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I 

INTRODUCTION 

A new field of organometallic chemistry was introduced in 1951 by the 
discovery of ferrocene. This independent discovery by Kealy and Pauson (1 )  
and Miller et al. (2) stimulated intensive research in the field of cyclo- 
pentadienyl metal chemistry and led to the synthesis of several hundred 
compounds. Many more new compounds may be expected in the future. 

Two general approaches have been applied to the synthesis of cyclo- 
pentadienyl metal compounds : direct formation of cyclopentadienyl-metal 
bonds ; and transformation of cyclopentadienyl metal compounds to other 
related compounds. The  first of these approaches encompasses methods of 
synthesis for most of the basic classes of cyclopentadienyl metal compounds 
and is the principal subject of this review. Methods for transforming one 
cyclopentadienyl metal compound into another are mentioned only in 
outline. 

The  final section is a tabular survey of cyclopentadienyl metal compounds 
and the methods by which they have been prepared. Yield, melting point, 
and color are also included. Compounds synthesized by substitution of 
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various groups into the cyclopentadienyl rings of ferrocene are not included. 
A special nomenclature for the cyclopentadienyl metal compounds has 

grown up because of the complexity of their chemical names. The  dicyclo- 
pentadienyl metal compounds, (C5H5)2M, are called ferrocene, cobaltocene, 
vanadocene, ruthenocene, etc., and these names will be used in this review. 
Furthermore, the abbreviation Cp will be used to represent C5H5, the 
cyclopentadienyl radical. 

SYNTHESIS BY DIRECT FORMATION OF 
CYCLOPENTADIENYL-METAL BONDS 

Cyclopentadienyl-metal bonds may be synthesized by direct reaction of 
cyclopentadiene with certain metals and their compounds or by reaction of 
ionic metal cyclopentadienides with compounds of metals wherein cyclo- 
pentadienide anion displaces a ligand bonded to the metal. These bonds 
may also be formed in a limited number of instances by reaction of alkenes or 
alkynes with metal compounds. 

Synthesis of cyclopentadienyl compounds of metals from cyclopentadiene 
depends on the strongly acidic properties of cyclopentadiene. This acidity 
may be attributed to the ready formation of the highly resonance-stabilized 
cyclopentadienide anion, C5H5-, in which there are six delocalized T 
electrons. This method is limited primarily to the active metals of Groups 
IA and IIA and to their strongly basic compounds. The  compounds pro- 
duced are principally the ionically bonded metal cyclopentadienides. 

The reaction of the ionic cyclopentadienides with metal compounds is by 
far the most general method for synthesis of cyclopentadienyl metal com- 
pounds. This method is applicable both to transition metals, which form 
T-bonded cyclopentadienyl compounds principally, and to main group 
metals which form a-bonded cyclopentadienyl compounds. 

The classification of synthetic methods adopted here, based on whether 
cyclopentadiene or the cyclopentadienide anion is the reacting species, is 
somewhat arbitrary and may not be mechanistically correct in all cases. It is 
probable that in many of its reactions cyclopentadiene undergoes partial 
ionization and that the reacting species may actually be cyclopentadienide 
anion. 
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A. From Cyclopentadiene 

The strong acidity of cyclopentadiene, estimated as approximately 
pK,= 17 (3), was first recognized by Thiele, who took advantage of this 
property in the preparation of potassium cyclopentadienide from potassium 
metal and cyclopentadiene (4). While direct reaction with cyclopentadiene is 
limited in scope to the elements of Groups IA and IIA, to their strongly basic 
compounds, and to a few other elements, it is the only approach for the 
synthesis of the ionic cyclopentadienides of elements of Groups IA and IIA. 
Direct reaction of cyclopentadiene is also applicable to the preparation of 
certain compounds of the (C,H,),M(CO), class from metal carbonyls and 
is often the preferred method. 

Syntheses of cyclopentadienyl metal compounds from cyclopentadiene 
are carried out under widely varying conditions depending on the properties 
of the metallic reactants. These reactions may be carried out in the vapor 
phase at temperatures as high as 600" C or they may be carried out in the 
liquid phase in the presence of a solvent at 25°C. The cyclopentadienyl 
metal compounds produced are isolated either by sublimation, if the reaction 
has been run in the vapor phase, or by crystallization, if the compound has 
been formed in solution. If the compound is to be used as an intermediate 
in a subsequent synthesis, then it is not usually isolated in pure form, but is 
used in solution in a suitable solvent of high dielectric constant or as a slurry 
in a hydrocarbon solvent. 

Nearly all synthetic methods for cyclopentadienyl metal compounds 
require first the preparation of cyclopentadiene from dicyclopentadiene. 
This is accomplished by thermal depolymerization of dicyclopentadiene at 
temperatures above 180" C. Because cyclopentadiene is unstable at room 
temperature it must be stored at low temperatures to prevent dimerization 
to dicyclopentadiene. The  rate of dimerization is about 0.05% per hour at 
-20" C and 1% per hour at 10" C (5) .  

a. Preparation of Cyclopentadiene from Dicyclopentadiene. A convenient 
laboratory apparatus for the depolymerization of cyclopentadiene is shown 
in Fig. 1. Any solvent boiling between 180" and 350" C which does not react 
with cyclopentadiene is satisfactory as a heat transfer medium for the depoly- 
merization process. Dicyclopentadiene is added to the refluxing solvent at a 
rate of 100-300 ml/hr. Depolymerization is nearly instantaneous and the 
vapors pass through the first condenser and are condensed in the second 
condenser. Cyclopentadiene is collected in a receiver cooled with ice. The  
first condenser prevents contamination of the cyclopentadiene with solvent 
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by condensing the solvent and returning it to the flask. Yield is 95% of the 
theoretical value. 

Steam 

Dicyclopentodiene 

I-Liter flask 
Cyclopentadiene 

Ice bath 
500 ml "Dow-therrn" 

or tetralin 

FIG. 1.  Apparatus for depolymerization of cyclopentadiene. 

1. Reaction of Cyclopentadiene with Metals (Method 1)  

general equation : 
Direct reaction of metals with cyclopentadiene may be represented by the 

M+nCsHe = (CsHs).M+tnHz (1) 

While this is the simplest method for preparing metal cyclopentadienyl 
compounds, it is one of the least general. I t  is limited to the elements Li, Na, 
K, Ca, and Sr and uhder rather vigorous conditions of temperature to Mg, 
In, T1, and Fe. The reaction is usually carried out in the liquid phase at 25" 
to 100" C in the presence of a solvent for lithium, sodium, and potassium, or 
in the vapor phase at 400"- 600°C for the less reactive elements. Usually the 
cyclopentadienides of lithium, sodium, and potassium are not isolated but 
are used in solution as intermediates for the preparation of other cyclo- 
pentadienyl metal compounds. Compounds produced by reaction of cyclo- 
pentadiene vapor with metal are usually sufficiently volatile to sublime away 
from the reaction zone and condense in the cooler portion of the apparatus. 

Potassium is sufficiently active to react with cyclopentadiene when cyclo- 
pentadiene is added to a suspension of potassium shot in toluene (4). Sodium 
fails to react with cyclopentadiene under similar conditions. When, however, 
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sodium is dispersed to particles 1-3 p in diameter, reaction with cyclo- 
pentadiene proceeds in xylene at moderate rate at 25" C in 95% yield (6) .  

As might be expected, alkali metals react with cyclopentadiene much more 
readily in a solvent in which the alkali metal cyclopentadienide has some 
solubility. Fischer and Jira (7-9) first used liquid ammonia as a solvent for 
this reaction and obtained high yields of the ionic cyclopentadienides of Li, 
Na, and K. It is interesting that the reaction of sodium with cyclopentadiene 
in liquid ammonia does not produce hydrogen, but yields cyclopentene 
according to the stoichiometry of the following equation (10, 11) 

Wilkinson et al. (12,13) found tetrahydrofuran and 1,2-dimethoxyethane to 
be most convenient and versatile solvents for the reaction of alkali metals 
with cyclopentadienes. Sodium cyclopentadienide is generally formed in 
greater than 95% yields in tetrahydrofuran (THF) and only a few per cent 
of by-product cyclopentene is formed. Other solvents which have been used 
are diethyl ether (14, xylene, tert-butanol (15), and diethyl ether-xylene 
mixtures (16). A systematic study of the effect of solvent on yield in the 
reaction of Li, Na, and K with fluorene indicated that yield decreased in the 
order 1,Zdimethoxyethane > diethyl ether, w THF > dioxane > diethyl 
ether (1 7). In  general, however, sodium cyclopentadienide in tetrahydro- 
furan has been the most widely used reagent for the preparation of other 
cyclopentadienyl metal compounds. (See Section II,A, la ; representative 
experimental methods are collected at the end of each section.) 

Reaction of cyclopentadiene vapor with metal at high temperature was the 
method used by Miller et al. (2) for one of the two original preparations of 
ferrocene. Iron for this reaction was prepared by reduction of Fe203 with 
hydrogen. Yields of ferrocene were low and the reaction continued at 300" C 
for only a few minutes before it stopped and it was necessary to reactivate 
the iron with hydrogen. Yields are improved slightly by adding molyb- 
denum to the iron mixture. Others (19) have studied this method and have 
obtained yields of 2040% by the passage of amixture of cyclopentadiene and 
hydrogen over Fe203. 

Magnesium reacts with cyclopentadiene vapor very readily at 500" C and 
gives magnesium dicyclopentadienide in excellent yield (20). This is the 
preferred method for the preparation of this compound. Other elements 
which react directly with cyclopentadiene are indium, at 460"- 580" C and 
3-4 atm pressure, and thallium, at 440"-470" C and 2-3 atm pressure (21). 
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Thallium cyclopentadienide is, however, more conveniently prepared by 
the reaction of thallium hydroxide with cyclopentadiene, a procedure which 
will be described under Method 2. 

Substituted cyclopentadienes also form metallic derivatives by direct 
reaction in the liquid phase with elemental lithium, sodium, and potassium. 
Thus, indene reacts with sodium to form sodium indenide (21,23,24) and 
lithium, sodium, and potassium react with fluorene (17, 25). Reaction of 
metals with substituted cyclopentadienes in the vapor phase has not been 
extended beyond methylcyclopentadiene. 

a. Preparation of Sodium Cyclopentadienide. [Modification of Organic 
Synthesesprocedure, ( la)] .  A 500-ml three-neck flask is fitted with a mechani- 
cal stirrer, a 125-ml addition funnel, and a reflux condenser topped with a 
nitrogen inlet tube which is connected through a T-joint to a nitrogen supply 
and a xylene-filled bubbler. In  the flask are placed 125 ml of sodium-dried 
xylene, 11.5 gm (0.5 gram atom) of sodium, and 0.11 gm of aluminium 
monostearate. The  mixture is heated above 105" C, and the sodium is finely 
dispersed by rapid stirring. Stirring is stopped and the mixture is cooled 
rapidly to 25" C under nitrogen. The  cooled mixture is allowed to settle, the 
bulk of the xylene is decanted, and tetrahydrofuran (156 ml) is added to the 
finely divided sodium suspension. During a period of 1 hr a mixture of 44 ml 
(0.525 mole) of cyclopentadiene and 44 ml of tetrahydrofuran is added while 
the temperature is kept between 30" and 40" C by external cooling. Stirring 
is continued for 2 hr at 30"-4O"C, after which only a trace of sodium 
remains unreacted. The  yield is nearly quantitative based on sodium. 

b. Preparation o ~ ( C ~ H ~ ) ~ M ~  (22). Nitrogen flowing at the rate of 275 to 
300 ml/min is saturated with cyclopentadiene by passing the gas through a 
bubbler containing cyclopentadiene. This gaseous mixture is passed down- 
ward through avertical Pyrex tube 1; inches O.D. which is heated electrically 
to 500"- 600" C. Magnesium metal turnings are supported in the furnace 
tube by a circle of nichrome gauze held in place by a constriction in the tube. 
The  product, which falls from the furnace as a white solid, is collected in a 
nitrogen-blanketed receiver at the bottom of the tube. Unreacted cyclo- 
pentadiene is collected in a dry ice-ethanol trap. Yields above 800/,, based 
on the cyclopentadiene consumed, have been obtained. 

2. Reaction of Cyc&mtadiene with Basic Metal Compounds (Method 2) 

cyclopentadiene is 
The general equation for the reaction of basic metal compounds with 

MY+C5He = C5H5M+HY (3) 
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This method is applicable to the strongly basic compounds of alkalies and 
alkaline earths and of T1, Fe, Co, Ni, Cu, and Pd. It is the preferred method 
for preparing CpTl and CpPdCl and is a novel method for CpK. Metal 
compounds which have been used are in the form of hydroxides, hydrides, 
acetylides, alkoxides, oxalates, oxides, and acetates. Organometallic deriva- 
tives of very weakly acidic hydrocarbons, such as Grignard reagent, butyl- 
lithium, and phenyllithium, are also included. This method has been used 
primarily for the preparation of cyclopentadiene derivatives, although 
derivatives of methyl cyclopentadiene, indene, and fluorene have also been 
prepared. The Grignard reagent, CpMgX, is generally prepared by reaction 
of cyclopentadiene with an alkyl Grignard reagent. 

Although this reaction may be carried out either in the presence of an 
organic solvent of high dielectric constant or in the vapor phase at elevated 
temperature, substantially higher yields usually result when a solvent is used. 
Even water may be used as a solvent for preparation of thallium and potas- 
sium cyclopentadienides. 

The synthesis of ionic cyclopentadienides of thallium and potassium in 
aqueous solution is somewhat surprising in view of the much greater acidity 
of water compared to cyclopentadiene. The presence, however, of a small 
concentration of cyclopentadienide anions in basic aqueous solution has been 
detected by UV spectrophotometry (26). The extreme insolubility of thal- 
lium cyclopentadienide presumably is sufficient to permit its nearly quan- 
titative precipitation from 1 M potassium hydroxide solution (27-29). 
Greater solubility and ease of hydrolysis of potassium cyclopentadienide 
requires the use of saturated potassium hydroxide for its preparation (30). 
Potassium cyclopentadienide prepared in this manner is a white, air-sensitive 
prccipitate with a curdy appearance. 

Riemschneider and Helm (31) have investigated the reaction of ferrous 
oxalate with cyclopentadiene vapor at 300"-400" C. They found that ferrous 
oxalate does not react directly with cyclopentadiene but is reduced to 
metallic iron which then reacts with cyclopentadiene to form ferrocene. 
Thus, it is probably similar to the reaction described in Method 1 (2). 

The only method for the preparation of a cyclopentadienyl derivative of 
copper is the reaction of cupric oxide with cyclopentadiene in the presence of 
triethylphosphine. The product of this reaction is CpCu * PEt, (32). Attempts 
to prepare CpCu by reaction of cuprous halides with cyclopentadiene in the 
presence of base, or with CpNa or CpMgBr have failed (32). 

By suitable modification, the direct reaction of cyclopentadiene may be 
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applied even to a.cidic or neutral salts of those elements which do not readily 
form stable basic salts. This is accomplished by inclusion of a base in the 
reaction mixture, Thus, either a basic complex salt or a simple basic salt is 
formed. 

(4) 

MXV*nBase+C5H6 + (CsHs),MX,-, +nBase*HX (5) 

MX, + nBase + MX, . nBase 

Bases with a dissociation constant greater than 1 x such as diethyl- 
amine, triethylamine, piperidine, ammonia under pressure, and sodium 
alcoholate, have been used (33-35). Salts of Ni, Co, Fe, Ti, Zr, and Hg react 
in this manner. Although this reaction is limited in scope to a few elements, 
it does give high yields of those compounds which can be prepared. 

In  the usual experimental procedure, an acidic salt is first complexed with 
base and then treated with cyclopentadiene which reacts to form the cyclo- 
pentadienyl metal compound. The by-product salt is separated from the 
cyclopentadienyl metal compound by extraction with water. 

Synthesis of cyclopentadienyl metal compounds from basic metal salts 
derived from a base and a neutral or acidic metal salt is limited primarily to 
cyclopentadiene and in a few instances methylcyclopentadiene (37). The use 
of other substituted cyclopentadienes has not been reported and it is probable 
that only the very strongest bases would be effective in promoting their 
reaction. 

Solvents of high dielectric constant with good solvent properties for the 
reacting basic metal salt are most satisfactory media for the reaction of cyclo- 
pentadiene with metal salts in the presence of base. Most frequently used 
solvents are tetrahydrofuran and 1,Zdimethoxyethane ; less frequently used 
solvents are dioxane, ethanol, ammonia, and diethy lamine. 

In  the initial description of this method triethylamine, diethylamine, 
pyridine, and sodium ethylate were reported to be effective, but yields of 
ferrocene and titanocene dichloride were only 3 4 %  (33). These low yields 
probably resulted from the use of unreactive ferrous chloride prepared by 
high temperature dehydration. 

Synthesis of ferrocene in high yield by this method has been reported by a 
number of investigators (18,34-36,38). Wilkinson et al. (36) have described 
the preparation of ferrocene, and dicyclopentadienyl compounds of cobalt 
and nickel in yields of 80-90~:, ; anhydrous diethylamine served both as 
solvent and acceptor for hydrogen halide. This procedure for preparing 
ferrocene has been published in detail in Organic Synthesis (18). 
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A potentially low-cost synthesis of ferrocene based on this method has 
been devised by Pruett and Morehouse (35, 39). If the by-product amine 
hydrochloride is recycled, a process which utilizes only iron and cyclo- 
pentadiene results. This sequence is : 

Fe + 2HCI*HN(CzHs)z = FeC12*2HN(CzHs)z (6)  

(7) 

(8)  

FeC12*2HN(CzHs)z + CsHe = Fe(C5Hs)z + 2HCI*HN(CzHs)z 

Net reaction: Fe + 2CsHa = Fe(CsH5)z + Hz 

a. Preparation of Thallium Cyclopentadienide (27).  T o  a solution of 25 gm 
of thallium sulfate and 10 gm of potassium hydroxide in 200 ml of water at 
25°C is added 5 gm of cyclopentadiene. After stirring the mixture for a few 
minutes the precipitate of thallium cyclopentadienide is washed with ice 
water and cold methanol and then dried. Yield is 19.5 gm of CpTl(95yo of 
theoretical yield based on cyclopentadiene). 

b. Preparation of Dicyclopentadienyltitanium Dichloride. (Based on ref. 36.) 
To 300 ml of tetrahydrofuran is added 60 gm (0.24 mole) of titanium tetra- 
chloride with good mixing and cooling. T o  this mixture is added 100 ml 
(1 mole) of diethylamine followed by 120 ml(l.4 mole) of cyclopentadiene. 
The reaction mixture is refluxed (60"-65" C) for 8 hr, cooled to 5" C, and 
filtered. The precipitate which is a mixture of Cp2TiC12 and diethylamine 
hydrochloride is washed with tetrahydrofuran, and petroleum ether (30"- 
60°C boiling range) and dried in air. The precipitate is added to 200 ml 
of 4 N hydrochloric acid, and the resulting slurry is stirred for 10 min and 
filtered. The red Cp,TiC12 is washed with ice water and methanol and then 
dried. Yield is 4548 gm (75-800/, of theory), m.p. is 287"-289°C with 
slight decomposition. 

3 .  Reaction of Cyclopentadienes with Metal Carbonyls (Method 3) 

Cyclopentadiene reacts directly with metal carbonyls to form two classes 
of compounds, each with cyclopentadienyl-metal bonds. Under mild condi- 
tions cyclopentadienyl metal carbonyls, C5H5M(CO),, are formed, and this 
is the preferred method for preparing many of them. Under more vigorous 
conditions dicyclopentadienyl metal compounds, (C5H5)2M, are formed. 
Because, however, yields of dicyclopentadienyl metals are low, this is not an 
important method for their preparation except possibly in the case of 
ferrocene (40). This reaction under mild conditions, is carried out in the 
liquid phase in refluxing dicyclopentadiene. Occasionally, a solvent of high 
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dielectric constant is included if cyclopentadiene itself is used. The product 
may be isolated by simply filtering the crystals or by subliming the residue 
after removal of solvent. Under vigorous conditions the reaction is carried 
out in the vapor phase in a heated tube. 

Attachment of one cyclopentadienyl group to iron by reaction of cyclo- 
pentadiene with iron pentacarbonyl has been formulated as proceeding 
through three steps (41). 

The first step is a simple displacement of two molecules of carbon monoxide. 
I n  the second step the acidic hydrogen of n-bonded cyclopentadiene shifts 
to the iron atom to give n-cyclopentadienyliron dicarbonyl hydride, a 
known compound. Two molecules of this iron hydride then add hydrogen to 
cyclopentadiene to form cyclopentene and the dimer of n-cyclopentadienyl- 
iron dicarbonyl. This reaction proceeds at temperatures between 150" and 
220" C. Above 220" C, the remaining carbon monoxide molecules are dis- 
placed by a second molecule of cyclopentadiene forming ferrocene (42). 

The reaction of chromium carbonyl with cyclopentadiene at 280"-350" C 
to form Cp,Cr (43) is reversible (44, 45). 

100"-110" c 
2(CsHs)zCr + 3C0(10 atm) [ ( C ~ H ~ ) Z C ~ ] [ C ~ H ~ C ~ ( C O ) ~ ]  +C5H6' (12) 

1 5Oo-17O0C 
[(CsHs)zCr][CsHsCr(CO)a] + 3C0(100 atm) [C5H5Cr(CO)&+ C5H5- (13) 

25ooc 
[CsHsCr(C0)3]~+6C0(100 atm) 2Cr(CO)e+2C5H5. (14) 

Carbon monoxide under 100 atm pressure reacts with Cp,Cr at 100"-110" C 
to form [CpzCr][CpCr(C0)3] [reaction (12)] and at 150"-160" C to form 
[CpCr(CO)3]n, [reaction (13)]. At still higher temperatures the remaining 
ring is displaced and chromium hexacarbonyl is the final product [reaction 
(14)]. When Cp,Cr is allowed to react with carbon monoxide (150 atm) in 
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the presence of hydrogen (50 atm) at 65"-68" C for 15 hr, the major product 
is CpCr(C0)3H together with 15% of n-C5H5Cr(.rr-C5H7)(C0)2 [reaction 

CO (150 atm), 
Ha (450 atm), 

6S0-6S0C, 15 hr 

(15)1(46). 

(C5Hs)zCr - CsHsC(C0)3H[85 %I + CsHsCr(s-C~.H7)(C0)[15 %] (1 5) 

At higher pressures and temperatures the product is predominantly Cr(C0)6 
derived from the decomposition of CpCr(C0)3H. 

Methylcyclopentadiene readily undergoes reaction with metal carbonyls 
(47) and even 1,3-diphenylcyclopentadiene reacts with iron carbonyl (48). 
A novel method for obtaining a ferrocene with one substituted ring, is the 
reaction of 1,3-diphenylcyclopentadiene with the dimer of cyclopentadienyl- 
iron dicarbonyl at 170" C to produce 1,3-diphenylferrocene in 15% yield. 
Other substituted cyclopentadienes which have been used are tetraphenyl- 
cyclopentadienone in the preparation of tetraphenyl(hydroxy)cyclopenta- 
dienylmanganese tricarbonyl(49) and indene in the preparation of the dimer 
of indenylmolybdenum tricarbonyl (50).  A variety of substituted fulvenes 
have been used in the preparation of substituted cyclopentadienyl metal 
tricarbonyl compounds of Cr, Mo, and W (51, 52). This latter reaction 
proceeds best in the presence of a solvent, such as 1,2-dimethoxyethane, to 
permit easy abstraction of hydrogen. 

€3. Reaction o f  Ionic Cyclopentadienides with Metal Compounds 

The reaction of ionically bonded metal cyclopentadienides with metal 
compounds to form cyclopentadienyl metal compounds may be represented 
by the general equation 

nCsHsM+M'X = CP,,M'&-~ f n M X  (16) 

where the metal compound M'X is either a metal salt or a metal carbonyl. 
This is by far the most general method for synthesizing the cyclopenta- 
dienyl-metal bond. I t  is applicable to the preparation of cyclopentadienyl 
compounds of virtually all of the elements which form these compounds, 
whether the metals are of transition group or main group type. Ionic cyclo- 
pentadienides of Li, Na, and K, as well as the Grignard reagent, CpMgBr, 
are all suitable reagents for this reaction partially because they are ionized in 
solvents of high dielectric constant (36). The reactive species is undoubtedly 
the cyclopentadienide anion, which displaces a ligand from the less reactive 
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metal compound and forms a cyclopentadienyl derivative of the less reactive 
metal. A salt of the more active metal M is the metathetical product. 

The ionic cyclopentadienide is customarily prepared in advance in the 
same solvent to be used in the preparation of the cyclopentadienyl metal 
compound. Stock solutions of reactive cyclopentadienides may be prepared 
and used as needed. A solution of 2.5 M sodium cyclopentadienide in tetra- 
hydrofuran may be conveniently prepared and stored for this purpose. 
Since ionic cyclopentadienides are air-sensitive, all reactions must be carried 
out in an inert atmosphere, usually nitrogen. It is important that the metal 
compound, usually a chloride or bromide, be anhydrous because the ionic 
cyclopentadienide reacts preferentially with water. 

Reaction of ionic cyclopentadienides with metal compounds does not 
always proceed according to the stoichiometry of a metathetical reaction. 
The  reason for this is that ionic cyclopentadienides provide a reducing 
medium and, if the metallic ion of the metal compound is in an easily 
reducible' state,, then a portion of ionic cyclopentadienide will be consumed 
in reducing the metal ion to a lower valence state. When trivalent metal salts 
are used for the preparation of dicyclopentadienyl metal compounds of the 
first transition series then at least 3 moles of ionic cyclopentadienide must 
be used to achieve good yields of the desired dicyclopentadienyl metal 
compound, the excess beyond 2 moles being necessary to effect reduction 
of the metal ion to the divalent state. An example of such a reduction is the 
reaction of ferric chloride with excess sodium cyclopentadienide to form 
ferrocene. When excess ionic cyclopentadienides are used as reducing 
agents, unidentified reduction products of cyclopentadiene are formed, 
usually polymeric in nature, and isolation of the product becomes difficult. 
Two elements which are not reduced with excess cyclopentadienide 
ions are Rh and Ir. They give the cation Cp,M+ when the metal ion in the 
3 + state reacts with excess cyclopentadienide. 

Cyclopentadienyl compounds synthesized by the reaction of ionic cyclo- 
pentadienides with metal compounds are usually isolated by evaporating the 
solvent under vacuum and, if the product is unstable, extracting the dry 
residue with a hydrocarbon solvent, such as benzene or toluene. Air-sensitive 
products of sufficient volatility may be sublimed away from nonvolatile 
residues. When more than gram quantities are required the inconvenience 
of evaporating to dryness and transferring a pyrophoric residue renders 
these techniques rather impractical. It is then more convenient to add a 
hydrocarbon solvent which is less volatile than the reaction solvent and 
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remove excess ionic cyclopentadienide by hydrolysis. The product may be 
crystallized from the hydrocarbon solvent. Hydrolytically sensitive products 
require a solvent in which the product is soluble but excess ionic cyclo- 
pentadienide is insoluble. 

1. Reaction of Alkali Metal Cyclopentadienides with Metal Salts (Method 4) 
Reaction of alkali metal cyclopentadienides with metal salts has been the 

most widely used method for the synthesis of cyclopentadienyl metal 
compounds. Alkali metal cyclopentadienides were first employed in the 
preparation of cyclopentadienyl metal compounds by Fischer et al. (7-9). 
They used lithium, sodium, and potassium cyclopentadienides in liquid 
ammonia and obtained complex ammine salts, M[NH3]6(C5H5)2, which 
could be decomposed by heating under vacuum to give dicyclopentadienyl 
compounds of several elements in the first transition series. Wilkinson and 
Birmingham (23) improved the convenience of the method by using tetra- 
hydrofuran and 1,2-dimethoxyethane as solvents for sodium cyclopenta- 
dienide. In  these solvents most reactions are rapid and complete, and the 
reaction may be run conveniently at temperatures between 25" C and reflux. 
Even the ammine salts, Ni(NH3),Cl2 and C O ( N H ~ ) ~ C ~ ~ ,  react at 30"40" C 
with CpNa in T H F  with complete displacement of ammonia (53). Other 
solvents which have been used are diethyl ether, tmt-butanol, N,N-dimethyl- 
formamide, and a mixture of toluene and ether. Sodium cyclopentadienide 
is soluble to the extent of 1-2.5 moles/liter in most of these solvents, but is 
nearly insoluble in toluene and benzene. In those few cases where the solvent 
reacts with the product it is necessary to prepare the alkali metal cyclo- 
pentadienide in one solvent and displace it with another solvent which is 
compatible with the product. This procedure has been employed in the 
preparation of Cp2Zn (54) and Cp2Pb (25) where sodium cyclopentadienide 
was prepared in liquid ammonia or tert-butanol and these solvents were 
replaced with N,N-dimethylformamide. The influence of solvent is also 
illustrated in the preparation of tetracyclopentadienyls of Nb, Ta, Mo, W 
(55), U (56), and T h  (57). When excess sodium cyclopentadienide in 
diethyl ether or benzene reacts with higher halides of the above metals, the 
tetracyclopentadienyls are produced in good yield. When tetrahydrofuran 
is substituted for ether or benzene in the above preparations, little if any 
tetracyclopentadienyl of Nb, W, U, or T h  is produced, whereas salts of Mo 
and W form CpzMoHz and Cp2WH2 (58). 

Choice of metal salt is generally governed by a number of factors such as 
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solubility in the reaction medium, ease of preparation, and lack of reactivity 
with the product. The  metal should preferably be in the same oxidation 
state as the final cyclopentadienyl metal compound to avoid excessive con- 
sumption of alkali metal cyclopentadienide and difficulties in work-up 
caused by the presence of oxidation products of cyclopentadiene. In  liquid 
ammonia, thiocyanates of cobalt (9),  nickel (8), cadmium, etc. have been 
preferred because of their good solubility, whereas in tetrahydrofuran 
chlorides and bromides have been most commonly employed. In  any case, 
the selected salt should be anhydrous and may be added either in the dry 
state or in solution. 

The  preparation of cobaltocene presents a special problem because the 
product is partially destroyed through oxidation by cobaltous chloride. 

2(CsHs)zCo + Co2+ + 2(CsHs)zCo+ + CO (17) 

Hexamminecobalt(I1) chloride, on the other hand, is not readily reduced by 
cobaltocene. Hence, its use in place of cobaltous chloride leads to higher 
yields of cobaltocene (53). 

In  general, reactions between alkali metal cyclopentadienides and metal 
salts are carried out at the reflux temperature of the chosen solvent for a 
period of several hours. However, longer periods of reflux are required for 
the reaction of certain metal salts. Thus, the preparation of ruthenocene 
requires several days of refluxing in 1,2-dimethoxyethane to complete the 
reaction between RuCl, and NaCp (59). 

Dicyclopentadienylrhenium has not been synthesized, although analogous 
compounds of the other elements in the manganese group, (C5H5)*Mn and 
(C5H5)4T~2,  have been prepared. When rhenium pentachloride reacts with 
excess sodium cyclopentadienide in tetrahydrofuran and the product is 
isolated by sublimation of the residue after removal of the solvent, the pro- 
duct is a yellow crystalline solid, (C5H5),ReH. This yellow sublimate is 
accompanied by a slightly more volatile brown oil which has previously 
been considered as a polymeric organic by-product. This oil is difficult to 
crystallize but can be made to form brown crystals which may very well be 
the missing (C5H5)2Re. This possibility is strengthened by the observation 
that addition of sodium borohydride to the reaction mixture prevents the 
formation of oil (60). 

The reaction of alkali metal cyclopentadienides with metal salts is gener- 
ally applicable to the synthesis of substituted metalcyclopentadienyls. 
Thus, sodium methylcyclopentadienide readily reacts with metal halides to 



Synthesis of Cyclopentadienyl Metal Compounds 379 

formmethylcyclopentadienyl metal compounds (47). Similarly, fulvenes may 
be converted to substituted cyclopentadienide anions, [C5H,CRRH], by 
sodium (61), LiAlH,, LiR', or NaNH, (62, 63). The cyclopentadienide 
anions thus produced will react with anhydrous ferrous chloride to give high 
yields of substituted ferrocenes. Azulene has been converted to its anion by 
lithium alkyls, and then into two stereoisomeric derivatives of ferrocene by 
reaction with anhydrous FeC1, (63). Also, azocyclopentadiene has been 
converted by phenyllithium into phenylazocyclopentadienide and sub- 
sequently into phenylazoferrocene (64). Although they have been used 
principally for ferrocene derivatives, these reactions with substituted 
cyclopentadienides should be applicable to other elements. Indeed, a 
derivative of cobaltocene, di( l-hydroxy-3-methyl-cyclopentadienyl)cobalt, 
has been synthesized from 3-methyl-2-cyclopentadienone, sodium amide, 
and cobaltous chloride in liquid ammonia (65). 

a. Preparation of Ferrocene (18). In  a 250-ml three-necked flask, fitted 
with a mechanical stirrer, a reflux condenser, and an inlet for admission of 
nitrogen, is placed 100 ml of tetrahydrofuran. With stirring, 27.1 gm (0.166 
mole) of anhydrous ferric chloride is added in portions, followed by 4.7 gm 
(0.084 gram atom) of iron powder. The  mixture is heated with stirring 
under nitrogen at the reflux temperature for 4.5 hr, giving a gray powder 
with a brown supernatant liquid. 

The cooled contents of the 250-ml flask containing ferrous chloride are 
added to a solution of 0.5 moles of cold sodium cyclopentadienide in 200 ml 
of tetrahydrofuran (see Method 2 for the preparation of sodium cyclo- 
pentadienide) while passing a stream of nitrogen through both flasks. The  
combined mixture is stirred for 1.25 hr at a temperature just below the 
reflux temperature. Solvent is removed by distillation, and the ferrocene 
is extracted from the residue with several portions of refluxing petroleum 
ether (b.p. 40"-60°C). The product is obtained by evaporation of the 
petroleum ether solution. Ferrocene may be purified by recrystallization 
from pentane or cyclohexane (hexane, benzene, and methanol have also 
been used) or by sublimation. The yield is 31-34 gm (67-73%), m.p. 

b. Preparation of Cobaltocene (53).  Hexamminecobalt(II) Chloride. A solu- 
tion of 476 gm of CoC1,. 6 H 2 0  ( N 2 moles) is dissolved in 760 gm of water 
and is heated to 60" C, and during 6 hr about 400 gm of ammonia are added. 
The solution is cooled with an ice bath and large pinkish-colored crystals of 
Co(NH3)bC12 are filtered, washed with ice water, ethanol, and ether. The  

173"-174" C. 
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product is slightly sensitive to oxidation by air and should be dried under 
nitrogen or in vacuum. The yield is 360400 gm (78-86";" of theoretical 
value). 

Cobaltocene. T o  0.5 mole of sodium cyclopentadienide in 400 ml of tetra- 
hydrofuran (see Method 2 for the preparation of sodium cyclopentadienide) 
is added 75 gm of Co(NH3)6C12 and the temperature is raised to 35"-40" C, 
whereupon ammonia evolution commences. When ammonia evolution is 
virtually complete, the mixture is refluxed at 65" C for 2 hr. The  solvent is 
removed under vacuum and the dry residue transferred to a sublimation 
apparatus, where the cobaltocene is isolated in the form of dark violet 
crystals which are very rapidly oxidized by air. The  yield is between 42 and 
47 gm (86-96% of theoretical yield based on sodium cyclopentadienide). 

An alternative method for isolating the product is to add toluene 
to the reaction mixture after the reflux period and remove most of the tetra- 
hydrofuran by distillation through a packed column. The mixture is then 
washed with water to remove salts and residual tetrahydrofuran, and the 
resulting toluene solution of cobaltocene is dried with anhydrous sodium 
sulfate. 

2. Reaction of Cyclopentadienyl Grignard Reagent with Metal Salts 
(Method 5 )  

The reaction of cyclopentadienylmagnesium halides with metal salts has 
been used in the synthesis of many cyclopentadienyl compounds from both 
transition group and main group elements. One of the two original methods 
for the synthesis of ferrocene was the reaction of cyclopentadienylmagnesium 
bromide with ferric chloride (1 )  and many compounds were prepared by this 
method during the early period of cyclopentadienyl metal chemistry. With 
the development of other methods the Grignard method became less favored 
until now it is seldom employed. One inconvenience of this method is that 
cyclopentadienylmagnesium halide is not prepared directly but must be 
prepared by a replacement reaction between cyclopentadiene and a more 
reactive alkylmagnesiutn halide. High yields in this replacement reaction are 
achieved only when diethyl ether is partially replaced by a higher boiling 
solvent, such as benzene or toluene. Another inconvenience is that it is often 
necessary to reflux the reaction mixture for 12-24 hr to achieve good yields 
of cyclopentadienyl metal compounds. When anhydrous halides are used in 
the preparation of cyclopentadienyl metal compounds from Grignard 
reagents, yields are often below 500/". Higher yields result with the use of 
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metal complexes, such as acetylacetonates, which are soluble in organic 
solvents. The pyridine complex of ferrous chloride, Fe(C5H5N)2C12, gives 
an almost quantitative yield of ferrocene (42). 

The reaction mixture may be worked up in one of two ways. If the product 
is not hydrolyzable, it may be isolated by hydrolyzing the reaction mixture in 
dilute mineral acid or ammonium chloride and extracting the product with 
an organic solvent. In the event that the product is water-sensitive, it may be 
isolated by sublimation of the dry reaction residue after removal of solvent. 
Contamination of the product with Cp2Mg, a sublimable co-product, often 
occurs. This contaminant may be removed by dissolving the mixture in ether 
and passing C 0 2  into the solution to decompose the Cp2Mg. 

The Grignard method is also applicable to the synthesis of substituted 
cyclopentadienyl metal compounds. Diindenyliron (66) has been prepared 
from indenylmagnesium bromide (67) and di( 1,3-diphenylcyclopenta- 
dieny1)iron from 1,3-diphenylcyclopentadienylmagnesium bromide (68). 

a. Preparation of Vanadocene (69). Ethylmagnesium bromide is prepared 
in the usual way from 8 gm (0.33 mole) of magnesium chips, 36.0 gm (0.33 
mole) of C2H5Br, and 250 ml of absolute diethyl ether. The apparatus used 
is a 500-ml three-neck flask fitted with a stirrer, reflux condenser, addition 
funnel, and nitrogen inlet tube. To the Grignard solution is added 24.0 
gm (0.36 mole) of cyclopentadiene and the mixture is refluxed for 3 hr or 
until the evolution of ethylene has stopped. (The rate and yield of this 
reaction may be improved by displacing part of the ether with benzene and 
refluxing at the higher temperature, which is attainable in this solvent 
system.) 

T o  the cyclopentadienylmagnesium bromide solution is added 13.5 gm 
(0.07 mole) of VCl, with cooling. The mixture is refluxed for 8-10 hr, the 
solvent is removed under vacuum, and the residue sublimed in high vacuum 
to a temperature of 200" C to give a blue-violet sublimate which is a mixture 
of Cp2V and Cp2Mg. The separation of Cp2Mg from Cp,V is effected by 
dissolving the mixed crystals in 175 ml of nitrogen-saturated ether and 
passing a stream of C 0 2  through the solution. The  precipitate of the mag- 
nesium salt of cyclopentadienecarboxylic acid is removed by filtration and 
the precipitate washed with three 24-ml portions of ether. The violet filtrate 
is concentrated to 20% of its original volume and cooled to -80°C to 
permit crystallization. The  vanadocene is filtered, washed with a small 
portion of ether, and then resublimed in high vacuum at 80"-100" C to give 
5 gm of violet vanadocene, melting at 167"-168" C. A further 1-2 gm of 
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product may be isolated from the mother liquor. The yield is 47-55% of 
the theoretical value. 

3 .  Reaction of Alkali Metal Cyclopentadienides with Metal Carbonyls 
(Method 6) 

Displacement of carbon monoxide from metal carbonyls by alkali metal 
cyclopentadienides is a convenient method for preparing the alkali metal 
salts of the mixed cyclopentadienyl metal carbonyls. This reaction of 
carbonyls of Group VIB transition metals is represented by the equation 

NaCsHs + M(CO)6 --f Na[C5H5M(C0)3] + 3CO (18) 

The salt which is formed may then be treated with acetic acid to yield cyclo- 
pentadienyl metal tricarbonyl hydride or with alkyl halides to form alkyl 
derivatives. 

Reaction of sodium cyclopentadienide with the carbonyl halides of noble 
metals has been useful in the preparation of mixed cyclopentadienyl car- 
bonyls which are usually sublimed directly from the reaction mixture after 
removal of solvent. In this manner monomeric c ~ I r ( C 0 ) ~  (70), CpRh(CO)2 
(71), CpIr(CO)2, [ C ~ R U ( C O ) ~ ] ~  (72), and [CpPt(CO)], (73) have been 
synthesized. These reactions are usually carried out under reflux in the 
solvent which was used to prepare sodium cyclopentadienide. 

Direct synthesis of mixed cyclopentadienyl carbonyls of certain other 
transition metals may be accomplished by reaction of metal halide, sodium 
cyclopentadienide, and carbon monoxide under high pressure (50-300 atm). 
This reaction probably proceeds via the formation of dicyclopentadienyl 
metal compound followed by displacement by CO, rather than via formation 
of metal carbonyl and subsequent displacement by cyclopentadienide anion. 
An excess of sodium cyclopentadienide is normally used to provide a 
reducing medium, which is especially important for metals initially in the 
4 + or 5 + valence state. Some of the compounds which have been synthe- 
sized using this approach are c ~ M n ( C 0 ) ~  (74, 75, 76), c ~ R e ( C 0 ) ~  (77), 
CP,T~(CO)~ (78), c p T ~ ( C 0 ) ~  (79), and CpNb(C0)4 (80). 

C. from Alkenes and Alkynes 
1. Reaction of Alkenes and Alkynes with Metal Salts and Metal Carbonyls 

(Method 7 )  
The direct formation of the cyclopentadienyl-metal bond by the reaction 

of alkenes and alkynes with metal compounds has been applied only to 
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titanium and manganese. Rohl et al. (82) have prepared pentamethylcyclo- 
pentadienyltitanium trichloride in 20-300/, yields by the reaction of certain 
olefins with titanium tetrachloride at 300" C and 30-60 atm. 

300°C 
1H2C=C(CH&+ 2TiC14 + C5(CH&TiC13 +Hz, CHI, C2Hs, CsHs, 

n-butane, isobutane, butenes, and HC1 (19) 

Olefins which undergo this reaction are l-butene, 2-butene, isobutylene, a 
mixture of pentene isomers, diisobutylene, and tetrapropylene. Coffield et al. 
(82,83) have shown that acetylene and manganese pentacarbonyl under 600 
psi and at 150" C give 1,2-(propenylene)cyclopentadienylmanganese tri- 
carbonyl. The conditions of this synthesis are similar to those described by 
Reppe (84) for the reaction of acetylene with other metal carbonyls to form 
rr-bonded complexes. 

111 

SYNTHESIS BY REACTIONS OF x-BONDED 
CYCLOPENTADIENYL METAL COMPOUNDS 

Syntheses of cyclopentadienyl metal compounds by reactions which do not 
involve the formation of cyclopentadienyl-metal bonds are not within the 
scope of this review. However, certain cyclopentadienyl metal compounds 
are difficult to make by the general methods outlined above, and are best 
made by converting easily prepared compounds without affecting the cyclo- 
pentadienyl-metal bonding. The most important reactions of this sort 
involve changes in the oxidation state of the central metal atom. Oxidation- 
reduction methods are therefore discussed in detail. I n  addition, several 
other general methods for transforming one cyclopentadienyl metal com- 
pound to another are listed with little discussion in order to complete the 
tabular survey of compounds and methods. 

1. Oxidation and Reduction (Method 8) 

Synthesis of cyclopentadienyl metal compounds by Methods 1-7 often 
leads to products in which the metal is in an oxidation state different from 
that required for a particular purpose. Oxidation or reduction of these 
compounds is frequently the most convenient method for producing com- 
pounds not readily synthesized by direct methods. The general equation for 
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the oxidation of the dicyclopentadienyl compounds of the first transition 
series may be written as 

CsHsM [CsHsM]’+’2+~3+ (20) 
lo1 

This reaction is reversible for all elements of this series except cobalt. 
Oxidation and reduction may be accomplished by anodic or cathodic means 
or by chemical methods. 

All neutral dicyclopentadienyl compounds of the first transition series 
except ferrocene are oxidized by air and hence must be carefully protected 
from air during storage. Ferrocene and nickelocene are oxidized to their 
unipositive cations by 3 N nitric acid, whereas vanadocene and cobaltocene 
are oxidized to their unipositive cations even by 3 N hydrochloric acid. 

The stoichiometry of the oxidation of cobaltocene by hydrochloric acid is 
unusual in that, for every three moles of cobaltocene consumed, two moles 
of (C5H5)2C~+ and one mole of Co2+ are produced (31). 

HCI 
3cpzco + 2CpCof + coz+ (21) 

This formation of cobaltous ion may, however, be avoided by oxidizing 
cobaltocene with hydrogen peroxide to give nearly quantitative yields of 
cobalticinium hydroxide, Cp2CoOH (8, 85). 

Ferricinium salts also are most conveniently prepared by oxidation of 
ferrocene. Ferric chloride or ceric sulfate will effect this oxidation, as will 
oxygen passing through acid containing a trace of ferric or cupric ion. In 
organic media, the oxidation of ferrocene to ferricinium cation may be 
accomplished by Br2 in CC14 (86), by quinone in benzene (87), or by con- 
centrated sulfuric acid (88). 

Dicyclopentadienyl metal cations are soluble in aqueous acid and exhibit 
properties similar to those of the larger alkaline earth cations. In  aqueous 
solution they are precipitated by large anions, such as picrate, reineckate, 
tetraphenylborate, hexafluorophosphate, and silicotungstate. 

Lithium aluminum hydride in tetrahydrofuran reduced ( C P ) ~ V C ~ ~  to 
(Cp),V (89), whereas the same reagent reduced (Cp),Co+ to CpCoC5H6 (90). 
The ferricinium ion is easily reduced to ferrocene by sodium dithionite, 
titanous sulfate, or stannous chloride. 

2. Thermal Decomposition (Method 9) 

Although ferrocene and many other cyclopentadienyl metal compounds 
are thermally stable to very high temperatures, two examples of thermal 
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decomposition are the disproportionation of cyclopentadienylmagnesium 
bromide (36, 91) to give dicyclopentadienylmagnesium and magnesium 
bromide and the decomposition of ferricinium ion (48) to give ferrocene. 

3. Neutron Activation (Method 10) 

It is possible in certain cases to produce isotopic modification of cyclo- 
pentadienyl metal compounds by neutron activation. An example of this 
method i6 the synthesis of (C5H5)zRh'05 (92). 

4. Ligand Replacement (Method 11) 

Replacement of the cyclopentadienyl ring or of other ligands about 
the metal atom may be effected by many anionic and neutral species. An 
example of ligand replacement (93) is 

(CsH5)zTiClz + 2LiCaHs + (CsHs)zTi(C~,Hs)z + 2LiC1~ (23) 

5.  Addition Reactions (Method 12) 

Addition to the cyclopentadienyl ring or to the metal atom is a frequently 
used synthetic method, especially for the compounds of Group VIII ele- 
ments. An example of an addition reaction (94) is 

IV 

TABULAR SURVEY 

A survey of known cyclopentadienyl metal compounds is presented in 
Table I. This survey is complete through Chemical Abstracts index for 
Volume 58, June 1963, and includes several later references. 

Compounds are arranged according to periodic groups starting with the 
lithium group. Within the compounds of each element the cyclopentadienyl 
metal compounds, Cp,M, are listed according to increasing number of 
cyclopentadienyl groups. When other ligands are present, the compounds 
are arranged in order of decreasing number of cyclopentadienyl groups. 
Abbreviations used in addition to Cp are Ind for indenyl, Fluor for fluorenyl, 
4 for phenyl, Me for methyl, and Et for ethyl. 



TABLE I 

CYCLOPENTADIENYL-METAL COMPOUNDS 

Melting point 
(boiling pointlmm) Yield Methods of synthesis and 

Compound (" C) Color (%) referencesa 

Lithium Group 
CpLi 
IndLi 
FluorLi 
9-PhenylfluorLi 
CpNa 

IndNa 
FluorNa 
CPK 
FluorK 

Beryllium Group 
CpzBe 
MeCpzBe 
CpzMg 

CpMgBr 
MeCpzMg 
CpzCa 
CpzSr 

dec without melting 
dec without melting 
dec without melting 
dec without melting 
dec 300 

dec without melting 
dec without melting 
dec without melting 
dec without melting 

59-60 
-29 to -30 
176-178 

- 
29-30 
dec without melting 
dec without melting 

Colorless 
Colorless 
Colorless 
Colorless 
Colorless 

Colorless 
Colorless 
Colorless 
Colorless 

Colorless 
Colorless 
Colorless 

Colorless 
Colorless 
Colorless 
Colorless 

35 

31 
3 8-8 5 

97 

- 

- 

7&90 
87 

70-90 

74 
63 
40 

- 
45 
17 
4.1 

( l ) ,  45, 95; (2), 96, 97 
(2 ) ,24  

( 3 ,  98; ( I ) ,  95 
( l ) ,  6, 7, 8, 11, 13, 18, 45, 85, 

(1),17,95; ( 2 ~ 9 5  

99-103; (2), 102 
(1),11,24 
( l ) ,  11, 17, 100 
( l ) ,  4, 7, 9, 45;  (2),  30, 104 
( I ) ,  17,25 

(4), 105 
(4),21 
( l ) ,  20, 22, 106, 107; (9), 36, 

108 
(2), 109, 118, 119 
(9), 107, 111 
(l), 112; (2),  11, 112, 113 
( l ) ,  112; (2), 112 

CpzBa dec without melting Colorless 0.2 (2), 112 
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cpssc 
CP3Y 
CpaLa 
MeCpsLa 
CpsCe 
CpsPr 
CpaNd 
MeCpsNd 
CpsSm 
CpzSmCl 
CpSmClz .(GHsO)s 
CpEuClz 
CpsGd 
CpzGdCl 
CpGdClz '(C4HaO)s 
MeCpsGdCl 
MeCpsGdOOCCHs 
CP3DY 
CpzDyCl 
CpzDyOCHs 
CpDyClz .(C4HsO)s 
CpzHoCl 
CpHoClz .(C4Hs0)3 
CpsEr 
CpzErCl 
CpzErOOCCHs 
CpzErOOCHs 
CpzErOCHs 
CpzErNHz 
CpErClz .(C4HeO)s 

240 
295 
395 (dec) 
155-156 
435 
41 5 
380 
165 
365 
dec 200 
dec 5&240 
dec 5&240 
350 
dec 140 
82-86 (dec) 
188-197 
207-209 
302 
343-346 (dec) 
dec > 235 
85-90 (dec) 
340-343 (dec) 
84-92 
285 
dec z 200 
331-335 (dec) 
dec > 270 
236-240 
330-334 
91-94 

Straw 
Pale yellow 
Colorless 
Colorless 
Orange-yellow 
Pale green 
Reddish-blue 
Reddish-blue 
Orange 
Yellow 
Beige 
Purple 
Yellow 
Colorless 
Lavender 
Colorless 
Colorless 
Yellow 
Yellow 
Yellow 
Colorless 
Yellow-orange 
Yellow 
Pink 
Pink 
Pink 
Pink 
Pink 
Pink 
Pink 

75 
85 
25 
27 
72 
83 
78 
70 
75 

50-60 
3-0 
30-60 

84 
50-60 
30-60 
5 M O  

65 
85 

50-60 
85 

30-60 
5&60 
30-60 

88 
50-60 

45 
27 
52 
33 

30-60 

(4), 114 

(4), 114 

(4), 114 
(4), 114 

(4), 114 

(41,111 

(4), 114 
(4), 47 
(4), 114 
(4), 116 
(4, l l ) ,  115 
(4, l l ) ,  116 

(4, l l ) ,  116 
(4, l l ) ,  115 
(4, l l ) ,  116 
( l l ) ,  116 
(4)) 114 
(4, l l ) ,  116 
(4), 116 
(4, l l ) ,  115 
(4, l l ) ,  116 
(4, l l ) ,  115 

(4, l l ) ,  116 
( l l ) ,  116 
(ll) ,  116 
( l l ) ,  116 
( l l ) ,  116 
(4, l l ) ,  115 

(41,114 

(41,114 

v) Y 

n a- 

a -. 
yl 

9, 

W 

v m 
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a0 
TABLE I-continued W 

Melting point 

Compound 
(boiling point/-) 

(" C) Color 

MeCpzErCl 
MeCpzErOOCCHa 
CpsYb 
CpzYbCl 
CpzYbOOCCH3 
CpzYbOOCaH5 
CpzYbOCHs 
CpzYbOCsHs 
CpYbClz .(C4H~0)3 

CpLUClz '(C4H80)3 

Thorium and the Actinides 

CpiTh 
CPlU 
Cp3UCI 

Titanium Group 

CpzTi 
CpzTi -0C4Hs 
CpaTi 
Cp4Ti 
CpzTiFz 
CpzTiClz 

CpzLuCl 

119-122 
199-201 
273 
dec > 240 
325-329 (dec) 
350-375 (dec) 
290-305 
382-386 
78-81 
3 18-320 
76-78 

dec 170 
dec 270 
- 

dec 130 
81 
dec 130 
- 
- 

287-287.5 (dec) 

Pink 
Pink 
Dark green 
Orange-red 
Orange 
Orange 
Orange 
Red 
Orange 
Greenish-white 
Colorless 

Colorless 
Red 
- 

Green 
Brown and green forms 
Green 
Brown 
Yellow 
Red 

Yield Methods of synthesis and 
( %) references' 

50-60 (4, l l ) ,  116 
55 ( l l ) ,  116 
82 (4), 114 

50-60 (4, l l ) ,  116 
65 ( l l ) ,  116 
54 ( l l ) ,  116 
60 ( l l ) ,  116 
64 ( l l ) ,  116 

72 (4, l l) ,  116 
30-60 (4, l l ) ,  115 

30-60 (4, l l ) ,  115 

1-40.7 (4), 57, 117 
6 (4), 14 

82-85 (4), 117 

40 (4), 120; (8), 121 
(41, 120 
(41,122 

- 
- 

(41,421 
( w ,  13 

- 
- 

72-90 (4), 13, 123-125; (S), 126; (2), 
33 



CpzTiBrz 309-310 (dec) 

CpzTi(0H)Br * HzO - 
CpzTi(Me)z - 
CpzTi(Me)Cl 168-170 (dec) 
CpzTi(Et)CI - 
CpzTi+z and other substituted derivatives 146-148 

CpzTi[OSi(Me)3]CI 1 

CpzTi(Sq5)z 200-201 
CpzTiCI(NH2) *NHs - 

CpzTi 1 2  317-318 

CpzTi(0Et)Cl 91-92 

CpzTi(OSi+s)z 208-210 

CPzTi(CHsC00)z 126-1 28 
CpzTiClzAl(Et)z and related compounds 126-130 

[CpzTiBrIzO 
CpzTi(C0)z 
CpzTiCl 

CpzTiBH4 
CpTiCls 

- 
90 (dec) 
- 

dec 150 
208-211 

CpTiClzBr 165-170 (dec) 

CpTiIs 184-186 

(CpTiC10)4 285 (dec) 

CpTi(CHd3 dec >20 

CpTiBrs 174.5-175.5 

(CpTiC1z)zO 149-151 

(CpTi CIO),, - 

CpTi(0Et)s and other alkoxy (1 06-107/3) 
derivatives 

Red 
Purple 
Orange 
Orange 
Orange-red 

Orange- yellow 
Greenish-yellow 
Orange 
Yellew 
Red 

Orange 
Blue 

(Not fully identified) 

- 
Red- brown 
Green 

Red-violet 
Yellow 

Orange 
Orange 
Red 
Yellow 
Yellow 

Yellow 
Colorless 

70 
- 
- 
95 
95 
60 
81 
61 
- 

- 
18 
68 

83 
84 

66 
25 
97 
91 
- 

78-92 
77 
72 

(4, 5), 13, 126, 127 
(11, 5), 13, 126 
(11), 13 
(Il), 121, 186 
( l l ) ,  121 
(l l) ,  128 
(l l) ,  97, 129 
(4), 130, 131 v) 

R ( l l ) ,  352 VI 

( l l ) ,  132 s 
c, 
2 (8), 121, 128,135-139, 158, 0 

159,273 ID 

Y 
n 

(1 l), 350 
( l l ) ,  350,351 7 

-. 

(l l) ,  202,282,289, 349 - 
U 

0 

n 
( l l ) ,  140 
( l l ) ,  122, 133, 134 n 

(8), 13,89, 121,127, 137,140, 

-. 

141,142 II 
4 (8), 154 E 

(11),95,144-146,149,151;(5), 

126 5 (l l) ,  145 V z (51, 126 
( 9 , 1 2 6  P 
( l l ) ,  144, 145, 148, 150, 152 
(l l) ,  150 
(ll), 145 
( l l ) ,  121, 153 
(4), 130, 131 

W 
OD -a 



W 

0 
TABLE I-continued .o 

Compound 

Melting point 
(boiling point/-) Yield 

(" C) Color ( %) 

CpTi(OC4Hg)zCl (145-150/2-3) 
CpTi(0R)Clz (R = akyl) - 
CpTi(OEt)(8-hydroxyquinolinate)z 158-159 
CpTiClz - 
Cp(MeCp)TiClz - 
(MeCp)zTiClz 217-218 (dec) 
MeCpTi(OC4Hs)zCI - 
C5(CH&TiClr - 
CpzZrClz 244 
CpzZrBrz 260 
Cp(C5H4)ZrCI - 300 
Cp(C5H4SOsH)ZrOSOsH.(CHaCO)zO - 
CpZrC13 - 
CpZrCl(acety1acetonate)a 188-1 90 
CpZr(CHsC00)s dec 170 
CpZr(CHsCOO)( acetylacetonate)~ dec 128.5-131 
(MeCp)zZrClz 180-181 
CpzHfClz 236 

Vanadium Group 

CPZV 

CpzVClz (also dibromide) 

Colorless 

Yellow 
Blue 

Red 

Red-orange 
Colorless 
Colorless 
Colorless 

- 

- 

- 

- 
- 
- 
- 
- 

Colorless 
- 

167-1 68 Violet 

dec 250 Green 

80 
- 
- 
- 
- 
26 
60 

20-30 

30 
71-75 

- 
- 
- 
95 
65.7 
70 
38 
- 

Methods of synthesis and 
references" 

(2), 160-162 
(ll), 145, 147 
(ll), 296,367 
(8), 143 
(4), 145; (12), 393 
(4)) 47 
(a, 162 
(7),81 
(4), 97, 155 
(5), 13, 127 
(ll), 156 
( W ,  97 
(51,157 
(ll), 290 
(ll), 367 
(ll), 367 
(4) ,47 
(4), 423 

47-80 (4), 36, 164; (S), 119, 165; (S), 
89; (2), 163 

65 (4), 13, 27,422; (5) 13, 127 



CpzVCl (also Br, I) 

CpzV(CH24) and related phenyl- 
substituted derivatives) 

CpVC13 (also tribromide) 
CpVOClz (also dibromide) 

Kz[CpV(C0)3] (also Rb and Cs salts) 
CpV(CO)z(C4Hs) 
CpV(C0)2(C4Hio) 
CpV(CO)z(CsHs) 
CpVC7H7 
[CpV(CH3S)zl2 
[CpV(CF3SC=CSCFs)]z 
Cp4Nb 
CpzNbCla 
CpzNbBra 
CpzNb(0H)Clz 
CpzNb(0H)Brz 
Cp2Nb(Cl)BH4 
CpNb(C0)r 
CpzTaCls 
CpzTaBra 
CpTaHz 

CPZV4 

CPV(CO)4 

206-207 
92 
109 

Blue 
Black 
Green 

23.4 
50 

(4), 166; (8), 167 
( l l ) ,  168 
(12), 167 

Dark green 42 
73-75 
15-97 

68 

(8), 166 
(8, l l ) ,  166, 169 
( l l ) ,  164, 170; (5), 119 
(81, 164 

2 ( l l ) ,  172 
( l l ) ,  172 3- 

( l l ) ,  I72 
( l l ) ,  171 - 

n ( l l ) ,  353 Y 

( l l ) ,  354 6 
(4),55 
(41, 173 n 

(41~13 P 

(11),13 x 
2 (8), 80 

(4, 11),80 n 
3 (41, 174 

(4), 1 3 ~ 5 5 ;  (5), 13 -0 

(4,8), 58, 175 3 c 

z: 

v) Y 

E. 
0 

U 

> 

a 
Y- ( l l ) ,  173 

- 

Orange 
Yellow 
Red 
Red 
Red 

138 (dec) 

135-140 (dec) 
135-136 (dec) 

dec 130 
dec 200 
Subl. 160/0.1 

- 

98-100 

Brown-black 
Green 
Blue 
Brown 
Brown 
Yellow 
Orange-red 
Red-violet 
Orange 

59 
50 
9.3 
- 
70 dec 260 

- 

- 
Subl. 60/0.1 

- 
2-3 

280 (dec) 
187-189 (dec) 

Rust 
Colorless 

9.3-62 
60 

Chromium Group 

CpzCr 

CpzCrI 
[C~zCrl[C~Cr(C0)sl 
[CpzCr] [CpCrCls] 

173 Scarlet 7&80 

100 
- 
- 

dec 150 
190-193 (dec) 
- 

Green 
Brown 
- 



TABLE I-continwd 

Melting point 
(boiling pointlmm) Yield Methods of synthesis and 

Compound (" C) Color ( %) references" 

CpCrXz (X = C1, Br, I) - 

CpCrC7HeCHs 78 

CpCrCsHs 227-229 
CpCrC7H7 230 

CpCrBr (acetylacetonate) 190 (dec) 

CpCr(C0)3H dec 57-58 
[CpCr(CO)slz 163-168 ( d s )  

[CpCr(CO)s]zHg - 
[CpCr(C0)4]BFs - 
CpCrC5H7(CO)z 74-75 
CpCr(C0)zNO 67-68 
CpCr(N0)zX (X = F, C1, Br, I, SCN, 

CpCr(N0)zR (R = CH3, CHzCI, C5H5, 

- 

CN) 
- 

C2H5, CBH5) 
[CpCr(NO)zCO]PFe - 

[CpCrOlr 74 

CpzMoCIz - 
[CpzMoClz]zPtCls - 

C~MO(CO)~X (X = C1, Br, I) 

CpCr(CH3S)sCrCp (Subl. 180/0.2) 

Cp4Mo dec > 220 
CpzMoHz 183-185 

[CpMo(CO)alz (Subl. lSO/O.l) 
CpMo(C0)sH (Subl. 5OlO.l) 

- 

Green or blue 
Orange 
Blue-green 
Black 
Dark green 
Colorless 
Yellow 
Yellow 

Yellow 
Orange-red 
- 

Olive 
Purple 
Blue-violet 
Red-violet 
Yellow 

Red-violet 
Yellow 

- 
3 

37 
45 
40 
- 

3.8 
80 
- 

45 
32 
50 
39 
50 

30 
50-52 

( l l ) ,  358 
( 9 ,  178 
(8, 3), 356, 357 
(12), 179 
(S), 180, 189 
(4, 8), 170; ( l l ) ,  44 

( l l ) ,  44, 170 
( l l ) ,  181 
( l l ) ,  46, 182 
( l l ) ,  183, 184 
( l l ) ,  185 

(4), 45, 190 

( l l ) ,  186, 187 

( l l ) ,  187 
( l l ) ,  354 
(81, 188 
(41, 191 
(4,8), 56, 58, 190; ( l l ) ,  192 
(4), 12 
(8), 12 
(3), 43; (8), 193; (4, S), 170 
(4), 170; (12), 4 4 5 8  
( l l ) ,  186 

P 
Z 



53-54 
dec 60 
dec 104 

230 
134 (dec) 

130 (dec) 
(Subl. 170-85/0.1) 

- 

- 

146-1 47 
- 

195-197 (dec) 
dec 150 

- 
163-165 

- 
140 (dec) 

65-65.5 
dec 120 

dec 187 
105-107 

- 

Orange- yellow 
Yellow 
Yellow soh. 

Blue-green 
Yellow 
Red 
Black 
Brown 
Yellow 

Red or brown 

- 

- 

- 

Yellow 

Black 
- 

- 
- 

Yellow 
- 

- 
- 

Orange-red 
Orange-red 

Yellow soh. 
Orange-red 
Dark red 

- 

- 

78-85 
11 
40 
24 
- 
- 

3 
19.1 
95 
54 

3 
4.2 

20-70 
- 

60 
10 
1 
- 
- 
- 

- 
30 

80 
75 

8 
20 

63 

65.5-67 

- 

6.6 

( l l ) ,  186, 193 
( l l ) ,  269,362 
( l l ) ,  361 
( l l ) ,  360, 361 
( l l ) ,  363 
( 3 ) ,  356, 357 
(UV light) 361 
( l l ) ,  364 
( l l ) ,  362 n 

!. ( l l ) ,  354 
( l l ) ,  361 

s 
n (4, 7), 47 

(3) ,51,52 Y 

ij- ( i u ,  51 -0 

2 
E 

( l l ) ,  359 
( 3 ) ,  50 3 

(3), 194 Y- 
(11) 51 I 

:: (4), 12 - 
(4, 7), 56, 58, 190; ( l l ) ,  192 
( W ,  56 
(3 ) ,43  
( l l ) ,  44,45 

v) 
Y 

5 

8 
-0 

c 
3 

( l l ) ,  45, 186 4 
(l l ) ,  186 
( l l ) ,  362 
(ll), 360 
( l l ) ,  183, 186 
( l l ) ,  362 
( l l ) ,  364 

w 



TABLE I-continued 

Compound 

Melting point 
(boiling point/-) Yield 

(" C) Color ( %) 
Methods of synthesis and 

references" 

Manganese Group 
CpzMn 

CpMn(C0)z 

CpMn(CO)zCzH4 
CpMn(CO)z(l,3-cyclohexadiene) 
[CpMn(CO)z]z( 1,3-~yclohexadiene) 
[CpMn(CO)zNO]zPtCls 
CpMn(CO)zNC5H5 
CpMn(CO)zP+3 
CpMn(CO)z(CF3C=CCF3) 
CpMn(vdipheny1) 
CpaMnz(N0)a 
[CpMn(NO)SzI, 
(MeCphMn 
MeCpMn(CO)s 
MeCpMn(C0)zNCsHs 
MeCpMn( C0)zpiperidine 

Mn(CO)s 

172-173 

76.8-77.1 

116-118 (dec) 
8&81 
dec 120 
dec165-175 
114 
216-218 
68 
73-7s 
dec > 100 

61-63 
70 
75 

- 

- 
- 

Brown 

Yellow 

Orange-red 
Brown-yellow 
Yellow 

Yellow-brown 
Yellow 
Orange 

Purple-black 
Brown-black 
Brown 
Yellow 
Yellow-brown 
Orange-red 

- 

- 

- 

45-75 

40-80 

- 
- 
19 
30 
53 
25 
50 

30 
40 
66 

60 

40 

- 

1.7-20 

- 

(4). 36, 108, 196-198; (S), 203, 
204 

404-408,410-419 
(6, l l ) ,  74-76, 108, 157, 241, 

( l l) ,  365 
(ll), 366 
(l l) ,  366 
(111, 74 
(11). 205 
( l l ) ,  368 
(l l) ,  367 
(4), 195 
(ll),  185 
( l l ) ,  206 
(4). 37, 47 
(6, l l ) ,  47, 199-201 ,409 
( l l ) ,  205 
(l l) ,  369 
(9), 82, 83, 208 

D 



FluorMn( CO)a - - 

( ~ - C O O H ) ( ~ - C H Z C O O H ) C ~ H ~ M ~ ( C ~ ) ~  - - 
+4(0H)C5Mn(CO)a 180 (dec) - 
[CpzTclz 155 Golden- yellow 
CpTc(C0)a - - 
CpzReH 161-162 Yellow 
CpzReH . HC1 - Colorless 
CpRe(C0)a 111-114 Yellow 
CpReCsHs(C0)z 11 1-1 12 Yellow 
CpReCsHs(C0)z - - 

Iron Group 
CpzFe 

[CpzFel+ 
CpzFe55~5~ 
[CpzFeH]AICIa 
CpFeFluor 
CpFeCsH7 
CpFeCsH4CsHs 
CpFeCsH4CHzCsHs 
CpFeCsHa(CsHs)z 
CpFeCsHa(CH3)z 
CpFeCsH4N=NR (R = Me, +) 
[CpFe(CO)zIz 
CpFe(C0)zH 
CpFe(C0)zCI 
CpFe(C0)zBr 
CpFe(C0)zI 

173-1 74 Orange 

- 
- 

- 
74-76 
- 

109-110 
76 
107 
- 
- 

194 
-5 
dec 87 
98-102 (dec) 
11 9-1 20 (dec) 

Purple soh. 
- 

- 

Red-violet 

Orange 

Orange 
Ivory 

Red-violet 
Yellow 
Red 
Red-brown 
Black 

- 

- 

- 

- 
- 
53 
- 
- 
20 

100 
16 

45-55 
- 

85-90 

- 

- 
- 

0.5-8.8 
- 
- 

- 

- 
- 
- 

194 
- 

42-75 
65 

65-72 

(11), 75 
(7) 82, 83 
(3), 49 
(4), 209 
(81, 143 
(4), 60, 210 
(12), 60, 210 
(3, 4, l l ) ,  77, 211, 294 
( l l ) ,  211, 212 
(12), 211 

v) Y 

3 
2 
B. 
4 
n 
2 

(4), 36, 174, 200,217-219; (2), 
18, 19, 33, 36, 38-40, 105, 
125, 214-216, 224-229; (3), 
42, 74; (l) ,  2, 213; (S), 42, 

P 
220,221 ; (9) 48 E 

(S), 86-88, 222, 223 ¶ 

Y- 
3 
:: (4, 5), 231, 232 EL 
n 
3 (41, 68 w 

(31, 48 

(3) ,48 P 

(lo), 230 
(12), 348 

( 1 2), 233-235 

( l l ) ,  207 
(4), 236 

( l l ) ,  192 
(S), 74, 242 
(8), 48 
(8), 170, 185; ( l l ) ,  48 

(3), 12, 48, 74, 170, 237-241 

W 



TABLE I-continued 

Compound 

Melting point 
(boiling point/-) Yield Methods of synthesis and 

(" C) Color ( %) references" 

CpFe(C0)zCN dec 120 
[CpFe(CO)z]zHg - 
[CpFe(CO)zCzH4lPFs dec 165 
CpFe(C0)zEt - 
CpFe(CO)z(o-Cp) 46 
CpFe(CO)z+ - 
CpFe(CO)z(CsH4CsHs) - 
CpFe(CO)z(CHzCH=CHz) and related - 

CpFe(CO)zSi(CHs)a 70 
compounds 

Cp Fe( CO) z( C F=CFC F3) 69.5-70.5 
[CpFe(CO)z]zR [R = (CH&, - 

CpFe(C0)zRCO) (R = alkyl) - 

[CpFe(CO)CH3Slz 104-105 

CHzC CCHz, C3N3CI] 

CpFe(CO)z(CsHsCOS) 125-126 

CpFe(CO)(I)(CNCsHs) 89 
Cp(CO)Fe(CO)zNiCp 132 
Cp(CO)zFeMo(CO)aCp 209 
CpFe(CO)zMn(CO)s 76 
Cp(CO)Fe(CO)zCo(CO)s 52-53 
CpFe( CO)zSn$3 139-141 
CpFe(C0)zSnClS 150 (dec) 
CpFe(CO)zP+aCl. 3Hz0 - 

Yellow 
Gold-yellow 
Yellow 

Red 
- 

- 
- 
- 

Orange 
Orange 
Orange 

- 
Orange 
Brown- black 
Black 
Brown 
Red-violet 
Red 
Red 
Orange 
Red-brown 
Yellow 

(11), 74 
( l l ) ,  239 
( l l ) ,  344,360,370 
( l l ) ,  186, 344 
(4), 243; ( l l ) ,  187; (6),  48 
( l l ) ,  186 
(6),48 
( l l ) ,  377, 379, 380 

(ll), 345 
(ll), 269, 346, 347 
( l l ) ,  383 

( l l ) ,  371,372 
(ll), 371 
( l l ) ,  373 
(ll), 244 
(1 l), 245 
( l l ) ,  246 
(ll), 246 
(ll), 382 
(ll), 378,381 
(ll), 381 
(11). 374 



dec 250-251 
37-39 
154 
220-222 
227-228 
322 

102 
162-163 
174-175 
(91 /0.025) 
- 

29-30 
133.5-1 35 
58-59 
- 

Yellow 
Orange 
Orange 
Orange 
Orange 
Red 

Yellow 
Orange 
Orange-red 

Orange 

Orange-red 

60 
65 

- 
21 based on 

C5H6 

- 
74 

94 
90 
65 

- 

(4),48 
(4), 62, 68,248 
(41, 62 

lA 
Y z z 

(4), 62,247,248 E. 

s? 
n 

(5), 404 
(4), 63, 110,247,248 Y 

(4), 62, 63,247,248 
(4), 63,247 

- 
0 
-0 

(4), 61,247 5 
!? _. 
n 

2.5 (4), 249, 250 Y- 

(CH,), E. 
n 

[ ( R C ~ H ~ C H Z ) ~ C ~ H ~ ] Z F ~  (R = H, 0-CI, - - 10-30 (4),251 -0 

(RN=NCsHd)zFe (R = COOCHs, - - - (4), 236 E: 

[(CH3CsH3O0)zFe]Naz - - - 

(R1nd)zFe (R = Me, Et, allyl, butyl, +, - - - (4), 293,298 

Bis( 3a,4-di hydroazulenyl)iron 68 Red 17 (4), 247 -n 

106-1 07 Orange 

n f 

3 (and related compounds) 

p-C1, p-CH3, p-F, m-Br, p-Br) 

COOEt, COOCHzCsHs) 
(4),65 

(1nd)zFe 184-185 Violet-black 11 (S), 66,280,424 
(Tetrahydr0ind)zFe 18.5-1 9 Orange - (12), 253 

benzyl) 
W 

v 



W 

% TABLE I-continued 

Compound 

Melting point 
(boiling point/=) Yield Methods of synthesis and 

(“C) Color (%I references‘ 

[EtCpFe(CO)z]z 
+CpFe(CO)zBr 
+CpFe(CO)z(o-Cp) 
[IndFe(CO)z]z 
[TetrahydroindFe(CO)z]z 
(CH3SiCsH4)zFe and related silyl and 

CpzRu 
[CpRu(CO)zlz 
CpRu(C0)zH 
CpRu(C0)zI 
CpRu(C0)zMe also Et 
(1nd)zRu 

[CpzOsOH]PFa 

CpOs(C0)zBr 
(1nd)zOs 

Cobalt Group 
CPZCO 
[cpzcol+ 
CpCoCsHs 
CpCoCsHsCHs 
CpCoCsHsCeHs 

siloxyferrocenes) 

CPZOS 

[cpos(co) 21 2 

61-62 
82 

199-200 
dec 185 
- 

103-105 
39-40 
199 
229-230 
185 (dec) 
198 
120-121 
214 

173-174 

98-99 

128-1 29 

- 

- 

Purple 
Red 
Red oil 

Pale yellow 
Orange-red 
Colorless liquid 
Orange 
Colorless 
Orange 
Colorless 
Red-brown 
Yellow 
Yellow 
Yellow 

Purple 
Yellow soh. 
Red 

Red 
- 

1.6 (3), 252 
83 (a), 48 

(6), 48 
20 (3),252 

39 on spiran (3), 252 
50 (4), 254,255,425 

- 

43-52 
60 

- 
61 

22-23 
80 
1.8 

2.3 
- 

(4), 256,257; (5), 118 
(6), 72 
(ll), 258 
(ll), 258 
(ll), 258 
(5),259 
(4), 256,260 
(8), 260 
(61,261 
(81,261 
(9, 69 

75-96 
75-100 (7), 9,85,228,262,263 

(4), 9,36,53; (3), 42; (2), 36,63 

85 (12), 89, 90,233 
30 (12),264 
80 (12), .?49 



CpCoCsHsCOCsHs 125 5127 
CpCoCsHsCC13 78-80 
CpCoCsHsCHClz - 
CpCoCsHsCF3 - 10 
CpCoCsHsCFzCFzCsHsCoCp dec 140 
CpCoCsHsCsH4CsHsCoCp dec 100 
CpCo(1,3-~yclohexadiene) and related - 

CpCo[tetra(trifluoromethyl)cyclobuta- 264 
compounds 

diene] 
CpCo(tetraphenylcyc1obutadiene) - 
CpCo(n-R) (R = CsHs, CsH12, +CE C+) - 
(dpCoCaHs)(PF6)2 
cpco(co)z 
CpCo(CO)CF31 
CpCo(CO)(CzFs)I 
CpCo(CO)(C3F7)1 
CpCo(CO)(CFzCFzCFzCFz) 
[CpCoCaHr(CO)IPFs 
[CpCo(CH3S)12 

CpCo(tetramethylcyc1opentadienone) 
MeCpCoCsHsMe 
MeCpCo(C0)z 
(1nd)zCo 
[(Ind)zCol+ 
[(C~H~COOH)ZCO]B~ 
[ (CH~C~H~OH)~CO]C~(NH~)Z(SCN)~ 

CpzRhX (C = C1-, OH-, Bra-, 

CpRhCsHe 

CpCoCF3SC=CSCF3 

CpzRh'O5 

[Cr(CNS)4NHsl-) 

- 
- 22 
dec 145 
138 
120 
106-107 
dec 110 

150 
- 

- 
- 
- 

178-181 
- 
- 

154-1 57 
- 
- 

118-120 

Red 
Orange-red 

Red 
Red-brown 
Red 

- 

- 

Orange-yellow 

- 
- 

Yellow 
Red 
Black 
Black 
Black 
Pale yellow 
Green-yellow 
Black 
Violet 
- 
- 

Red 
Black 
Yellow 

Orange-brown 
- 

- 
- 

Orange- yellow 

(12), 349 
(12), 264, 265 
(ll), 264 
(12), 264,384 
(12), 384, 385 
(12), 266 
(ll), 394,395 

(ll), 396, 397 

(ll), 396,397 

(ll), 386 
(3), 74;  (ll), 170,267,268 
(ll), 394 
(ll), 394 
(ll), 269,270 
(ll), 388 
(ll), 389 
(1 l), 373 
(ll), 354 
(7), 387 
(ll), 264 
(ll), 267 

(S), 271,272 
(81,349 
(4) ,65 
(lo), 273 
(51,274 

(ll), 390-392 

(4, s), 271 

(6), 275,276 



TABLE I-continued 

Compound 

Melting point 
(boiling pointlmm) Yield Methods of synthesis and 

(" C) Color (%) references" 

CpRh(CzH4)z 72-73 
CpRh( 1,s-cyclooctadiene) 108-108.5 
CpRh(cyc1ooctatetraene) 106 

(CpzIr)Cr(CNS)rNHs 
CpIrCsHs 130-132 

-11 
- 

[ c P ~ ( c o ) z l z  

CpIr(C0)z - 

Nickel Group 
CpzNi 

(CpzNi)+ 
CpNiC3H7 
CpNiCsH7 
CpNiNO 
(CpNiC0)z 
CpaNia(C0)z 
CpNi(C0)I 
(CpNi)zCzHz 

and related compounds of substituted 
acetylenes 

norbomadien-7-ylI 
CpNi[2,3-bis(methoxycarbonyl)-2a,5- 

173-174 (dec) 

- 
73-75 
41-42 
(49/27) 
146-147 (dec) 
dec 200 
dec 20 
143-144 

84 

93-94 

Yellow 
Yellow 
Yellow 
Orange 

Yellow 
Yellow liquid 

- 

Green 

Yellow soln. 
Red-violet 
Red 
Red 
Green 
Dark green 
Violet 
Green 

Red 

Red 

47 

11 
26.8 

1 
95 

- 

- 

42-96 

- 
30 
18 

45-90 
50-74 

40.5-82 
28 
48 

- 

5.7 

(4), 8, 15, 53, 217, 281, 283; 
(2), 34, 36, 125, 163; (3), 
42,284 

(8), 8, 127, 142 
(4), 285,304 
(3), 286, 302, 305,306 
(3, l l ) ,  74,183,299-301 
( l l ) ,  287,288,307,309 
( l l ) ,  288, 307,309,311 
(8), 309 
(ll),  303, 307, 310, 396, 399 

(12), 400 

(12), 401 



CpNiCsHrN=NCeHs 118-119 
[CpNi(CNCsHs)lz 91 
CpNi(P4s)CI dec 140 

C H ,  C i H ,  

J-J CH , - 
CpN, _ _ _ _ _ _  

CH, C t l 3  

(MeCp)zNi 39-40 (dec) 
MeCpNiCsHsCHs (30-35/0.1) 
(1nd)zNi - 
[CpPdCllz - 
CpPdCsHs 63-64 
CpPdCsHg 69 
CpPdC7H7 dec 25 
CpPdCioHizOCHa (Subl. 80/1) 

RCpPdCsHs (R = CHs, CzH5, 

MeCpPdCsHg 1 -3 

CpPd-n-[(CHs)zCCHCHC(CHs)zOCHs] 57-58 
- 

n-C3H7, C3H5) 

CpPt(CH3)s 65 
(CpPtC0)z 103 (dec) 
CpPt(C0)I 55 (dec) 
Copper Group 
CpCu .P(Et)s 127-1 28 

Zinc Group 
CpzZn dec 100-130 
Cp4Zn - 
CpZnEt 69-70 
CPZn4 74-76 

Purple 
Red 
Red 

Green 
Red oil 
Red-brown 
Red 
Red 
Red 
Red-violet 
Orange 
Red 

Red 
Colorless 
Red 
Black 

Colorless 

Colorless 

Colorless 
Colorless 

- 

36 
11 

100 

60 
26 
40 

- 

37 

58 
45 

- 

60 

14-60 
41 

33-50 
9-50 

(l l) ,  402 
( l l ) ,  244 
(l l) ,  420 

(4), 277,308 

(2), 32, 31 7 

(4), 54, 318,319 
(5),320 
(S), 321,322 
(5),322 2 

A 



TABLE I-continued 

Melting point 
(boiling pointlmm) Yield Methods of synthesis and 

Compound (" C) Color ( %) references" 

CpZn( t-butyl) 
CpZnCl 
CpzHg 
CpHgCl 
IndHgBr 

Boron Group 
CpsB 
CpBFz 
Cp&I 
CpAl(Et)z 
Na[CpAl(Et)s] 
CpIn 
CpsIn 
MeCpsIn 
CpTl 
MeCpTl 

Silicon Group 
CpSi(Me)s 
CpSiCls 
FluorSi(Me)n 
FluorSi(Me)s 
[FluorSi(Me)z]zO 
C13Hs[Si(Me),12 
CpGeClr 
CpGe(Me)s 
CpGe(Et)s 
Ce(CpC4Hg)s 

- 
- 

83-85 (dec) 

118 
- 

138-139 
38-41 
50-60 
(47.5/0.005) 

dec 110 
dec 130 
60 (dec) 
dec 230 

- 

88-89 

(73/25) 
(52-55/10) 
178-179 
97.5 
21 6-21 7 
110 
(76/10) 
(32/9) 
(1 05/16) 
(109/0.4) 

Colorless 
Colorless 
Yellow 
- 
- 

Colorless 
Colorless 
Gray 
- 
- 

Pale yellow 
Golden yellow 
Yellow 
Colorless 
Yellow 

Colorless 
Colorless 
Colorless 
Colorless 
Colorless 
Colorless 
Colorless 
Colorless 
Colorless 
Colorless 

(4), 324; (S), 290 
( 9 ,  290 
(From CpzHg), 325,326 
(41,327 
(41,328 
(4), 329,330; (l), 21 
(41,329 
(I), 21 
(2), 27, 29, 331, 332 
(2), 47,333; (l), 21 

(5), 334; (4), 32, 291 
(4), 335, 336; (2), 292 
(41,337 
(41,337 
(41,337 
(2), 337 
(2h295 
( l l ) ,  295 
(5), 295, 338 
(9,338 



(5),338 
(51,338 
(51,338 
(5),  338 
(9,338 
(5),338 
(9,338 

CpGe9s 176-177 Colorless - 
Ind4Ge 196-198 Colorless 
IndzGe(9)z 144-145 Colorless 

Colorless - IndGe(Et)s (161/4) 
IndGe(+)a 126 Colorless 
FluorGe( Et)3 (1 65 /O. 5) Colorless - 
FluorGe(9)a 214 Colorless - 

- 
- 

- 

CpzSn 104-105 Colorless 50-60 (4), 54 
CmSn 71-73 Yellow 41.5 (S), 320 

2 CpsSn9 64-65 Yellow 40 (S), 320 

Q CpzSn(9)z 105-106 Yellow 70 (S), 320 
Ind4Sn 21 5 Colorless 48.4 (4), 339, 340 VI 

4 
n IndzSn(9)z 11 6-1 17 Colorless 40 (4), 339,340; (S), 320 

IndSn(9)a 128 Colorless 68 (4), 339, 340; (5), 320 

41 (4), 339,340 '0 
FluorrSn 290 sinter dec 310 Colorless 
FluoraSn+ 262 (dec) Colorless 50 (4), 339,340 

% 
FluorzSn( 9 ) ~  179 Colorless 60 (4), 339,340 
FluorzSn(9)Cl 143 Colorless - (ll), 339,340 3 

FluorSn( 9)3 129-130 Colorless 67.7 (4), 339, 340 -5 
FluorSn(9)Clz 1W141 Colorless - (ll), 339,340 3 

% 2-(Me)zN-CnHaSn(q5)3 151 C o 1 or 1 e s s 60 (4), 339,340 pr 

6 
IndPb(9)a 122 - 75 (4), 324 

E? FluorPb( 9)3 118-120 - 75 (4),324 

Arsenic Group E: 
(4h 342 CpAs - Black - 

CpSb - Red 50-60 (4), 342,343 
CprSbz - Red-violet 83 (4), 343 
CpsBi dec 75 Red-orange (Black form, 50-60 (4), 342,343 

MeCpsBi - - 68 (4), 343 

v) 
Y 

r 

-. 

Y 

0 

a 

- 
n 

CpzPb 132-1 3 5 Yellow 25 (4), 15, 281, 341 
3 
-0 

stable > 15') 

& 
W 

a Roman numbers in parentheses indicate Method; italic numbers indicate references. 
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Melting points are given for solids. For liquids the boiling point and 
pressure of measurement are enclosed in parentheses and are listed in the 
melting point column. When the compound melts with decomposition, 
(dec) is placed after the melting point. When the compound decomposes 
without melting, dec is placed before the decomposition point. The numbers 
enclosed in parentheses in the final column refer to methods of synthesis in 
the text. 
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