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I. INTRODUCTION

The purpdse of this work is to study the chemistry and
properties of cyclopentadienyl-cobalt compounds. Interest in
this fleld was aroused by the intensive work that had been
done in preparing and characterizing the remarkable 7 bonded
transition metal-cyclopentadienyl compounds.

The fact that the cobalt(II) and cobalt{III) dsrivatives
were étabie; and that radioactive cobalt-60 waskavailable,
made radiochemi¢al‘studies of these species attractive. The
measurement of the lebility of the cobalt to ring bonding,{ahd
the electron exchange between the two bis(7 -cyclopentadienyl)
cobalt Spécies was performed using this technique. The strong
reducing properties of.bis(7r-cyclopentadiényl)cobalt(II),
kCSHS)aco, arising from its unpaired electron, were
investigated through the reaction between oxygen and (CEHS)ZCO
in organ@c solvents. An effort was made to measure the
kinetics and isolate intermediates of this reaction.

A new classg of cyclopentadienyle-cobalt com?ounds was
obtained from the reaction between (C5H5)2C° and halogengted
hydrocarbons. Physical and chemical measurements were carried
out on (C5H5)2(CCI3)CO, which was obtained from the reaction of
(CSHB)ZCO and carbon tetrachloride, to elucidate the
gstructure, bonding and the mechanism of formatién of this

compound and its analogues.
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IT. REVIEW OF LITERATURE

Due to the instability and scarcity of organometallic
compounds of Groups IIIA-VIII (1), the discovery of the ‘
vnusually stable bis(IT -cyclopentadienyl)iron(II) (2, 3)
initiated an intensive effort to determine the physical and
chemical properties of this compound. From X-ray (L, 5),
infra red and magnetic data (6), it was found that the if;n
atom was symmetrically placed between parallel cyclo=-
pentadienyl rings. This has appropriately been described
by Wilkinson as a "sandwich" structure. The nature of the
metal-ring bonding is the subject of considerable controversy,
however, sll proposed models require the availability of d
orbitals. This condition 1s satisfied by the transition
"metals, all of which have been shown capable of forming such
cjclopentadienyl derivatives.

The metal-cyclopentadienyl compounds that have been
characterized thus far can be divided into three general
classes according to the type of metal-carbon bonding. Ionic
cyclopentadienyl compounds such as (GSH5)K (7) and (CSH5)MgBr
(8) have long been known. It has been recently pointed out
that the electropositive elements in genersal may be expected
to form sal%s of the (C5H5)- ion, and ionic derivatives of
scandium, yttrium and several of the rare earth elements of
the formula (05H5)3M have been described (9, 10). Tﬁé ioniec
(GSHS)éMn (ll)vhas also been prepared. These cbmpounds are
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characterized by their high melting points, thelr reactivity
with ferrous chloride to f&rm (CsHS)ZFe, and the producticn of
cyclopentadisne and metal hydroxides with water. The magnetic
susceptibilities also indicate ionic bonding.

Elements such as copper, mercury (12), silicon (13) and
lead (1ly) have no readily available d orbitalé and form cyclo-
pentadienyl compounds which are not of the "sandwich" type.
The metal-ring linkage is of the type usually found in
orgenometallic compounds, with the metal atom bonded to a
particular carbon atom in the ring. This is féferred to as @O
bonding. The reaction of these compounds with maleic anhydride
to form Diels-Alder adducts demonstrates that the rings have
retained their diene character. |

The third class of metal cyclopentadienyi compounds are
those formed with Group IVA-VIII metals and whose bonding is
typified by (CSHE)ZFG‘ The central metal atom does not form
localized metal-carbon bonds but is considered to be bonded
to the entire cyeclopentadienyl ring. These delocalized bonds
are thought to be formed between the metal and the ring
electron éloud and are called M bonds. Becauss of 1ts great
sﬁability, (CSHE)EFe has been ﬁsed most freqﬁently in physical
and chemical studies. It has been shown that its properties
are those of the entire class and can be extended to the
numerous analogues.

Bis(Tr -cyclopentadienyl)iron(II) and its analogues

behave as typical covalent cdmpounds. They %re soluble in
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common organic solvents, may be steam distilled;, and sublime
at relatively low temperaturés (56-100°C)., The similarity

in physical properties is strikingly i1lustrated by the
melting points Which are all at or within a few degress of
17309 for metals of Period IV, ' It has been shown by Fischer
and his collaborators (15-17) %hat the bis-T -cyclopentadienyl
derivatives of magnesium, vanadium, dhromium, iron; cobalt
and nickel crystalize in the monocliniéisystem, space group
PZl/c, and have very similar unit cell dimensions. Thus the
same geometrical arrangemsnt must apply to all.

Great similarity is also shown from the infra-red
spectra of these compounds (18-20). The infra-red and Reman
spectra of (05H5)2Fe, (C5H5)2Ni and (CSHS)ZRu have been
analyzed in detail by Lippincott and Nelson (21, 22). By
including in thelr study the completely deuterated”derivative
(CEDS)ZFe; they were able to assign all the absorptions with
the exception of a group of medium-strong bands around
1700cm™t,

The most striking feature of the spectra is their
simplicity, which arises from the high symmetry of the
molecules. There are only five strong bands; a C-H stretching
frequency at 3075(:111'l which is in the region for aromatic C-H

bonds; C-H bending frequencies at 811 and lOOZcm'l; and bands

1 which are attributed to antisymmetrical

at 1108 end 1ll1llem”
ring breathing and C-C stretching vibrations respectively.

The thermodynamic stability of the bis(Il -eyelopenta-
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dienyl)-metal compounds has been assessed for (CSH5)2F9 and
(CSHE)éNi by measurement of the heats of combustion (18, 23).
From these values the standard heats of formation are

deduced to be +33.8 and +62.8 kecal mole ™t respectively.

From the vibrational spectra of the gaseous molecules (21)
and the heats of sublimation (24), values of +40.7 and +62.8
were obtained. By using these data to estimate their heats
of formation and correcting for the energy required to
promote the electrons into their valence'states, values were
calculated for the metal-ring bonding energies. These are
-273 and -151 kcal mole~1l for (CgHg) Fe and (CgHg) N1 (25)
respectively. The large difference in energy is reflected in
the longer metal-ring distance in (C5 5) Ni and the greater
reactivity of this compound.

The thermodynamic stabllity of the compounds of»other
metals has not been determined, but it is reasonablé'to
assume on the basis of theory and X-ray data that (CSHS)ZCO
will be of intermediate stability between (CSHS)ZFe.and ~
(05 5)ZNi. The oxidation potentials of a number of
bis(TT -cyclopentadienyl)-metal compounds have been determined
(18, 20, 26-28). Most of them are similar to the potentials
for the free ions and related complexes.

Several methods have been developed for the preparation

of these compounds (2, 20, 29, 30), the most useful being:
1. + 2(CeHp)MgX —> (C.H.) 5 + 2MgX
¥Xn 5y si5) Mn.p + 2k,
2. MK, +.2(CiH )Na —> (CSHS)ZMXp-z + 2NaX



3. M(sCN), + 2(CgHg)Na 3, (CBHS) M + 2Na(SCN)
NH3 2

in wﬁich M equals transition metal ions and X equals halogens.
The direét reaction of cyclopentadiens with iron has been
reported (3); the low yield which result from the high
temperatures (375°C) which are required preclude its use for
the less stable derivatives. The gas phase reaction of a
metal carbonyl and cyclopentadiene has besen employed
successfully in the preparation of (C5HS)20r (31). However,
the ylelds for other metals were extremely low.

Although unsuccessful in this respect, the carbonyl
method produced a ﬁew class of cjclopentadienyl compounds in
which only one ring was T bonded to a transition mstal atom,
Compounds such as [05 5W(CO) ] (31), C g 500(0012 and
[05 SFe(CO) ] were prepared by Wilkinson and were regarded

as intermediate in character between bis-Ti -cyclopentadienyl

- derivatlves and metal carbonyls. Fischer end his associstes

prepared similar derivatives of other metals (32-3l) by the
reaction of bis(W -cyclopentadienyl)-metal compounds with

on monoxide (100-250 atm and 7100°C). Other methods foi

aring these compounds have been repdrted (35, 36). It is
of interest that hydrides such as C;Hscr(CO)3H were érepared

(3l4), analagous to the simple metal carbonyl hydrides
Co(CO)uﬁ. Cyclopentadienyl-metal-nitrosyls (37, 36)-and
carbonyl-nitrosyls (34, 39) have also been reported.

/ , ‘ 1
Jaffe and Doak (40, 41) have discussed the instability



of simple O bonded alkyls and aryls of the transition metals

in terms of molecular orbltal theory. The ionic resonance
energy conﬁfibut%pns are small because of the small difference
in electronegativity between carbon and the metals. Calculated
overlap integrals for suitable metal orbitals and the sp3
hybrid atomic orbitals of carbon are smell for transition metals
using sd® orbitals compared to Group B metals which can use

spn hybrids.

Summers and Uloth (42) have demonstrated that aryllithium
compounds replace the halogens in [(CgHS)ZTi]Giz to form the
neutrai diaryl derivatives in which, presumable, the aryl
groups are O bonded to the metal. Fischer (L3, hﬁ) and Piper
(45-47) have since reported the preparation of several
compouhds in which aryls and alkyls were ¢ bonded to the
metal of“ﬂ'-cyclopentadienyl4metal-carbonyl compounds. The
stabllity of‘these O bonded groups has been qualitatively
explained (47). In order to form a stable & metal-carbon
bond strongly directed orbitals are necessary. These may be
’obtained by adding considerable p character to the normal
sd® orbitals; a condition that is fulfilled in the
"sandwich" compounds.

To compléte the descriptibn of the various types of
organometallic compounds whidh are related %o (CSH5)2F6,
mention must be made of the metal-idenyl systems and Fischer's
amazing metal~benzene compounds. Indeng, which can be _

thought of as cyclopentadlene with a benzene ring fused to it,



8

forms a less stable series’of derivatives similar to the
cyclopentadienyl-metal compounds (48-51). Due to the decreased
stability of the indsnyl system, it is not surprising that
derivatives of fluorene have not been prepared.

The prediction of Longuet-Higgins (52) that benzene
could form "sandwich" compounds was realized when Fischer and
Hafner (53, 5Sl) prepared di(W -benzene)chromium(G). The
compound was formed by the following reaction using aluminum

chloride as a catalyst:’

CyHy + CrCly + AL ——>  Cr(Cgly), + A1C1;.

The chromium and molybdenum (5l) compounds are quite stable
and crystalize in the cubic system (55). The physicel and
chemical properties of this system have been studied and
found to be analagous to the cyclopentadienyl-metal systems.
Recently, Zelss and Tsutsui_(Sé) completed a study of the
"polyphenyl" chromium compounds first described by Hein in
1919 (57-59). These for many years have been considered
esnomalies in the organometallic chemistry of the transition
metals because of their great stability. They have shown that
these compounds are not phenyl in nature but that they are the
di(w -biphenyl) and (W -benzene) (T -diphenyl) analogues of di
(TT -benzene ) chromium(0).

The view held by‘thefAmerican school is that the rings
in IT bonded "sandwich" compounds undergo typical aromatic

substitution reactions. This has been contested by the German



researchers. In an early paper (60), Woodward et al. demon-
strated that (CSH5)2Fe undergoes Friedel-Crafts acylations.
They showed that the rings lost their diene character; they no
longer reacted with maleic anhydride to form Diels-Adler
adducts. The fact that (05H5)2Fe could not be hydrogenated,
whereas benzene could, led them to suggest that in this sense
(CSHS)ZFe was more gromatic than benzene. The metallation
(61, 62) and sulfonation (63) of (05H5)2Fe, the single
aromatic like C-H stretching frequency from infra-red data,
and the identical C-C bond distance for these compounds and
benzene, have been takeﬁ as further proof of the aromatic
nature of the rings.

The opposite view has been expounded by Fischer (cu, 65).
The fact thaﬁ'(CEHs)zFe cannot be hydrogenated and that the
indenyl analogue 1is feduced to bisg(T -tetrahydroindenyl)iron-
(IT) is taken as evidence that the T ring electrons are tied
up by the metal and are not readily available for aromatic
substitﬁtion. Further support for this claim is that
[(05H5)2001+ cannot be ozonated, nitrated or sulfonated and
that di(T -benzene)chromium(0) will not undergo metallation
reactions or the Chichibabin reaction. The fact that Friedel-
Crafts acylations have been successfully performed on non-
aromatic cyclic systems leads Fisgcher to conclude that the
acylations reported by Woodward et al. (60) were of this type.
In rebuttal, Cotton and Wilkinson (66) arguenthat‘the reason

for the lack of halogenation, nitration and gsulfonation is that
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2
unipositive ions making electrophylic substitutions virtually

compounds such as (CSH5) Fe and (CSHS)ZCO are oxidized to the

impossible., The arguments regarding the aromatic nature of
the rings are closely related to the disagreement between the
two schools sbout bonding in these compounds.

One of the first proposals for the structure of
bis(W =cyclopentadienyl)iron (6) suggested that the iron atom
attained an inert gas configuration (krypton) by the donation
of five electrons from each ring to the valency shells of the
metal. Others (L) suggested that the iron atom formed thres
electron pair bonds with each ring, the six metal bonds being
directed to corners of an octahedron (dasp3 hybridization).
Jaffé'(67), using a molecular orbital approsach, suggeéted
that 16 electrons are invol%ed in the bonding.

A new molecular orbitsl model, proposed by Dunitz and
Orgel (68) and later amplified by themselves (25) and by
Moffitt (69), has gained wide acceptance from American and
British researchers in the field. According to this theory
a single delocalized covalent bond links the metal to each
ring. If the five linearly independent 3d orbitals of a
metal of Period IV are consldered, they may be distinguished
by the components of angulaer momentum which they have about
a givenlaxié (m1 =0, t1, £ 2). The Dunitz-Orgel-Moffitt
theory shows that only the pair having m = * 1 has the same
transformational properties and al so approximately the same

energy as one of the available orbitals in each of the
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cyclopentadienyl rings; this is the condition for strong
bonding. One of thege orbitals of the metal will combine with
the appropriate orbital of each ring to give a strongly bonding
(and aﬁti-bonding) molecular orbital. ZXach ring is considered
as a whole so that the metal-ring bond is delocalized; the
metal is not bonded to any single carbon atom.

Another requirement (69) is that the Ls and the 3d
(ml = 0) orbitals, both of which have the same transformational
properties, hybridize to form a bonding and anti-bonding
orbital. This is brought about by the coulombic repulsion
due to the rings in regions where the metal lLs and 34
(m1 = 0) orbitals have high density. Of the peair of hybrids
produced only the bonding orbital is occupied in (CSHS)zFe‘
The energy of the anti-bonding orbitel is high, approximately
equal to the Lip orbitals'in the metal. Compounds such as
(CSHS)ZC° have an electron in this orbital accounting for the
strong reducing properties of the éompound. The Ls=-34
hybridization is necessary in order to explain the magnetic
properties of the "sandwich" compounds.

The independeﬁce of thé tWo rings suggests that they are
"Pree® to rotate with respect to one another., ‘This has been
substantiated by electron diffraction (70) and nuclear
magnetic resonance data (71) on (CSHS)ZFe and dipole moment
measurements on bis(M -acetylcyclopentadienyl)iron(II) (72).
Purely chemical evidence for the "free" rotation is

demonstrated by the fact that no rotational isomers have been



12

isolated. Another important implication of this theory is
that the rings retein a high degree of W character because
only one eledtfén from each ringbisﬂutilized in the bonding.
The attainmenp by a metal of an inert gas configuration is of
1ittle consequaf*ce The preparation of [(cgmg) ,11]™ in wnich
the titanﬂum'caﬁnot attain the krypton structure is taken as
confirmatory eﬁidence for this view. 

Fischer (L, 6l., 73-76) and his collaborators have
conglstently maintained that the attainment of the inert gas
structure, and bending similar to d?-sp3 bonding are the
‘important‘factors in the stability of the M bonded compounds.
Ruch (77) has calculated overlap integrals for these
compounds and claims that the theory discussed previously has
neglected certain important interactions. Only preliminaryb
‘reports of these views have been published (73, 76).

The implications of Fiséher'é model are that the rings
are not aromatic because the reqﬁiremenf for d23p3 bonding
removes much of the M electron density. Also, the p orbitals
. of the metals should be filled, which was not the case in the
previous treatment. Evidence to support the view of filled p
orbitals is given by Yamada et al. who have measured the
dichroism of (C5H5)2Fe (78) and more particularly from the
gtudy of X-ray absérption edges (6lL) of various compounds. If
one congiders that the cyclopentadienyl ion donates six
electrons to the mgtal ion, as Fischer does, the metal in.

cyclopentadienyl-metal carbonyls attains an inert gas
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configuration (the previous method gives 1l electrons). The
attainment of inert gas structures by metals in metal
carbonyls has long been recognized (79). Ruch has claimed,
but to date has not provided data, that the inability of the
theory to correctly predict the magnetic properties of
(CSH5)2N1 and "free" rotation of the rings has been overcome,
(76). o

Linnett (80), using the method of equivalent orbitals
and data on overlap integrals calculated by Dunitz and
Orgel (25), concludes that the views of Fischer and Moffitt
are not as different as is somstimes supposed. The
calculations performed by Linnett involved the transfor-
mation of the familiar molecular orbitals, used by Dunitz and
Moffitt, into a new (equivalent) set, which provided an
alternate description of the electronic wave function. .From
this treatment the system 1s described as having three
electron pair bonds to each ring, the electrons favoring
positions closer to the ring than to the transition metal.
The rings are free to rotate. Three orbitals, which to a first
‘approximation are non-bonding lie in the plane between the
rings. It is claimed that the new wave function represents
the system more accurately because equivalent orbitals, as a
rule, dc not have large absolute values in the same spacial
. regions.

Linnett concurs with Fischer in the belief that the 18

electron rule is important, but not indespensible, to theb
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stability of these systems. Compounds having fewer than 18
valency electrons will have vacancies in the three non- .
bonding orbitals; for [(CEH5)2T1]++ these would be entireiy
emptye.

The work presented in this thesis deals only with
cyclopentadienyl~cobalt compounds. A brief review of the
work done in this field to date will now be described.

Bis(M -cyclopentadienyl)cobalt(II) is a typicalT
bonded system (18, 81). It melts at 173°C, is soluble in
orgaenic solvents yielding red-brown solutions, and is
insoluble in water. Crystal structure determination (81) has
shown that it crystalizes in the monoclinic system with
Co-C = 2.00X,and C-C = l.hlﬁ. It has one electron ﬁore/than
(C5H5)2Fe and 1s therefore paramagnetic and a stroﬁg reducing
agent. Bis(T -cyclopentadienyl)cobalt(II) is oxidized by
oxygen and dilute acids to form the bis(W -cyclopentadienyl)-
cobalt(III)ion, [(C5H5)ZC°]+’ ng = -1,16 vs. saturated
calomel electrode (27).

This ion (82, 83) is isocelectronic with (CSHS)ZFe and is
analagously diamagnetic and very stable. The ion cannot be
dastroyed by boiling in aqua-regia, concentrated sulfuric acid
or nitric acid, but is destroyed by fuming perchloric acid.
Salts of [(CSHS)ZC°]+ are ionic and very soluble in water giving
yellow solutions. It has been impossible to crystdlize the
comnon salts from aqueous solutions, however, salts containing

large anions have been crystalized (picrate, dinitrophenolate
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and triiodide and in this research the perchlorate was
crystalized). The ion behaves like a large unipositive
Group IA ion, it can be precipitatedAby chloroplatinic acid,
silicotungstic acid (83) and sodium tetraphenylbeorate (82).
The ionigzation constant of [(CBHS)ZCO]OH has been measured
and found to be 8.2 x 1073, The crystal structure of

[ (CgHS)ch]Cth-is at present being determined (8L). It
crystalizes in the tetragonal system, a = b 18.34K and

e = 13.612, having the Il/mem space group. ’

Piper et al. (38) and Fischer and Jira (85) have prepared
CSHSCO(CO)Z' The former has shown that the carbon monoxide
groups can be replaced by P013 and P(SCN)3 and that the ring
is ™ bonded to the metal. Bis(W -indenyl)cobalt(III) ion was
prepared (26, 49) end behaves similarly to the [(05H5)2001+
ion. The oxidation potential of the indenyl compound was
determined polarographically and found to be =-0.61 vols Vs.
standard celomel electrode (26). which indicates that the
cobalt(II) indenyl compound is more stable to oxidation than
the corresponding cyclopentadienyl compound. |

Complete surveys of the work done on the M-
cyclopentadienyl compounds can be found in review articles

written by Pauson (86) and by Fischer (&7).
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IIT. APPARATUS, MATERIALS AND ANALYSES

A. Apparatus

1. Dry boxes
A vacuum dry box built at the Ames Lab was used to prepare

solutions in the electron exchange study. The box wasbevacuated
twice to 100 4 Hg and filled with argon (99.99%) after each
evacuation. |

All other work requiring e dry box was preformed in a
steel Blickman dry box. This box consisted of two chambers, a
main working chamber equipped with neoprene gloves and a
window, and a smaller chamber from which air‘couid.be removed
rapidly. The two sections were separated by a gas: tight door.

Articles to be taken into the dry box were placed in the
small chember and helium (99.99%) was passed through the
chamber at a repid rate for one hour to remove the air. The
articles were then passed into the main box in which a dry
helium atmosphere was élways maintained.

2. Counting equipment

Radiochemical analyses were made using a Traceriab type
TG-2/1B8l Geiger-Mueller counting tube and a Nuclear
Instrument and Chemical Corporation model léu scaling unit.
The counting tube had a mica end window of 1.8 mg/cm2
thickness and all of the counting data were taken using the

same lead housing, plastic counting mount snd aluminum sample
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holder.

3. HExchange sapparatus

The problem of measuring the electron exchange kinetics
between (C5H5)2Co and'(CSH5)200010u was complicated by the
fact that the half times for the reaction were fast and that
(CSHE)ZCO was unstable in air,

A system was built which divided a reacting solution
into slx samples, which could be gquenched individually at‘the
operator's discretion. The apparatus was cabable of quenching
one sampie évery 30 seconds with an accuracy of ¥ 1 second.
This made it suitable for ﬁeasuring half times greater than
one minute. It was also designed so that it could be filled
with an inert atmosphers.

To fulfill the requirement of obtaining speedy sampling
and quenching in a closed system, it was neceésary to build a
complicated piece of equipmenﬁ. A full discussion of its
congtruction and operationnis given in the appendix.

The cobalt exchange reaction between ‘}C;HE)ZGO]Cth and
the cobaltous lon was carried out in a 500 milliliter
erlenmeyer flask fitted with a ZM/AO’standérd taper. The
flask was made opaque to light by spraying,it;several tiﬁes
with black "Krylon" acrylic spray.

An appéraﬁus (Figure 1) was designed to measure exchange
rates with half times greaﬁér than 30 minutes and was
particularly well adapted for studying reaétions'from_which air

and water had to be carefully excluded. This spparatus consists
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W//—s“#zo HYPODERMIC NEEDLE

————— RUBBER SERUM CAP
MERCURY

Figure 1. Exchange apparatus for the study of slo{rﬂ ;e”actions
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of a 200 ml round bottom flask, a 50 ml bulb with a "drip tip"
and a rubber serum cap covered with mercury. The hybodermic
needle and syringe in Figure 1 demonstrates the procedure for
removing samples from the flask.

One of the two reacting solutions and a "teflon" covered
magnetic stirring bar were placed in the 200 ml flask. The
other reacting solution was placed in the 50 ml bulb. If the
reaction required an inert atmosphere, this operatlion was
performed in a dry box. The apparatus was placed iﬁ a constant
temperature bath and the solution in the 200 ml flask was
stirred with a magnetic stirrer. After two hours the 50 ml
bulb was rotated 180 degrees about the 2l/1,0 standard taper
end the solution it contained emptied into the main vessel.
This time was taken as the start of the reaction. At
appropriate times, samples of solution were removed for
analysise

The method of removing samples consisted of piercing the
rubber cap with a six inch #20 hypodermic needle and
withdrawing the deslred amount of solution into a syringe.

The needle was removed from the flask and the mercury on top
of the cap covered the hole produced so that no air or water
could enter the system.

If the pressure in the flask was too low it was
difficult to withdraw the samples, and there was a tendency for
mercury to leak into the flask when the cap was being punétured

by‘the needle., If the pressure was maintained close to
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atmospheric pressure the serum cap could be punctured 20 to 30
times before mercury leaked in. In order to maintain
atmospheric pressure in the vessel, the syringe was filled with
an amount of gas equal or greater than the volume of sample to
be removed. This gas was injected into the apparatus and the
‘sample was then removed.

In oxygen sensitive redctions, the quenching solution was
placed in quenching flasks similar to the ones shown in the
appendix. For these reactions, the flasks were fitted with
serum caps so that the syringe could be emptied in the
absence of air.

- When reactions werevcarried out at 0°C, a polyethylens
jacket was placed around the syringe and it was filledlwith
water and ice. When 1t was necessary to run expériments in
the dark, the apparatus Was.wrapped in a double thickness of
aluminum foil, | ‘

. Gas reaction spparatus

All reactions involving the study of oxygen or hydrogen
were carried out in the apparatus shown in Figures 2 and 3.

The entlire system waé filled with a gas to a desired
pressure. The stopcock 33 was closed, trapping a volume of
gas in the bulb. The level of the liquid was the same in‘both
arms of the differentigl manometer. As gas was consﬁmed in the
regction, the pressuré on the right side of the system
decreased and the differential manometer was no longer

balanced. Mercury was introduced into the gas buret until the
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manometer was balanced. The volume of mercury added to the
gas buret corresponded to thé‘volume of gas consumeds

The differential manometef‘acted as a reference pressure
system. When the liquid levels in the arms were the same, |
the pressure in the systemﬁ%égAknown. Knowling the
temperature, pressure and thevchange in volume, the number of
moles of gas consumed was calculated from the ideal gas law.

The utility of the system, asvthus far presented, is that
for a given change in the number of moles of gas, the volume
change measured is independent of temperature. In many
experiments the reaction vessel was maintained at a f
temperature other than that of the differential manometer and
the gas buret. In this case the volume change was no longer
independent of temperature and a one degres change in room
temperature caused a 1-5% erfor in a determination. Another
source of error wés the level of the constant temperature
bath surrounding the sample flask., Small chenges in the level
of the bath caused noticeable pressure changes. For these
reasons, reactions operating at temperatures other than room
temperature were run for no longer than one hour. For this
length of time the error incurred due to thege limitations was
negligible,

The liquid most often employed in the differential
manometer was di-n-butyl phthalate. DBecause of its low
density (d = 1.05), changes in volumes as small as 0,005 ml

were detectable, however the gas buret could only be read with
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an accuracy of ¥ 0.02 milliliters. Mercury was used in the
differential manometer only when volatile solvents were
employed. This was necessary because solvent vapors tended
to dissolve in the di-n-butyl phthalate causing erratic
readings.

Two general types of studies were made using this
apparatus; kinetic studies involving oxygen and titration of
compounds with gases.

In the kinetic studles the rates of uptake of oxygen with
respect to time were measured. The reaction vessels that were
used are shown in Figure 3a and 3¢. Type C was used for
oxygen sensitive reactions and was loaded in a dry box.

‘Only solids were pleced in the reaction vessels. The
entire system was evacuated and the stopcock (S; or SZ)
between the reaction vessel and the gas measuring system was
closed. The system was filled with gas to the desired
preséure and solvent was injected through the serum cap of the
reaction féssel using techniques described previously. Oxygen
free solvents were stored in the vessel shown in Figure 3d.
After temperature equilibration and dissolution of the solid,
elther stopéock Sl or 52 was opened. Thé‘remainder of the
procedure is described at the beginning of this sectién.

When Sl or S, was opened to permit gas into the reaction

2
vessel, the pressure in the system fluctuated for about 10
gseconds. In this time some reaction took place, so that it

was difficult to observe the beginning of a reaction. For this



25

reason this method was nct used for quantitative measurements.
With this procedure it was necessary in each case to determine
the amount of gas that dissolved in the solvent. To
accomplish this, blanks were run. When the exclusion of light
was necessary, the reaction vessel and the glass tubing from a
to b in Figure 2 were wrapped in a double thickness of
aluminum foil,

Reactioﬁ vessel B (Figure 3b) was used fér quaptitativg
measurements. In this case the solvent was placed in the
flask and the solid in the small arm. The solution was
equllibrated with the reacting gés so that no blank was
necessary. The solid was then dropped into the solvent. It
waéipossible to run titrations in this manner becauss the solid
reacted much more slowly with the gas than did its solutions.

5. Infra-red spectrometer

Two infra-red spectrometers were used in this study; a
Perkin~-Elmer Infracord and a Baird Atomic, Inc. Model B.
Both machines were double beem instruments using sodium

chloride optics.

Be. Reagents and Solvents

1. Reagents

All resgents used in this work were prepared from reagent
grade chemicals unless otherwise specified.
2. Skelly B

Skelly B is the commercial name for a petroleum fraction,
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boiling range 60 to 80°C, consisting of saturated hydrocarbons.
It is marketed by the Skelly Oil Company.

Skelly B was shaken with successive portions of
concentrated sulfuric acid until the acid phase was only
lightly colored, washed once with acidic potassium permanganate,
twice with water and finally with a 10% sodium carbonate so-
lution. It was distilled and stored over calcium sulfate.

3. Acetone

To one liter of acetone (Baker and Adamson reagent grade)
were added h.S grams of gilver nitrate in 30 ml of water, and
30 ml of 1N sodium hydroxide; the mixture was shaken for ten
minutes and then filtered. The acetone was left‘over calcium
sulfate over night after which it was filtered and distilled
saving only the middle one-third portion. The acetone was
stored over calcium suifate in amber Bottles.

Deoxygenatéd acetone was needed for some of the exchange
work. The acetone was distilled into a flask which had a side
arm and a bubbling tube built into it. The acetone was boiled
for thirty minutes whils dry, oxygen free helium was passed
through, i1t was frozen in liquid nitregen and the helium was
pumped out of the flask. The flask was sealed in vacuo and was
stored in a dark place.
lye Mesitilene

Mesitylene is 1, 3, 5 trimethylbenzene. Eastman white
label mesitylene was dried over calclum hydride and then
distilled through a spinning band column of 30 theoretical
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plates at 1llmm Hg at 55°C.

Peoxygenated mesitylene was prepared in the apparatus
shown in Figure 3d. Mesitylene was distilled into the flask
through the stopcock, and was frozen in dry ice and acetons.
The flask was evacuated, removed from the cooling bath and
allowed to warm to room tempersature after which it was again
frozen and evacuated. This was repeated two more times and
then an atmosphere of helium was placed over the mesitylene.

5. Tetrahydrofuran

Eastman white label tetrghydrofuran was refluxed over
lithiﬁm aluminum hydride for eight hours. It was refluxed
over gsodium for anothéf eight hours, and then distilled at
61,°C. Tetrahydrofuren was always used within four hours after

distillation.
C. Preparation of Compounds

1. Labsled cobaltous perchlorate

Cobalt-60 was dbtained from the Oak Ridge National
Laboratory as cobaltous chloride in a 0.1N hydrochloric acid
solution. The half life of cobalt-60 is 5.2 years. Its '
radiation is essentially a beta ray (Emax = 0.309 mev) and two
gamma rays in cascade with energies of 1.173 and 1.323 mev
(88). -

' Approximately lOO/LLcuries‘of cobalt-60 was added to
O.ZAO grams of cobaltous chloride in 20 ml of water and
cobaltous hydroxlide was precipitated by adding 0.3N sodium
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hydroxide., Nitrogen was bubbled through the water to prevent
oxidation of the cobalt. The cobaltous hydroxide was
centrifuged, the supernatant llquid was discarded, and the
precipitate was dissolved by the dropwise addition of 0.3N
perchloric acid. This procedure was repeated until the
solution gave a negative chloride test with silver nitrate.

2. BisCﬂ/-cyclqpentadienyl)cobalt(II)

vBié(ﬂ”-cyclopentadienyl)cobalt(II) was prepared using
Wilkinson's method (11); reacting cyclopentadienyl sodium
with anhydrous cobaltous chloride. Dicyclopentadiene (Eastman
Organic Chemicals Technicsal Grade) was cracked by heating and
the cyclopentadiené monomer was distilled at hZOC. This
cyclopentadiene (1.65g) was added to 5.8g of sodium sand in
tetrahydrofuran in an ice bath. The mixture was stirred
vigorously and kept free of air by bubbling helium through it.
Anhydrous cébaltous chloride prepared by heating,fhe
hexahydrate in # vacuum at 200°C for 2}, hours was added to the
" golution. The mixture was stirred for two hours and the
tetrahydrofuran was removed by vacuum distillation. The

residue was heated to 70°C in a high vacuum (10-6

mm Hg) and
bis(f -cyclopentadienyl)cobalt(II) sublimed as large black .
crystals. |

3. Big{W -cyclopentadienyl)cobalt(III) perchlorate

Two methods were used for preparing 1(05H5)2°°]Cl° s one
used by Wilkinson (83) to obtain solutions of this compound
and another developed-here. In the Wilkinson method (CSHS)ZCO
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was treated in ether solutions with picric acid, oxidizing the
cobalt and precipitating orange bis(¥ -cyclopentadienyl)cobalt=-
(III) picrate. This was recrystalized twlce from aqueous
picric acid solutions and dissolved in water. The solution wés
passed through a Dowex-I anion exchange column in the
perchlorate form yielding yellow solutions of "
bis(T -cyclopentadienyl)cobalt(III) perchlorate.

| Though not previously reported it was found that
‘evaporation of these solutions gave stable yellow crystals of
anhydrous [(05 S)ZCO]CIOA The composition was established
by the quantitative precipitation of I_(c5 52 oo )l (CgE, ),_LB]
by adding sodlum tetraphenylborate to solutions of the yellow
erystals. The théo:etical amount of [(CSHS)ZCO]+ in
[(C5H5)2Co 610, 1s.65.54#, the emount found was 65.96%.

After it was found that the perchlorate salt could be
crystalized it was no longer necessary to use the pilcrate and
ion exchange transfer of anions. Simple air oxidation of
(CEHS)ZGO in benzene in contact with a large quantity of
dilute aqueous perchloric acid (0,01N) produced an aqueous
solution of the perchloraste. This solution was washed twice
with benzene and purified by heating it with éctivatqd
charcoal. After filtration, the solution was evaporated to a
small volume and cooled to‘OOC to erystalize the perchlorate
which was recrystalized five times from water.

i Labeled big(T -cyclopentadienyl)cobalt{III) perchlorate

Bis(W - cyclopentadienyl)cobalt(III) pe:échlorate was
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labeled with cobalt-60 obtained from the Qak Ridge National
Laborstory. The cobalt-60 was introduced into this compound
by adding Soq/a.curies of tracer to 50 grams of cobaltous
chloride hexahydrate in 50 ml of water. The water was
evaporated and the method previously used for preparing
[(cgis) ,00) 620, was rollowed.

"5, Cyclopentadienyl-trichloromethyl-cobalt compound

[ (cgEg)a(cc1s)co]

Four grams of (CéHg)gCo in an evacuated flask was
dissolved in 5 ml of deoxygenated carbon tetrachloride and
the solution was stirred for one hour. During this time g
yellow=-green precipitate of [(C5H5)200101 precipitated. After
the reaction was completed, alr was allowed to enter the flask
and the solution was filtered, the (CgHg)p(CCl3)Co remained
ih gsolution., The carbon tetrachloride, after two water
extractions, was femoved by vacuum distillation. The red-

6 mm Hg)

brown residue was heated to J0°C in a high vacuum (10~
and (C5H5)2(C013)Co sublimed as deep red crystals.
Because of the great solubility of (C5H5)2(CCl3)Co in
all.common organic solvents, recrystalization was impractical;
The (CSHS)Z(CCIB)CO was precipitated seversl times from
hexane or acetone solutions by quickly cooling them in hexane
'slush baths (-95°C) or dry ice and acetone baths (-77°C).
Infra-red spectra of (CgHg)p(CCLl3)Co taken after sublimation

and after each precipitation from hexane and acetone were

identical.
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6. Labeled lithium chloride

Chlorine-36 obtained from the Qak Ridge National Laboratory
as a dilute solution of hydrochloric acid was used to label the
lithium chloride. Chlorine=-36 has a half 1life of 2.51;105 years,

emits one beta particle (E = 0.7l mev) and no ¥ rays (88).

max
Approximately O.S/Q.curies of chlorine-36 and 0.30 g of lithium

chloride was dried at 120°C for 24 hours.
D. Analyses

1. Quantitative analysis of the bis(W -cyclopentadienyl)=-

cobalt(III) ion

Fischer and Jira (82) mentioned that precipitation of
[(C5H5)200][ (CéHS)hB] could be used as a quantitative method
for the determination of the bis(W -cyclopentadienyl)-
cobalt(III) cation. A gravimetric method, acéurate to T 0.5%,
was developed here based on Fischer's suggestion.

An aqueous solution containing approximately 0.2
millimole of [(CgHg),Co]” is diluted to 80 ml and to it is
added 0.5 ml concentrated hydrochloric acid and 20 ml of 0.6%
sodium tetraphenylboron solution. After digesting it for one
hour, the solution is allowed to stand at room temperature for
several hours and then chilled in an ice bath. The
precipitate is filtersd in weighed sintered glass crucibles
and washed three times with 10 ml portions of a cold wash
solution of [(CgHg)00][ (CeHg)B] is used. The crucible is
dried at 110°C for two hours, desiccated and weighed. The
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washings and weighings are continued until two successive

weights agree to t 0.2 mge

2., Infra-red analyses

Infra-red spectra were frequently used in this study for
qualitatife and structurel analysis. All the work was done
using sodium chloride optics in the wave length region
'2.0—16.Q/o. Spectra of solutions were often used but the
solvents absorbed strongly in regions of interest blanking
any solute bands that might have been present. In order to
get a complete gpectrum, it was necessary to’combine the -
spectra obtained'from the use of several solvents.

If the compound was insoluble in the solvents commonly
used for infra-red enalysis (carbon tetrachloride, chloroform,
bromoform, carbon disulfide), the spectra were determined from
a "Wujol" mull. "Nujol" is the commercial name for a pure.
grade of mineral oil. A finely powdered samplse was ground with
a few drops of "Nujol" so that a suspension resulted. This
suspension was placed on a sodium chloride plate and analyzed.

In the examination of solid compounds the technique was
used of preparing KBr pellets from an intimate mixture of
200 mg potassium bromide and 2-10 mg of the compound.
Alternately, a film was deposited on a sodium chloride plate
by eveporating a solution,

Figure li shows the spectra of [(CSHs)ZCo]CIOu and
[(CSHS)ZCO][ (06H5))+B] which were used as standards when

analyzing for the bis(T -cyclopentadienyl)cobalt(III) cation.,
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The spectra in Figure l were determined in "KBr pellets™.

The absorption at 2.?/a,was due torwater impurities in the
potagsium bromide. The significance of the bands will not be
discussed here; for qualitative analysis, it was only
necessary to check the bands of a spectrum against these
standards.

Structural and functional group analysis involves
checking a spectrum for a band or a group of bands. To
illustrate this, a comparison between Figures La and 4b shows
that all the bands attributable to the [(CgHg),Co]™ ion are
to be found in both spectra. A discussion of other absorptions
which are important to this study will be presented later.

3. Cobalt exchange

| The procedure described here is the one that was used to
prepare samplés for radiochemical analysis in the exchange
between the cobaltous ion and [(GSHS)ZCS]CIOA. Al0 ml
aliquot of the reacting solutlion was added to 7 g of sodium
thiocyanate. The Nazdd(SGN)h produced was extracted into 10 ml
of & 1:3 mixture of n-amyl alcohol and diethyl ether and the
phases were separated and washed. The cobaltous ion was
re-extracted ihto a éN ammonium hydroxide solution and
cobaltous sulfide was precipitated by adding ammoniwm sulfide.
After centrifugation, the precipitate was dissolved in 3 ml
concentrated nitric acid, 2 ml of concentrated sulfuric acid
was added and the solution was heated to copious fumes of

sulfur trioxide. The solution was cooled and 5 ml of water,
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7 ml concentrated ammonium hydroxide and 2 g ammonium sulfate
were added. Cobalt was plated onto a weighed platinum
planchet using a current of 0.3 amp for 1 hour.

To the agueous phase containing the [(CSH5)2CO]+ ion
was added 7 ml of 0,6% sodium tetraphenylboron and the
resulting precipitate was destroyed by a perchloric acid
oxidation. ‘The cobaltous perchlorate solution obtained was,
by the method given above, precipitated as the sulfide,
converted to the sulfate and plated. The samples were washed
with 95% ethanol, air dried, weighed on a microbalance and
counted.,

Three samples were taken to determine the specific
activity (counting rate per unit weight) of the unexchanged
cobaltous ion. One milliliter of the cobaltous pérchlorate
stock solution was added to 1.5 ml concentrated ammonium
hydroxide and 1.3 g armmonium sulfate. The cobalt was plated
at 0.5 amperes and 6.5 vblts for 50 minutes and then at 0.5
amperes end 6.5 volts for 10 minutes. The samples were plated
on platinum planchets that were previousiy welghed on a
mlcrobalance, these were washed with 95% ethanol, air dried,
welghed on a microbalance and counted;

L. Radiochemical analysis for [(9555)2Co]+ ion

In both the electron exchange and the [(CSHS)ZCQ]Cloh VSe
(05H5)2(Ccl3)Co exchange experiments the samples were weighed
and counted as [(CSHS)ZCd][(Céﬁ5)uB]. Solutions containing
about 6 mg of a bis(IT -cyclopentadienyl)cobalt(III) salt were
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evaporated to one milliliter and 2 ml of 0.3N hydrochloric acid
was added. A 0.6% solution of sodium tetraphenylborate was
added dropwise, with shaking, until precipitation ceased. The
solution was then filtered.

The [(CSHS)ZCO]I(Céﬁs)uB] precipitate had a tendency to
peptize. To precipitate 10 mg of the tetraphenylborate; the
golution volume could not exceed 5 ml; the acid concentration
had to be kept above 0.05N; and the solution had to be hot.
Even if these precautions were taken, the precipitate had to be
filtered slowly or it would run through the filter paper
(Schleicher and Schuell red ribbon).

To insure good counting data, the reactants in an exchange
reaction were counted in the same chemical form and on
identicel backings. In this case the form chosen was
[(cgHg) p00] [(C6H5)hB] and the backing was of aluminum. The
filter chimneys were of almost identical diameter (1.73 ¥
0.0lcm) so that the geometry of the samples could be kept
constant. A cobalt-60 standard was counted with every
determination gso that data taken at different times could be
compared., Self absgorption and self sgcattering corrections were
made, as explained below.

The semples of’[(CSHS)ZCo] [(06H5)u3_] anaelyzed had a
wide range of weighté. In order to accurately compare samples,
their specific activities had to be corrected for the
abgsorption and scattering of beta particles due to varying

sample thicknesses. A series of samples having the same
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spécific activity but different weights was counted and the
"apparent" specific activity was plotted as a function of
weight (Figure 5). Using this curve, the "apparent" specific
activity of a sample ﬁas corrected to the hypothetiéal value
it would have had if its weight had been zero. Samples
having weights below 6 mg were not used because these
corrections could not be made with any confidence.

5. Electron exchange reactions

The [(CSHS)ZCO]Cth was gnalyzed‘as described in the
preceding section. The organic solution of (CSHS)ZCO was
snalyzed by shaking it with a small amount of 0.3N
hydrochloric acid which oxidized the sample to {(CSHS)ZCOJCI.
This extracted into the aqueous phase and was analyzed
radiochemically

6. Chloride exchange reaction

In the exchange reaction between (CSH5)2(CCIB)CO and
lithium chloride the following procedure was used to radio-
chemically analyze for chloride. The aqueous solution
containing lithium chloride was diluted to 80 ml and 1 ml of
concentrated ammonium hydroxide was added. Tp precipitate
silver thoride, g 10% silver nitrate solution was added till
a trace of gilver oxide was detected. Three drops of 2N
nitric acid was added to dissolve the silver oxide and the
sample was then filtered, washed first with water and then with

acetone. The samples were heated at 110°c fo£ 30 minutes then 4
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desiccated, weighed and counted. The weights of the samples
were very close to constant, therefore no corrections werse

made for gelf scattering and self sbsorption.
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IV, EXPERIMENTAIL PROCEDURES AND RESULTS
A. Exchange of Cobalt Ions

The study of the exchange of cobalt between cobaltous
perchlorate and [(CSHS)ZCOICIOA:

co®(010,) +.[(05H5)2c:o:}01qLL == ool020)), +

[(CSHS)ZCO*]Cth

was carried out in an aqueous solution at 25 f 0.1°C. The
cobaltous perchlorate was labeled with cobalt-60 so that any
exchange of cobalt between the two species would result in
the net transfer of tracer to [(CSHS)ZCd]CIOH' The progress
of the reaction was monitored by observing the change in
speclific activity of the reactants with time.

To a 250 ml aliguot of stock [(CgHg),Co}C10) solution
in a 500 ml opaque erlenmeyer flask was added 35 ml of the
labeled cobaltous perchlcrate solution. Thilis operastion took
about fo&i minutes and the time after two minutes wasv
considered the zero time for the reaction. Replicats 10 ml
aliguots of the exchanging solution were removed periodically
for separation and analysis. The addition of the reactants
and the removal of semples were performed in the light
produced by two ruby red darkroom bulbs. J

The separation of the reactents was accomplished by
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adding a 10 ml aliquot to seven grams of sodium thiocyanate
and extracting the resulting Naaco(SCN)u into 10 ml of 1:3
solution of n-amyl alcohol and ether. The samples were then
analyzed radiochemically.

To avoid inaccuracies in the counting data, both
reactants were counted in the same chemical form with
identical backings. The radiochemical data was not
corrected for self absorption and self scattering due to
sample thickness because such a refinement was unnecessary to
interpret the data. This correction should have been small
since the samples were thin (0.2—0.6 mg/cmz). Accuréte
comparisons could be made in the series of samples for each
reactant because the weight of cobalt plated for each
reactant was faifly constent. The cobaltous perchlorate and
the [(C5H5)2601010h sample weights were 0.76-0.8l and 1.4-1.8
mg respectively. The initial specific activity of cobaltous
perchlorate was determined from three analyses of the
cobaltous perchlorate stock solution. Values of 5547, 5638 and
5633 cts/min mg were obtained and the average value,

5606 * 39 cts/min mg, was used in the calculations. The
specific activities of all samples were corrected for the
decay of cobalt-60 so that they could be compared to the above
value.

To determine the concentration of the reasctants in the
exXchange m;xture, thﬁéf analyses were performed on both the

)
[(CSH5)26&1010u stock solution and the cobaltous perchlorate
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3

solution; the exchange solution was found to be 0.00173M in
cobalt and 0.00366M in[(CSHE)ECo]+. The pH of the solution
as determined with a Beckman pH meter was 1.99. The data

obtained from this experiment is summarized in Table 1.

Table 1. Co(ClOu) VS [(C5 ) Cé}ClO exchenge data

Specific activity " Fraction exchange
(cts/min mg Co) x102

Time  0o(C10)), [(C5H5)209}C10u Co(01ou)2[(csﬁ5)2c§}clou

fractioh fraction
1 hour 2.9 %t10 | 0.16 * .05
8 hours 5485 t 140 3.0% 1.1 3.2 T 3.7 0.17 ¥ .06
26 hours 5495t 50 3.3% 1.0 2.9 T 2.0 0.18 T .06
7 days 5365 T 94 2.4 t 1.7 6.3 t 2.5 0.13 + .11
28 days 5340t 50 7.0 ¥ 1.4
30 days 0.7 F 0.9 - o.04 * .05

The fraction of exchenge (F) is the standard form for
reporting exchange data. McKay (89) has shown that for a

simple homogeneous exchange reaction 1t can be represented as:

F=1- exp(-kt) = 2o, | ()

Ses = Sp
where K 1s a function of the congentrations and the rate

constant for the exchange, S, Sgg and So represent the

specific activity of the cobalt in the two species at times
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(t) t=1t, t =00, and t = o respectively. Assigning the
subscript A to the cobaltous perchlorate and B to
"[(CSHS)20°]GIOA and also noting that SBo = 0 because B was

initially inactive, we may rewrite the above equation:

Knowing the concentrations of the reactants (CA and CB) and
SAo’ SAa, can be calculated from the following equation:
Ca
SA‘” = (m)SAO.
Because the specific activity refers to the same chemical

form,

Sﬁau = sBao'

The calculation of the fraction exchange for cobaltous
perchlorate involves the difference of two large numbers,
Thus the best indication of the amount of cobalt transferred
between the speciles can be obtained from a comperison of the
[tCSHS)ZCOICth data. These values (Table 1) indicate that
over a périod of 30 days essentially no cobalt exchanges.
Incomplate separation of the cobaltous perchlorate most
probablj accounts for the specific activities of the
[(CSHS)ZCOJCIOu’ A dry run of the procedure indicated that
about 25 cts/min of cobalt activity remain with the
[(C5H5)200]+ after separation., The values of the fraction

exchange for each reactant do not chgnge appreciably with time,
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indicating that they are due to systematlc errors.

B. Electron Exchange

The fact that (CgHg) Co and [(CSHS)ZCQ]'*' are stable and
that cobalt-60 activity is readily available, made the
measurement of the electron exchange betwsen these two specises
a feasible experiment. BisCﬂ'-cyplopentadienyl)cobalt(II) and
(III) differ only in that the former has one more electron.
Thoﬁgh no net chemicel reaction takes place, the transfer of
electrons between the two forms can be considered as a simple

oxldation-reduction reaction:
. + %
(CHy) Co + [(CSHE)ZCOJ = [(0535)200] + (0555)200 .

The labeling of one of the species with ampracer (cobalt=60)
mekes possible the determination -of the efgctron exchange
rate; since ;t can be measured by the changes in the specific
activity of the two reactants as a function of time., Although
only electrons are involved in the reaction, it can be théught
of as a case of 1lsotope exchange because the transfer of
cobalt atoms would give the same results. The first-order

homogeneous isotopic exchange law can therefore be used. The

fraction of exchange (F) can be written (89)

=1 - _{8) + (B)piy - 5B = SBo _ _Sa
F=1-em(-*tam ot SBeo - SB, OSAg (2)
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in which R is the constant rate of exchange of elsctrons
+
between (CSH5)2CO(A) and [(C5H5)ZC°] (B).
Taking the natural logarithm of equation 2 and

rearranging terms one obtaing

Rt = - BBy oy, | | (3)

(4) + (B)

.The semi-logarithmic plot of (1-F) against time results in
a straight line intercepting the ordinate at (1-F) = 1. In
practice it i1is often found that the eXtrapolated'value of ¥
is greater than zero. This is Qalled zero-time exchange. For
the remainder of the derivation thls possibility is excluded.
A good discussion of zero-time exéhange can be obtained frdm
references (90) and (91).

A useful term is the half-time of exchange (t%) which is
defined as the time necessary for the fraction of exchange to
reach a value of one half, Substituting 0.5 for F and t% for

t in equation 3 gives:

R = SA)(B) ., 0.693 (L)
(4) + (B) tr

R is not a rate constant but 1is dependent on the concentration
of A and B, In the simplest case, of a bimolecuiar second

order exchange,
R = k(4)(B) (5)

in which k is the rate congtant for the exchange reaction,.
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This reduces equation I %o

Oo693 ‘ (6)

L (YRR )

To determine a rate constant it is necessary to determine t%
from the semi-logarithmic plot and using equation 6 obtain k.
If the mechanism is complicated, R is for a number of wvaried
conditions that are evaluated (using equation 5) and the
general procedures of.chemical kinetics are gpplied.

All the electron exchange reactions were fun in the
dark at 0°C. Because of the insolubility of (CgHg) 500 in
water, and of {(CSHS)ZC°]C1Ou in non-polar solvents, a
solvent of intermediste character, acetone, was used., The
original labeling with cobalt=50 was in the cobalt(III)
compound. | |

The apparatus described in the appendix was employed
when reaction times of 0-10 minutes were to be studied |
(runs 1-3). For longer timas, the apparatus shown in Figure
2 was used (runs L~-18). In both cases the methods of
preparing solutions and of analysis were the same,

Because of the sensitivity of (CSHE)ZCO to oxygen, all
solutions were prepared in the vacuum dry box. The small gigze
of the box made accurate pipeting difficult and it was
impossible to use large pipets. To cut down on.the number of
operations, Efsgécial set of short pipets was made so that

unusual. volumes could be aliquoted in one pipeting. The
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pipets wers caliﬂrated with acetone.

An accurately weighed amount of [(CSH5)2CO]ClOa and a
crudely weighed amount of (0535)200 were seperately disgolved
in known amounts of acetone. Aliquots of the solutions were.
placed into separated chambers of reaction vessels and
acetone was added so that the total volume was 87.4) ml. The
reaction vessels were then completely assembled and removed
from the dry box. An accurate account of the procesdurs
followed during the run can be found in the sections
describing exchange apparatus. In all the experiments the
concentration of [(CSHS)ZCd]ClOM was held constant (0.00203
molar); the concentration of (CSHS)ZCO was varied from 0.00109
to 0.00995 molar.

The method of quenching the resctions was the same in all
the runs; a 10 ml sample of the reacting solutions was
introduced to 90 ml of Skelly B at 0°C, and the ioniec
[ (CSHS)2C°]CIOh precipitated and was filtered. The (CSHS)ZCQ
remained dissolved in the acetone-Skelly B mixture. The
samples were then analyzed radiochemicelly.

The concentrations of (CSHE)ZCO solutions were only
approximately known, their exact values were determined by the
method of isotépic dilution. A 10 ml sample of the reacting
solution was removed-and added to 10 ml of 0.1N hydrochloric
acid. The radioactive [ (Cgig) 001" was diluted by the amount
of (C5H5) oCo that was oxidized. The quotient of the

specific activity of this sample (SBa>) over the value (Sg )
_ ‘ - Po
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for undiluted [(05H5)200]+ was used to determine the

concentration ratio of the resctants, A;, as follows:

{
(B

o~

=—é-).+l.

).

nj
Uj'(;w

Since the -concentration of [(CEHS)ZC°]+ was accurately known,
using the ratio determined above, the concentration of
-(CSHE)ZCO was calculated. Five determinations of the
specific activity of initial [(C5H5)ZC°]0104 were made, the
values obtained as cts/min mg [(CSHS)ZCOJ[(CéﬁS)hB] were
411, hil2, 419, 425 end L28; the average value of L19 cts/min
ng (SBO) was used in the calculations. A summary of. the
results of these experiments is given in Table 2.

Table 2. Zero time exXchange and half times for electron
exchange experiments

Run Molarity Zero time exchange t, (min)
(CgHg) .00 x 103 x102 =
12 9.95 99 a
13 3.86 97 . a
3 3.00 93 b
2.29 93 a
6 2.27 80 185

2Half times could not be measured due to very high zero
time exchange.

Half times could not be determined because the dura+ion
of the experiments was less than 15 minutes.
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Teble 2. (Continued)

Run Molarity Zero time exchange t1 (min)
(CgHg) p00 x 103 x102 ®

7 2.27 78 | 165
11 1.99 81 150

2 1.91 80 b

9 1.79 77 190

8 1.2 65 265
10 1.09 55 265

The values in columns 3 end L were determined from
semilogarithnic plots of (l-E) vse. time. To determine if the
zero time exchange was "separation induced, other quenching
solutions were tested. They were: water, from which
(CSH5)20° precipitated; water and toluene, and water and
Skelly B which separated the resctants by partition. These
solutions did not reduce the values for zero time exchangse,
indicating that the values were not "separation induced".
The zero time is a function of the (CSHS)ZCO concentration;

as the concentration increases so does the zero time exchange.

C. Reactions between Bis(T -Cyclopentadienyl)Cobalt(II)

and Oxygen

Big(T ~cyclopentadienyl)cobalt(II) is known to react with



50

oxygen (18, 81), but nc effort has been made %o &etermine the
mechanism or characterize the products of the reaction. To
elucidate the nature of the (CSH5)ZCo-oxygen reaction, two
acetone solutions of (CEHS)ZCO were titrated with oxygen
using the apparatus shown in Figures 2 and 3b. The experi-
ments were run at 0°C without the exclusion of light. The

results are shown in Table 3.

Table 3. Oxygen uptake by acetone solutions of (C5H5)2Co

Cone (C;HS)ZCO 0, pickup m moles (CSHS)ECO
(m moles) (m moles) m moles 0,
O.4l5 0.1097 l. 06
0.977 0.23) 417

The color of the solutions changed from the initial red-
brown to cherry-red, but no product could be isolated by
cooling the acetons solutions in a dry ice-acetone bath or by
adding Skelly B. On the additlion of water to one of the
solutions it turned yellow, had.a pH ~ 10, and gave a positive
test for [(0535)200]+.Zi§; the precipitation of [(CSHS)ZCOJ
[(C6H5)M§L The addition of an aqueous acid solution of |
potassium iodide and ammonium molybdate (uSed,gsga_cgtalyst) ”
to a sample of the acetone solution did not“fesuit ih'any o
iodine being liberated, thus eliminating the possibility of
the formation of a peroxide compound. On standing in air, a
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small amount of precipitate formed in the acetone solutions.
Based on this evidence, it seems likely that the product of
the oxidation is bis(W -cyclopentadienyl)cobalt(III) oxide.

A(CSHS)ZCO + 05 —> 2[(051‘15)200]20

Three experiments were performed to determine the
nature of the exchange of [(0535)2Co]+ between the new
product and [(0535)260]0104’ these were conducted at O°C in
the absence of light. The [ JSHE)ZCe]ClOA concentration was
0.00203 molar and the oxide concentrations were 0.00345 and
0.00189 molar. The preparation of the soiutions was thevsame
as in the electron exchange experiments and the reaction‘wasv
run in the apparatus shown in Figure 1. In run‘iu, after
achieving thermal equilibrium, the apparatus was' opened to air
and the eolutions were agitated; Fhe (CSHS)ZCO thereby'wae
T‘converted to the oxide. The sclutions were aliowed to stand
for 10 minutes and the reaction was started. In runs 15 end
18, alr was allowed to enter two hours before the reaction
was started. Samples were removed cver a three hour period
and were analyzed radiochemically. The electron exchange
quenching procedure was used because the oxide was soluble in
the acetone-Skelly B mixture. The results of these experi-
ments are shown in Table‘u The data indicates that the rate
‘of exchange of [(05H5)2001+ between the two spec1es is. slow, 
and in contrast to the electron exchange data there is no

#

appreclable zero time exchange.
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Teble L. Zero time exchange and half times for the
[(CoHy) 5010 vs. [(CgHg) ,C0}010) exchange

Run Conc Zero time exchange t
L(cgig) 500150 x102
(molarity) x 103

(]

15 3.45 : 2 93
1l 1.89 0 145

Acetone, because of its high vapor preésure
(229.2 mm Hg at 25°C (92)‘, was not suitable for the study of
the (05H5)200~oxygen reaction over long periods of time;
since it was very difficult to equilibrate the system (Figures
2 and 3) with solvent vapor. The lack of equilibrium was
reflected in a slow increase in pfessure on the right side of
the system (Figure 2). Since stopcock 53 was closed, a
corresponding increase in pressure in the bulb did not occur,
thus.fesulting in the continual imbalance of the differential
manometer arms even though no reactlon was occuring. To
eliminate the error produced by equilibration, ioﬁ vepor
pressure solvents were employed. The same equilibration
difficulties were encountered with these solvents, but due to
the low value of the vapor pressure, the pressure increase on
the right side of the system was small making the error
insignificant.,

Preliminary investigations of the reaction of (CSHS)ZCO
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and oxygen were made in N, N-dimethylformamide, quinoline and
di-n-butyl phthalate. An extensive study of the kinetics and
products of this feaction made using mesitylene as the |
solvent; this was chosen both for its low vapor pressure
(Table 5) and its relative inertness.

The kinetic experiments were carried out in absence of
light and at temperatures ranging from -22.6 to 25.000. The
oxygen pressure and the (05H5)2Co concentrations were varied
between 0.5-1.0 atmospheres and 0.0444-0.110 molal
respectively. The sample volumes were 10 ml. |

Table 5. The vapor pressure of mesitylene at varlous
temperatures (92)

Temperature (°C) Vepor pressure (mm Hg)
' 25 297
0 0.45
-22 0.062

To determine the dependence of the kinetics on the
oxygen concentration (pressure) three experiments (Figures 6
and 7) were run at 25°C in which the rate of reaction of oxygen
was followed over & period of 2000 minutes (33 hours). The
concentratiqn of (CSHE)ZCO was held relatively constant
0.0454~0,0461 molal and the oxygen pressure varied between

369-663 mm Hg. The curves are complex; however, over the
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period and concentrations measured, the rate of reaction is not
a function of the oxygen concentration (zero order in oxygen).
The arrows marked on the figures indicate the times when 0.5
and 1.0 moles of oxygen had reacted per mole of (C5H5)2Co.
After 1700 minutes 1.5 moles of oxygen were picked up. One
reaction was followed for U745 minutes at which time it had
pbnsumed 1.6 moles of oxygen per mole of (CSHE)ZCO'

To determine the (CEHS)ZCO dependence of the kinetiecs,
the data from the preceding runs were compared with a run at
25°C in which the concentration of the (C5H5)260 was 0,1097
molal and the oxygen pressure was 732 mm Hg. Because of the

- zero order dependence of oxygen, the pressure differences
between the experiments is of no consequence. The solid line
in Figures 8 and 9 represents the data of Figures 6 and 7.
Thé concentration of (CSBS)ZCO in runs V-VII is 0.2 times
the concentration in run II. If the kinetic order for

(C5H5)200 is unity,
R = k[(cgH) 00,

in which R is the rate of uptake of oxygen and kK & constant.
At any time the rate of oxygen uptake in runs V-VII should

be 0.42 times the value for run II, Thus in plotting the

data in Figures 8 and 9,‘the values for run II were
multiplied by 0.42, If a first order relationship exists, the
two sets of data will superimpose. Except for the region

70-200 minutes the two curves fulfill the condition for a
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first order dependence.

The rapid drop of the rate during the first ten minutes
of reaction (Figures 6 and 8) suggested that this might
represent the initial reaction between (CSHS)aco and oXygen.
To better distinguish the rates in thls region, the
reaction was studied at temperatures bstween -22.6 and 1°c.
Temperatures of 0°C, 1-4°C and -22.6°Q were obtained from an
ice bath, circulating cold water and a carbon tetrachloride
slush bath respectively. A total of seven runs was perforhed
in the O-QOC range, the results are similar and therefore
only one set is shown. . Several features of the reactions
(Figure 10) are that the rates betweanﬂo-u minutes wers
dependent on the stirring rate; the volume of oxygen
consumed in this interval corresponded to 0.l3-0.46 moles of
okygen per mole of (CEHS)ZCO; the volume of oxygen removed
between L-10 minutes was equivalent to the solubility of
oxygen%inéfhe solvent; and there was an induction period
(seé dotted lines in Figure‘lo) betwsen the first and second
reaction.

To obtain a better value for the moles of oxygen
consumed per mole of (C5HS)ZC° three titration experiments
were performed at 0-2°C, using the reaction vessel shown in
Figure 3b. ‘The results'of these experiments are shown in

Table 6, and Figure 11,
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Table 6. TUptake of oxygen by (CSHS)ZCO in mesitylene solutions

Run  Cone (CgHg) 500 0, pickup m moles (CgHg) Co
(m moles) (m moles) m moles O,
1-T 15.26 7420 0.472
2-T 18.10 8.27 0.480
3-T 12.78 6.07 | 0.476
expected value 0.500

The initial rise in the curve (Figure 11) represents the
digsolution of the sample; the discontiﬁuity in the curve was
taken as the end point. Extraction of the titrated solutions
with water resulted in a basic PHA” 9) aqueous phase from
which [(CSH5)2C°][ (06H5)hB] was precipitated. The
identification of this compound was made by infra-red
_analysié. The aqueous solutions gave a negative test for the
cobaltous ion i.e., after the addition of sodium thilocyanate,
ether and n-amyl alcohol to the aqueous phase from the
extraction no blue color (NaZCo(SCN)u) was observed in the
organic layer.

It was suspected that the first product of the (CSHS)ZC°'
oxygen reaction was bis(TW -cyclopentadienyl)cobalt(III)
peroxide. However, aqueous extrac?s of these solutions did
not liberate iodine on the addition of acidic solutions of
potassium iodide and ammonium molybdate and would not react

with hydrogen using palladium-charcoal as a catalyst. In the
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three attempts that were made to liberate iodine from the
aqueous phase, the [(05H5)2C°]+ was first removed as the
tetraphenylborate so as to prevent the formation of the
insoluble bis(TW -cyclopentadienyl)cobalt{III) triiodide which
would obscure the iodine color., Three hydrogenation experi-
ments were performed on the products obtained after the
titrations. To.accomplish this, the entire system was pumped
out to remove all the oxygen and palladium=-charcoal catalyst
was added as & suspension using syringe techniques. The
system was fllled with hydrogen to one atmosphere pressure,

the stopcock S_ in Figure 2 was closed and the solution was

stirred; no hygrogen reacted. |

A compiiation of the kinetic and chemical data obtained
for the reaction of (CSHS)ZCO with oxygen is given below.

1. The initial reaction between (CSHS)ZCO and oxygen is
very repid and under the conditions measured was diffusion
controlled. _

2. A yellow precipltate was observed at 0°¢c during the
first reaction. It was stable in the dark for 1 hour but
started to decompose immediately on warming to room temperature
(in vacuo).

3. The molar ratio oxygen uptake to (C5H5)2Co is 0.5,

4. Analysis of these solutions indicates the presence
of [(05H5)ZC°]+ and no cobaltous ions.

5. Extraction of these solutions with water yields basic

golutions (pHw~9),
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6. The compound does not cause the liberation of iodine
from potassium iodide and cannot be hydrogenated with the
usual catalysts.

7. At 0°C an induction period occurs between the first
and second reactionse. |

8. The reaction.at ZSOC is first order with respeét to
(CEHS)BCO and zero oréef with respect to oxygen from 10-1500
minutes (from 0.5-1.5 moles oxygen/mole (CEHg)ZCQ).

9. A red-brown precipitate begins to appear in the
solutions (at 25°C) after the first reaction is completed.

10. Analysis of the mixture after the uptaks of 1 mole
of oxygen/mole (0535)200 indicates only trace amounts of
[(C5H5)2C01+, large amounts of the cobaltous ion and a red-
brown insoluble compound that does not contain cobalt.

11, The red-brown precipitate is soluble in hot nitric
acid giving yellow solutions from which no precipitate is
obtained on the addition of sodium tetraphenylborafe. The
precipitate ig insoluble in water, cold acids, benzene and
acetone but is soluble in N, N dimethylformamide. Infra-red
analysis shows general absorption over the entire spectrum
with a large broad band at 6.%/‘. The material must be

polymeric in nature.
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D. Reactions between Bis(T -Cyclopentadienyl)Cobalt(II)

and Halogenated Hydrocarbons

Wilkinson et al. (11) has reported that bis-
(W -cyclopentadienyl)cobalt(II) reacts with ethyl bromide to
form bis(W -cyclopentadienyl)cobalt(III) bromide. It has been
" found here that with carbon tetrachloride a new covalent
cyclopentadienyl cobalt compound is formed as well as the
 bis(T -cyclopentadienyl)cobalt(III) chloride. A study of the
structure, bonding and the mechanism of formation of this
compound‘will be presented here.

On the addition of (CSHS)ZCO‘tO carbon tetrachloride
in an inert atmosphere, with or without the presence of
light, [(CSHS)ZCO]Cl precipitates and a cyclopentadienyl
cobalt compound remains in solution. Removal of the solvent
by vacuum digtillation leaves a residue which after
sublimation and reprecipitation from hexane has the
composition (05H5)2(CC13)CO (Table 7). The compound is red,
melts between 79.5-80.500, is very soluble invthe common
"organic solvents and appears stable below uOOC. In
concenfrated solutions at room temperature some
decom@osition occurs after a few hours.

The molecular welght of (05H5)2(0013)Co was determined
to be 315 (theoretical 307.5) by the freezing point lowering
method (Beckmann method). A good description of the appératus

and method of procedure is given in reference (93). A
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theoretical discusslon of freezing point depression is given
in reference (94). Cyclohexane (Phillip's 66, research

grade) was used as the solvent and a Beckmann thermometer
which could be read to f 0.001°C was used to measure
temperatures. The freezing point of the pure solvent was
determined five times, the values obtained agreeing to O.OOQOC.

Pour determinations of the freezing point depression agreed

to 0.4%.

Element Theoretical (%) Found (%)
o 12,96 429l
H 3.28 3.6
Co 19.17 19.34
L .59 3.0,
Total 100.00 98,78

lThe carbon and hydrogen analyses were performed by the
Midwest Microlsb Inc., Indiangpolis, Indiana. The cobalt and
chlorine analyses were performed by M. Togaml of this
laboratory, Ames, Iowa.

_Td determine the number of unpaired electrons in
(CgHg) 2(CCL3)Co, the mégnetic susceptibility was measured.
To 0.26505 g of (C5H5)2(6013)Go was added 15 ml of cyclo-
hexane (Phillip's 66 research grade). The densities of the

pure solvent and the solution was determined with a



67

pycnometer. The solvent and solution were given to J. P.
LaPlate who determined the magnetic susceptibility using a

Gouy balance.,

8
The compound was found to be diamagnetic,x 291 =
mole

-20 x lO_6 cgsu. Substracting the diamagnetism due to the

8 = =147 x lQ-6 cgsu) (95) the

le
8
susceptibility of the cobalt was found to bex 29 =
nole

+127 x 10-6 cgsu which is equivalent to 0.551 Bohr magnetons

rings end the CCly group (7(;3

(magnetic dipole moment) or 0.1l free electrons. The value is
so small that for practical purposes the cobalt cen be con-
sidered diamagnetic. The parasmagnetism may be due to the
decomposition of the sample; if cobaltbus ions were produced,
decomposition onbthe order of S% would account for the value.
This seems quite probable since; as noted bsfore, (CEHS)Z(CC;B)-
Co decomposes slowly in organic solvents. A complete descrip-

tion of the theory and calculations involved in magnetic
susceptibility measurements can be found in reference 95,
Infra-red spectra of (05H5)2(0013)Go in various media
(carbon tetrachloride, chloroform and "Nujol"), using 0.5 mm
cells, are shown in Figures 12 and 13. The bagkground due to
the imbalance of the cells is shown as a heavy line above sach
spectrum in Figure 12. In Figure 13, the bands at 3.35, 6.80
and 7.2&/‘ are "Nujol" absorptions.
The ultra-violet spectra of 3.32 x 1077, 6.65 x 10°>
and 3.32 X lO-uM solutions in cyclohexans were measured in the

8 o)
region 2250-4000A using e Cary recording spectrophotometer,

o o)
Peaks at 2720A and 3300A obey Beer's Law over the concentration
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measured. The solid line in Figure 1lli represents the molar
extinction coefficient of (CSH5)2(CCI3)CQ as a function of
wave length; the dotted line is the ultra-violet spectrum of
[(CSHS)ZCQ]Cth in water as measured by Wilkinson (83).

To determine if a simple stochiometric relationship
exists for the reaction, twoe weighed samples of (CSHS)ZCO
were added to carbon tetrachloride and the products were
analyzed for chloride and [(CEH5)ZC°]+° The amount of
(C5H5)2(0013)C° formed was determined by vacuum distilling
the solvent (after removal of the [(CSH5)2C01+ and chloride
by water extractions) and weighing the residue. All three
products were found to be present in equimolar amounts
(Table 8), which indicates the reaction proceeds in the

following manner:
2(CgHg) ,00 + 00l —> [(0gHg),00) T01™ + (CgHg),(c013)00 .

Based on this equation the yields of (C5H5)2(CCIB)G° were
about 90%.

Tgble 8. Molar ratios of the products of (6535)200-001h
reaction

Semple Wt(CgHg) 5Co (CHg) Lo */c1 “ (CEHE)ZCO c1
(grams) (CSH5)2(CCIB)C°
1 2,003 1.05 1.2

2 l. 70 0,90 1.0
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Figure lli. Ultra-violet spectra of (CSH5)2(0013)CO and
(CgHg) 500 €10, , '
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Several reactions were performed to determine the
stability of (CSH5)2(0C13)C° towards various chemical agents.
Twenty milligrams of the d;y compound were placed in the
reaction vessel shown in Figure 3a. A "teflon' covered
magnetic stirring bar continuously pulverized the sample and
the oxygen pickup was followed for 36 hours. The experiment
- was repeated with the sample dissolved in 10 ml of difg-butyl
phthalate. In both experiments no oxygen was consumed.

The compound is quite active toward other agents. It
is decomposed by glacial acetic aclid, concentrated mineral acids
and by bases. The compound also decomposes rapidly when
sodium thiocyanate or silver nitrate is added to its ethanolic
sdlu@ions, forming Naébo(SCN)u and silver chloride
fespectively. A blue precipitate which gives a positivevtest
for cobelt forms immediately on bubbling chlorine through an
E-hexane‘ solution of (CgHg),(0Cl3)Co. The addition of
maleic anhydride to warm benzene solutions of the compound
results in the rapid formation of a black tar. |

The addition of an active form of ferrous chloride (11)
in tetrshydrofuran to (CSHS)Z(CCIB)CO caused immediate
decomposition. After adding water and Skelly B to the sample
and evaporating the organic phase, a small amount of a yellow
compound was found. A blue color developed when 6N -nitric
acid was added, this being a qualitative test for
bis(M -cvclopentadienyl)iron(II) (6). The aqueous phase
contained a small amount of [(C§H5)2051+ (~10% based on the
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original amount of (C;H5)2(CC13)CO). It was interesting to
note that a high conversion (A65%) of (CgHg)5(CCL3)C0 to

[(C5H5)2061+ was obtained when a sample was refluxed in 95%
ethanol for one hour. The analyses indicated that |
[(05H5)2041+ and chloride were present in equimolar amounts.

In sn effort toc iearn more about the bonding and
structure of the compound two tracer experiments were
performed, the exchange of [(CEH5)ZCq]f between
[(CEHS) 200]010)_!_ and (CgHg)p(G013)Co and the chlorine
exchange between LiCl and the new compound.

The exchange of [ (CgHg),C0o)  between [(CgHg)oCo) C10)
and (CSHS)2(0013)C° was measwred in an acetone solution at
0°c. The'apparatus shown in Figure 1 was used; light and
air wére not excluded. The concentrations of (05H5)2(CCI3)CO
and labeledi [(651{5)200] C10), were 2.10 x 1073 and 2.01 x 1073
molal respectiﬁely. Six samples were removed over a period
of 2 hours. Longer times were not run because (CSHE)E(CClB)-
Co begins to decompose under these conditions after 2 hours.

To sgeparate the reactants, a 10 ml aliquot of the
reacting solution was introduced to a flask containing 10 ml
each of water and Skelly B at 0°c, the [(CSHS)ZCé]CIOu was
extracted into the aqueous phase while the (C5H5)2(C013)Co “
remgined in the Skelly B phase. The organic phase was
washed with water and 10 ml each of water and acetone were
added. The organic solvents were removed by evaporation,

leaving an aqueous solution of [(CSHS)ZCOICI which was
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analyzed. DBecause very little exchange took blace, only the
(C5H5)2(CCI3)CO fraction was analyzed (see page ¥3). The
initial [(CSHE)ZCO]ClOA specific activity was 376 cts/min mg
[(ogEg) eo] [ (CeHy) B]. The results are shown in Table 9.

Table 9. [(CSHS)ZCO] exchange between l(C5H5)200]010h
and (CgHg) 5(GC13)Co

Sample Time (min) (CgHg) 2(CCLl3)Co fraction
PR e
1 2.5 0.39 0.40
2 - 13.5 0.57 0.25
3 71.6 0.99 O.4k
I 18l.7 0.2 0.19
5 626.1 0 0.00
6 1422,2 0 0,00

The chlorine exchange between (C5H5)2(CC13)CO and
labeled lithium chloride was carried out in'én acetone
solution at 0°C. The spp aratus shown in Figuré 2 was used
wifhout the exelusion of light and alr. The concentrations of
(CgHe)(0C13)C0 and 1ithium chloride were 6.50 x 1073 and
3.13 x 10°2 molal respectively. Six 10 ml aliquots were
removed over a period of 2 hours and the reactants were

separated by the same method discussed above. The lithium
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chloride extracted into the agqueous phase. The (CSHS)Z(CCIB)-
Co was not analyzed because a good analytical method could

not be found. The specific activity of three‘samples of the
initial lithium chloride was measured. The values obtained
were 6L.8, 67.4 and 66.5 cts/min mg, the average value 66.2
was used in the calculations. The data indicate (Table 10)
that, within the sxperimental error of 1-2%, no chlorine
exchange took place between the species over a period of 2l

hours.

Table 10. Chlorine exchange between LiCl and (CSHS)Z(CClB)CO

Sample  Time (min) Specific activity Fract. ex.

(cts/min mg) x102

1 1.9 | 65.3 2.2

2 12.0 65.6 1.5

3 42.0 66.1 0.2}

I 134 66.1 0.2,

5 372.9 | 67.3 0.00

6 1180.3 66.2 0.00

Bis( =-cyclopentadienyl)cobalt(II) was found to react
with several halogenated hydrocarbons, chloroform, bromoform,
ethylene dibromide and triphenylmethyl chloride. A study of
the (CSHS)ZCO'CHClB reaction indicated that two products are

formed, (0555)2(0013)00 (identified by its melting point and
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infra-red spectrum) and s small smount of [(05H5)2C6]Gl. No
gas evolution was ever observed during the reaction. In one
run the GHCl3 solution was extracted with water and the
solution was analyzed for [(CSHS)ZCQ]-F and chloride. The
[(05H5)2001+ found represented a conversion of 104 of the

initial (GeHe),Co, the [(CeHe)oCAT:C1™ ratio was 1:3.
5H5’2 57572
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V. DISCUSSION
A. Cobalt 'Exchange

The laék of exchange of cobalt between cobaltous
perchlorate and bis(T -cyclopentadienyl)cobalt(III)
perchlorate over a period of 30 days reflects the stability
and covalent nature of the cobalt-ring bonding. Likely paths
leading %o cobalt exchange are represented by the following

equilibria:

[(G5H5)2()'o]+ = [(05H5)Co] M (05H5)- (7)

[(cgHIeo] ™+ cofOF = [(cgB)eo®]™ + co™  (8)

[(0555)00]“.—-_-’ CoT T 4 (c5H5)° (9)
Co+++ + CO6o+-x- = Cof*' + 006O+++ (10)

The electron exchange in equation 10 has been reported
(96) to be véry fast, so that the lack of exchange must be
ascribed‘to strong covalent bonding between the metal and rings.
A similar conclusion was drawn for the isoelsctronic
bis(W =-cyclopentadienyl)iron(II) system (11l) when no exchange
was observed between ferrous chloride and (CgHg)oFe over a

period of one year.
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Since most of the W -bonded "sandwich compounds" have
comparable metal-ring stability, little exchange would be
expected to take place between theses metals and their
cyclopentadienyl derivatives. It would be interesting
however, to study the (CSHB)ZCr-chromium exchange, for although
the magnetic susceptibility indicates that (CgHS)Cr (31) is a
T -bonded syétem, its conductivity in liquid ammonia (a
saturated solution at -33°C has a specific conductivity of
4.0 x 154 ohm™1) (11) and the rapid reaction with ferrous
chloride to form bis(W -cyclopentadienyl)iron(II) indicate
that the metal'ring bonding may have considerable ionic

character,
B. Electron Exchange

The slow exchange of [(05H5)ZC§]+ observed between
[(ccHg) 500] 010) and [(CgHg)pCo],0 (Table 4) indicated that
the oxide might account for the anomalous nature of the zerq_
time exchange (Table 2) in the electron exchange experiments.

If trace amounts of oxygen were picked up in the dry box or
from incompletely deéiygenated acetone a portion of the
(C;Hg)ng would be oxidized forming a third éxchanging |

species. If the following reactions are assumed,

2(CgHg) 0o + 30, —> [(05H5)200120 (11)
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(CgHg) ,00 + [(GgHg) 00 )" =2 | [(ogig) 0] "
(CSHS)ZCO% (very fast) (12)

[(cgHg) ;0% + [(C5HS) 500750 c_l;l [(05H5)2Co]+ +
[( CSHS)?.CO%][ (05H5)2-C°] 0 (slow) (13)

(0zHg) p00™ + [(CgHg) 0000 22 (CgHg) 00 +
[(05H5)2Co*1[ (CSHS)ZCo] 0 (slow) (1)
the eledt;bﬁ?eichange result s can be qualitatively explained. .
Small asmounts of oxygen react with the (CBH5)2C° to form
[(05 5)200]20 (equation 11) before the reactants are mixed.
Iir theelectrcn exchange represented by equation 12 is very
fasgt and the last two reactlons are comparatively slow then,
upon mixing the reactants a zero time exchange would be
observed, corresponding to the amount of (CSHS)zCO that
remains unoxidized. Equations 13 and 14 would be responsible
for the measured half times. When two nonequivalent gpecies
exchange with a third, one expects the plot of 1n(l-F) vs.
time to be a curve which is the sum of two straight lines,
each representing the exchange of one of the former species
with the third. This would be the case for equation 13 and
1l,. However, the added condition that the first two species
exchange very rapidly (equation 12) reduces the complex curve
to a straight line in woich the rate of exchange (in this case

the rate of exchange of [(C5H5)2Cd]+) is the sum of the two
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individual exchange rates.

It was of interest to determine the amount of (05H5)2Co
that must be assumed to be oxidized in each of the electron
éxchange experiments to account for the data. Assuming that
the above mechanism is correct, an expression can be derived
from which one can calculate the amount of (C5H5)2C°
oxidized. The derivation is based on equations 1-6.

Let X = m moles of (C5H5)200 initially added to the reaction

vessel,

X = m moles of (C5H5)200 that are oxidized to the oxide.

Y = m moles of [(CSHS)ZCQ]CIOA involved in the exchange.
SBo = gpecific activity of the cobalt in unreacted
¢ CBHS) 5Ca] €10, .
Seo = the specific activity of cobalt in all three reactants

after they have exchanged for an infinite amount of

time. | |
If we assume that the electron exchange between (CSHS)ZCO and
and [( CEHS")'ZCO] €10, is infinitely fast, then at t = O the
initial specific activity of [(CSH5)200]+3 (SBo)’ is reduced
to SBt' SBt is the infinite time specific activity for the
electron exchange between Y m moles of [(CSHS)ZC°]+ and (X-x)
m moles of (Csﬂs)éco. Using equation 6 the concentration

ratio of the reasctants can be expressed as

SBQ____X-X.

+ 1, ) (15)
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similarly,

| SB X
-—Q = = 4 ° 16
il 1 (16)

Eliminating X and solving for x

= S RN W | ‘

The value of SBt is ndf experimentally lmown‘bgt can be
deduced from the extrapolated value (1-F,) where F, is the
zero time sxchange, obtained from a semi-logarithmic plot of
(1-F) vs. time. Rearranging equation 2 glves
(1-F,) =1 - 25%—5—259 S a8
Bo

Solving for SB# and substituting into equation 17 yields

o (- A
X Bo ‘Seo ‘[(l-Fo) - l~][SBO-S&1 + Sp,-

All the values but x are known (see experimental section).

The calculated values are shown in Table 11.

Table 1l. Amounts of (CgHg)oCo oxidized in electron excheange

experiments
Run ‘ m moles(CSHS)ZCo
~ oxygenated
“12 ' 0.0l36
13 ©0.020

3 0.049
[ - 0.023
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Table 11, (Continued)

Run m moles{CgHg) 500
oxygenated

6 0.056
7 0.060
11 0,053
2 0,06l
0.053
8 | 0.050
10 ; 0.055

The relative constancy of the values in column 2 lends
support to the proposed reactions, for it is logical to
assume that approximately the same amount of oxygen would
contaminate each sample since the same dry box.and acetone were
used for gll the experiments. |

The relationship between the half times measured in the
electron exchange and [(CSHS)ZCOJCIOA VS, [(C5H5)206]20
experiments can be hore clearly shown by calculating the
rate constants K; and k) (equations 13 and 1L). To
accomplish this, it is necessary to derive the homogeneous
exchange law which applies to equations 12-1l.
Let Rp = rate of exchange of species in equation 13,

Ry = rate of exchange of species in equation 1k,
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t = time,

(4), (B); (C) = concentration of cobalt (gram-atoms/liter)
in [(CgHg) 5C0l 20, [(CgHg),C0lC10), and
(CSH5)200 respectively,

(at), (B'), (C') = concentration of ccbalt-SO {grams-atoms/
liter) in [(CSHS)ZCOJZO’ C(éSHS)ZCdICIOA
and (CgHg) 0o respectively,

F = fraction exchange of [(C;H;)Zbdlzo.

Assume that the reaction represented by equétion 12

takes place immediately (£=0) so that the activity originally
in (B) is now diluted. The values for the concentration of
cobalt-éo in (B) and (C) at the start of the reactions
represented in equations 13 and 1l are (B;) and (C;). The
fraction exchange (F) may be defined as

Fo A (A) + (B) + (¢) (20)
(B,) + (C,) (4) |

The specific activity of the three reactants may be written

as

Cante

Bl) 5. = {ct) (21)

ST m B ®m T

~~

The rate of increase (d(A')/dt) in the concentration of

cobalt-60 in [(CgHg)C0] 20 is given by

a(ar)
at -

= RpSp(1-5,) - RﬁsA(lfsB} + RySg(1-84) - BySy
(1-55). (22)

The rate of appearance of'[(05H5)20069]+ in (A) from (B) is
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R?SB(l-SA) because Ry 1is the rate of exchange of [(CSH5)2C03+
between (A) and (B), Sy is the fraction of (B) that is
radioactive, and (1'SA) is the fraction of (&) that is not
radioactive. Only collisions resulting in the exchange of a
radioactive group for an inactive one lead to a change in
(A'). Similar reasoning leads to the conclusion that
RpSA(l'SB) is the rate of disappearance of [(C5H522C060]+
from (A). The values Rfsc(l'SA) and RXSA(l-SC) are

analagous to the above terms but apply to equation 1l.

Because the electron exchange is so fast

Substituting this in equation 22 gives

e - e (spesy). o
Replacing Sp and SA by equation 21v

d(A') - (g,+R.) (A)(BY) - (B)(a®) . (2

as ¥ (4)(B) >

A conservation equation can be written

(a1) + (B1) + (C') = (Al) + (BL,) + (Clo). (26)
Also from equaﬁion 12 and frém the féct that at t =@
the gpecific activities of the three reactants are equal
the following equations can be written

(1) = (B

(B)
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Substituting these values into equation 26

(a1) + (B') + % (B') = (Alp) + % (A) + %ﬁ-; (A

Rearranging terms and solving for (B') gives

. B () , () - an |
(B = S o [ (? Yt (A - A

Substituting this value into equation 25

alar) _ (Bg*Ry) (B) N
dt (4)(B) (B) + (C) [((A) + (B) + (C)) (k)

(2yanl - (B)(.A.y)]

and rearranging terms

aar) - §R$+Rz2 [ B)@ + (B) + (¢)d - - unl.
LG (a)(B) (B) + (¢C) ' ]"[(A.b) | (A')]

| (a7)
Let £ be the coefficient of [(Ak”) - (A’)]. Rearranging
equation 27 yields
a(atr)
= fdte.
(M%) = (A7)
Integrating thisg
-1n [(a1e) - (a1)] = £t + constant. (28)

The constant of integration may be evaluated at t = 0 when
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(ar) =
constant = =1n (A'p)

Substituting this into equation 28 gives

(a1) = (41)] |
-ln [ . = ft. (29)
(A'eo)
The left side of this expression may be wrivt»ten
-ln[l ié'—)- = =1n(1-F). (30)
' (A%»

Substituting equation 30 into equation 29, expressing f as
defined and rsarranging terms yields

_@im + (0]
(A) + (B) + (C)

1n(1-F) = (Rp+Ry)t. (31)

It is now apparent that, as in the case of gimple
homogeneous exchange, a plot of In(l-F) vs. time will give a
straight line. If we substitute 0.5 for F and ’c% for t,
‘equation 31 gives

(a)[(B) + ()] 0.693 .

(RF+RY) (A) + (B) + (c) * t%

(32)

Let us assume that the reactions shown in equations 13
and 1llj proceed by way of a bimolecular mechanism so that RF :

and Ry may be written

kl(A)(B)
k,(a)(¢). (33)

Rp
Ry
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Adding the two equations and assuming

k) = ks (34)
equation 33 gives

(Rg+Ry) = Ik (A)[(B) + (c]].
Substituting this equation into equation 32, one obtains

tl = 0.693 . ) : (35)

= Kk [a) + (B) + (C)]

The valuc for kl has the units liter/grem-atom sec;
$0 convert this to more femiliar units (ki =.1iter/mole’éec)
kq is multiplied by two. This arises from the fact that"
oxide has two gram=-atoms of [(CSHS)2C§}+ per mole. Using
equation 35 and the concentrations calculated for [(CEHS)ZCO]ZO
and (0335)230’ the values for kl were calculated (Table 12).
With the exception of the value for run 11 the k1 values for
both the electron exchange (runs 1-13) and the [(0535)205] 0
vVS. [(CEHS)ZCQICIOM exchange (runs 1l4~16) experiments are in
close agreement and indicate that the half times observed in
the electron exchange experiments are due to exchange |
reactions involving [(CSHE)ZCOJZO (equations 13 and 1k).

Many rate equations ihvolving half integral and integral
orders from O=l were also tested in equation 32. Only the rate
expressions represented in equation 33 gave a consistent value
for the rate constant. This is not surprising, for in the

simplest cases of the transfer of ligands one would expect the
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reaction to proceed via a bimolecular mechanism. A logical
explanation for the rate constants kl and k2 being equal is
that the elsctron exchange between (CgHg)Co and [(CgHg) pCojs0
(equation lu) is very fast and the rate dstermining step
involves the transfer of the groups which should be similar

for equations 13 and 1ll.

Table 12. Rate constants for exchange reactions

. !
" Run Gram-stoms/liter x103 t, (min) kl
. =2

(CgHg) 500 [(CSH5)2C°]2° (1it/mole sec)

Electron exéhange experiments

6 1.8 0.79 - 18s 0.028
7 1.66 - 0.61 165 1 0.032
11 1.38 | 0.61 150 0.038
9 1.18 0.61 190 0.032

0.6l 0.57 265 0.027
10 0.36 0.73 265 0.028

[(CcHe) 0o} €10y vs. [(CgHg) ;0] 20 experiments

15 6.90 93 0.028
16 6.90 95 | 0.027
1l 3.78 145 0.028

On theoretical grounds, 1t seems very likely that the

single electron exchange between‘(CSH5)20qiand [(05H5)2C°]+
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would be rapid. The Franck-Condon principle states that
electronic transitions are very rapid compared to the motion
of nucleil and the most probable transitions are those that
involve the least alteration of atomic structure. The
structure and metal-ring bond distances of the two cobalt
compounds should be almost identical so that the electron
exchange between them should be rspid. Ruch (%g):ﬁéé‘pointed
out that in all the theories on the bonding of the T bonded
"sandwich compounds", the lowest energy anti-bonding orbital
haé its greatest density at the periphery of the molecule.

In (CSHS)ZCO this orbital is occupied by an unpaired electron,
the one which presumably(exchanges; The high probabiiity of
finding an electron M"outside" the molecule should certainly
enhance the exchange; Since"one of the reactants in uncharged,
there should be very little coulombic repulsion to hinder the
close approach of the species. Again this would enhancs the
probability of electron transfer. _

Throughout the discussion of the electron exchange
experiments it has been assumed that the bis(W -cyclopenta-
dienyl)cobalt-oxygen species was the oxide. This was
deduced from two titration experiments (Table 2), but it is
felt that this may not be sufficient proof. It would be of
interest to determine the species more accurately and also to
study the exchange with [(C5H5)2po]+ and (CSHB)éCo under more
carefully controlled conditions. It should be mentioned that

the exact nature of the oxidized compound is unimportant to

@
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the arguments for fast electron exchange.
C. Bis(T -Cyclopentadienyl)Cobalt(II)-Oxygen Reaction

The reactions ‘between (CSHE)ZCO and oxygen in mesitylene
can only be qualitatively described. From reactions at 0°
and -22.600 it appears that the first reaction involves one
half a mole of oxygen per mole of (CSH5)200, three reactions

may be written which satisfy this condition, when RH

2(CgHg) 00 + 05 —¥ [(0gHg) 001205 (36)
2(05E5)Zco + 0, + 2RH —> 2[(CgHg) ,C0] OR + H, (37)
2(CgHg) 00 + 0, + 2RE —> 2[(CgHg) Colo0m + RR (38)

represents the solvent. The inability of the compound to
liberate iodine with potassium iodide and the failure to
react with hydrogen makes the formation of a peroxide
(equation 36) seem unlikely. The formation of alcoholatés
appears equally improbable because with such a reaction
(equatidﬁﬁ37) there should be no net change in the gaseous
volume of the system. The formation of a hydroxide
(equation 38) fits the observed data best; the (CSﬁ5)ZCo;
oxygen molar raetio is 0.5, the product would be expected to
give basgic solutions on extraction into water, and not to

react with potassium iodide orvwi%h hydrogen as is obsgerved.



91

On this basis, it seems most likely that the first product of
_ the reaction of (CgHg) ;0o and oxygen in mesitylene is =~
bis(T -cyclopentadienyl)cobalt(III)hydroxide.

The reason for the difference in the oxygen uptake for
the first‘reaction in mesitylene and in acetone 1s not
apparent. The presence of water in the acetone might account

for the difference through the following reaction:
4(05H5)200 + 05 + 2H,0 —P ul}cgﬁ5)209]0H.

Reactions Eeyond 0.5 moles of oxygen at 0°C snd 1.0
moles at 25°C are probably heterogsneous, and zero ordser
oxygen kinetics (97) are to be expected since the rate of
reaction shbuld be diffusion controlled. If the range of
particle sizes remain constént with changes in‘(CEHE)ECo
concentration then the kinetics should also be first order in
(GgHg) 5C0.

The data at 25°C indicabe that the [(05H5)20§]+ ion
decomposes in the time interval during which the second 3
mole of oxygen reacts'per_mole of (CSHS)zco.' A stfong positive
tegst for [(CSH5)2C91+ and a negative cobglt test are obtained
after 0.5 moles of oxygen have been added, on the other hand a
test for cobalt was observed with the virtual‘disappearance of
[(05H5)200]+ after one mole of oxygen has reacted. From
visual observations it appears that this reaction is
homogeneous at 25°C. The kinetics may be qualitatively
explained by the slow thermal decomposition of [(05H5)2061QH
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followed by the rapid reéﬁtion of oxygen with the decomposition
products. The instability of [(C5H5)200]OH has been observed
hefe. The compound was prepared by paséing a solution of
[(CBHE)ZCO]Cloh through Dowex I anion exchange column in the
hydroxide form followed by the vacuum distillation of the
solvent. A bright yellow solid which closely resembled in
appearance the first product, remained which decomposed in

vacuo in a few minutes.
D. New Cyclopentadienyl Cobalt Compounds

The discovery that bis(T -~cyclopentadienyl)cobalt(II)
reacts with carbon tetrachloride to form the compound
(CSHE)Z(CClS)Co,,raised the interesting question as to how the
cyclopentadienyl rings and the trichloromethyl groups are
bonded to the central cobalt .atom. Chemical and infra-red
data as well as steric considerations lead to the suggsstion
that at least ons of the cyclopentadienyl rings and the
trichloromethyl group are & bonded to the metal. The
attainment of such a structure involves the rearrangement of
stable W bonds to the less stable < bonds. A similar re-
arrangement has been proposed by Fischer and Wirtzmuller
(98) to account for the magnetic suséeptibility of
(05H5)2Re(00)2H which was prepared by the reaction of carbon
monoxide (250 atm, 90°C) with the T bonded (CEHS)ZRSH‘ It

is assumed that one of the (C5H5) groups in (CSH5)2Re(CO)2H
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is bonded to the metal. In an effort to clqarly
demonstrate the possibility of such rearrangemsnts a detalled
study was made on the bis-cyclopentadienyl-trichloromethyl-
cobait(III) compound [(C5H5)2(6013)Co].

As mentioned previously, O bonded alkyl and aryl
derivatives of tfansition metal cyclopentadienyl-carbonyl and
nitrosyl compounds have been prepared. The formation of these
compounds has been accomplished either by the direct addition

of groups (L7) as
W-(CgHg)Fa(CO) e + CH.I —¥ W -(CgHg)Fe(C0)C0pHy + Nal
or by the replacement of halogen or hydrogen (L.7)

T-CHeCr(N0) 5T + CH3MgI -——%W—(C;H;)Cr(NO) oCHs + MgI,

.

‘W;C5H5M0(CO)3H + CHéNZ )T’—CSHSMO(CO)B 3 + NZ"

Wilkinson and co-workers have made a considerable effort
to determine the chemical and physical properties of these
compounds {(47) énd have been able to ascribe certain.
characteristics to theCJ'-bonded alkyl or aryl group.
Particular attention has been paid to the O bonded
cyclopentadienyl group (Cf-(CSHE)Si(CHB)3 (13),

T-(CgHg) , 0 -(C5Hg)Mnp(NO) 3 (56), O -(CgHg)GuP (CoHs) 4 (12)
o- (cSHS)ZHg (12), "W-(CHy) T -(CgHg)Cr(NO), (56),
W-(CgHg) O -(CH)Fe(CO0) \47,).

The characteristics of the O -(CSHS) group are as follows.
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All the compounds react with maleic anhydride although only
in the cases of the mercury and silicon compound have the
adducts been characterized. The compounds react slowly with
ferrous chloride in tetrahydrofuren to form low ylelds of
bis(T] ~cyclopentadienyl)iron(II).

In contrast to the simple spectra of the
T -cyclopentadienyl compounds, the infra-red spectra of the
O -cyclopentadienyl compounds are quite complex. The region
characteristic of C-H stretching vibrations éontain a band
at 3.25 4 of medium intensity and one or two other weaker
bands. Cyclopentadiene itself absorbs at 3.25 and 3.140/4;
a’ﬁ‘-cyclopentadienyl ring on the other hand has but one band
in this region at 3.25/; (see Figure L4b). In addition, the
spectra of thecr'-(CSHE) compounds have weak absorption bands
at 6.10-6.25/., which may be due to & C = C stretching mode,
and at least one very strong band at 13.5-13.90L . With the
exception of the wave lengths mentioned above the spectra of
different O’ bonded compounds bear little resemblence to one
another.

The ultra-violet absorption spectra of th@(?’-(CSHg)
compounds have intense absorption in the region where a diene
system might be expected to absorb (€ = 10,000 at 2&002, see
Figure 1li). However, this is characteristic of all the
T -cyclopentadienyl-metal systems which contain ©” bonded
alkyls and aryls. The nuclear magnetic resonance spectra (L7)

of the mixed 7T and ¢ cyclopentadienyl compounds show two
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peaks whereas the purely 7] bonded compounds show only one.
The second band in the mixed compound has been attributed to
the & -cyclopentadienyl ring.

In the light of these characteristics the bonding in
(CSHS)Z(CCI3)CO can be discussed. The five most conceivable
structures for this compound are shown in Figure 15. The
“TT-bended and & -bonded rings are drawn as rectangles and
petagons respectively. The compound shown in Figuré 15 has
one less hydrogen than the assumed formula; however, it
cannot be neglected on this basis since the hydrogen analysis
(Table 7) was not good enough to distinguish between nine or
ten hydrogens.

The structure (Figure 15d4) in which both rings are
bonded to the cobalt is rejected because no pure & bonded
organometalllc compounds of Group VIII, with the excsption of
platinum, have ever been prepared. Also the molecular orbital
treatment of Jaffe’ and Doak (40) has shown that such compounds
should be exceedingly unstable. The compound representéd by
Figure 15a is also unacceptable since it would be
baramagnetic. The trichloromethyl group has réplaced one of
the hydrogens of (C5H;)2Co and the oad electron will still
be present. If the electron is removed a cation will result.
The non-ionic nature of (05H5)2(0013)C° as demonstrated by
its melting point, vapor pressure and solubility in organic
solvents eliminates this possibility. The infra-red spectrum

for the ring substituted structure (Figure 15a) should have



Figure 15. Possible structures for (GSHS)Z(C,C'I3)GQ' e



97

'bu.t one C-H stretching frequency since it still is a
M -bonded compound. However as seen in Figure 12b there are
two C-H stretching bands at 3.25 and 3.).;,0/(‘,. The formation
of [ CSHS) ZCo]+ on refluxing an ethanolic solution of
(C5H5) 2(0012)(}0 clearly shows that the trichloromethyl group
is not on the ring.,. B |

Of all the structures, the (T -cyclopentadienyl)
(& -cyclopentadienyl)trichlofemethylcobalt(III) compound
(Figure 15c¢) fits the data best. Since one ring isc'bondediﬁ_
it would be expected that the properties of this comblnat'l on
would be similar to the (W—cyclopentadlenyl)(a’-cyclopenta- "'3"
dienyl) me tal eompounds described' by Wilkinson; this 1s ‘.found
to be the case. The reaction of (C5H5)2(0C13)Co with maleic
| anhydride and ferrous chloride have been observed. The
infra-red spectrum has two C-H stretching absorptions at
3.25 and B.MQ/L as well as bands in the 6.10-6.25/~’and
13.15-13.90 4 regions ¥iz 6.25 and 13.654 . The 13.65 4 band
is, however, in t'he general region for C-Cl3 vibrations (99).
The infra-red spectrum of the compound formed between |
(05H5) oCo and dibromome thane, pfesumably 77-(05H5)Q‘f -(05}_15)
(CHZBr)Co,' (100) is almost identical to that of (05155)2(,001_3)00
including a band at 13.454. Since C-Br vibrations do not -
occur in this region, it is‘ felt that the 13.654 band in
(CSHS)Z(_CClB)Co can be attributed to a @ -cyclopentadienyl
ring.

The results of the tracer experiments are in line with
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this structure. The lack of chloride exchange between the
trichloromethyl compound and lithium chloride eliminates the
. possibility of ionic chlorids and the lack of exchange of
bis(“—-cyclopentadienyl)cobalt(III) ions is consistent with
the proposed difference in structure between [(C5E5)Zco]+
and the trichloromethyl compound.

The hlgh molar extinction coefficient at ZAOOA is
similar to that of the O bonded compounds. However, this
can be ascribed to the Lrichloromethyl group and does not
:Enecessarlly indicate a O =-cyclopentadienyl ring. The
vcompound is dlamagnetlc as 1s to be expected sincse the
isoelectronic, isomorphic system\jf—(C5ﬂs)Fe(CO)2] hes been
shown to be dlamagnetlc (38). If this is the correct
configuration then the formation of [(Cshs)zcd] in boiling
ethanol solutions of (CSH5)2(0013)Q0 involved a second
rearrangement i.e., from O to W bonding. Such =a
rearrangement has been observed by Herwig and Zeiss (101) in
‘the formation of (T ~biphenyl) (T -benzene)chromium(0) from
tris(C -phenyl)chromium(III). -

Steric considerations make it doubtful that Figures 15b
and e can represent the system sincé in the fofmer the tri-
chloromethyl group is too large to fit between the rings and
in the latter, part of both rings must occupy the same region
of space. The compound as represented by Figure 15b also has
the disadvantage that two electrons must go into anti-bonding
orbitals which would certainly b; reflected by a highly labile

|
[
|
I
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Co-CCLy bond. It is elso difficult to oxplain why such a
compound would decompose to give the cobalt ion instead of
[(05H5)2003+;when relatively weak agents such as sodium
thiocyanate and silver nitrate are added. It is difficult to
discuss the properties represented by Figure lSeasir}ce no
stabie compounds having such a structure have been isolated.
"The compound"(CSHS)3UCl has been prepared (102) 1n which the
rings are assumed to be I bonded. | The cor&pound‘:’:é SO

" unsgtable that no good phys:.cal measurement s have ‘been made..
A strained configuratlon intermedlate between the

, extreme forms represen’ced ‘by Figures 15b and e may _.explain
the observed data.. ‘Again, sin'ce no similar com;;ognds have
been isolated the properties assumed are merely conjecture.
It is reasonable to assume that in such & structure there
will be considerable si:eric iﬁterfergnce between the three
groups and as a result the rings will be bent out of their
normally planar configuration. This would amount to adding
diene character to the iings, which would explain the reactivity.'
with malelc anhydride and the observed 1nfra-red spe ctrum. |
| Also, it would not be necessary to postulate"lT to O’ and O
to I rearrangements. The ultra-violet spectrum (Figure 1l)
appears similar to that of [( C;H;)ZCOJCIOL'_ except at the low
wave length end which should be attributed to the Cc;-CCl3 (o
bond. It is questionable if such a system would be stable.
The léss of much T character in the ring-metal-bozidir;g and
thé distortion of strongly directional m bohdsvshould
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certainly lead to a quite unstable compound. It would also
be expected that the reduced stability of the system would
shift the ultra-violet spectrum of the trichloromethyl compound
felative to [(CEHS)ZCc]f to lower wave lengths rather than to
higher.' |

Nuclear magnetic resonance measurements of (C5H5)2(0613)Co_
tshould distinguish betwsen the strained and ¢’ bonded
structure éince both ripgs of the strained syétqm are
‘equivaleht and shoqld show only one n.mcr.‘peak. An X-ray
crystalographic study of the structure of (05ﬁ5)2(0013)00 has
been undertaken by Mr. D. Williams of the Iowa State College
Chemisfry Depaftment; however, no results héve been oﬁtained

as yet. v

The mechanism of formation of (05H5)2(0013)00 is
interesting. Bis(T -cyclopentadienyl)cobalt{(II) usually acts
as a stroné reducing agent. However, in this reaction the

méchanism.appears to be free radical in nature. The observed

data can be explained by the. following mechanism:
.(CEHE)ZCO + CCL, —_ (c5H5')2(c013)co + Cle
(CSHE")QCO + 60 — [(05H5) 2co] cl + cc~1§
(CgHg)Co + 001y —>  (CgHe) H(C015)Co
(CgHg)pCo + +01  — [(CgHg) 5C0] 01

Positive confirmation of the free radical mechanism was

obtained by the formation of (CgHg)p(CCl3)Co from the reaction
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of (C5H5)200 and chloroform. If the reaction involves an
ionic mechanism the formation of (CgHg)(CHCL,)Co and
[(C;HS)ZCO Cl would be expected. It has long bssn known
that chloroform preferentially forms the trichloromethyl
end hydrogen radicals in free radical reactions (103-105).
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VI. SUMMARY

Exchange studies on the system bis(TW -cyclopentadienyl)-
cobalt(III) perchlorate-cobaltous perchlorate showed no
exchange in times  up to.30 days. This lack of exchange of
cobalt indicates the great stability and covalent nature of
the cobalt-ring bonding. o .

The electroﬁ exchange between Eis(ﬂ';cyclépbntadien§l)n
cobalt(II) and bls(ﬂ'-cyclopentadlenyl)cobalt(III) perchlorate.
in acetone solutions was studied at 0°C in the virtual absence
of air. An apparently large zero time quhange followed by
a slow exchange feaqtion was observed. A study of the effect
of (CEHS)ZCO concentration on the zéro time exchange and the
haif time of the slow reaction led to the conclusion that the
electron exchange was very rapid (t%KLS secs). The hiéh.zefo
timéuexchange is attributediﬁo this reaction and. the slow

exchange to the following two equilibria:

[(05H5)200 1" + [(0535)2cq]20 ! =L, - [(csHg)ge0]"
’ [(CgHS) Co® [(CSHE) Gojo "

(65H) ,60%0 + [<c5 i) co]2 E,

+ [(05H5)2C0 ][ (0535)200]0.

(05H5)200

The presence of [(CSBB)ZC°]20 in the reaction solutions isg
assumed to be due to the oxidation of (0535)20° by oxygen
impurities. It appears that ki = k, (0.029 liter/mole sec)
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and that the overall kinetics for both reactions is second
order, i.e., first order in,each of the reactants.

A qualitative understanding was obtained of the
complex reaction between (CSHS)ZCO and oxygen in mesitylene
golutions. The uptake of oxygen was studied over a range
- 0=-1.5 moles of oxygen per mole of (CSHS)ZCO; The initial
reaction was observed to be very fast and chemical evidence
'indicates that the fifét producf Tormed was [(CBHS)ZcoIOH._
At 0°C this reaction takes place during the uptake of 0.-0. 5,
moles of oxygen per mole of (C5H5)ZC°'

The.second reacolon appears to accom@any the
decomposition of [(CSHE)ZCQIOH Nhich is comﬁlete aftor the
uptake ratio (moles Op/mole (CgHg)pCo) ig unity. The
products of”ﬁhis reaction have not been identified, however:

. a p051tlve qualitatlve test for the cobaltous ion was
obtalned and a red-brown SOlld was 1solated which appears to
be an oréanlc polymer. "The kinetics for thls reactlon-ls
first order in {(CgHS)ZCo]OH and zero order in oxygen. The
reactlon seems to be homogeneous, ‘but uhioipoint.is.stiil in
question. ~The oxygen reacﬁion_beyond an.ﬁptake ratio-of 1.0
1al§o iéffirst.ofdef in the cobalt compound and zero order in
"OXygeo."This reaction is most probably He%erogeneous,

‘.From the reaction of (0535fzco wito carbon tetrachloride
'ainew type of cyclopentadienyl cobalt compound was isolated
which had the formula (CgHg),(CCl3)Co. It has been named

(T -cyclopentadienyl) (O -cyclopentadienyl)trichloromethyl-
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cobalt(III) since the infra-red and chemical data lead us to
the conclusion that thé formation of the compound involves an
interesting rearrangement in the bonding, from very stable f
to less stable® . The conversion of this compound in ethanol
solutions.to [(G§H5)2003+ indicates that a reverse
rearrangement of & to M bonding also occurs. The
productign of (05H5)2(0013)Co from the reaction of (CSH§)2C°
and chloroform de@odstrated that the mechanism of its

formation involves free radical reasctions.
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VIII. APPENDIX

The apparatus used for measguring fairly rapid reaction

rates, when reactants are sensitive to air, is shown in

Figure 16,

The apparaﬁus consisted of four main sections.

I. Gas regulating system

"a)

b)

c)
d)
e)
£)

g)

Helium gas

Tube of copper turnings at 600°C to remove any
oxygen present in the helium \

Water trap (Tz) immersed in dry ice and acetone
Mercury reservoirs (R; and R,)

Manometer (M) |

Gas trap (T;) immersed in liquid nitrogen

Vacuum pump

ITI, Reaction flask

~a)

b)
c)

a)

Chambers for storing the two reaction sclutions
(A and B)

Teflon covered stirring bar (D)

Mégnetic stiréer (E) in a water tight brass jacket

Sealed glass tip (Fj

IIT. Sampling chamber

a)

b)

Glass hammer‘attachéd to avstopcock

Sampling tubes (1-7). Tubes 1-6 have volumes of
about 10 ml below the line a-~b. Tube 7 had a
volume of 25 ml below b.
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- Filgure 16. Exchange apparatus for the study of fast, _reactions

cTt
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IV, Quenching system
a) Flasks (C;-C¢) contained quenching solutions.
b) Sintered glass disc (H) of Pyrex medium porocity
used to filter precipitated reactant. |
c)< Stopcocks 59'Slu were greased with fNonaq" because‘
orgsnic liquids had to be drawn through them.

In a dry box the two reactihg solutions were placed
separately into A and B, ' The reaction vessel was connectqﬂL
into the system at Su‘and Fl' Stopcocks Sl’ SM and Jl to J6
~ were closed and the entire system was evacuated. After one
hour of‘pumping,‘Sé was closed.

A solvent bulb,Figure 17, which held one liter of
quenching solution was placed so that ball joints Jl and Jé
were in conteact, stopcock S, was opened, the space between 89
and Sa was evacuated and Sb was then closed. Stopcocks'S9 and
Sa were opened and the solution was allowed to enter flask Cl‘
The volume of the flésk waé 150 ml, When the level of liquid
reached a predetermined point, 89 and Sa were closed and tﬁé
solvent bulb was removed. This procedure was repeated on.
flasks Cp-Cyx. If during the filling procedure the pressﬁre in
the solvent bulb became too low to force the quenching solution
out, a small amount of helium was admitted through S,.
Stopcoék Sl was opened, helium was allbwed,to fill the system
to atmospheric pressure and Sy was then closed. |

The portion of the apparatus enclosed by a dotted 1in€

in Figure 16 was immersed in a constant temperature bath and
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' Figure 17. Flask for f£illing quenching flasks of the exchange
apparatus "
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allowed to equilibrate for three houwrs. After equi.libration
all of the open stopcocks were closed with the exception of
S)-l- and ,,S8° Mercursdr’ reservoir, RZ’ was lowered so t hat there
was an increase of preasasure in A and B and the magn:etic
stirrer kwas turned on. |

Arm B of the reaction vessel was turned to all.ow the
solution contained in it to flow into A: This times: was
considered zero time for the ré’action. After s;cirr"ing for
ten seconds, G was rotated and the hamwmer broke the: tip of
‘B, The excess pressﬁre in A caused the solution to:flow
qulckly through F and into the sampling chamber at 4. The
sample tubes 1-6 were filled (to the mark along a-bs) ‘andv the
overflow was coile cted in tube 7. Stopcock 83 was opened,
R, was raised and ‘stopcock’S8 was closed.

To qu.enéh the first sample stbpcock Ss was ope:ned, 53
was closed énd R was quickly ldwered. Thisg operat;ic;n
increased the pressui'e in ’;:he sample chamber causinsg sample
tube #1 to empty its contents into flask C. The ti.me of
entry of sampls #l into Cl was noted and the diffﬂer‘ence in
time tq-t, was)consi”dered the reaction time for sam_nplé #1,
The time necessary for all operations from ty to 7 is 4ab<')ut
45 seconds. - SS was closed, S3 wes opeﬁed and R2 wa:s then
raisedm‘sto 1ts or‘igi’nal position. S6 wasopgned andi 53 vwas
closed. The system was now in position to empty sample #2.
,) This procedure "was :vre‘pea’cedﬁ ﬁntil all six samples wwre

_quenched. The time necessary to perform all operatsions
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between samples was less than 30 seconds.

The immersed portion of the apparstus was removed from
the constant temperature bath. The liquids in the quenching
flasks were removed into separate suction flasks. Ths
precipitated compound was thereby filtered on to the sintered
glass discs (H). The suction flasks were fitted with ball
joints so that they could make contact with the ball joints
at the bottom of the quenching flasks. The precipitated
compound was washed off the sintered glass discs, and the
separated samples were ready for analysis. |

In order to operate this apparatus quickly, it was
necessary ito have fwo operators. One person manipulated the
various stopcocks, the other took charge of starting the
reaction, injecting the samples by moving R2 and recording
the times of qusnching for the sémples.

The apparétusvwas too large to be wrapped with opaque
materials. In order to run experiments in the absence of
light, the entire room had to be darkened. This was easily
achieved since the room in which the gpparatus was located
had no windows. Two 8 candle power Nalco ruby red dark room

lamps were used for lighting.
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