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Introduction to the Series

The remarkably broad and rapid development of inorganic chemis-
try since the end of World War II is well recognized. If we chose to
define inorganic chemistry as the study of all of the chemical and many
related physical properties of inorganic substances, the extent of the
field is very great indeed. It includes among its ramifications the or-
gano derivatives of all of the elements, the study of mixed oxide sys-
tems, the quantum mechanical treatment of the spectral and magnetic
properties of transition metal ions, the study of a wide variety of cat-
alytically active solids, the preparation of a host of the less familiar ele-
ments and their compounds, as well as radically new types of com-
pounds, aleng with the many classically recognized aspects of inor-
ganic chemistry. The wide interest and the rapid growth and expan-
sion of the field are attested by the great and persistent demand for in-
organic chemists for both industrial and academic positions. The new
Division of Inorganie Chemistry of the American Chemical Society,
which received permanent status recently, symbolizes the general rec-
ognition of inorganic chemistry as a distinet and plenary branch of the
science.

Because of the breadth and diversity of the discipline, the problem
of maintaining effective, fruitful communication among the different
branches of inorganic chemistry has become highly important. It is
my belief that a new forum for the exchange of views and for critical
and authoritative review and evaluation of advances in the various
branches of the discipline would be of great value. The annual series
of volumes of which this is the first has been initiated with the hope
that it will contribute to meeting the need for communication.

It is inténded that all articles be written by one of the leading re-
searchers in the field. The treatment is intended to be such that the
article should be comprehensible, but not necessarily readily compre-
hensible, to a competent Ph.D. level research worker in some branch of
inorganic chemistry, but not necessarily the one under discussion.
However, it is my belief that the author’s responsibility and privilege
of giving a scholarly and accurate account of his subject should not be
curtailed by any feeling of a need for oversimplification. If, for ex-
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vi INTRODUCTION TO THE SERIES

ample, a subject is intrinsically complicated or mathematical, no use-
ful purpose can be served by dealing with it as if it were not. Thus I
have hoped to include articles which avoid both of the extremes, first,
of dry and terse summarizing of the literature and, second, of super-
ficiality suitable perhaps for light reading but not very helpful to the
reader desiring accurate, thorough information. I have encouraged a
degree of informality so that where responsible differences of opinion
exist the expression of the author’s own viewpoint, consistent with fair-
ness and decorum, may be presented. Length and style will also be
found to vary from one article to another, since I have assumed that
the author is best qualified to determine the style, length, and general
nature of the treatment appropriate to his subject.

It is also my hope that these volumes will be regarded as, and be-
come progressively more of, an international venture, which is in the
true spirit of science. With this in mind, articles will be published in
any of the three languages, English, German and French, which re-
search chemists are assumed to read.

I should greatly welcome comments and suggestions with regard to
any aspect of these volumes.

In conclusion, it is my duty to emphasize that it is the authors of the
articles who are responsible for their excellence and it is my pleasure to
express my gratitude for their efforts.

F. A. Corron

Cambridge, Mass.
June 25, 19569
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L. Introduction
A. SCOPE

This review covers the chemistry of compounds formed between
transitional metals and the cyclopentadienyl group, benzene and re-
lated aromatic systems, and certain other unsaturated hydrocarbons.
It deals also with the ionic derivatives of the cyclopentadienide ion
and with the cyclopentadienyl derivatives of certain nontransition
metals.

While the first metal derivatives of cyclopentadiene were prepared
by Thiele over fifty years ago, the interest in metal derivatives
of cyclopentadiene, and subsequently of aromatic hydrocarbons,
stems from the independent and accidental discoveries of the molecule
of formula C, HjoFe, now called ferrocene, by Miller, Tebboth, and
Tremaine (B.9) and by Kealy and Pauson (B.1).* These authors did

* Ferrocene was first obtained in 1948 during studies of possible reactions of
olefins with nitrogen over metallic catalysts in the laboratories of the British
Oxygen Company (8. A. Miller, private communication to G. W.).
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not fully appreciate the unique nature of the compound either struc-
turally or in its chemical behavior, and shortly thereafter the now
well-known ‘“‘sandwich”* structure was advanced by Wilkinson,
Rosenblum, Whiting, and Woodward (B.2) and later, independently.
by Fischer and Pfab (B.10). It was also shown by Rosenblum, Whit-
ing, and Woodward (0.0) that the molecule behaves as an aromatic
system undergoing, for example, Friedel-Crafts acylations; they also
coined the name ‘“ferrocene’’ for (r-CsHs).Fe.

The early studies in the field were comprehensively reviewed in
1955 (E.20) and other reviews of parts of the field have been made
(E.2,F.33,F.34,G.25,H.16,H.34,H.35). The present review is con-
cerned primarily with the general inorganic and physical chemistry of
the compounds and with theoretical treatments of bonding. The now
exceedingly extensive organic chemistry of ferrocene is not discussed,
although a literature guide is provided. The references are believed
to be complete up to July 1, 1958.

Excluding various salts, e.g., picrates, Reineckates, etc., of cations
such as (w-Cs;Hs):Cot and (CeH,);Crt+ and organic derivatives of
ferrocene, the tables presented subsequently indicate that since the
discovery of ferrocene in all over 200 new metal-hydrocarbon com-
pounds have been prepared. It is pertinent to note, however, that
while many of the cyclopentadienyl and arene compounds discussed
herein have been described by different workers, often quite simul-
taneously, in the scientific literature, it is known that many of these
derivatives were made and studied at least simultaneously and in
quite a few cases earlier in industrial laboratories. It is not pos-
sible to give these often unknown industrial investigators due credit
except in occasional patent references, where detailed studies are
seldom given. Thus it appears that (x-CsH;):Ni was first made by
Thomas (P.3) and several carbonyl derivatives, e.g., =-CiH;M-
(CO)sH (M = Cr, Mo, W), appear to have been made first in indus-
try (P.21,P.21a). Attention may be drawn at this point to the
remarkable patent (P.21,P.21a), which would appear from its date of
filing to anticipate much published work not only on carbonyl com-
pounds but on preparative methods for di-r-cyclopentadienyl com-
pounds and cyclopentadienides. The patent is remarkable in other

* The first users of this term were Dunitz and Orgel (C.6).
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ways, too, indeed having semblance in parts to science fiction; thus
even those “skilled in the art’’ would have some difficulty in isolating
compounds mentioned in the claim, such as (CsHg)sLa(PBrg), or
(CsHs) Li(H20), and in proving that “‘(CsHg)Ti(NO); is more stable
than (CsHy) V(NO).H,.”

It may be noted, finally, that since the discovery of ferrocene, we
have listed over 300 notes and papers on the sandwich compounds
reviewed herein.

B. NOMENCLATURE

The nomenclature adopted is as follows:

1. Cyclopentadienyl Compounds

(a) Two rings present with “sandwich” bonding: di-w-cyclo-
pentadienyl-, e.g., di-r-cyclopentadienylchromium(II), (x-CsHg).Cr.
The name ferrocene is used for (7-CyHs)sFe; the cation [(w-CiHy)oFel*
is termed the ferricenium ion. Similar trivial names are ruthenocene,
osmocene, cobaltocene, nickelocene, ete.

(b) One ring present with “sandwich” bonding: w-cyclopenta-
dienyl-, e.g., w-cyelopentadienylehromium(II) dinitrosyl chloride,
m-CsHyCr(NO),ClL

(¢) One or two rings present with localized metal-carbon bonds:
o-cyclopentadienyl-, e.g., w-cyclopentadienyl(s-cyclopentadienyl)-
chromium(II) dinitrosyl, =-CsH;Cr(NO).0-CsHs.

(d) Ionic derivatives: cyclopentadienide ion, CsHz~; cyclo-
pentadienides. e.g., manganese cyclopentadienide, Mn(CyHjg)..

2. Arene Compounds

(a) Two rings present: diarene-, e.g., dibenzenechromium(0),
(CgHe)zCI‘.

(b) One ring present: arene-, e.g., toluenechromium(0) tricarbonyl,
CyH;Cr(CO);. A similar nomenclature is used for other aromatic or
pseudoaromatic systems, e.g., cycloheptatrienechromium(0) tri-

carbonyl, C;HsCr(CO)s.
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3. Abbreviations

=~Cp = »-CiH; d. = decomposes without melting
o-Cp = o-CH; MeCp = methyleyclopentadiene
Cp~ = GH;s~ Me = methyl
7m-ind = r-indenyl Et = ethyl
o-ind = g-indenyl bz = benzene
o-fluor = o-fluorenyl tol = toluene
m.p.d. = melting point with decompo- mes = mesitylene
sition ¢ = phenyl

II. Cyclopentadienides
A. GENERAL REMARKS

It is pertinent to include in this review some brief notes on the ionic
derivatives of cyclopentadiene—the cyclopentadienides—since not
only are the alkali metal and magnesium salts used in preparations of
other metal derivatives, but the manganese compound of formula
CioH1sMn has been shown to be a cyclopentadienide unlike the other
(7-CsHy)eM compounds of the elements of the first transitional series.

The acidity of cyclopentadiene was first recognized by Thiele, who
obtained the potassium salt (A.3,A.4) as an air-sensitive product by
treating dispersed potassium in benzene with Csls at room tempera-
ture; he obtained no reaction with sodium (A.4). Thiele’s discovery
led to similar work with substituted cyclopentadienes, and the potas-
sium salt from fluorene was first made (A.5) by melting fluorene with
KOH at 250-280°C. Sodium indenylide was obtained somewhat
later (A.6) by the reaction of sodium with indene in the presence of
ammonia or organic bases; sodium and lithium derivatives were sub-
sequently made of indene, fluorene, and their derivatives.

The Grignard reagent, MgBrC;H;, and the corresponding indene
derivative have long been known and used preparatively (A.1.A.2,
A.7). These are obtained by treating an alkyl Grignard reagent in
ether, or preferably in a higher boiling solvent such as benzene, with
the hydrocarbon. The fluorene derivative was similarly obtained.

Concerning the cyclopentadienides, little further work was done
for many years, until Greenlea (A.8) showed that in liquid ammonia
solution cyclopentadiene reacted rapidly with sodium, without
evolution of hydrogen, according to reaction 1. He isolated cyclo-

2 Na + 3 CaHo = 05H5 + 2 N&CsHb (1)
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pentenes in yields consistent with this stoichiometry. This work
anticipated by fourteen years similar studies using liquid ammonia
(F.4,F.5) in which the same conclusions were drawn concerning the
stoichiometry of the sodium reaction and the formation of cyclo-
pentenes; both the later groups noted that the stoichiometry of the
reaction given by Fischer et al. (C.7-C.10) requiring the evolution of
hydrogen is false. The properties of sodium cyclopentadienide and
the preparation of the calcium salt, either by reaction of cyclopenta-
diene with calcium carbide at elevated temperatures or by reaction in
liquid ammonia, were also given by Ziegler et al. (D.1,F.5).

The formation of solutions of sodium cyclopentadienide in ether
solvents (D.3,F.23) is now widely used for preparative work and is
perhaps the most generally useful method for preparing all types of
nonionic cyclopentadienyl metal compounds and indeed even sub-
limable cyclopentadienides such as those of manganese and the
lanthanides. The use of the sodium salt is more expeditious than
methods requiring the use of lithium cyclopentadienide or the Gri-
gnard reagent. Suitable ethers for carrying out the reaction of granu-
lar or dispersed sodium with cyclopentadiene (or substituted cyclo-
pentadienes) are tetrahydrofuran, ethylene glycol dimethyl ether, di-
ethylene glycol dimethyl ether, ete., of which the first two are most
commonly employed. Sodium may be dispersed in mineral oil, to
which the ether is then added (P.21) or may be granulated in toluene
which is then removed and the ether run in (¥.23). Details for a
laboratory preparation have been given (F.32).

It has been shown (D.8) that potassium tertiary butoxide converts
cyclopentadiene quantitatively to its potassium salt; this fact,
together with the fact that indene and fluorene do not react with the
sodium tertiary butoxide (F.5), confirms estimates (D.8 and refer-
ences therein) that the pK, value for cyclopentadiene is greater than
19 and less than the 21 of indene. The formation of sodium, potas-
sium, and lithium eyclopentadienides in alcohols and in other solvents
of high dielectric constant is possible, e.g., lithium cyclopentadienide
has been made in dimethylformamide (I.39,F.44), and calcium cyclo-
pentadienide has been made in ethylenediamine (F.5). The sodium
salt has also been made in inert solvents containing a small amount
of alcohol (F.5).

Equations 2 and 3 illustrate the general behavior of cyclopenta-
dienides. Thus, in tetrahydrofuran, rather weakly conducting solu-
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M+Q5H5~ = M+ + CﬂHé_ (2)
CﬁHa_ + H+ = CEHG (3)

tions of NaCsH;, Mn(CsHs)z, and Mg(CsHs): were obtained (F.23),
indicating that while dissociation does occur, it is not, however, sub-
stantial. With acids which are stronger than cyclopentadiene, e.g.,
water, cyclopentadienides react instantaneously to form eyclopenta-
diene and the metal hydroxide or other salt. The cyclopentadienides
generally react vigorously with air, inflaming or smoldering in the
solid state. They also react with carbon dioxide to give carboxylic
acid salts (A.4) and with dienophiles such as maleic anhydride; with
chloroform and with alkyl halides they give alkylated cyclopenta-
dienes.

The dissociation is also shown by the fact that all cyclopenta-
dienides react instantaneously in an ionic reaction, and quantita~
tively* with ferrous chloride (or other metal halides) to give ferrocene
(eq. 4). The criteria for ionic bonding in metal cyclopentadienyl

2 CEHE_ + Fe?t+ = (1—05H5)2Fe (4)

compounds based on both physical measurements and chemical
reactions such as those above have been discussed at some length in
studies of manganese cyclopentadienide (F.23).

The high resolution nuclear magnetic resonance chemical shift of
the equivalent protons of the CsHs~ ion has been measured and com-
pared to the shifts for protons in benzene and the tropylium ion
CH;* (G.39). The Pople free electron theory of shifts in aromatic
rings predicts that the resonance in the CsH;~ ion should be upfield,
and that in C;H;* downfield, from that in benzene. Qualitatively,
these predictions are confirmed, but quantitatively the agreement is
rather poor, the observed shifts being much larger than those cal-
culated. The differences may perhaps be accounted for by the
reasonable assumption that part of the negative charge in the CsHs—
ion spreads to the hydrogen atoms, thus putting them further upfield,
while the opposite occurs in the C;H;* ion.

* While the reaction of pure cyclopentadienides, e.g. Mn(CsHy)e and Pr(CsH;)s,
was shown to be quantitative with Fe?+, the reaction of NaCsH;, prepared in
ether from C;Hs and Na, does not give quantitative yields of ferrocene, presum-
ably since some reduction to cyclopentenes occurs. Although not quantita-
tively studied, this reduction appears to be much less in the ethers than in liquid
ammonia; hydrogen is certainly evolved from the reaction in ether.
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B. SOME INDIVIDUAL COMPOUNDS

In addition to the alkali metal and calcium cyclopentadienides
noted above, the following compounds deserve brief comment.

1. Magnesium Cyclopentadienide

The original preparation of this compound (D.3,F.23) was by the
thermal decomposition of the eyclopentadienyl Grignard reagent.
However, it may now be obtained, potentially in very substantial
quantities, by the direct reaction of magnesium with cyclopentadiene
at 500-600°C. (G.35). The compound forms readily sublimable
colorless crystals and can be stored under nitrogen. It is miscible in
all proportions with manganese cyclopentadienide (¥.23).

2. Scandium, Yiirium, and Lanthanide Cyclopentadienides

Numerous lanthanide compounds, M(CsHs)s. have been made
(F.15). They are all rather air-sensitive but are thermally very
stable indeed. The chemical reactivities are similar to those of other
cyclopentadienides. The magnetic susceptibilities of the paramag-
netic compounds are those to be expected for the lanthanide M3+ ions.
No X-ray studies have been made, and the relative dispositions of the
anions are not known, but it was suggested that in the free molecules
the rings lie perpendicular to axes directed from the metal atom to
their centers, at angles of 120 degrees.

3. Manganese Cyclopentadienide

Unlike the other elements of the first transition series which give
di-m-cyclopentadienyl compounds, the manganese analog, Mn(CsHjs)s,,
first reported by Wilkinson and Cotton (D.3) is ionic. In a subse-
quent comprehensive study of the compound and a comparison with
the other CyoH;sM compounds by Wilkinson, Birmingham, and Cotton
(F.23) considerable physical and chemical evidence (see Table III)
was obtained for the ionic formulation. Mass spectral studies on
MgCp. and MnCp, (E.11) showed that they behaved very similarly
with respect to the nature and yields of the ionie species produced in
electron bombardment but that they differed strikingly from the
neutral di-r-cyclopentadienyl metal compounds. The manganese
compound was also shown (F.23) to possess unique magnetic proper-
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ties (Section VII-B-2), being antiferromagnetic at low temperatures
and with considerable spin-spin interaction up to 433°K., where a
sharp magnetic transition occurred which was associated also with a
change in color, from amber-brown* to the pink of the Mn?+ ion.
Below 433°K. the crystal was rhombic, and above this temperature,
to the melting point of 445-446°K., monoclinic. In the latter form,
the compound has five unpaired electrons. Paramagnetic resonance
studies (G.51; Section VII-B-2) have subsequently completely con-
firmed the ionic nature of the compound and its antiferromagnetism.
In view of the similarity in vapor pressure (see Table V) and melting
points of MnCp; and #-CpsFe the former was considered, on electro-
static grounds, also to have (together with MgCp.) the same “sand-
wich” configuration of ferrocene. Preliminary X-ray studies on
MnCp. (E.23) and MgCp, (E.22) have indeed shown that this is the
case.

4. Thallium Cyclopentadienide

This compound was first reported in the literature by Fischer
(G.5). Tt was made by the unusual aqueous reaction (eq. 5), where-
upon the compound precipitates from

CsHs 4 TIOH = CH;T1 4 H.0 (5)

solution. This reaction has been suggested as an analytical method
for the thallous ion (G.6).

The formulation of the compound as a cyclopentadienide by Cotton
and Reynolds (H.6) is based on infrared spectral measurements, a
consideration of ionization potentials, and a calculation of overlap
integrals. It was concluded that while the compound has a w-cyclo-
pentadienyl geometry (cf. MnCp,), which could result from overlap
of the ring e, orbitals with the metal e; (p,, p,) orbitals, the bonding
in C;H;TI i8 largely ionic.*® The unusual thermal and chemical sta-
bility, e.g., toward air, of this compound must be due largely to an
extremely stable crystal lattice, since it may be noted that the
methylcyclopentadienide (I.8) is vigorously oxidized by air. Any
objection to the ioniec formation for TICsHs on the ground that the

* Amber in thin sections by transmitted light, brown by refiected light. Solu-
tions in ethers are yellow.

** Microwave spectra of C;HTl at 100°C. by J. K. Tyler, A. P. Cox, J. Sher-
idan, Nature, 183, 1182 (1959), have confirmed this view.
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12 G. WILKINSON AND F. A. COTTON

compound does not react with water, as do the other cyclopenta-
dienides, may be met by noting that if it is indeed a high lattice
energy which accounts for its stability, this would also account, for its
resistance to hydrolysis. The well-known case of oxides can be quoted
for comparison; while the O*~ ion is immediately hydrolyzed by
water, there are innumerable metallic oxides of predominantly ionic
nature which are insoluble in and unattacked by water due to their
high lattice energies.

The established cyclopentadienides (and a few substituted eyelo-
pentadienides) are listed in Table I.

III. Di-r-cyclopentadienyl Compounds
A. GENERAL REMARKS

Essentially all* of the elements of the three series of transition
metals have been shown to form di-r-cyclopentadieny! compounds of
the general formula [(7r-CsHs):M"]X,_2, where n is the oxidation
number of metal M and X is a univalent anion. The known com-
pounds, together with references, are listed in Table II.

The elements of the first transitional series (excepting Mn, ¢.v.) have
been obtained as the neutral compounds, (7-C;H;):M, as well as in
cationic species. For the second and third transitional series, the
neutral compounds, which obviously involve the 42 oxidation state
of the metal, have been obtained only for Ru and Os; it is well known
that the relative stability of the lower oxidation states in these series
tends to be less than that of the higher ones, but for the larger metal
ions there may also be poorer overlap of the d orbitals of the metal
with the w-orbitals of the rings leading to weaker bonding. In some
cases where the preparative methods, e.g., sodium borohydride reduc-
tion of the cations or of the NaCp reaction mixture, might have been
expected to lead to the neutral compound, unusual behavior has been
observed and for Re, Mo, and W, di-mcyclopentadienyl metal hy-

* Hafnium has not been reported; it will undoubtedly behave like zirconium.
Technetium may be expected to give a hydride comparable to the rhenium com-
pound (see Section III-E-1); it appears unlikely to form an ionic derivative as
manganese does. Platinum has not been obtained as a di-r-cyclopentadienyl
compound, but (7-CsH;),Pd has been obtained (G. W., unpublished work, 1953)
as cherry red, thermally unstable crystals. Neutron activation of =-Cp.Ru has
been reported (I.21) to give traces of a volatile rhodium compound which is
probably »-CpRHC;H; (see Section IV-D-2),
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drides (see Section III-E-1) have been obtained instead; with Co and
Rh, reduction of the cations (r-CsHs):M* with sodium borohydride
has led to the cyclopentadiene compounds, e.g., w-CsH;RhCsHs.
With LiAlH,, however, reduction of 7-Cp,Co+ and 7-Cp,V+ to the
neutral species has been reported (E.18).

In the +3 oxidation state, cationic species, e.g., (r-CsH;),Co*, are
obtained. Salts of small anions can be occasionally obtained, e.g.,
(m-CsHs):CoBr, but these salts are usually very deliquescent: The ions
can be precipitated from aqueous solution by large anions, e.g., silico-
tungstate, Reineckate, tetraphenylborate, picrate, tribromide or
polyiodide, tetracarbonylcobaltate. etc. The precipitation reactions
of m-Cp.M™ ions are very similar to those of the heavy alkalies, Rb
and Cs, and the tetraphenylborate is essentially quantitatively pre-
cipitated in weakly acid solution. The first cationic di-z-cyclopenta-
dieny} compounds characterized (B.2)—of the ferricenium ion—were
the tetrachloroaluminate and tetrachlorogallate, which were obtained
as long blue needle crystals by allowing solutions of ferrocene and the
anhydrous metal halide in ether to stand in dry air. In the 44 and
+5 oxidation states where compounds are formed (Ti and V groups),
di-m-cyclopentadienyl metal halides are obtained. These have
appreciable covalent character and are readily soluble in polar, and
to some extent nonpolar, organic solvents. In water, hydrolysis
occurs, hydrolyzed species being obtained; no systematic study of
such hydrolyses has yet been made, and there is no information as to
whether polymeric species are formed. The hydroxy ions which we
can write, not necessarily implying thig formulation, as »-Cp,TiOH*,
7-CpaNbOH?2+(?), etc., again give precipitates with large anions; on
increasing the halogen acid concentration the undissociated halides
can be extracted with, say, chloroform; halogen interchanges can be
effected by halogen acids.

The only di-r-cyclopentadienyl metal ions which are stable in
alkaline solution are those of Co™, Rh', and Ir'™, whose hydroxides
are strong bases, absorbing carbon dioxide from air. All other
cationic species are destroyed in alkaline solution.

B. PREPARATIONS

References to the preparation of individual compounds are given
in Table II.
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18 G. WILKINSON AND F. A. COTTON

Numerous preparative methods are now extant, some of use only in
specific cases.

1. From Cyclopentadienides

Many of the methods are based on the use of cyclopentadienides of
the alkalies, in liquid ammonia, ethers, dimethylformamide, ethanol,
tertiary butanol, ete., and the transition metals are added as anhy-
drous halides, thiocyanates, acetylacetonates, etc. The Grignard
reagent which was initially used rather widely is now seldom em-
ployed.

The most generally convenient and universally applicable method
and indeed the only method that need be employed is the reaction of
anhydrous metal chlorides (or other halides) with a solution of sodium
cyclopentadienide in tetrahydrofuran or a polyether such as ethylene
glycol dimethyl ether (F.23). A detailed laboratory procedure for
the preparation of the reagent and of ferrocene as an example has
been given (F.32); this method has the advantage that it can be
used for the preparation of all types of cyclopentadienyl compounds
and can be used also for nontransition metal compounds, e.g.,
(CsHs)2Sn from SnCl,; for complex compounds, e.g., m-CsHzRh-cy-
cloocta-1,5-diene from (CzHgRhCl),; and for cyclopentadienides, e.g.,
Mn(CsHy), from MnCl,. There is no danger of solvolysis of the metal
halide or other salt interfering with the preparation, as can occur
using liquid ammonia or alcohols.

The reaction product, after removal of solvent ether, may be iso-
lated by solvent extraction or in the case of air-sensitive compounds
by direct sublimation from the dry residue in vacuum. The sodium
in ether method is also applicable to the preparation of derivatives
from methyl and other substituted cyclopentadienes, and indene.

It may be noted that unlike the reaction in liquid ammonia (Sec-
tion II), hydrogen is evolved in the reaction of sodium with cyclo-
pentadiene in ether, but some reduction (~109,) to cyclopentene
occurs and yields over 909, have not been obtained, although it is
known that the reaction of pure cyclopentadienides with, say, ferrous
chloride, is quantitative (F.15,F.23).

Should magnesium ecyclopentadienide (Section II) become com-
mercially available, this would provide a simple method for preparing
many derivatives.
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2. From Cyclopeniadiene

A method which has been applied in a few cases and is particularly
convenient for the preparation of (#-C;Hj;),Fe, ~Co, and -Ni is the
reaction of the anhydrous halide with cyclopentadiene in an amine,
such as diethylamine, pyridine, or piperidine, which acts both as
solvent and as halogen acceptor (F.23), e.g., reaction 6. Again, a

FeCl; + 2C;Hg + 2 amine = (7-CiH;),Fe 4 2 amine-HCI (6)

detailed laboratory procedure has been given (¥.32); the above-
noted compounds can be made in ~809, yield, while (7-CsHg),-
Ti(Zr)Cl; can be got in ~50%, yields.

Other less generally useful methods for preparing the (w-CsHjg).M
compounds are the reaction of Cr(CO)s and Cox(CO)s with cyclo-
pentadiene at elevated temperatures, the thermal decomposition of
the binuclear carbonyl (Section 1V), [#-C;H;Fe(CO).];, and the
direct reaction of cyclopentadiene with Fe or iron oxides.

C. PHYSICAL PROPERTIES OF DI-»-CYCLOPENTADIENYL
METAL COMPOUNDS

A great variety of physical measurements on the [(w-CgHs).M"]-
X, compounds have been made and these are now presented in
summary form. The significance of some of the measurements is
discussed in more detail in Section VIII. There has been a discussion
of covalence in neutral =-Cp;M compounds in terms of valence states
and electronegativities (G.34).

1. Crystal Structures

Of all the di-=cyeclopentadienyl compounds prepared to date, only
ferrocene (F.1), ruthenocene (G.44), dibenzoylferrocene (G.37), and
di(m-indenyl)iron (H.1) have been comprehensively studied by X-
ray methods. Even in the case of ferrocene, further refinement by
low temperature studies is desirable in view of the acknowledged
motion in the lattice at room temperature. The published data on
all cyclopentadienyl compounds are collected in Table III.

It is interesting to note that in contrast to ferrocene, which has the
staggered configuration in the crystal (Fig. 1A), ruthenocene is
eclipsed (Fig. 1B). This difference is due to differences in the lattice
forces and/or to smaller van der Waals’ forces when the rings are
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farther apart. It may be noted that in di(z-indenyl)iron, the benzene
rings are in the gauche position, this form again being stabilized in the
crystal by crystal forces or by weak van der Waals’ forces between
the atoms of the six-membered rings (3.43 A. apart). As with the
other w-cyclopentadienyl compounds, in solution or in the vapor, the
rings are probably freely rotating in the indenyl compound, or nearly
80.

A B

Fig. 1, Staggered and eclipsed configurations found for (A) ferrocene and (B)
ruthenocene, respectively, in their crystals.

For the other neutral compounds, (#-C;Hs).V, -Cr, -Co, and -Ni,
X-ray measurements have shown that they are isomorphous with
ferrocene, being monoclinic. Using ferrocene as a reference, M-C
distances have been estimated for the other molecules (Table III).
It is to be noted that the M-C distance for =Cp,Ni (2.18-2.20 A.)
is considerably longer than that for m=CpsFe (2.045 A.), which is con-
sistent with the much diminished chemical and thermal stability.
The only X-ray structural studies on a di-r-cyclopentadienyl metal
compound other than neutral species have been recently made on the
binuclear halogen-bridged compound (7-CsHs),TiCLAL(C.H;). (H.7:
Section III-E). In view of the fact that in this case the =-CgzH; rings
were found to be not paraliel, as in the neutral compounds, but that
the metal-ring axes were at a small angle, the question may be raised
as to whether in other di-r-cyclopentadienyl compounds, e.g., (n-
CsH;)2TiX; and (+-CsHs):ReH, where additional atoms or groups are
bound to the metal, a similar situation holds. It is certainly quite
possible, and further X-ray studies on this type of compound are
much needed.

2. Electron Diffraction

The only published work is on ferrocene (¥.14). The derived bond
length data (Table III) agree well with the X-ray data and in addi-
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tion suggest that rotation of the rings about the main molecular axis
occurs under the high temperature conditions of the measurement.

8. Dipole Moments

The dipole moments of ferrocene and nickelocene are zero. Dipole
moments of mono- and diacetylferrocenes have been reported, and
the values are close to those to be expected assuming free rotation of
the z-cyclopentadienyl rings about the metal-ring axis. The data
and references are collected in Table IV. It has been estimated from
studies on mononuclear w-cyclopentadienyl compounds (F.40) that
the 7-Cs;Hs metal moment is about 2-2.5 D.

TABLE IV
Dipole Moments
Compound 1, Debyes Ref.

#-CpVOCl, 4.93 £ 0.09 H.24
=-CpV(CO), 3.17 = 0.05 (109%)* F.40
7-CpCr(CO),NO 3.19 = 0.05 (109%,)" F.40
bz,Cr 0 F41
tol,Cr 0 F.41
7-CpMn(CO); 3.30 = 0.05 (10%)* F.40
7-Cp:Fe 0 B.2,F.41
Monoacetylferrocene 3.20 .8
Diacetylferrocene 4.23 E.8
Di(p-chlorophenyl)ferrocene 3.12 G.19
Di(m-ind)Ru 0 F.41
7-CpCo(CO), 2.87 & 0.1 (10%)* F.40
w-CpaNi 0 D.5
Cp:Sn 1.02 £ 0.06 F.4l
Cp:Pb 1.63 % 0.06 F.41
Czast.COz 0 F.41

* Indicates that atom polarization was taken as 109 of electronic polarization.

4. Mass Spectra

Measurements on neutral compounds of the elements of the first
transitional series and of (7-CsHs)sRu, (w-CsHs)eReH, and Mg(C;Hs)2
have been made (E.11). The ionization potentials and appearance
potentials for the various species formed in electron bombardment,
e.z., C;H;M+, were obtained. Significant differences in the behavior
of the (7-C;Hg)eM compounds were observed; e.g., the yields show
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that the ions CsHgNit+ and C;H;V* are more stable than CsHiCr*,
-Fe*, or -Co*. No theoretical treatment of these differences has yet
been attempted.

The mass spectra also allowed a clear distinction to be made be-
tween the m-cyclopentadienyl compounds and the cyclopentadienides
MnCp; and MgCp.; quite a different spectrum was obtained for the
latter compounds, the yields of the ions M+ and C;H;M* being very
gignificantly higher. The higher yield of CsHV+ noted above is con-
sistent with a view (G.34) that 7-Cp:V is more ionic than other sand-
wiches, and it may be noted also in this respect that =-Cp.V readily
forms ammoniates (I.23),

The neutral »-cyclopentadienyl compounds provide useful vehicles
for the introduction of metal atoms into electron-impact-type ion
sources. The natural abundances of Ru isotopes were studied in this
way (C.2) and the isotopic ratios in V and Re checked (E.11).

5. Magnetic Measurements

Magnetic susceptibilities of essentially all of the compounds made
to date have been measured. These measurements are compre-
hensively discussed subsequently (Section VII) together with para-
hydrogen conversion studies.

6. Nuclear Magnetic Resonance Measurements

Several short notes on nuclear resonance studies have appeared,
but so far no substantial paper has been published.

High resolution n.m.r. measurements and chemical shifts for ferro-
cene and a few other r-cyclopentadienyl compounds have been given
(F.27). It was found possible to distinguish between #-CzH; and
o-CsHj derivatives, the former giving a proton resonance on the high
field side relative to the latter. The apparent relatively high diamag-
netic shielding of protons in #-CgHj rings (1.5-3.2 p.p.m. vs. phenyl
protons in toluene) may be due to fields in filled metal d orbitals
rather than to high electron density on the ring protons.

Wide line n.m.r. measurements have been made on ferrocene (G.33);
the narrow line width (4.0 gauss) at 273°K. was said to be consistent
with free rotation, or at least with considerable motion of the rings.
The line was reported to decrease in width to 2.2 gauss at 194°K.,
perhaps owing to a second-order phase transition, and to broaden
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again to 4.2 gauss at 77°K. In contrast to this report of a minimum
at about 194°K., other work (G.27) indicates that the line width
and second moment remain constant over the range 300~110°K., sug-
gesting no marked change in structure; the strong signals at low
temperatures (a 10-fold increase in signal:noise ratio from 190 to
110°K.) were attributed to a pronounced reduction in the spin lattice
relaxation time, perhaps owing to an electron transfer process. This
would be in line with the well-known thermochroism of ferrocene,
which changes from orange at 200°K. through yellow to a pale yellow
at 77°K.

N.m.r. measurements have been made on the solid paramagnetic
species (w-CsHs)Ni (G.28), (7-CiHs),V, -Cr, -and -Co (H.10) and
on manganese cyclopentadienide (H.10). In x-Cp.Ni a shift of the
proton resonance of 0.0329, to higher fields is attributed to charge-
transfer bonding between the metal atom and the carbon atoms of
the ring. Negative charge having spin polarization opposite to that
of the nickel ion is transferred from the ring to the metal. The posi-
tive spin density thus produced on the carbon atoms in turn produces
negative spin density on the protons, accounting for the anomalous
proton shift to higher fields. The observed shift suggests that each
unpaired electron in 7-Cp,Ni is localized on the rings for a fraction
of the time (~509;). For »-Cp,V and r-Cp.Cr, shifts of the proton
resonance to lower applied fields were observed. This suggests spin
transfer processes which leave negative spin density on the carbon
atoms in this case.

The integrated spin dengity on the carbon atoms is estimated to be
+0.14 in (W-CsHs)-zNi, —0.12 in (W—CsHs)gCI’, and —0.06 in (7!'-
CgH;).V. Shifts to higher fields in Mn(CsHs): and (n-CgHj).Co are
smaller and are comparable to bulk demagnetization effects. These
observations on the paramagnetic species have been stated by McCon-
nell* to be incompatible with the predictions of any of the theoretical
treatments (Section VIII-B) of the bonding in (7-C¢Hs):M compounds
given so far.

7. Paramagnetic Resonance Measurements

While paramagnetic resonance signals have been quoted as being
observed in (r-CsHj):Ni (G.27), no data have yet been published.

* 133rd National A.C.8. Meeting, San Franecisco, April, 1958.
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Paramagnetic resonance studies on #-Cp.V have recently been
described (I.13). In benzene solution, a g value of 2.00 was found
with a V5! isotropic hyperfine splitting equal to 77 me. This work
is discussed in Section VII-B-1.

8. X-ray Absorption Edge Measurements

Numerous compounds have been studied by this technique. While
attempts have been made to interpret the data as showing complete
filling of the available metal orbitals to give an inert gas configuration,
this interpretation is suspect. This topic is discussed in more detail
and references to the literature are given in Section VIII.

9. Ultraviolet and Visible Absorption Spectra

Numerous and scattered measurements have been made. Refer-
ences to the literature are given in Table II for solution measurements.
Measurements on single crystals (D.14,E.5) have also been reported.
but at the present time no theoretical interpretation of the spectra of
any of the compounds has been accomplished.

It may be noted, however, that the original observation (B.4) that
the spectrum of ferrocene in carbon tetrachloride is different from
that in hydrocarbon or alcoholic solvents with a band at 325 my in
inert solvents, apparently increasing intensity and shifting slightly
to shorter wavelengths, has been studied in detail (G.43). It was
shown that a new band at 307 my, not connected with the band at
325 my in inert solvents, appeared in the ferrocene spectrum in halo-
genated solvents and that this could be attributed to dissociative
charge transfer (eq. 7). The ferricenium ion wasg indeed observed to

hy
(r-CsHs)zFe ‘+‘ CCh —_— (W—CgHs)zFe+ + Cl- + CCla‘ (7)

be formed on allowing solutions of ferrocene in carbon tetrachloride
to stand in light. The electron transfer spectrum absorption was
found in halocarbons in alkyl halides with low C-X dissociation
energies. Ferrocene and iodine showed no charge transfer spectrum
but were shown to be in thermal equilibrium (eq. 8), for which

(T—C[,Hs)zFe + 3/2 I, = (r-CsHs)zFe+Ia_ 8)

equilibrium constants were obtained in benzene, chloroform, and
dichloromethane. This work provides an explanation for previous
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observations (0.6,0.19) on the reaction of ferrocene with iodine, in
which it was claimed that ferrocene did not react and can be recovered
unchanged after an hour’s boiling with iodine in acetic acid (0.19)
and that the addition of iodine in any quantity to ferrocene in a solvent
gives a black powdery precipitate of stoichiometry CioH;oFelx.
Crystallization of the latter from acetone gave CipHpFels. Both
these products decomposed thermally to ferrocene and iodine; they
are probably ferricenium polyiodide mixtures.

A comparison of the absorption spectrum of the ferricenium ion in
solutions containing chloride ion with that in perchlorate solution
showed deviations from Beer’s law (G.42), which was interpreted as
indicating the presence of chloride complexes such as #-Cp,FeCl and
7-CpsFeCl,~. This may be so, but the fact that Beer’s law is not
followed may also be due to the well-known hydrolytic decomposition
of ferricenium salt solutions, even when quite strongly acid, to give
ferrocene and other decomposition products.

10. Infrared and Raman Spectra

Infrared spectra have been widely used for routine characterization
of C;H; derivatives, since bands characteristic of a =-CsH; ring, sub-
stituted n-CsHjs rings, ¢-C;Hy groups, ete., have been recognized.
These designations have been rather useful in organic studies of
ferrocene derivatives (see, e.g., E.20,0.32,0.54). References to
routine infrared measurements are included in Table II.

Lippincott and Nelson have made the only comprehensive studies
for ferrocene (and ferrocene D-10), ruthenocene, and nickelocene.
These were reported preliminarily (C.5,E.12), and recently the data
have been collected in a complete vibrational analysis (H.19).

11. Thermochemical Data

The vapor pressure and heats of sublimation of ferrocene have been
measured and heats of combustion using standard bomb calorimetry
of (m-CsHy):Fe and -Ni have been determined. The vibrational
spectral data referred to in the preceding paragraph have allowed the
calculation of other thermodynamic constants (E.12).

The available data and references are collected in Table V. Specific
heat measurements from 17 to 300°K. by G. L. Kington, Imperial
College, London, have shown a transition at 164°K. This may
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TABLE V
Thermodynamic Properties®

Ferrocene
Heat of sublimation (solid) (B.4) 16.81 keal./mole
Heat of vaporization (liquid) (B.4) 11.3 keal./mole
Heat of fusion (B.4) 5.5 kcal./mole
Normal b.p., 230°%; triple point, 173° (B.4 is in error on this.)
Vapor pressure (liquid) log pmm. = 7.615 — 2470/7 (B.4)
Vapor pressure (solid) log pmm. = 10.27 — 3680/ (B.4)

Standard heat of formation from elements of 7-Cp,Fe (s)

(combustion) (B.5,D.5) AHf%, = 33.8 kecal./mole
The following were obtained from spectroscopic data
for =-Cp.Fe (g) (E.12) AHf%4s =  50.61 keal./mole
AFf%g48 =  75.97 keal./mole
ASf%s08 = —85.07 cal./mole
AHfY®* = 57.5 kcal./mole
For Cp®°, H® — E°/T, —F° — Ey°/T and S° from 298.16 to 1500°K., see E.12.
Ruthenocene
For Cp®, H® — E%/T, —F% — E®/T and S° from 298.16 to 1500°K., see E.12.
Nickelocene
Standard heat of formation from elements of 7-
Cp,Ni(8) (combustion) (D.5) AHf%s =  62.8 keal./mole
The following were obtained from spectroscopic
data for 7-Cp.Ni(g) (E.12) AHf%gs.06 =  79.61 kecal./mole
AFf%g5.6 = 103.80 cal./mole
ASf%s5.06 = —81.10 cal./mole
AHfYf* = 85.9 keal./mole (H.19)

For Cp®, H® — E°/T, —F° — Ey®/T and 8° from 298.16 to 1500°K., sec E.12.

Dibenzenechromium )
Standard heat of formation from elements of
(CsHe):Cr(s) (combustion) (1.9) AH %
(C¢He)Cr(s) (combustion) (1.23)  AH{f%
Manganese cyclopentadienide

21 = 8 keal./mole
51 keal./mole

Il

Heat of sublimation (solid) (¥.23) 17.3 keal./mole
Heat of vaporization (liquid) (F.23) 12.0 keal./mole
Heat of fusion (F.23) 5.3 keal./mole®

Vapor pressure (solid) log pmm.
Vapor pressure (liquid) log pmm.

10.58 — 3780/T (F.23)
—5.93 — 2615/T (F.23)

* Some heats of sublimation recently reported by J. F. Cordes and S. Schreiner
(Z. anorg. u. allgem. Chem., 299, 87 (1959)) appear to be in error because their
experimental conditions make their use of the Knudsen equation inappropriate
(G. L. Kington, private communication).

® The value of 249° in B.4 is in error (according to equilibrium still measure-
ments—E. O, Brimm, private communication).

° F.23 is in error on this.



