity comes mainly from the
work of Hieber [28].

The discoveries in the field of metal-
carbonyl chemistry in Germany had not
passed unnoticed in industrial circles in
that country and led to the development of
importantsynthetic applications in the field
of homogeneous catalysis. Prime among
these discoveries are 0. Roelen’s hydro-
formylation reaction [31] and the W.
Reppe’s syntheses based on acetylene
chemistry [32].

One of the most notable absents at the
Copenhagen Conference was E.O. Fischer.
Much could be said about the leading role
he played in the field of metal-cyclopenta-
dienyl complexes and related areas of co-
ordination chemistry. As this work has

received amplerecognition with the award
of the Nobel Prize in 1973 [33], it is
appropriate to single out here another se-
ries of studies that came out of his labora-
tory, i.e., the coordination chemistry of the
carbenes [34] (Fig. 7) and carbynes.

At this point, it is not inappropriate to
reflect on the vagaries of fate concerning
discoveries. Carbene complexes, albeit de-
rived from isonitrile compounds, had been
obtained by Chugaev in 1925 [35] and
arene complexes by F. Heinin 1919 [36],
but the chemists of that period lacked both
the means for the full characterization of
these compounds, and the basis for the
theoretical interpretation of their bonding
modes had yet to be developed. Is this still
possible in coordination chemistry today?

Inthe contextof developmentsinorga-
nometallic chemistry, it is worth recalling
that it really became industrially relevant
through the work of K. Ziegler and G.
Natta in the field of olefin polymerization
[37], recognized with the award of a Nobel
Prize in 1963, and that of G. Wilke on a
wide range of complexes and reactions of
new types [38]. The achievements of Zie-
gler and Wilke, as well as many younger
colleagues, have made the ‘Max Planck
Institute fiir Kohlenforschung’ in Miilhe-
ima ‘temple’ of organometallic and coor-
dination chemistry.

Another example of an important in-
dustrial process based on organometallic
coordination chemistry is the ‘Wacker
Process’ [39] (Fig. 8).

Academic studies of organo-transition-
metal compounds had also been taking
place in England, e.g., discovery of some
stable gold- and platinum-alkyl deriva-
tives by W.J. Pope [40].

However, further developments in this
area had to wait for the realization that the
formation of stable transition-metal com-
pounds containing metal-carbon o-bonds
requires that the ordinary rules of coordi-
nation chemistry should be adhered to.
Thus, following these principles Chatt
prepared the first PtY-alkyl compounds in
the early fifties (these studies were ex-
tended later and first published in 1959)
[41) and G. Wilkinson proceeded with
remarkable speed in the field of the metal-
cyclopentadienyl complexes [42]. The
transatlantic race between Fischer and
Wilkinson that followed became an all
European effort with Wilkinson’s move to
London.

Talking about this early work, T won-
der how many readers have actually seen
Keeley and Pauson’s 1951 Nature article
[43] (Fig. 9)?

The realisation that the stability of fer-
rocene was connected with the *18-elec-
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tron rule’ opened the floodgates of syn-
thetic organometallic chemistry: this rule
and a simple Hiickel MO model were used
to guide the preparation of hundreds of
compounds. A striking example of this
approach was the theoretical prediction by
H.C. Longuet-Higgins and L.E. Orgel of
the stability of the cyclobutadiene com-
plexes [44]. The preparation of the first
compound was reported by R. Criegee and
G. Schroder in 1959 [43].

While the organometallic tide was sub-
merging coordination chemistry, other
important preparative studies had been
taking place, i.e., those of the complexing
properties of phosphorus and related do-
nors, This was not a new area: Alfred
Werner had devoted a short section of his
book to this topic (Fig. 10) [46]. Ascanbe
seen, much of the work had been done in

French chemical laboratories, but it had
been also actively pursued in Swedish
laboratories since the times of C. W. Blgm-
strand and was continued by K.A. Jensen
in Copenhagen [47].

However, the best known Schools of
phosphorus and arsenic coordination
chemistry had their origin in the Cam-
bridge Laboratory of W.J. Pope. This top-
ic was then pursued there by F.G. Mann
[48] and moved to Australia with G.J.
Burrows. From there it came back to Eng-
land with R.S. Nyholm. It also established
itself at the Butterwick Research Labora-
tories through F.G. Mann’s former pupil
J. Chatt.

Although R.§. Nyholm was the first to
show the versatility of chelating diarsines
for the stabilization of both low and high
oxidation states of transition-metal com-
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plexes [49], he will be mostly remem-
bered for his profound belief in inorganic
chemistry and the masterly way in which
he ‘spread the new gospel’, e.g., in his
Inaugural Lecture at University Collegein
1956 for which he chose the title “The
Renaissance of Inorganic Chemistry’ (Fig.
11) [50].

These developments were seminal for
several other studies, e.g., for the stabili-
zation of very low oxidation states with
triphenylphosphine by L. Malatesta [S1],
after his studies with isonitriles, and for
the use of PF; as a pseudo-CO donor by
Chatt and by Wilkinson [52].

However, the most fruitful outcome of
the coordination chemistry of phosphines
was their use in homogeneous catalysis. A
foremost example of this is Wilkinson’s
hydrogenation [53]. Subsequently, the use

A New Type of Organo-lron Compound

NUMEROUS investigators have studied the reaction
of Grignard reagents with anhydrous ferric chloride,
but have failed to isolate any organo-iron compounds
or to produce any definite evidence for their forma.
tion in such reactions.

The statements by Job and Reich! and by Cham.
potier?, that they have obtained stable ethereal solu-
tions of compounds of the type RFel by reaction
of ferrous iodide with organo-zinc halides, are based
solely on the formation of ferrous hydroxide on
hydrolysis, and may be accounted for by the difference
in solubility betwsen ferrous and zinec hydroxides.
Indecd, the evidence of Champetier's own experi-
ments with Grignard reagents? suggests that such
intermediates may be formed at low temperature,
but are quite unstable above — 40°C. The normal
reaction leads to reduction of the ferric salt and,
with excess Grignard reagent, results in the formation
of metallic iron according to the equation :

6 RMgBr + 2 FeCl, —+ 3 R, + 2 Fe 4 3 MgBr, +
3 MgCl,.

This reaction is of preparative value and has been
shown to yield diphenyl from phenylmagnesium
bromide in almost quaatitative yiold?.

As a possible route to ‘fulvalene’s, we attempted
to apply this reaction to cyclopentadienylmagnesium
bromide. To a solution of this Grignard reagent

(from 18 gm. othyl bromide and 4 gm. magnesium
in benzene with 11 gm. cyclopentadiene) was added

an equivalent amount (9-05 gm.) of ferric chloride
disgolved in anhydrous ether. After allowing the
mixture to stand at room temperature overnight, it
was refluxed (1 hr.) to ensure complete reaction,
cooled and decomposed with ice-cold ammonium
chloride solution in the usual manner. Evaporation
of the dried organic layer yielded an orange solid
(3-5 gm.). This was moderately soluble in ether,
readily soluble in benzene and crystallized from
methanol in large needles of melting point 173-174° C.
(found: C, 64-6; H, 56; Fo, 30-1 per cent;
molecular weight, by cryoscopic determination in
benzene, 186-5. C ,H,,Fo requires: C, 64-6; H,
5-4; Fe, 30-0 per cent; molecular woight, 186-0).
Iron was determined gravimetrically as Fe,O, after

heating the compound with concentrated nitric acid
under a reflux condenser.

The substance sublimes readily above 100° 0. It is
insoluble in, and apparently unattacked by, water,
10 per cent caustio sods and concentrated hydro-
chloric acid even at the boiling point. It dissolves
in dilute nitrio or concentrated sulphuric acid form-
ing a deep red solution with strong blue fluorescence,
but was partly recovered unchanged from the latter
solution after standing at room temperature over-
night.

gI‘he above analytical data leave no doubt that thisg
compound is dicyclopentadienyl iron (I), formed
according to the equation :

2 EMgBr + FeCl, — RFeR + MgBr, 4+ MgCl,,
after initial reduction of the ferric salt by the

Grignard reagent.
céw\ /c H%H

CH—Fo—CH

I l
[’ N
1

ACH. CH
A \ ,_/ Nem
CH('Fet+x+) C i
CH / \CH/CH

“cr”

The remarkable stability of this substance is, of
course, in sharp contrast to the failures of earlier
workers to prepare similar compounds and must be
attributed to the tendency of the cyclopentadieny!l
group to become ‘aromatic’ by acquisition of & nega-
tive charge, resulting in important contributions from
the resonance form (II) and intermediate forms.

Our studies of this reaction and cf other approaches
to fulvalene are continuing.

II

T. J. KEALY
P. L. PAuSON
Duquesne University,
Pittsburgh 19, Pa.
Aug. 7.

1 Job and Relch, C.R. Acad. Sci., Pars, 174, 1353 (1922).

t Champetier, Bull. Soc. chim. Francs, [4], 47, 1131 (1930).

* Gliilman and Lichtenwalter, J. Amer. Chem. Soc., 61, 957 (1939).
4 Brown, Nature, 185, 566 (1850).

Fig. 9. Kealy and Pauson’s /1951 Nature publication
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Heterogene Verbindungen mit Phosphiden und Arseniden.

PtCl. 2 P(C,H,),, PAC),.2P(CH,),, AuCl.2P(C,H,),,
PtCl,. 2 As(C,H,),, PAaCl,.2As(C,H,),, AuCl.As(C,H,),,
PLCl,.2 P(CH,),, PaclL.?P(CH),

Sehr merkwiirdig sind die ebenfalls hierher gehorigen Addi-
tionsprodukte von Phosphortrichlorid und Arsentrichlorid an gewisse
Salze von Edelmetallen, von denen man z. B. folgende kennt:

[CLPt. POLLY, cx,p::gg{:’). (Cl,I), . PCL%), CI,PA. PCLY),
LI T 9 BrI(PBakY), CLI(POLLY, OLIF(ROL)Y),
P Cl, .PBr,
ClLIr-PCLY), Br,Ir-PBr,®), BrIr(PCL),%, Clau.P0l7),
“PCl -PBr,
BrAu.PBr,”), BrAu.DPCL7).

') P. Schittzenberger, Compt. rend. 70, 1237 (1870). — ®) Der-
selbe und 3. Fontaine, Bull, soc. chim. (2) 17, 482 (1872); (2) 1§,
101, 148 (1872), — ¥) P. Schiitzenberger, Berl. Ber. 5, 222, 535
(1872). — *) E. Fink, Compt. rend. 113, 176 (1892). — *) G. Geisen-
heimer, Compt, rend. 110, 40, 1004, 1336 (1890); 111, 40 (1890), —
%) Derselbe, Ann. Chim. Phys. (6) 23, 249 (1891). — 7) A, Lindet,
Compt. rend. 98, 1382 (1884); 101, 184 (1883).

Diese Verbindungen sind auch darum wichtig, weil ihr
chemisches Verhalten einen sehr schinen Einblick in ihre RKon-
stitution gewithrt. Wihrend niamlich die an Platin, Iridium oder
Gold gebundenen Chloratome mit VWasser und Alkololen nicht
reagieren, werden bekanntlich die Chloratome von Yhosphor- und
Arsentrichlorid sehr leicht durch Hydroxyl- bzw. Alkyloxygruppen
ersetzt.  Dementsprechend reagieren Deim Eintragen der Doppel-
verbindungen in Wasser oder Alkohole nur die an Phosphor oder
Arsen gebundenen Chloratome, so dab Umsitze der folgenden Art
erfolgen:

[cLPe.PCL), + 8 H,0 = {C,Pt.P(OI),], 4+ 6 HCL
und [CLPt.PCL], + 6 HOR = [G1,Tt. P(OR),], + 6 HOL

In gleicher Weise verhilt sich auch die Verbinduug ClgPt:II;gll’,

3

die mit Wasser eine sechsbasische Siure von folgender Konstitution
liefert: /OH
Cl P~0H
\ S NoH
1474 on
Cl \‘P-éoﬂ
NoH
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Fig. 10. The complexes with phosphorus donors mentioned in Alfred
Werner's book

Fig. 1. The titie page of R.S. Nyholm’s Inaugural Lecture

of optically active phosphines by L. Horner
and H.B. Kagan [54] proved to be a mile-
stone in enantioselective synthesis. Also
G. Wilke’s important and elegant nickel-
and Co-catalysed reactions much benefit-
ed from the use of optically active phos-
phine and phosphite ligands [38].

Until now no mention has been made
of the Alfred Werner's co-workers. I shall
name only two of them: A. Miolati, who
was also a close friend, and is best remem-
bered for a structural model for the iso-
and heteropolyacids [55], a field much
developed later by A. Rosenheim, and P.
Pfeiffer who carried out significant stud-

ies of the Cotton effect and of the coordi- o= X\H, 0= /NH2
nation chemistry of chelating systems [56]. —~< S
. =0, o D AL=0_ 0 < \
Many other European chemists were K| < “Cu N Ca-| s “Ca —_
responsible for major advances in synthet- i \_ ) 0" =0 ¢ >.-_0 ’ 0=(_;/
ic coordination chemistry, particularly in P 0= J at=)
NH, 4 H,0 NH, 6 H,0

France. Among them it is worth remem-
bering the names of M. Délépine who,
over many decades, contributed so much
to our knowledge of iridium coordination
chemistry [57], R. Charronat and A. Joly
whose work on the complex chemistry of
ruthenium [58] is still particularly rele-
vant and J.-P. Mathieu [59] who was also

48. Uber die Eigenschaften einiger Metallkomplexe

von W. Roth, F. Zuber, E. Sorkin und H. Erlenmeyer.

Von der p-Aminosalicylsiiure (PAS) war anf Grund der Struk-
tur zu erwarten, dass sie fhnlich wie Salicylsiure Cu'- und andere
Tonen komplex zu binden vermag. Wiy konnten solche Koordinations-
verbindungen von der Formel

auch priaparativ gewinnen.

der p-Aminosalicylsdure

(23. XTI. 50.)

a pioneer in the application of IR and

Fig. 12. H. Erlenmeyer’s earliest publication in the field of bioinorganic chemistry
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Raman spectroscopy to coordination com-
pounds.

OtherItalian contributions which must
be rememberd are those of L. Cambi in the
fields of metal-nitrosyl compounds [60]
and sulfur coordination chemistry and of
P. Chini whose name is particularly asso-
ciated with transition-metal cluster chem-
istry [61]. The elegance of some of the
polymetallic species produced in his labo-
ratory borders on the artistic.

One important field remains to be men-
tioned: bioinorganic chemistry. Two Eu-
ropean chemists stand out in particular in
this area: its ‘founder’, H. Erlenmeyer,
who published his first paper on this topic
in 1951 [62] (Fig. 12) and R.J.P. Williams
who is mainly responsible for giving it its
‘new look’ [63].

Last butnot least, the progress of chem-
istry in general, and of coordination chem-
istry in particular, has been strongly linked
to the development of physical techniques
for the study of the constitution of known
compounds. The spectroscopic work done
by J.-P. Mathiex was mentioned earlier.
However, the foremost European among
such chemists was W. Klemm. His magne-
tochemical studies [64] provided a funda-
mental criterion for the classification of
coordination compounds. He will also be
remembered for the preparation of oxo-
metallates and fluoro complexes with met-
als in very high oxidation states [65]. Fur-
thermore, the availability of visible-UV
spectrophotometers allowed the record-
ing of innumerable spectra of coordina-
tion compounds, providing the experimen-
tal basis for the development of ligand
field theory. Here the contributions made
by C.K. Jorgensen [66] cannot go unac-
knowledged.

In conclusion, itis clear that during the
last 40 coordination chemistry has been
particularly exciting. Let us hope that the
younger generation will be able to say the
same of the next 40.

Obviously, an account of this type can
only be incomplete and, therefore, the
author should like to offer apologies for
omitting numerous contributions which
many readers may consider as being more
fundamental than those mentioned above.
Please attribute this to personal bias: a
veteran of the coordination chemistry scene
could not have remained uninfluenced by
the events which came closest to his pro-
fessional life!

Received: January 13, 1994
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