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CHAPTER I

INTRODUCTION

A. Bis-cyclopentadienyl Metal Compounds

1. Metal Cyclopentadienides

Organic compounds which have a hydrogen atom attached to a carbon
atom adjacent to a carbon-oxygen or carbon-carbon double bond are ob-
served to participate in reactions which require an acidic alpha
hydrogen atom. Noteworthy examples of such reactions are the conden-
sations of diethyl malonate and of ethyl acetoacetate with alkyl halides.
The aldol condensation requires such an acidic alpha hydrogen atom.
Often, relatively stable enol forms result from the tautomeric equilib-
rium if a hydrogen atom is attached in a position alpha to two carbonyl

groups as in the case with ethyl acetoacetate:
CH3 - CO - CHp - CO0CHg = CH3 - COH = CH - COOCpHg

The hydrocarbon 1,3-cyclopentadiene has two hydrogen atoms which
are attached alpha to each of two conjugated carbon-carbon double bonds.
One of the two hydrogen atoms may be displaced by the alkali metals to
yield a salt and molecular hydrogeno1 In tetrahydrofuran solution,
sodium cyclopentadienide is rapidly formed by the attack of cyclo-

pentadiene upon metallic sodiums

2@ + 2Na =~ 2:>'Na+ + H



2
Stability is achieved by the cyclopentadienyl carbanion through resonance‘
stabilization as each of the five carbon atoms is equivalent to the other
four due to the distribution of the negatiwve charge around the ring.
The acidity of cyclopentadiene is also demonstrated by its ability
to attack Grignard reagents such as ethylmagnesium bromide to form mag-

nesium cyclopentadienide bromide:
CgHg + GpHiglgBr — CgHoMgBr + Cpig

Magnesium cyclopentadienide can be obtained by sublimation of magnesium
cyclopentadienide bromide at 200-230° C. and 107l 1m,2

Wlkinson, Cotton, and Birmingham have made a study of the chem-
ical reactions of sodium and magnesium cyclopentadienides in an attempt
to obtain information about the nature of the csns-metal bond.2 Exchange
reactions with halides of iron, cobalt, and nickel take place with ease.
Strong complexing agents were found to remove the metal ion from the com-
pounds. These compounds were found to be easily hydrolyzed by water as
might be expected for the salt of a very weak acid. The authors con-
cluded that the CgHg-metal bond must be ionic if the metal is one of the
alkali metals or magnesium. They proposed the nomenclature "“metal
cyclopentadienide" for such ionic compounds between metals and cyclo-

pentadiene.

2. Ferrocene Structure

In contrast to the ionic salts formed between cyclopentadiene and
the strongly-electronegative alkali metals and magnesium, compounds of an

entirely different class between cyclopentadiene and the transition metals
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have been isolated and characterized. 1In an attempt to prepare an inter-
mediate in a proposed synthesis of the hydrocarbon fulvalene; Kealy and
Pauson treated cyclopentadienylmagnesium bromide with iron(III) chloride

in ether.3 The reaction which was expected to occur is as follows:

6 CSHSMEBI‘ + 2 F3013 = 3 CSHS-CSHS + 2 Fe

+ 3 MgBr, + 3 MgCl,

A yellow solid was isolated from the organic layer which, upon elemental
analysis, gave the empirical formula clOHiOF°° Cryoscopic measurements
in benzene showed that the empirical formula was the correct one. The
authors named the new compound "dicyclopentadienyliron" and concluded

that the reaction must have taken place as follows:

FeCl

3 red'n by Grignard reagent = FeCl,

2 CgHgMgBr + FeCl, ~ (CSHS)ZFe + MgBr, + MgCl,

The compound, which was the first stable organoiron compound to be
isolated, melted at 173-174° and sublimed at 100°. It was found to be
insoluble in and.unattacked by water, strong sodium hydroxide solution,
and concentrated hydrochloric acid solution. Such stability was wholly
unexpected, and Kealy and Pauson attempted to account for this remarkable
behavior by postulating that the cyclopentadienyl groups achieved a
degree of aromaticity and, hence, stability through the acquisition of a
negative charge. Resonance stabilization through the following hybrid

scheme was thought to be in effect.
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Twenty~five resonance hybrids may be depicted for the ionic structure, A.
Wilkinson, Rosenblum, Whiting, and Woodward recognized that the

stability of the new compound could not be Justified on the basis of
partially-ionic carbon-iron-carbon bonding.h They reasoned that, since
the carbon atoms of each cyclopentadienyl ring are attached to a singie
hydrogen atom and possess equal unsaturation, the unit negative charge
could be distributed unifomly over the cyclopentadienyl group with the
iron atom being bonded equally and symmetrically to each of the ten

carbon atoms. The resulting structure was termed a "molecular sandwich."

Considerable evidence which serves to substantiate the symmetrical
molecular sandwich concept has been obtained from many sources. Engelmann
carried out magnetic susceptibility studies on the compound and found the
molecule to be diama.gne’c.ic.,5 Diamagnetic behavior implies a spherical

symmetry for the electronic charge distribution. Lippincott and Nelson



5

obtained the vibrational spectra for the dicyclopentadienyliron and also
6

for the ruthenium analog. Only one carbon-hydrogen frequency was ob-
served. More than one frequency would have been observed if the iron
atom had been bound to only one carbon atom in each ring. Thus, all
of the hydrogen atoms in each cyclopentadienyl group are equally
positioned with respect to the iron atom, and each carbon-hydrogen bond
has the same energy. In addition, a symmetric ring breathing mode of
vibration was also found.

X-ray diffraction studies by several research groups have veri-

fied the existence of the "molecular sandwich" structure with the iron

atom in a central position between the parallel planes of the cyclo-

pentadienyl rings.7’8’9 Additional papers dealing with the proof of the
structure are to be found in a comprehensive review of the subject com-
piled by Pauson.10
Obviously, the iron complex differs greatly in its chemical be-

havior and in its structure from the alkali metal cyclopentadienides.

The need for an improved nomenclature system which would clearly de-
lineate between the two distinct classes was emphasized by the large
number of sandwich-type compounds of transition metals and cyclopenta-
diene which are being prepared. Also, the term "dicyclopentadienyl" is
misleading because the bicyclic olefin dicyclopentadiene is a very stable
compound which is formed rapidly from cyclopentadiene at room temperature

Lt

by means of a Diels-Alder condensation of two molecules. Wilkinson,

Cotton, and Bimingham recognized the need for an improved nomenclature



)
system and recommended that the iron compound be named bis-(cjyclopenta-
d:l.enyl):i.ron(II).2 Analogs of the iron compound with other transition
elements would be named in a similar manner. The name "metal cyclopenta-
dienide" was to be reserved for the chemically-dissimilar ioni¢ compounds.
This system appears to be the accepted one in use today.

A somewhat more convenient system of nomenclature has come into
general use as a consequence of the fact that bis-(eyclopentadienyl)-
iron(II) has aromatic characteristics which are common to the aromatic
organic compounds. For instance, little or no polyolefinic behavior is
shown by the iron compound as is demonstrated by its failure to undergo

the Diels-Alder reaction with maleic anhydride in boiling benzema.l2

On
the other hand, bis-(cyclopentadienyl)iron(II) will participate in such re-
actions as the Friedel-Crafts acylation with acetyl chloride and anhydrous
aluminum bromide. The name "ferroceme" is in common usage to denote the
neutral bis-(cyclopentadienyl)iron(II) molecule. This molecule can be
axidized to give the bis-(cyclopentadienyl)iron(III) cation which is
referred to as the "ferricinium" ion. An analogous neutral compound of

the sandwich type with ruthenium would be called ruthenocene. For con-
venience and brevity, the ferrocene system of nomenclature will be used

hereafter in the present work except for imtahces in which greater

clarity is demanded.

3. General Methods of Preparation

The preparation and characterization of ferrocene hawve led to the
preparation of bis-—cyclopentadienyl metal compounds of many of the transi-

tion elements. These compounds have the same structure as ferrocene



but differ in their stability and reactions. Neutral compounds of the
formula (CSH5)2H”with ferrocene-type behavior have been prepared for the
following transition elements: titanium,13’1h zirconium,lh vanadium,z’lh

niobium,1h tantalum,lh chromium,2’15 molybdenum,15 tungsten,15 manganese,2

2 17

iron,2 cobalt, nickel,2 ruthenium,16 and mercury.

In the course of the experimental work which led to the prepara-
tion of these compounds, several fairly general preparative methods
emerged. With the understanding that limitations are imposed upon these
general methods, the more successful ones are outlined as followss

1. Cyclopentadienylmagnesium bromide with metal halides in ether,

benzene-ether; or tetrahydrofuran solu‘c,ion.Bi’l,"’18

2. Cyclopentadienylmagnesium bromide with metal acetylacetonate

in toluene or benzene-ether solution016’18’19

3. Alkali metal cyclopentadienides with metal halides in tetra-

hydrofuran or ethylene glycol dimethyl etheroz’n’ll"’17

L. Cyclopentadiene with metal or metal halides in amine sol-

vent. 20s21

5. Alkali metal cyclopentadienides with metal thiocyanate in

liquid ammonia.?? |

6. Cyclopentadiene with metal carbonyls in vapor phase at

elevated t.emperaturesf.l5’l9’23
Method 3 has been the most widely employed of the six methods. The
alkali metal cyclopentadienides are quite soluble and stable in dry
tetrahydrofuran and in ethylene glycol dimethyl ether. Likewise, many

transition metal halides such as iron(II) chloride, cobalt(II) chloride,



and others are appreciably soluble in these solvents. Methods 1 and 2
suffer from the disadvantage of having to prepare two Grignard reagents;
cyclopentadienylmagnesium bromide is prepared from ethylmagnesium bro-
mide. Method 2 is quite lengthy in comparison with the others in that
the metal acetylacetonate must be prepared and purified. Many transition
elements do not readily form chelate complexes with acetylacetone. Plat-
inum is a notable example of this behavior .24 Also, a large excess of
Grignard reagent is required in tying up the acetylacetone in the final
reaction.

Methods 5 and 6 have not been widely employed even though they
were the first successful methods found for some of the elements. For
the most part, their limitations are quite obvious. The reaction of
cyclopentadiene with metal carbonyls has been known to yield compounds
other than the neutral bis-cyclopentadienyl metal com.pound.,ls Many of
the metals do not form stable carbonyls. In many instances, the bis-
cyclopentadienyl metal compound which would be formed through the
carbonyl reaction is not stable at the temperatures which are employed.
In the author's opinion, method l..holds the jgreatest promise for future
commercial preparation of the ferrocene-type compounds, particularly
ferrocene. Some of the by-products of the final reactions are useful in
early stages of the process and can be easily recycledo21

As mentioned above, many of the preparative schemes yield products
other than the simple type (CSHS)ZM. For example, many bis-cyclopenta-
dienyl metal carbonyls have been prepared and are of great interest. The
present study will not be dealing with these derivatives of the ferrocene-

type compounds, and further discussion of the numerous methods of synthesis



will not be attempted. The review by Pauson should be consulted for

additional information.l©

e Electronic Configuration

After the pentagonal antiprism structure for the bis-cyclo-
pentadienyl metal compounds had been confirmed experimentally, many
attempts were made to unravel the problem of how the cyclopentadienyl
groups are bound to the metal atoms. The earliest attempts to explain
the bonding in ferrocene were based on the postulate that all of the
Pl electrons of the cyclopentadienyl groups are used in bonding these
two groups to the central iron atom so that all of the available
electronic orbitals of the iron are filled to produce the electronic
configuration of the inert gas, krypton.’s® e assumption of the
krypton configuration was given as the reason for the great stability
of ferrocene. This explanation was soon invalidated for two very good
reasons. First, the observation was made that ferrocene would not be
expected to participate in the aromatic reactions such as the Friedel-
Crafts reaction if the pi electrons were involved in bonding with the
iron atom.12 Second, many stable bis-cyclopentadienyl metal compounds
have been prepared from transition metals in which the achievement of
the stable inert gas electronic configuration is impossible.13

The molecular orbital theory treatment of the problem has been

the most useful. Dunitz and Orgel,'?’25 Jaffe,26 and Moffitt27

have made
significant contributions to the elucidation of the bonding in ferrocene
and its analogs. The result of their efforts appears to be a relatively-

correct, general picture of the bonding situation. For instance, the
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molecular orbital theory can account for the magnetic properties as well
as the energy of the metal-cyclopentadienyl ring bonds. The theory also
correctly predicted the existence of compounds with only one cyclopenta-
diene ring linked by means of the same type of bonding to a metal atom.
Many examples of this structure are found with the cyclopentadienyl
metal carbonyls. Free rotation of the rings relative to each other is
allowed in the theory and i1s observed experimentally with disubstituted
ferrocenes. The paper by Moffitt lends itself to use by those not well-
trained in molecular orbital theory.

The essential postulates of the theory are hereby presented.
Moffitt approached the problem by bringing two cyclopentadienyl radicals
into proximity with an iron atom. Five 2p electrons in each ring are
not engaged in bonding. They are assigned to pi molecular orbitals which
results in pairing of four of them. The one unpaired electron per ring
remains unpaired, and its density is distributed uniformly throughout
the cyclopentadienyl radical. The pi electron density is pictured as

follows:

Before the approach of the two cyclopentadienyl radicals, the

neutral iron atom has the following electronic configuration in somewhat



expanded form:

1822522p° 352 3p°1,s23a% 34 30 3a 30

The five 3d orbitals of the metal, which are normally equivalent, are of
three types depending upon their magnetic quantum numbers, m . Since
the orbital quantum number for a d band is three, the following values
gre_allowad for the magnetic quantum numbers: m =0, £1, %2, re-
spectively. The molecular orbital theory shows that only the pair of
orbitals withm; = #1 has both the same transformation properties and
approximately the same energy content as one of the available orbitals
of each cyclopentadienyl ring. The combination of the matching orbitals
produces strong bonding.

As the cyclopentadienyl radicals are brought into close proximity
with the iron atom, the high pi electron density of the rings will cause
repulsion and hybridization of one of the 3d orbitals and the Ls orbital
to form two new sd orbitals, one bonding and the other antibonding. The

iron atom now has the following electronic configuration before bonding:

1522522p63523p5(sd) 2342342341301
Linear sd-hybrid bonding takes place between the unpaired electrons on
each ring and the two available bonding 3d electrons of the iron atom.
The resonance of the cyclopentadienyl ring is undisturbed. The net result
is a single covalent bond from the metal atom to each ring as a whole,
not to a particular carbon atom in each ring. Effects attributed to
bonding by other orbitals are neglected in this treatment to a first

approximation.
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The molecular orbital theory when extended to other transition
metals predicts that metals which have two singlyboccupied‘g_ofbitals
that can be used in bonding are capable of forming bis-cyclopentadienyl
compounds having the pentagonal antiprism structure. Indeed,; this pre-
diction has been fulfilled in that some pi-bonded cyclopentadienyl

compound has been prepared with essentially every transition metal.

5. Physical and Chemical Properties

The general behavior of the neutral bis-cyclopentadienyl metal
compounds is rather typical of that of covalent compounds. They have a
relatively high vapor pressure and may be sublimed. Ferrocene sublimes
at 100° at atmospheric pressure and is stable up to l;,00°.,18 The vapor
pressures of ferrocene. analogs have not been measured with accuracy and
are usually less than that of ferrocene at a given temperature. Regard-
less, all may be sublimed under reduced pressure.

Most of the compounds decompose at their melting point. The great
similarity in the physical properties of the compounds is demonstrated by
their melting points. The neutral bis-cyclopentadienyl metal compounds
in Period lj, which includes ferrocene, all melt at or within a few
degrees of 173°. The Period 5 element compounds melt at approximately
196°, and those in Period 6 melt at 218—2190.lo

The problem of air oxidation greatly complicates the manipulation
of these compounds in the laboratory. Ferrocene is quite stable in air,
but oxygen must be excluded from the system when the other compounds are

present. Sublimation under high vacuum is one of the better means of

purification in that oxidation during the process is reduced to a minimum.
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The infrared spectra of the compounds point to their similarity
and high symmetry. The high degree of symmetry of the molecules leads
to simple absorption spectra in the infrared regiono6 The standard heats
of formation at 25° for ferrocene and nickelocene have been evaluated
from the vapor phase vibrational spectra and are +33.8 kcal. mole™l for
ferrocene and +62.8 kcal. mole™! for nickelocene after correcting for
the heat of sublimation, 16.8 kcal. mole~1.6528 Ruthenocene has been
estimated to be thermodynamically more stable than ferrocene, while
cobaltocene was placed between ferrocene and nickelocene in stability.

Greater chemical reactivity is shown by the compounds with the
longest carbon-metal distance. The energies of these bonds have been
estimated for ferrocene and nickelocene by Dunitz and Orgelo25 The bond
in ferrocene was caiculated to be more stable by approximately 120 kcal.

mole~l, The longer ring-metal distance in nickelocene as found by X-ray

9529

studies serves to substantiate this estimate. One or both of the

cyclopentadienyl groups in nickelocene are sufficiently labiie as to be
displaced by carbon monoxide3o and nitric oxide,31’32 whereas ferrocene
is unattacked by them.

Wilkinson, Cotton, and Birmingham compared ferrocene and analogous
compounds of cobalt, nickel, ruthenium, vanadium, chromium; and manganese
with sodium, potassium, magnesium, and some rare earth cyclopentadienides
from the standpoint of magnetic properties, mass spectra, infrared spectra,
exchange reactions, hydrolytic behavior, olefinic character; and electri-
cal conductance in liquid ammonia and tetrahydrofuran solutions.? This

work was quite successful in establishing their relative stabilities for
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the purpose of classifying the bis-cyclopentadienyl compounds according

to the type of ring-metal atom bond. Their findings are briefly out-
lined.

As related earlier in the present work, the cyclopentadienyl
rings were found to be bound to the metal atom by electrostatic forces
in the cyclopentadienides of sodium, potassium, and magnesium and of the
rare earths studied. Surprisingly, the bis-cyclopentadienyl compound of
the transition element manganese was also found to be ilonically bonded.
The infrared spectrum of (C;Hs)ZMh showed the presence of olefinic rings
rather than cyclopentadienyl rings with no double bond character as found
in ferrocene. Also, manganese cyclopentadienide was found to be in-
stantly hydrolyzed in water. This completely unexpected behavior was
attributed to the stability of the maganese(II) ion.

They showed that the neutral bis-cyclopentadienyl metal compounds
of iron, cobalt, nickely; ruthenium, vanadium, and chromium possessed
strong covalent ring-metal atom bonds and that an order of stability
could be established through the exchange studies in organic solvents
with ferrocene as the standard with maximum stability. No isotopic ex-
change between labeled iron(II) cation and unlabeled ferrocene in
ethanol was observed. Manganese cyclopentadienide reacted instantly
with iron(II) chloride to produce ferrocene and manganese(II) chloride

as follows:

Q— i @ "y Fe
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No exchange between iron(II) cation and cobaltocene or nickelocene was
observed. The chromium compound did exchange up to 70 per cent in a
reaction that involved the exchange of metal atoms in a covalent anti-

prism structure as follows:

Cr v oRem, - oral, ¢ Fe

The transition elements studied are arranged in an approximate
order of decreasing stability of their bis-cyclopentadienyl metal

compound:

Ra)Fe ) Co )M DV DCr ) In

The authors concluded that, regardless of whether the bonding of the
cyclopentadienyl groups to the metal atoms was ionic or covalent, the
resulting structure was still of the pentagonal antiprism or "sandwich"
type.

The oxddation potentials of many of the neutral and cationic
bis-cyclopentadienyl metal compounds have been determined polarograph-

ically in water and in 90 per cent ethanol for the general reaction

, ’ % -
(Csﬁs)'znn > (CSHS) zln 1 + e
where n may have the value of O, 1, 2, or 3. For the most part, the
behavior of these compounds closely parallels that of the corresponding
metal ions or their complex ions.10 A trend was observed in going from

compounds with metal atoms of low atomic weight to those with high atomic
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weight. The higher molecular weight compounds were found to be more

stable in their higher oxidation states.

B. Statement of the Problem

The neutral bis-cyclopentadienyl metal compounds ferrocene,
cobaltocene, and nickelocene were prepared and their behavior studied
in cyclohexane solution under hydrogen pressures up to 120 atmospheres.
The conditions of temperature and hydrogen pressure under which these
compounds would react with hydrogen were determined.

The possible uses of these bis-cyclopentadienyl metal compounds
or metals derived therefrom as catalysts for the hydrogenation of un-
saturated organic molecules were investigated. The following compounds
were employed as hydrogen acceptors: benzene, nitrobenzene, cyclo-
hexene, nitroethane, ethyl laurate, and acetone. Where appropriate,
the kinetic equations which govern the rates of the reactions were
determined and the reaction rate constants were evaluated. The temperature
coefficients and, consequently, the apparent activation energies for
the reactions were determined where feasible over suitable temperature

ranges.



CHAPTER II

EXPERIMENTAL

A. Preparation of Bis-cyclopentadienyl Metal Compounds

1. Bis-(cyclopentadienyl)iron(II)

Ferrocene was prepared by the reaction of sodium cyclopentadienide
with iron(II) chloride in tetrahydrofuran.2 A 1-1. three-necked flask
was equipped with a reflux condenser, mechanical stirrer, and separatory
funnel. The apparatus was dried by passing dry nitrogen through the
flask while it was being heated on a Glas-Col heating mantle. Eleven
grams of sodium shavings (0.5 mole) was added to 40O ml. of dry tetra-
hydrofuran in the flask. The atmospheric oxygen was swept out with a
stream of dry nitrogen.

With the reflux condenser cooled to -10° by a circulated water-
methanol solution, 35 g. of dry cyclopentadiene was added dropwise
with stirring over a ten-minute period. The reaction mixture was warmed
to accelerate the reaction between the sodium and cyclopentadiene. The
evolution of hydrogen ceased before the last trace of sodium had reacted
and dissolved. Three milliliters of cyclopentadiene was added without
effect upon the unreacted sodium. By this time, the solution had turned
dark gray.

Anhydrous iron(II) chloride (0.25 mole) was added with stirring
to the solution of sodium cyclopentadienide. An additional 100 ml. of
tetrahydrofuran was added. The flask was heated on the Glas-Col heating

mantle until the solution refluxed slowly. Refluxing with stirring was
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continued for three hours. The solution was filtered while still warm
through a Buchner funnel.

The filtered solution was added to a 1-1. three-necked flask which
was supported in a Glas-Col heating mantle and equipped with a fine
capillary tube extending to the bottom of the flask, a water-—cooled cold
finger, and a water-cooled condenser with a receiver flask. The entire
system was vacuum-tight with the exception of the capillary tube which
was used for admitting nitrogen. The tetrahydrofuran was removed by
distillation under reduced pressure which was maintained by a water
aspirator. Nitrogen was passed through the capillary tube to aid the
distillation process.

After the removal of the solvent, the capillary tube was replaced
by a solid rubber stopper, and the side condenser was replaced by a vacuum
line which was attached to a Cenco Hyvac pump through a Dry Ice-methanol
cold trap. The flask was evacuated and heated with a heating mantle.
Approximately two-thirds of the ferrocene sublimed onto the cold finger.
The ferrocene which remained on the flask walls was dissolved in a
petroleum ether-diethyl ether solution. This solution was filtered and
evaporated to dryness.

The crude ferrocene was collected, dissolved in petroleum ether,
and recrystallized at -78°. The crystals were filtered from the cold
solution and air-dried on the filter. They were then transferred to an
all-glass sublimation tube and sublimed three times at 100° under a
moderate vacuum. The light-orange crystals melted at 170-172° in a sealed
tube which was evacuated (reported l73-l7h°).3 Ferrocene is not subject

to oxidation by atmospheric oxygen and was, therefore, stored under



19

air in screw-cap glass vials.

2. Bis-(cyclopentadienyl)cobalt(II)

Cobaltocene was prepared by the reaction of sodium cyclopenta-
dienide with anhydrous cobalt(II) chloride in tetrahydrofuran.2 Unlike
ferrocene, cobaltocene is rapidly attacked by atmospheric oxygen. As
a consequence of this behavior, a nitrogen atmosphere was maintained in
all of the apparatus used in this preparation. Operations which required
exposure of the solution or precipitates to atmospheric oxygen were
carried out as rapidly as possible. In order to minimize the time re-
quired to change parts of the apparatus while in use, an all ground-
glass Joint system was constructed.

A 1-1. three-necked flask was equipped with a mechanical stirrer,
reflux condenser, and a separatory funnel. After thoroughly drying the
apparatus, 4S50 ml. of dry tetrahydrofuran was added. Twenty-three grams
of sodium (1 mole) was reduced to shavings under tetrahydrofuran and
added to the flask. The oxygen was swept out with dry nitrogen. Sixty-
eight grams of dry cyclopentadiene (1 mole) was added batchwise with
stirring to the sodium over a period of thirty minutes. The flask was
cooled in an ice bath during this period in order to prevent an ex-
cessive loss of cyclopentadiene by vaporization. After stirring for
one hour, the ice bath was removed, and the reaction mixture was heated
gently to accelerate the formation of sodium cyclopentadienide.

After the last trace of sodium disappeared, the flask was cooled
in a stream of tap water. Sixty-five grams of anhydrous cobalt(II)

chloride (0.5 mole) was added with stirring. The solution was stirred
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overnight at room temperature and under a nitrogen atmosphere. The
tetrahydrofuran was removed by vacuum distillation following the trans-A
fer of the solution to a 1-1. Claisen flask. The condenser was cooled
with circulated ice water.

After the solvent was removed, nitrogen was admitted to the
evacuated flask. The cobaltocene was extracted from the solid material
in the flask with petroleum ether. The solution was placed in a Dewar
flask filled with Dry Ice to crystallize. The subliming carbon dioxide
provided a protective cover over the solution against oxygen.

The crude cobaltocene crystals were filtered cold on a Buchner
funﬁel and dried by pulling nitrogen through the funnel. The Buchner
funnel was covered with an inverted Pyrex funnel through which the
nitfogen was passed.

The crude material was transferred to the sublimation tube and
sublimed in vacuo two times at 130-160°. The sublimation apparatus was
flushed out three times with dry nitrogen prior to being heated to the
sublimation temperature. After each sublimation the almost black
crystals were rapidly scraped from the cold finger of the sublimation:
apparatus into a screw-cap glass vial which was immediately placed in
an apparatus for evacuation and filling with nitrogen. The vial was
closed in an atmosphere of nitrogen and stored in a refrigerator at o°.
The cobaltocene crystals were effectively protected by this procedure
from atmospheric oxygen during storage. See Chapter II, Section E, for
a description of this procedure and the apparatus used. Samples of

cobaltocene, which were stored for periods of time greater than a month,
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were resublimed before use.

The melting point was determined with samples in an evacuated
capillary tube which was completely immersed in heavy mineral oil in a
modified Thiele melting point apparatus. This method was required in
these measurements to prevent atmospheric oxidation of the compound and
to prevgnt the compound from subliming out of the tube. A 9-mm. Pyrex
tube was drawn down to capillary size on one end and sealed on that end.
A few crystals were added to the capillary section, and the large open
end was attached to a vacuum pump for immediate evacuation. The evac-
uated capillary tube was closed above the crystals with a flame and
pulled off from the larger tubing. Using this method, the cobaltocene

melted at 170-173° with decomposition.

3. Bis-(cyclopentadienyl)nickel(II)

Nickelocene was prepared by the reaction of cyclopentadienyl-
magnesium bromide with nickel acetylacetonate in toluene.l? An all
ground-glass joint apparatus was used for this preparation. A 1-1.
three-necked flask was equipped with a reflux condenser, a mechanical
stirrer with gas-tight bearings, and a separatory funnel. A bubble
tube was attached to the reflux condenser in order to detect gas evo-
lution.

Ten grams of thoroughly-dried Grignard-grade magnesium turnings
and 350 ml. of sodium-dried diethyl ether were added to the dry flask.
Nitrogen was passed over the ether for fifteen minutes to sweep out the
oxygen. With the reflux condenser cooled with water at 0°, 55 g. of

sodium~dried ethyl bromide was added over a forty-minute period. The
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formation of ethylmagnesium bromide started immediately. The ether was
allowed to reflux for thirty minutes after the addition of ethyl bromide
was completed.

Dry toluene (4S50 ml.) was added to the flask, and the ether was
distilled off through a distilling head which replaced the reflux con-
denser. Forty-five minutes were required to remove most of the ether
during which time the temperature rose to 92°. The system was again
flushed out with nitrogen and cooled in an ice bath. The distilling
head and condenser were replaced by the reflux condenser, and the
apparatus was made gas-tight. Thirty-five grams of éyclopentadiene was
added dropwise to the ethylmagnesium bromide solution.

The evolution of ethane, which indicated that the reaction of
cyclopentadiene with ethylmagnesium bromide was taking place, started
after the contents of the flask were warmed on a heating mantle. The
evolution of ethane could not be detected after one hour thus signifying
the completion of the formation of cyclopentadienylmagnesium bromide.
The reaction mixture was cooled in an ice bath.

A solution of 16 g. of nickel acetylacetonate in 350 ml. of
toluene was added dropwise to the cold cyclopentadienylmagnesium bromide
solution. The toluene solution of the nickel complex had been previously
dried by distillation to remove any toluene-water azeotrope. The final
reaction in which the nickelocene was formed was completed in three hours
by stirring at 30-35°.

The purification of nickelocene was carried out as rapidly as

possible in order to prevent excessive exposure of the complex to
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atmospheric oxygen. Regardless, a considerable amount of the compound
was lost by oxidation during purification. The toluene solution was
poured on a cracked ice-ammonium chloride mixture to decompqse any ex-
cess cyclopentadienylmagnesium bromide. The ammonium chloride-magnesium
bromide solution was then extracted several times with 1 1l. of diethyl
ether in 200-ml. portions. The ether-toluene extract was then extracted
several times with 700-800 ml. portions of water in order to remove the
light~yellow precipitate that remained in the organic layer. This
precipitate was undoubtedly the oxidation product of the nickelocene.

After filtration, the solution was evaporated to near dryness in
a Claisen flask with the aid of a water aspirator. The process was
accelerated by passing a stream of nitrogen through the solution by means
of a fine capillary tube which extended to the bottom of the flask. Care
was taken to prevent overheating the crystals which began to appear around
the sides of the flask as dryness was approached. The nickelocene was
dissolved in a minimum of petroleum ether, and the solution was filtered
immediately. The solution was placed in a Dewar flask filled with Dry
Ice to crystallize overnight. Again, the carbon dioxide formed a pro-
tective layer over the surface of the solution.

The dark-green needles of nickelocene were rapidly filtered from
the cold solution and added to the vacuum sublimation apparatus. After
evacuation for two hours with a Cenco Hyvac pump which was protected by
a Dry Ice-methanol cold trap, the apparatus was closed to the pump, and
the crystals were sublimed at 100°. The crystals were rapidly scraped

from the cold finger into a screw-cap glass vial which was evacuated and
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filled with nitrogen. The compound was stored under nitrogen in the re-
frigerator at 0°. No decomposition could be observed in unopened vials
after six months. Nickelocene was observed to be more resistant to
oxidation by atmospheric oxygen than was cobaltocene.

The melting point was mgasured in an evacuated Pyrex capillary
tube in the same manner as described for cobaltocene, m.p. 169-173° with

decomposition (reported 171-173° with decomposition).19

B. Preparation of Compounds to be Hydrogenated

1. Benzene

LaPine thiophene-free benzene was fractionally distilled in a
five-foot glass helix-packed column at 5:1 reflux ratio. The fraction
which was retained had a 0.1° boiling range and was stored over sodium
wire in brown screw-cap bottles, b.p. 79.3°/740-743 mm., n%? 1.5010

(reported b.p. 80.05-80.15°/760 mm., n%g 105011).35

2. (Cyclohexene
This olefin was prepared by the dehydration of cyclohexanol,Bh

A 1-1. round-bottomed flask was mounted in a Glas-Col heating mantle and
attached to a small reflux condenser. A distilling head with a ther-
mometer well was placed at the top of the reflux condenser. A take-off
condenser from the distilling head to an ice-cooled receiver flask com-
pleted the apparatus. Water at 76-78° was circulated through the reflux
condenser, and tap water was employed to cool the take-off condenser.

In each dehydration reaction, 600-700 ml. of Eastman white label

cyclohexanol was added to the flask.* Twenty milliliters of concentrated
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sulfuric acid was added, and the solution was heated until it boiled
gently. The reflux condenser permitted the cyclohexene (b.p. 83.2°/

760 mm.) and water which were formed to distil into the receiver, but
the unreacted cyclohexanol (b.p. 160.B°/760 mm.) was returned to the
reaction flask. The acidic alcohol solution was refluxed until ap-
proximately 80 per cent of the cyclohexanol had been dshydrated.
Attempts to carry the reaction farther resulted in the formation of
much decomposed material in the reaction flask. |

The cyclohexens and water from two such reactions were combined,
and excess sodium chloride was added %o the water layer to salt out the
olefin. The 1 1. of cyclohexens which was obtained was mixed with 1 1.
of drum-grade methanol, and the solution was added to the pot of an 8-ft.
Vigreux fractionation column. The methanol-cyclohexene azeotrope was
collected at a L:1 reflux ratios b.p. 55.6°/760 . 35 The above pro-
cedure was employed to effect a separation of the cyclohexene from any
cyclohexanol which was carried into the réceiver during the reaction by
entraimment.

The azeotropic distillate, which had a volume of 1400 ml., was
cooled overnight to 0° in a refrigerator. In order to remove the
methanol, the cold solution was washed five times with 40O-ml. portions
of distilled water which was also at 0°. The cyclohexene was dried by shak-
ing periodically for several hours with 1 1lb..of anhydrous.magnesium sulfate.
The filtered olefin was fractionally distilled through an 11-ft. Vigreux
column at a 6:1 reflux ratio. A trace of hydroquinone was added to

suppress polymerization, b.p. 82.3-82.4°/736-739 mn., n%? 1.4463
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(reported b.p. 83.2°/760 mm., ngg 1.hh67).33 The olefin was stored in

brown screw-cap bottles.

3. Nitrobenzene

Two liters of Eastman white label nitrobenzene was added to the
pot of a 13-ft. glass helix-packed fractionation column for fractional
distillation under reduced pressure. The pressure was controlled with a
flutter valve manostat. After properly heading the column, approximately
1.5 1. was collected at a reflux ratio of 8:1, b.p. 93.4-93.8°/16-17 mm.,

n%g 1.552l (reported b.p. 94.2-95.4°/16-17 mm.).33

L. Nitroethane

One kilogram of Eastman white label nitroethane was fractionally
distilled through a 13-ft. glass helix-packed fractionation column at a
25:1 reflux ratio, b.p. 112.9-113.2°/741-746 mm., nig 1.3911 (reported
114.0° /760 mmo,36 ngg 1.3910'37). The compound was stored in a brown

screw-cap bottle.

5. Acetone

Three pounds of Baker and Adamson reagent acetone was shaken with
0.1 g. of potassium permanganate and a few pellets of sodium hydroxide.
The solution was added to the pot of a 13-ft. glass helix-packed
fractionation column where it was boiled under total reflux for ten
hours. An additional ijig. of potassium permanganate was added, and

fractional distillation at a 10:1 reflux ratio was started after heading

the column.
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The distillate was shaken periodically over a six-hour period
with 0.5 1b. of 8-mesh Drierite and then passed through a 22-mm. diameter
column which was packed with 0.5 lb. of 8-mesh Drierite. The acetone
was filtered through a fine-pore fritted-glass funnel and stored in two
brown screw-cap bottles, b.p. 54.0-54.1°/740-743.5 mm., ngg 1.3592
(reported b.p. 56.1—56.26/760 mm. , n%? 1.35911).33

6. Ethyl Laurate

Ethyl laurate was prepared by the sulfuric acid-catalyzed ester-
ification of lauric acid (grdodecanoic acid) in ethanol.38 Eastman
white label lauric acid (2 moles) was dissolved in 1 1. of absolute
ethanol in a 2-1. three-necked flask. Twenty milliliters of concen-
trated sulfuric acid was added, and the solution was boiled for nineteen
hours under total reflux. Mechanical stirring was required during this
period to prevent the solution from bumping.

A 20-in. Vigreux column was attached to the flask. Five hundred
ml. of benzene was added, and the water-ethanol-benzene ternary azeotrope
was removed by fractional distillation.Bs The distillation was stopped
as the ethyl laurate solution started to darken. The ester was washed
three times in a separatory fumel with 1-1. portions of disti%led water
in order to remove the sulfuric acid, dried with anhydrous magnesium
sulfate, and filtered.

The ethyl laurate was purified by fractional distillation through
an 11-ft. Vigreux column under reduced pressure at a L:1 reflux ratio,

b.p. 180.5-181.2°/L42 mm., n2§ 1.L42%4 (reported b.p. 180.L4°/42 mm.).iﬁ
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C. Preparation of Solvents, Intermediates, and

Miscellaneous Compounds

1. gxclohexane

Matheson, Coleman, and Bell c.p. cyclohexane was passed through a
22-mm. diameter column which was packed with 12 ecm. of LA Molecular
Sieves in 1/16-in. pellet form (Linde Air Products Co.) and 30 cm. of
100-200 mesh activated Silica Gel (Davison Chemical Co.). A flow-rate
of 1.2 ml. per minute was employed. Water was removed by the Molecular
Sieves, and aromatic compounds such as benzene were adsorbed by the
Silica Gel. The cyclohexane was stored in brown screw-cap bottles and

used without further purification, nzg 1.4252 (reported n2]§> 1.4263).33

2. Cyclopentadiene

Dicyclopentadiene, which is a dimer of cyclopentadiene, can be
broken into two molecules of cyclopentadiene at the boiling temperature

of the dimer (170°) or above by means of a simple thermal cracking re-

0D = Q)

This method was used to prepare limited quantities of cyclopentadiene as

actions

needed because the problem of dimerization complicates the storing of the

compound. Cyclopentadiene will dimerize at 10° at the rate of 1 per

cent per hour and at -20° at the rate of 0.05 per cent per hour.l:l"39
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Storage must, therefore, be carried out at low temperatures in order to
prevent the accumulation of appreciable quantities of dicyclopentadiene.
The cracking of dicyclopentadiene was carried out by slowly dropping the
dimer into hot mineral oil and condensing the cyclopentadiene in a cold
receiver flask.

A 2-1. three-necked flask was fitted with a mechanical stirrer with
gas-tight bearings, a 125-ml. separatory funnel, and a 20-in. Vigreux
column with a total take-off head and a thermometer well. The Vigreux
tube was constructed from 19-mm. Pyrex tubing. A 200-mm. water-cooled
condenser was attached to the head of the column and extended down into
a receiver flask which was supported in a Dry Ice-methanol bath in a
Dewar flask.

Seven hundred milliliters of Nujol (heavy mineral oil) was added
to the flask with 0.2 g. of hydroquinone which tends to suppress peroxide
and polymer formation. The oxygen in the flask was flushed out with
nitrogen. Two hundred milliliters of dry dicyclopentadiene, which was
kindly supplied by the Enjay Company, Inc., Elizabeth, New Jersey, was
admitted at the rate of 7-10 ml. per minute to the rapidly-stirred
mineral oil which was maintained at 250° by means of a Glas-Col heating
mantle.

The cyclopentadiene, which rapidly evolved as the dimer made
contact with the hot oil, was efficiently separated from the uncracked
dimer by the 20-in. Vigreux column. A similar l}-in. column was found
not to function as well. Cyclopentadiene boils at hl°5°/760 mm. whereas

dicyclopentadiene has a much higher boiling point, 170°/760 mmo39 The
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dicyclopentadiene was returned to the hot oil for cracking while the
monomer passed through the Vigreux tube, condensed in the water-cooled
condenser, and collected in the receiver which was maintained at =78°,
Undoubtedly, some dicyclopentadiene was carried over into the receiver
by entrainment with the cyclopentadiene.

The yield of cyclopentadiene was estimated to be 70-80 per cent.
The compound was stored at ~78° in the tightly-stoppered receiver flask
in a Dewar flask filled with Dry Ice and methanol. A trace of hydro-
quinone was added to suppress peroxide formation. The olefin was
normally used within two to three days following the cracking operation.
The cyclopentadiene was dried by swirling with Drierite before it was
used in any of the reactions which were carried out under anhydrous

conditions.

3. Tetrahydrofuran

Du Pont technical tetrahydrofuran was fractionally distilled
through an 8-ft. Vigreux column at a 5:1 reflux ratio, b.p. 6L.5-65.0°/
743-745 mm. Iron wire was added to suppress peroxide formation.

An adsorption column was constructed for the further purification
of the tetrahydrofuran. The column was formed from a L-ft. length of
25-mm. Pyrex tubing with a 15-mm. coarse-pore fritted-glass funnel and a
stopcock séaled on the lower end. A syphon tube to the impure solvent
bottle was attached to the top of the column by means of a 3L4/L5 ground-
glass joint. The column was packed to a height of 11 in. with 100-200
mesh Silica Gel (Davison Chemical Co.) and to an additional 37 in. with

13X Molecular Sieves in 1/16-in. pellet form (Linde Air Products Co.).
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The distilled tetrahydrofuran was passed through the column at
the rate of 1 ml. per minute and stored in brown screw-cap bottles. No
hydrogen was evolved when the solvent was treated with freshly-cut

sodium.

L. Toluene

Toluene was used as a solvent only in the preparation of the bis-
cyclopentadienyl metal compounds and various intermediates and was not
required to be of high purity. Drum grade toluene was fractionally dis-
tilled through an 8-ft. Vigreux column at a 6:1 reflux ratio. The
fraction which was retained for solvent use had a 0.l degree boiling

range and was stored in brown screw-cap bottles over sodium wire.

5. Lauryl Alcohol

One hundred grams of Eastman technical lauryl alcohol (dodecanol-l)
was fractionally distilled at reduced pressure through an 11-ft. Vigreux

colum at a 5:1 reflux ratio, b.p. 150-151%/18-19 mm., 0% 1.L400.

6. Nickel(II) Acetylacetonate

Two methods were employed to prepare the chelate compound between
divalent nickel and acetylacetone (2,L4-pentanedione). The first method,
which was devised by Gach, involved the reaction of one mole of freshly-'
precipitated nickel(II) hydroxide with two moles of acetylacetone.ho
Nickel(II) hydroxide was prepared by two methods. The hydroxide was
precipitated from solutions of Baker and Adamson reagent nickel(II)
nitrate by (1) passing ammonia into the solution until the blue

Ni(NHB)éI ion started to form, and (2) by adding sodium hydroxide
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solution. The precipitated nickel(II) hydroxide was washed with acid-
ified distilled water and dried at 110°.

Nine grams of dry nickel hydroxids, Ni(OH),-% HyO, was refluxed
for forty minutes with 22 ml. of distilled Eastman practical acetylacetone
in 250 ml. of toluene. The water which formed in the reaction was removed
by azeotropic distillation of the binary water-toluene azeotrope, b.p.
8h.1°/760 mm.35 The saturated toluene solution of nickel acetylacetonate
was diluted with diethyl ether and allowed to stand in the refrigerator
for crystallization. The blue-green crystals were filtered, washed with
ether, and dried at 110°. A 50 per cent yield based on nickel hydroxide
was obtained.

A second method was devised in order to eliminate the problem of
preparing nickel hydroxide which is difficult to wash free from alkali
and to dry. This procedure entailed refluxing readily available nickel(II)

carbonate with acetylacetone in toluene solution to give the following

reaction:
N1003 .0 H05H702 -» Ni(05H702)2 ¥ HO ¢+ COy

Nickel (II) carbonate is insoluble in toluene whereas the acetylacetonate
chelate is soluble.

Thirty grams of Baker and Adamson reagent nickel(II) carbonate
was refluxed for five hours with 65 ml. of distilled acetylacetone in
500 ml. of drum toluene. The solution volume was then reduced to 350 ml.
by distilling part of the toluene. The solution was diluted with diethyl

ether and allowed to stand in a refrigerator at 0° for crystallization.
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The crystals were filtered, washed with ether, and dried at 110°. Nickel
acetylacetonate was found to sublime at 170-180° in vacuo. The success
of this new synthesis was confirmed by a carbon-hydrogen analysis.*
Calculated for Ni(CSH702)2: C, L6.75; H, 5.49. Found: C, L46.75; H, 5.31.

7. Anhydrous Iron(II) Chloride

Approximately 50 g. of Baker and Adamson reagent iron(II) chloride
tetrahydrate was pulverized and added to a 500-ml. round-bottomed flask
which was mounted in a Glas-Col heating mantle and attached to a Cenco
Hyvac pump through a Dry Ice-methanol cold trap. After flushing out the
system with nitrogen, the salt was maintained at 200-250° in vacuo for

eight hours. The product was stored in a tightly-closed screw-cap bottle.

8. Anhydrous Cobalt(II) Chloride

One hundred nineteen grams of Baker and Adamson reagent cobalt(II)
chloride hexahydrate was pulverized and added to the same apparatus as
used in the dehydration of iron(II) chloride. The salt was maintained
at approximately 300° or slightly below for seven hours under vacuum.

The progress of the dehydration was followed by observing the accompanying

change in the color of the salt from pink to blue.

*The analyses were made by the Weiler and Strauss Microanalytical
Laboratory, Oxford, England.
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D. Cylinder Gases

115 gxdrogen

Hydrogen was obtained in 2000-psi. cylinders from the National

Cylinder Gas Company and was used without further purification.

2. Nitrogen
Nitrogen was obtained from the National Cylinder Gas Company.

When dry nitrogen was required, the gas was passed through a 22-mm.
diameter column which was packed with 0.5 1b. of L-mesh indicating

Drierite.

3. Carbon Dioxide

A cylinder of carbon dioxide was obtained from the Pure Carbonic

Company.

E. Procedure for Handling Cobaltocene and Nickelocene

Both nickelocene and cobaltocene are susceptible to oxidation by
atmospheric oxygen, and, for this reason, they must be stored in an inert
atmosphere. If possible, they should be handled only in an inert atmos-
phere. Experience has shown that exposure to air for periods of time less
than thirty seconds does not produce detectable deterioration of the
compounds. As a result of this finding, the transfer of nickelocene or
cobaltocene from the storage containers to the reaction vessels was made
quickly in air. Except in a few cases, the crystals were added to a

liquid in the reaction wessel. The liquid served to prevent contact of
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the compounds with oxygen until the reaction vessel could be swept out

with hydrogen.

The general method which was employed for handling these compounds
is hereby glven. The nitrogen-filled glass storage vial was removed
from the refrigerator, allowed to warm to room temperature for at least
one hour, and weighed. The desired amount of crystals was rapidly trans-
fered with a spatula from the vial to the reaction vessel. The vial was
immediately closed and reweighed in order to obtain the weight of com-
pound which was removed.

The glass vial was then slipped into a loop of pipe-stem cleaner
which fitted snugly around the vial. A length of copper wire was at-
tached to the loop so as to form a handle or bail. The cap of the vial
was loosened one-half turn, and the entire assembly was lowered into a
tube which was constructed from a Pyrex 45/50 ground-glass joint. The
inner joint was pulled down to a round end, and the top outer Joint was
joined to a length of 10-mm. Pyrex by means of a taper seal. The
vacuum-tight vessel was attached through a three-way "TI" stopcock to a
nitrogen tank and to a Cenco.Hyvac pump . |

The system was alternately evacuated for ten minutes with the pump
and filled to 15 psi. with nitrogen. This cycle was repeated three times.
- After the final filling with nitrogen, the joint was disengaged, and the
vial was lifted to the top of the tube where its cap was instantly
tightened, thus leaving it filled with nitrogen. The vial was returned

to the refrigerator for storage.
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The reaction vessel to which the bis-cyclopentadienyl metal com-
pound was added was closed and swept out with hydrogen during the evac-

uation of the glass vial.

F. Sublimation Apparatus

An all-glass vacuum sublimation apparatus was constructed from
a Pyrex L5/50 ground-glass joint (See Figure 1). A 125-ml. Pyrex flask
which served as the crude sample container was sealed onto the inside
joint which comprised the bottom of the apparatus. A cold finger, which
was constructed of 17-mm. Pyrex tubing, extended through a ring seal in
the outside Jjoint into the lower half of the apparatus. When the appara-
tus was separated following a sublimation, the crystals on the cold
finger were exposed for easy removal. The vacuum line was attached to
a vacuum stopcock which was sealed to the upper section of the apparatus.
The entire assembly was annealed for two hours at 560° in an annealing
oven.

Apiezon "T" stopcock grease was found to be the most satisfactory
lubricant for the large L45/50 joint. This grease has the proper viscosity
and low vapor pressure for use up to 110°. Since the liquid level of
the mineral oil bath which was used to heat the sublimation apparatus
came only to within 2 in. of the joint, the joint itself was never
heated above 50-70°. A Teflon sleeve, which was obtained from the
Fischer and Porter Coméghy, was tried as a possible means of sealing
this joint. The joiﬂf.was not sufficiently vacuum-tight when the sleeve

was used to permit sublimation of materials which were attacked by oxygen.
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However, the sublimation of stable materials under a moderate vacuum
might be carried out successfully with this type of seal present in the
system. The great advantage in using the Teflon sleeve is the complete
absence of contamination of the sublimed product by stopcock grease.
The sublimation apparatus was most successful in the sublimation
of the bis-cyclopentadienyl metal compounds in that it was completely
vacuum-tight, and compounds underwent no oxidation while being sublimed

in this sytem.

G. Hydrogenation Apparatus

l. Steel Reaction Vessel

A steel reaction vessel or "bomb" which had an internal volume of
52.9 ml. was employed for studying the reaction of hydrogen with the
bis-cyclopentadienyl metal compounds and for carrying out the hydrogenation
of unsaturated compounds (See Figure 2). The reaction vessel was custom-
made by the American Instrument Company and had been previously cold-
tested to 15,000 psi. by them. The bomb was closed by means of a copper
gasket mounted on the bomb head. Six Allen-head thrust bolts, which were
greased with graphite, held the head and gasket against the gasket seat
on thg bomb proper to make the pressure seal. A 3-in. section of pressure
tubing was Joined to the head of the bomb for the attachment of pressure
gages.
| The reaction vessel was used both with and without glass liners.
In the event no liner was used, a stem of pressure tubing, which extended

from the center of the head into the bomb with the end bent toward the
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wall of the vessel, was attached to prevent liquids from flowing into
the head of the bomb. This section of tubing decreased the free volume

of the bomb by 2.5 ml.

2. Temperature Measurement

The temperature of the reaction vessel was obtained by means of
an iron-constantan thermocouple which was inserted in a 3-in. thermo-
couple well in the back of the bomb. A length of pipe-stem cleaner was
wrapped around the thermocouple over a 3-in. section up to within 1 in.
of the hot junction in order to secure the wire in the thermocouple well
and to prevent fraying of the insulation as the bomb was rocked on the
shaker. The potential difference was measured by a Leeds and Northrup
portable potentiometer which was sensitive to 0.0l mv. A correction was
instrumentally added to the millivolt readings to extend the cold Junc-
tion from room temperature to a hypothetical 0°.

The thermocouple was not calibrated. Instead, the values of
electromotive force as a function of temperature as obtained by Roeser
and Wensel of the National Bureau of Standards for the iron-constantan
thermocouple system were plotted and used to convert the observed
electromotive force to temperature.hl This procedure was Justified
because of (1) the limited precision and accuracy of the potentiometer,
and (2) the existence of temperature gradients within the reaction
vessel. At best, the temperature was measured to within #0.2° when
the bomb was at a constant temperature. The error due to the temper-
ature gradients was undoubtedly larger in the measurements which were

taken as the bomb was being heated or cooled.



3. Pressure Measurements

The Bourdon-type gage was used exclusively for measuring the
total pressure within the reaction vessel. The followlng gages were
employed:

(1) Laboratory Test Gauge, range 0-1000 psig., gage vol. 13.6 ml.

(2) Ashcroft Duragauge, range 0-1000 psig., gage vol. 2L.L ml.

(3) Ashcroft Duragauge, range 0-2000 psig., gage vol. 11.8 ml.

(4) U. S. Gauge Co. Supergauge, range 0-5000 psig., gage

vol. 11 ml.
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