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" STUDIES OF FERROCENE IN THE USSR

» Ferrocene or dicyclopentadienyliron (CsHsFeCgHs) was dis-
covered in 1951 by Kealy and Pauson (1).
The unusual chemical and physical properties of this compound
at once attracted the attention of chemists in many countries.
These properties prompted Woodward and co-workers in 1952 (2)
to ascribe to it a three-dimensional structure of a pentagonal anti-
prism or the so-called sandwich structure (I) with an atom of iron
placed between two parallel five-membered rings.
All studies (both chemical and physical) of ferro-
cene and of its analogues with other transitional

metals confirmed configuration I
The nature of the linkage between the cyclopen-
tadienyl rings and the iron atom is not clear as yet.

FQ Several hypotheses have been advanced on this

score, more or less substantiated by quantum
mechanical calculations.
In any case the chemical and physical properties

of ferrocene.favour the assumption that the linkage
between the organic part of the molecule and the

iron atom is effected by means of the n-electrons of the cyclopen-
tadienyl rings and the d-electrons of the atom of the transitional
metal.

Ferrocene is an orange-coloured, crystalline substance with a
melting point of 174°C. It is diamagnetic, its dipole moment being
zero. Ferrocene is readily soluble in most organic solvents, it is in-
soluble in water, and can be distilled with water vapours; its sublima-
tion temperature is about 100°C.

The most characteristic properties of ferrocene are: a) exception- o
al thermal stability (it is not destroyed up to 450°C); b) the stability
of the linkage between the cyclopentadienyl radicals and iron (it
withstands boiling with concentrated HCI, and is resistant to alkalis); ,
c) exceptional sensitivity to the action of oxidizing agents (sulphuric
and nitric acids, halogens, silver sulfate, quinone, peroxides) which
transform ferrocene into the unstable ferrocinium cation
[(CsHs)g Fet] and eventually completely destroy it; d) total absence
of reactions to double bonds of cyclopentadienyl rings; e) a tendency
to enter into substitution reactions in the cyclopentadienyl rings

All these properties characterize ferrocene, on the one hew?
an organometallic compound of a new type with an unussal baikass
7 between the organic radicals and metal, and as 8 new Arcaein
system on the other.
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In the USSR, studies of ferrocene were begun in 1953 in the
laboratory of Academician A. Nesmeyanov. The subject of these
studies was the reactivity of the organic part of the ferrocene mole-
cule. Tt is these studies that yielded most of the data confirming the
aromatic nature of the new organometallic compound.

The results of the researches carried out so far are represented at
the exhibition in the form of a diagram, accompanied by samples of
the substances obtained. : .

As studies of ferrocene were undertaken simultanedusly and
independently in several countries, there has been an inevitable
overlapping in the directions of research. Such instances are referred
to in the prospectus.

In 1954 A. Nesmeyanov, E., Perevalova, R. Golovnya and
0. Nesmeyanova (3) effTected mercuriation, metallation with butyl
lithium and arylation of ferrocene.

These early experiments demonstrated that in substitution
reactions ferrocene behaves like benzene or rather like such su-
peraromatic systems as furan or thiophene. This is borne out by
mercuriation with mercuric acetate under mild conditions which
resulted in a mixture of di- and monomercuriated ferrocenes. No-
mercuriation of benzene is possible under such conditions. The same
applies to metallation with butyl lithium, which cannot be accom-
plished with benzene, while in the case of ferrocene it produces a
mixture of di- and monolithium derivatives of ferrocenes.

Arylation of ferrocene with aromatic diazonium salts was carried
out under the conditions of Homberg's reaction.

Somewhat later metallation with butyl lithium (4) and arylation
of ferrocene (5, 6) were reported by British and American authors.

Three reactions described in the first report proved to be highly
fruitful from the viewpoint of synthesis. Further studies in the
arvlation of ferrocene with diazonium salts (7, 8) resulted in the
synthesis of a whole series of mono- and diarylferrocenes. Some of
these were obtained not by direct arylation but by secondary trans-
formations (aminophenylferrocenes from nitrophenylferrocenes,
and p-ferrocenylanizol from p-ferrocenylphenol).

A study of the properties of arylferrocenes revealed the nature of
ferrocenyl as a substituent in the benzene ring. A measurement of
dissociation constants of ferrocenylanilines, ferrocenylphenols,
ferrocenvihenzoie  acwds and ferrocenylamine and a comparison
Mo renst with the dissociation constants of the respective biphenyl
. L.+ sevenled that ferrocenvt is a strong electron-donor sub-
[ FEEEEE L LA
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.# A.Nesmeyanov, E.Peres b s and O.Nesmeyanova used mercuric
derivatives of ferrocene possessing the usual properties of organo-
mercury compounds (symmetrization reaction. splitting off  of
mercury by boiling in concentrated HC1- to svathesize seme terrocene
derivatives which could not be obtained otherwise,

Thus, by action of hromine and iodine on mercuriated ferrocenes
iodo-, bromo-, diiodo- and dibromoferrocenes were obtained (10).
Action of free rhodan produced rhodanide, which, however, was
reduced to diferrocenyl disulphide in the process of separation (11).
Action of chlormercuriferrocene on triphenylchloromethane resulted
in the svnthesis of triphenylferrocenilmethane (11). The latter reac-
tion demonstrates the mobility of mercury in the ferrocene nucleus.

A study of the properties of halogenoferrocenes revealed that
the halogen in the ferrocene nucleus is even more inert than an
aromatic halogen.

Lithium and later obtained sodium derivatives (12) of ferrocene
made it possible to synthesize ferrocene mono- and dicarboxylic
acids and, what is of special interest, ferrocenylamine (9). The latter
was obtained by the method of K. Kocheshkov by reaction of
ferrocenyllithium with the benzyl ester of hydroxylamine.

Almost simultaneously ferrocenylamine was synthesized by
Arimoto and Haven {13) from the azide of ferrocenecarboxylic acid.’

Despite the preliminary data obtained by.some authors (14), in
1956 A. Nesmeyanov and N. Kochetkova (15) effected alkylation
of ferrocene with alkyl halides in the presence of aluminum chloride.
It was demonstrated that alkylation of ferrocene, like that of ben-
zene, results in mixtures of mono-,di-, and poly-substituted products.

Separate alkyl ferrocenes were obtained by A. Nesmeyanov
and N. Volkenau (16) by reduction of acylferrocenes using
Clemensen’s method. Dimethylferrocene was synthesized by reduc-
tion of dimethyl ester of ferrocenedicarboxylic acid with lithium
aluminum hydride (12). Esters and ketons of the ferrocene series are
in general easily reduced by lithium aluminum hydride producing
hydroxyderivatives and then afkyl derivatives of ferrocene (12).

A detailed study of acylation (the first substitution reaction
carried out for ferrocene) was also made by Soviet chemists.

Thus, it was demonstrated (3) that acylation of ferrocene takes
place not only in the presence of aluminum chloride, but unlike that
of benzene, also in the presence of stannic tetrachloride, under
milder conditions. By using various modifications of the Friedel-
Crafts method a considerable number of ketones and ketoacids of
the ferrocene series were svnthesized (16, 17, 18).
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Highly interesting is intramolecular acylation achieved within
the ferrocene series. In 1956 A. Nesmeyanov, N. Volkenau and
V. Vilchevskava (18) carried out cyclization of di-(®- -carboxy-
» propyi ferrocene by means of polyphosphoric acid. As a result, di-
hwmﬂrahydromdenvl) iron was obtained and its structure ascer-’
unwned by reducing it to di- (tetrahydroindenyl)-iron, obtained earlier

‘o Fischer (19). The synthesis and the establishment of the structure
{20) of ketotetrahydroindenyl- (cvclopentadlenyl) -iron from o.
carboxypropyl-ferrocene and of a ferrocene analogue of antraqui-
none (I1) from o-carboxybenzoyl-ferrocene confirmed that cyclization
proceeds into the same cyclopentadienyl ring which already has
the substituent in it.

In 1956 A. Nesmeyanov and 1. Kritskaya
demonstrated the condensation of ferrocene with
aldehydes in the presence of sulfuric acid (21).
Interaction between ferrocene and formaldehyde,
henzaldehyde and p-dimethylaminobenzaldehyde
yielded the following products:

C; H,Fe C;H,(CHR),C;H; FeC;H; [R = HCH;,
(CH,,) NCgH,] and C;H;FeC;H,(CHR)[CH(OH)R]
- C,H,FeC;H; [R = GgH;, (CH,),NCgH 1)

By means of infrared spectra and by destruc-
tive bromination it was shown that the compounds thus produced
contained unsubstituted cyclopentadienyl rings, i. e., that conden-
sation takes place twice into the same cyclopentadienyl ring.

Interaction between ferrocene and formaldehyde and benzal-
dehyde had been achieved somewhat earlier by Weinmayr (22) in
the presence of anhydrous HF, and later by Riemschneider and
Helm (14).

The instability of ferrocene to the action of oxidizing agents
makes it impossible to involve it in the most characteristic reactions
of electrophilic substitution, such as nitration and halogenation.

In 1955 A. Nesmeyanov, E. Perevalova and S. Churanov
(23) succeeded in sulfonation of ferrocene with pyridine sulfo-
trioxide, obtaining di- and monosulfonic acids of ferrocene. Esters
and chlorides of these sulfonic acids were also synthesized. Chloride
of ferrocene monmulfomc acid was reduced to diferrocenyldisulfide
(23).

Sulfonic acids of ferrocene were synthesized independently by
Weinmayr (22) who had used concentrated sulfuric acid in acetic
anhydride as a sulfonating agent. ‘

Soviet chemists are conducting researches aimed at establishing
the effects of substituents on the reactivity of cyclopentadienyl rings
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in ferrocene. In this connection A. LTesmeyvanov and E. Perevalova
with a group of co-workers (24) developed two methods for ascer-
taining the structure of ferrocene compounds: a) destructive bromi-
nation and b) destructive hydrogenation. The first method involving
the action of excess hromine on the compound investigated, makes il
possible to establish the presence of an unsubstituted cyclopenta-
dienyl ring in the molecule by the formation of pentabromocyclo-
pentane. The second method— hydrogenation under rigid conditions
over Raney nickel — reduces the compound investigated to known
cvclopentane derivatives.

By now, some information has been collected indicating that
alkyl substituents have a certain activating effect, and acyl substi-
tuents. a certain deactivating effect on ferrocene in electrophilic
substitution reactions (17).

There are also some preliminary indications that the efTect of
substituent is transmitted from one cyclopentadienyl ring to another
through the iron atom (23).

Thus, the integrated researches, the results of which are repre-
sented at the exhibition in a nutshell, were directed at investigating
ferrocene as a new aromatic system.

The information obtained clearly illustrates this aspect of the
new compound. According to this information, ferrocene behaves as
a superaromatic compound in many typical substitution reactions.
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A, N, Nesmeyanov and E, G, Perevalova, Uspekhl Knhimii
27, 3 (1958).

CYCLOPENTADIENYL COMPOUNDS OF METALS AND
RELATED COMPOUNDS

In spite of many attempts, it has not been possible up to
the present time to obtain alkyl and aryl organometallic compounds
for the majority of the transition metals. he few representa-
tives of this class of compounds described in the literature are
distinguished by great instabilityl,=2, ‘

Thus all attempts to isolate ferro-organic compounds were
unsuccessful3v7, The assertion of Afanasyev and Tsyganov® that
they obtained a mixture of diethyl and monoethyl iron bromildes
as a result of the reaction of metallic iron with ethyl bromide
is completely without basls,

Allyl (and benzyl) organometallic compounds are usually much
less stable than alkyl and aryl compounds. dJaffe and Doak?
believe that the difficulty in obtaining organic compounds of
transition elements is explained by the slight stabllity of pure
covalent bonds between metal and carbon; at the same time these
bonds can not be very ionic because of the insufficiently great
difference in electronegativities between transition elements
and carbon.

Therefore the discovery in 1951.-1952 of the class of organo-
metallic compounds, unijue in both properties and structure,
namely the dicyclopentadienyl derivatives of transition metals,
was completely unexpected,

The first representative of this new class of compounds was
dicyclopentadienyliron--an iron-organic compound obtained flrst
in 1951 by Kealy and Pauson!®?, and then independently in 1952
by Miller, Tebboth, and Tremainli{ 4 ,

Kealy and Pauson’® in the attempt to synthesize dicyclopenta-
dienyl, CsHs5-C:zHs by the reaction of ferric chloride with
cyclopentadienylmagnesium bromide, obtained instead of the
expected hydrocarbon a crystalline, extraordinarily stable,
orange~colored compound which contained carbon, hydrogen, and iron
and corresponded in elemental analysls to dicyclopentadlenyliron,

This compound, which later according to the suggestion of
Woodward and coworkers!? came to be called ferrocene, immediately
attracted the attention of chemists of a number of countries (the
Soviet Union, the United States, Germany, and others). The study
of the properties of ferrocene provided the start of the investi-
gation of a new field of organometallic compounds--the chemistry
of dicyclopentadienyl derivatives of transition metals,

CONTINUED
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Investigations in this field began to develop in two directlions:

(1) the obtaining of dicyclopentadienyl derivatives of
various metals and the establishment of their
structures and

(2) multilateral study of the reactions of ferrocene,

Soon after the discovery of ferrocene, dicyclopentadienyl
derivatives of practically all transition elements were syntheslzed,
and there were also obtained dlindenyl compounds, cyclopentadienyl-
carbonyls, and cyclopentadienylnitrosyls of some metals, and also
compounds of metals with benzene (dibenzenechromium and others),

Up to the present time, more than 200 works have been devoted to
ferrocene and compounds similar to it., This interest was aroused
by the great singularity of the structure and properties of this
type of compound,

Ferrocene and some other dicyclopentadienyl derivatives of
transition elements are unusually stable for organometallic com-
pounds. In splte of the great formal unsaturation, addition
reactions are unknown for these compounds, For ferrocene itself,
a wide circle of reactions of electrophilic substitution, typical
of aromatic systems, has been found.

Earlier investigations in the field of the chemistry of
orgarnometallic compounds played a great role in the formulation
of a theory of valence, and in connection with the study of
dicyclopentadlenyl derivatives of transition metals, the question
agalin arises as to the limits of applicability of the classical
postulate of valence,

Several reviewg!3—16 of dicyclopentadienyl derivatives of
metals were published 1n 1955, but at the present time they are
already far from including all the literature on this question.

I. METHODS OF OBTAINING DICYCLOPENTADIENYL COMPOUNDS OF METALS

Dicyclopentadienyl derivatives of transition metals are
obtained by the action of salts or acetylacetonates of these
metals on cyclopentadienylmagnesium bromide, on cyclopentadienyl-
lithium or sodium, or also by the immediate reaction of cyclo-
pentadliene with the salt or carbonyl of the corresponding metal,
Each of these methods 1s briefly characterized below,

In table 1 there are listed all the dicyclopentadienyl
derlvatives of metals syntheslzed as of the present time, with
indication of the formal valence of the metal in them, the means
of obtaining the compound, the yield (when indicated in the
article), and the literature references. The means of synthesis
are indicated by corresponding letters A, B, C, etc.; the nature
of the method 1is set forth in the text,

CONTINUED

Approved For Release 2009/03/26 : CIA-RDP80T00246A008000080002-3



Approved For Release 2009/03/26 : CIA-RDP80T00246A008000080002-3

-3 -

A, The reaction of cyclopentadienylmagnesium bromide with
the halide of the metal 1s a convenient method of obtaining
dicyclopentgdienyl derivatives of metals. The reaction 1s carried
out in ether or ether-benzene solution. Thus, in the reaction of
ferric chloride with cyclogentadienylmagnesium bromide in ether
solution Kealy and Pauson?® first obtalned ferrocene (yleld 34%),
later Riemschneida and Helm!7 raised the yileld to 52% by carrying
out the reaction in ether-benzene medium. Probably the ferric
chloride first 1s reduced by the organomagnesium compound to
ferrous, which then reacts with another molecule of cyclopentadienyl-
magneslium bromide:

2CsHsMgBr + 2 FeCls > 2 FeClz + CsHs-CsHs + MgBrz + MgClz
2 CsHsMgBr + FeClz > (CsHs)zFe + MgBrz + MgClz

Such a reaction mechanism has in no way been proved; therefore the
possibllity is not excluded that the first step 1s formation of
dicyclopentadienylferric chloride, which then 1s reduced by an
excess of the Grignard reagent:

2 CsHsMgBr + FeCls + (CsHs)z FeCl + MgBrz + MgCla

2(05H5)2F6C1 4+ 2 CsHslMgBr - Q(CsHs)gFe + CsHs~CsHs A MgBﬁa +
MgClo

By this method there have been obtained dicyclopentadienyl
compounds of cobalt,*® titanium,® zirconium,® vanadium,?®’2° and
others (see table 1).

B. The reaction of cyclopentadienylmagnesium bromide with
the acetylacetonates of metals has been used wlth success in the
case of metals whose halldes are difficultlg soluble in ether,'®
Thus, dicyclopentadienyl compounds of iron,<?! nickel,®® cobalt, 22
ruthenium, 23 rhodium, 2% and iridium3% have been obtained.

C. The reaction of cyclopentadienylsodium (or lithium) with
halides®® allowed one to obtain in good yields dicyclopentadienyl
compounds of iron,2° titanium,®° vanadium,Z° molybdenum,?? tungsten,®
tantalum®® and manganese:Z2S

2(CsHs)Na + MeX, > (CsHs)zMeX _ + 2NaX
2

By thls same method tricyclopentadienyl comgounds of scandium,
yttrium, and the lanthanides were obtalned®®’2°;

3 CsHsNa 4+ MeXs > (CsHs)sMe + 3NaX

Tetrahydrofuran or ethylene glycol dimethyl ether served as
solvent,20’26227

Pauson®° used a method analogous to thils for the synthesis of
diphenyl-, polyphenyl- and dilbenzhydrylferrocene. He obtained the
lithium derivative of the substituted cyclopentadiene and brought
it into reaction with ferric chloride in ether solution:
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6 CeHsCsHeL1 + 2 FeCly — 2 (CgHsCgH, )2 Fe

D. Dicyclopentadienyl compounds are obtained in high yields,
except in the case of chromium and molybdenum, by the reaction of
cyclopentadienyllithium, sodium, or potassium with the thiocya-~
natoammines of metzls and subs?quent thermal dissociation of the
dicyclorentadienylmetal ammine‘31+-23).

Co(SCN),NHz), + 2 C.HK .%5;8-— 2KSCN + Co(CsHs )2 (NHz),
Nla

Co(C-Hg)2(NHg), —,Z'_, Co(CzHg)z + UNH,4

E, Cycloventadiene reacts with carbonyls of transition metals
at 250-3500 yieldi?g dicxclopentadienyl compounds, it 1s true, in
low yields((IO-jo%) 21,32/, The reaction for some metals is
reversible's3s

Cr(CO)g + 2 CsHg & Cr(CeHg)z + 6 CO + Hy

_ Intermediate products are mixed cyclopentadienyl carbo?yls of
the metals, which are usually obtained by this methodr35i37 2

(See the section "Cyclopentadienylcarbonyls and cyclopentadienyl-
nitrosyls of metals,") '

2 Fe(CC)g + 2 CzHg — CgHs Fe(CO)4FeC5H5 + Hy + 6 CO

h) 2000 \ o

Hallam and Pauson®2 suggested the carbonyl method for the
synthesls of substituted ferrocenes. By the reaction of benzyl-
cyclopentadiene with iron pentacarbonyl, they obtained l,1'dibenzyl-
ferrocene; during this process there is first formed bis (benzyl-
cyclopentadienyliron)~tetracarbonyl:

2 CeHsCH2CsHs + 2 Fe(CO)s — CoHsCHaCsH, Fe(CO), FeCsH, CH,CoHy

By the same method, 1,3,1',3'-tetraphenylferrocene was synth-
eslzed from l,3-diphenylcyclopentadiene, however in this case it
was not nossible to isolate the carbonyl compound.

Bis (cyclopentadienyliorn)—tetracarbcnyl, CslsFe(C0C), FeCyHe ,
was used by Hallam and Pauson®® fer the obtaining of derivatives of
ferrocene with substituents in one cyclopentadienyl ring. By the
reaction of benzylcyclopentadiene and 1,3.diphenylcyclopentadiene
with bis (cyclopentadienyliron) tetracarbonyl, they prepared
benzylferrccene and 1,3—d1pheny1ferrocene, respectively.

F., In the presence of orgznic bases cyclopentadiene reacts
with halides 26'}39: ~oP

2 CsHg + FeClp {CaHs)2MH | (C.H.),Fe + HC1
CONTTNUED

A.pproved For Release 2009/03/26 : CIA-RDP80T00246A008000080002-3



Approved For Release 2009/03/26 : CIA-RDP80T00246A008000080002-3

-5 -

By this method ferrocene is obtained in a yield of al.g8%° ¢,

G, Ferrocene was obtained as well by the reaction of cyclo-
pentad}ene with reduced iron in the presence of oxides of various
metalst?,

Dicyclopentadienylmercury reacts with powdered iron yielding
ferrocene*® in 24-30% yield.

As of the present time dicyclopentadienyl compounds of almost
all the transition metals, and also of some elements of non-
transition groups, have been syntheslzed (see Table I). The latter
are organometallic compounds of the usuzl tyre with a very reactlve
C-metal bond.

1T PRCPERTIES OF FERROCENE

L.

Physical Properties and Structure of Ferrocene

The first investigations of the properties of ferrocene
cshowed that the structure {II), which was at first suggested, tQuite
naturally, by Fauson, does not agree at all with the rhysical and
chemical propertiles. Ferrocege is stable in air, does not decom-
pose upon beilng heated to 470, sublimes at 10C°, 1s steam distill-
able, melts without decomposition at 173-174°1°, dissolves in organic
solvents, and wlthstands heating with concentrated hydrochloric &acid
and with alkall,

Ferrocene is diamagnetic. The infrared spectrum?!:41 indi-
cates the presence of C-H bonds of only one type. The dipole
moment 1s virtually zero.*'?35°

In 1982 Wilkinson and coworkers® ’ suggested for ferrocene the
structure of a pentagonal antiprism, the "sandwich"-structure (II),
The iron i1s located in the center of symmetry of the molecule, which
has only one tyre of C-H bond.

il
(\ A
Y
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Further investig:ztions of the chemiczl 2nd, above all, of thre
rhysicesl rropertles of ferrocene showed ‘he correcness of the
"sandwich" structure (II).

wuantum mechanical calculations by the method of molecul.r
orbits1sléo—64) also shows that there do not exist great hindrances
to the free rotation of the cyclopentadienyl rin~s around the axis
of symmetry inasmuch as the energy of interaction does not depend
on the mutual rotation of the rinss, Steric inter:ction of the
carbon atems of different rings favors the antiparallel centrziyy
symmetricsl configuration which is found in the ferrocene crystal,
sxperimental investigstions show th:t in the crystalline state the
cyclopentadienyl rings undergo oscillations around an axis of the
fifth order, btut the ayerage configuration with time nroves to bve
centrally symmetrical '60-65) Fpee reciprocal rotation of the rings
in the vapor phase at LOCY has been proven by electronographic
lnvestig:tion 66 of ferrocene., In solutlions, rotation i1s somewhat
hindered €67,

“ome chemical arguments In support of free rotation of the.
ring:s will be presented in exzminin> the acyl:tion of ferrocene,

Investigation of the magnietic properties of ferrocene showed
that the ferrocene molecule is diamagnetic, 41168y 69  an3 conse-
quently does not have unpaired electrons. Ferricinium s2lts are
paramagnetic. 7The paramagnetic moment of the pilcrate ¢Maf = 2 26
Bohr magnetons) indicates the rresence of one unpaired eléctron,
as 1in the ferrocyanide 1on<?“§%f= 2.33% Bohr magnetons) ¢!, PFer ‘fer-.
rocene the nuclear mzgnetic resonance spectrum has also been taken 79

,The results of x-ray diffraction studies of ferrocene crystals
60y €59 71573 support the "sandwich" structure. The presence of
a center of symmetry in the ferrocene molecule definitively deter-
mines the antiprismatic structure (1I),

Lata on electron diffraction studies of ferrocene €6 also
supports the "sandwich" structure. Bond lengths found by this
method agree well with those obtazined on the basis of X-ray d4dif-
fraction anzlysis,

The C-C bond distances in ferrocene (1.43 8) and in benzene
(1.39 ) are very cloce. The distance between the rings (3,25 %)
1s very close to the distance between the layers in graphite
(3.35 R). Consequently, there is very little direct bording be-
tween the rings 66

opectroscopic investigations. It has glready becen mentioned
above, that in the infrared spectrum only one frequency has been
detected for the C-H boni, which zllows one to assert 21141 that

CONTINULD
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in ferrocene there.ls only one type of C-H bond, in agrecment -
with structure (II)., The basic lines in the infrared spectrum,
characteristic for ferrocene, are maintained, although with chances
in intensity, in the spectra of ferricinium salts #zv and monosub-
stituted ferrocenes (see below), This permits one to detect the
presence of the unsubstitutued ring in derivatives eof ferrocene
13,30,.74 Ir the Eaman spectrum 67 therc is :1so only one C.H
bond frequency.

absorptlion soectra of ferrocene and ferricinium salts difrer
markedly 13,75 The absorption srectra have been investigated for
ferrocere in the crystalline state 76,77 The infrared spectrum
has been taken for a monocrystal =6

Kauer 78 and Boke 79,80 investigated the x-ray absorption
spectra of ferrocene and of other cyclopentadienyl derivatives,
These works arc considered in detall in the review by Dyatkina &1,

Investigation of mass srectra, carried out by Friedman, Irsa,
and Wilkinson 2°chows that they differ sharvnly from svectra of
ionlic as well ss covalent organometalliic compounds.

Thermochemical investipgations. Cotton and “ilkinscn 83 detgr-
mined the heat € combustlon of ferroene from the elements ( £ Hy
298° = 33,8 t£ 1.3 kezl/mole). The heat of formetion of ferrocene
ges from- gaseons ‘metal and Cg Hs radicel equals /A Hags = - 147 .
kcal/mole®t . The heat of sublimation is 16.8 kcal/mole 75

The bond energy bet:ueen the metzl znd the Cs¥s radical in
ferrocene and nickelocene is 286 and 211 kczl/mole, respectively 61,

Folarogravhic 1nvestigztlons 20,418 , The oxidstion-re-
duction potential of ‘the systeii; :
(CcHg)e Fé?:; (Csﬁs)Fe+ in 90% adeohol equals + 0,30 V, The
system is reversible. &n agueouvs sclution of ferricinium cer-
chiorate h.s & half wave potential of + 0,16 V with reference to
the normal calomel electrode. The shift of the half-vave potential
in goin.; from an alcoholic to zn aqueous solutlon corfirms thc
chemical findings that ferrlcinium in neutral aqueous medium par-
tizlly decomnoses forming ferrocene. The determination of the a-
mount of electricity reguired for electrolysis shows that the
oxidation of ferrocene to ferrlicinium is z monoelectronic nrocess.

The polarographic dcta show th:t ferrocene and other cyclo-
pentadienyl ccomuzounds are dilstinct in thelr behavior from corres-
pondinz ions of the metzl &nd related complex lons with the same
degree of oxidetion 13,20

The electronic structure of dicycloventadienyl derivatives of
transition met:ls presents great lnterest, on the one hznd from the

CCiTINUED
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coint of view of explainir;: the valence state of the metal in these
compoun:is, and @n the other for 2n understznding of the rezsons
behind the pheromenon of aromatic Trepertiles.

ihe question of the svecial mature of the electronic strulture
of ferrocene zrgd similar compounds 1s thoroughly discussed in the
review € Dyatking £31, therefore, ve limit ourselves to a mentlon
of the tro directions exlisting for thz solution of the vroblem.

Fischer =nd coworkers 16, 71, 8s5-8&8. look upon ferrocene
and similar compounds -s comrlexes in which all the T1 - electrons
of the cyclorentadienyl ringc tzke rart in the formation of the
bend with iron., Juch 89, 90 offers a theoretical besis for this
point of view. In the orinion of iischer 2nd cowrorkers, 18, 71
72, 85-87 ferrocene is a complex snalogcus to the hexacyano’errnte
lons, with a central divalent iron. 411 6 TI - electrons of each
cyclonentadienyl rinzg (in the form of the anion Cslig) form
approximately octahedrally directed coordinate covzlent bonds with
the free d2sp3 orbitc.ls of ths metzl ion le++3! | Around the
central metal atom there is formed the stable 36..electron confirur-
ation of the noble_g;s krypton, which gives the comnound its
great stability. <Such a hyrothesis regarding bondiny 1s applied
by bischer to all cyclogentadienyl and benzene derivatives of tran-

sition metals. t ! .

Jaffe 63, Dunitz and Orgel €0, 61, 91-93 [ offitt 62, s2 and
a number cf other authors 6+, 95-28 _.pproacn the electronic struc-
ture of ferroecene on the basis ot the zethed of molecular orbitzals
and belleve that in the formatlon of the bond with iron only & part
of the II_electrons of the cyclorentadlenyl rings varticipate.
The indicated authors concider the nossible combinations of orbi-
tals of the metal with molecular orbitals of each cyclopentadienyl
radical as & whole, and not with separste carbon atoms.

ChalICaLl o hCOpredTIoy CF FLRaCC..Nb

#8 has already been noted, ferrocene possess a thermal stabi-
1ity surprising for an org?nometa111c compound, but still more
unusuzl are the various chemical transformvtions of ferrocene, and
above all 1its distinctly exprecsed tendency toward reactions 1r-
volving substitution of the hydrogens of the cyclonentadieryl rings,
and the absence of properties characteristic for unszaturated com-
pounds,

The reactlions cf ferrocene can be dilvided into three groups:
1) oxldation; 2) reactlons invelvine clezvare of 1ron~0arbon bonds;
3) subctitution of hydrogens ir the cyclonentadiene rinzs (so-
czalled reactions of "aromztie" substitution).
1. Cxidation

In ferrocene the iron is formally divalent but in z2ir ferrocene
1s completely stable and does not oxidize either in the cerystalline

CCATINULD
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stete or itn solution. The oxidation of ferrocene takes rlzce
€aslily upon electrolysis (anode rrocess) and also by means of such
oxldants as holorens 11, 17, ferric chloride, ceric sulfate, silver
sulfate or p-quinone in orcanic solvents in the nresence of

acig 41,88 Ferrccene is a2lso oxldized by sulfer dioxide in
anhyirous hydrogen fluoride at 10C© and ez pressure of 7 atm. 99

and by N-bromosuccinimide in acetic acid 13,

In acid solutions ferrocene 1s oxidized by the “oxygen of the
alr,” Upon' gélution df féProcéne in sulfuric 10, 11004op pitric
acid 10, 21oxidation also takes place,

Ferrocene reduces the triphenylmetnyl cation to triphenyl-
methyl‘radical and is oxidized thereby tc the ferricinium cation
(USHS)Q' Fe +(/“‘6H5)3@ - (CSE“-S)Q e ® +(C6HS)3CQ

The reaction was curried out »1th = solution of trichernylmethyl
chloride in nitromethane, in which triphenylmethyl chloride is
lonlized 102, _ o -0

(CeHsjg v Ci 2= (Cg Hy)s C% 4 Ch

in benzene, the oxidation of ferrocene by (U6 Hslia C ClL takes
vlace only in the presence of smell quantities cf phenol, which
rrobably facilitates the ionization of triphenylmethyl chlorideiqy .

Upon oxidation, ferrocene 1s converted intc thne blue, water-
solubie ferricinium cation, (Lg Hy). Fet, which is easily reduced
by nClz ¢!, sodium sulfite or thiosulfate, ascorbic acid 99,100
T1z (8 )5 193 znd other reductants. Upon addition cf alkaii,
ajueous solutions of the cation evolve ferrocene 71,

Salts of the ferricinium cation with such anions as Cl-, Br-
NO;-, 504 -, Q0. -, are water soluble: the cation can be précipii
tated in the form of the tetrachlorogallate, (CsHs)> Fe Ga Cl,
and the Picrate, as well as the silicotungstate, reineckeste éet-
raphenylborate, (CsHs)z Fe B(CgH,),4 1,71 and others'®,88 ’

Salts of the ferricinium cation are paramagnetic. The para-
magnetic moment of the plerate” 2= 2,26 Bonp ragnetons which
Indicates the presence of one unpaired electiont I,

The ease of converson of ferrocene into a much less stable
cation 12, a14g rerhaps one of the reasons why rno one has succeeded
in nitrating or halogenating ferrocene 12 Besldes, the oresence
of a positve charge on the ferricinium cation can hinder electro-
philic attzck. CDunitz and Orgel ®! believe that in cations of
dicycloventadienyl compounis the d-orbitzls of the centrzl ztoms
are much more stable then the IT_orbitals of the rings, and hence
in the ferricinium cation the bonis are shifted to a greater degree
tovard the ionic stzte, These discussions ere 1n complete agree-
ment with the observed decrease in stability of the ferricinium
cation (particularly toward hydrolysis) in comparison with ferro-
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cene, znd allow one to suggest that the cation ®ill be inert in
reactions of .electrophilic substitution.

2. Reactions Involving Cleavage of the Bonds
Betwwen Iron and the Cyclopentzdiene hings

Ferrocene, zs has already b:en noted. 1is distinguished by 1its
unusual stebillity for an organometallic comround., Thus, ferrocene
does not react vith water, 10% agueous sodium hydroxide, or ccn-
centrated hydrochloric acid even upon bolling 10, The inertness
of the iron.caerbori bond in ferrocene is apvarent also in the
absence of exchangs of 1rcn atoms upon treatment of a salf of iso-
topically labeled iren 2%, '

In the vanor rhase ferrocere 1s stable and does not undergo
pyrolyals =t N7G0 &1y 75,

The compiets decomposition of ferrocenc into iron oxlde and
vnidentified products takes place upon hsating an aquadsus suspell-
sion of it in a closed system at 350°; in %6% hydrofluoric acid
ferrocene desamposes at 100° 299,

The properties characteristic for compounds with conjugated
double bernds are not evinced by ferrocene., Thus, it does not
react with maleic anhydxide, is not hydrogenated in the presence
of rlatiaum 12, 86.and also is not hydrogenated in the presence
of Barey nickel at 140° and 150 atm. pressure 6. 86

liowever, Nesmeyanov, Ferevalova, Golovnya, Nikitina and
Simykova 104 hydrogenated ferrocene under very sever conditions -
in the presence of Haney nickel at 280 atm. end 300-340°; under
these conditions the bonds betueen the cyclopentadlene rings and
iron are ruptured and cycloventane is formed in 67% yield:

(Cs Hg)z Fe +5Hz & 2 C.Hyq + Fe

In contrast to the severe conditions for catalytic hydrogena-
tion, the cleavage of the ferrocene nucleus by means of solutions
of alkall metals in liquid ammonia or amines takes place very
readily; the recactlion goes best with lithium in diethylamine. In
this reszction iron =nd cyclorentadiene are formed, the latter belng
isolated in good yleld in the form of its adduct »ith maleic
anhydride !©5: S Ia —

(€5 Ha)z e qeiinyy Fe w2 &

The iron-carbon bonds in ferrocene are easlly broken by the
action of bromine 94, Fferrocene forms a complex compound with
bromine 17, 102, 106 wyhich upon brief heating in C CX, with excess
bromine decomposes with the formztion of pentabromocycloventane
(yield 7C..80%):

2(Cs Hg)2 Fetl3 Drz — 4 Cg Hg Brg + 2Fe Brs

CONTINULD
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Chlorine (in C C%, solution) cleaves ferrocene at 092 +.1th the
formztion of pentachlorocyclopentane (yleld 90%) 104 : .
2(C5 Hs)g e + 13 Cha — 1 C5i"5Cﬁ:5 + 2Fe Cfs

Tre cleavage of the ferrocene nucleus by hydrorenatiorn and by |
the a2ction of halogens was used by o.h. Nesmeyanov and co-workers'©*
~ azs a proof of the structures of derivativas of ferrocene
(see the following section).

3. Substituticn heactlons of rerrocene

ns a result of inteznsive imvestlgations in recont years, a wide
circie of rezoctioms of sieatropnilic ard homolytic swisstitution

have become known for ferrocone and sre discussed in detall below:

a) =cylation

Som afner the Alscovery of ferrcomve ~oodiard 2 co-uorkers 12
eamd thet this organo-lrea compound reacts wivi anld chiorides
in the peesonce S alnninum chloride in & way anzlogong U
aromatic compounds. inms, by the reaction of ferroeene with acetyl
chloride, dlacetyic ferrocene wWois obtained, & substaace which
crystallizes well znd has a cheracteristic dark.red ¢olor: .
{Cg Hg)aFe ¢ 2 CHaCO 181z (CHacO Cstale Te + 2HCL

232
1

By anal.ogous means these saTe suthors 12 obained ai..8.chloropro-
plonylferrocene (aicng with diacryloylfercocene) and di.o-carboxy-
benzoylferrolene, characterized via its dimethyl ester. Neginey -
anov and Vplkenaul®7 synthesized dipropionylie, arouirryi-, diben-
zoyl-, &nd acetylbenzoylfeciocene 154 (yieids 40.70%).

The zcyl grcups 1in diacylferrocenes ar: located 1n different
rings of the ferrocene nucleus. The structure was rroved by
hydrosenation 104 based on the example of diacetylferrocene; (only
ethylcyclopentane was isolated, while diethylcyclopentane was not
detected ):

(CHyCO Cgk, )a Fe + 7Ha — 2 Cshs-Calis +Fe +2H20
However, during acetylation along with 1,1% gilacetyl-ferrocere,
there is formed a small juantity (abtout %7 of the isolated dlacyl-
ated products} of the homoannular 1,2.-diacetylferrccene (111}, the
structure of which was proved by oxidatlion rith sodium hypochlorlte

to 1,2-ferrocenedicarboxylic zcid (IV), which upon treatment with
N,Nl-dicyclohexylcarbodiemide 1s convertzd toc the anhydride (V) 108

ceiiy
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For dibenzoylferrocene (VI) it has 2lso been rigorously shown
that the benzoyl groups are loczted in different rings: upon re-
duction of the carbinol (VII) which is formed by reaction of
dibenzoylferrocene vith phenylmagnesium bromide, dibenzhydrylferro-
cene 1is obtailned (VIII), identical "ith that synthesized from
benzhydrylcyclopentadiene 13s 30,

— e——  OH
{/ G0 CeHs //, \\ E
NS I N
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CsHsg Cc\w///l\\\ o ///'\\\
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p \
(CeHs) 2 CH™ \/ ‘,.-'/
\___,_.' " A\ CH(CsHs )2
(VIII)
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r-ray crystallographic studies, carried out by Ztruchkov?3,
109, showed that in crystals of dibenzoylferrocene tre benzoyl
groups occupy the positions 1, 2°. .. ol
. 2 i

5

The interatomic distances in dibenzoylferrocen agree with those
founi for ferrocens, Dlacetyl-and dibutryrlferrocene rrobably
have the 1,2/_configuration as vell?3» 109

In solutions, probably, free rotation of the substituted cyclo-
pentadiene rings 1is possible, which is in accord with the fact that
only one isomer 1s obtained in indevendent syntheses of ferrocene
derivatives disubstituted in different ringe. Eichmond and
Freiser 11° believe that the existence of free rotation is irdica-
ted by the rresence d a dipole moment in diacetylferrocene.*®

Tnhe reactions of intpamolecular acylation of ferrocene have
been accomrlished by Nesmeyenov, Volkenau, znd Vilchevskaya 112,
113, In the reaction of ferrocene with succinic anhydride, they
obtained 1,1’-di-&u-carboxypropionyl)-ferrocenev(XI) (yielda 18%),
which was reduced by the Clemmencen method to yleld dl-(w-carbox-
ypropyl)ferrocene (+) in 77% yield, which was then cyclized by
heating ith volyphosphorlc acid with the formation of di-(ketote-
trahydroindenyl)-iren (A1) (yield, U67):

/. - co(ers), coon / \-(cHays cooi
N .

Fe — b b Fe N
SN < N
ﬁocu(cﬁégg-x\ 7 HOCC(CHz ) gmmm )
N _J
\ (14) (&)

# ror a discussion of the work of lilchmond =nd Freiser 110 see the
review of Cyatkina 8!, &slso see the work of Semenov and ioberts
111 on the dipole moment of di-(p-chlororhenyl)-ferrocene,

CONTINUED
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The structure of di-(detotetrahydrolndenyl)-1ron(XI) was proved

by converting it by <lemmensen reduction to di-(tetrahydroindenyl)-
iron (~II), identical with the compound obtzired by Fischer und . eus
114 yia hydrogenation of diindenyliron (see the section "Liindenyl

compounds of metald ).

By anaiogous methods iNesmeysznov, Yolkenau, and Vllchevshaya
113 obtaired cyclopentadlenylke® tetrahydroindenyliron (~I1I)
snd the ferrocene analog of anthroguincne (A1),
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It must be ncted that it is not possible to cyclize w-carboxy-
prorlonylferrocence while o-carboxybenzoylferrocene 1is easily cycl-
ized giving compound X1v 113 Tpus a complete analogy to benzene
derlvatives is observed, It 1s known that benzoylproplonic acld
does nct cyclize while o-benzoylbenzolic acid readlly forms enthra-
quinone upon heating.

Somewhat later the intramolecular acylation of ferrocene was
carried out as well by Binehart ond coworkers 115’ 116 . The sub-
stances obtained by them arc llsted in table 2.

Ferrocenevroplonic acid, in contrast to its higher homologues,
cyclizes with the formetlon of a bridre between the two cyclopen-
tadiene ringzs '3 The structure of 1,1° - 2 -(ketotrimethylene.
ferrocene) (V) was proved spectroscorlicszlly.

-/ \ _ . CH,CHzCCOH / \ __CHz
g \,

b ' : e
\/.~ \‘v// \\

Fe D )y > Fe CHp

(AV)

Fauson 13 showed that ferrocene is acylated in the presence of
AQcﬁa more rapidly than anisole: upon competitive acetylatlion, by
means of the complex CHz CO C{, 4kCHs;, of a mixture of ferrocene
and anisole taken in the ratio 1:1C, acetylferrocene is formed,
not methoxyacetophenone.

The ease of substitution of the hydrogens in ferrocene 1s evi-
dent in the fact that in contrast tq benzerne, ferrocene is acyla-
ted not only in the presence of Hﬂcﬂa, but lso in the presence of
Sn Cf,;, in vhich cocce monochg%lferrocege & obtzined 117,

Cshs)e Fe + (CH®99), £ =50 4 Fe CgH, COCHg
h.onoacetylferrocene is formed in good yield in the =zcylation
of ferrocene with acetic anhydride in the precence of BF5 118 orpr
of phosphoric acid 119, lonoproplonyl iis and monobenzoylferrccene
13@, 121 have been described.

Tormylation 119, 122, 123 of ferrocene 1s accomnlished ty the
action of K-methylformanilide and FCC{s on ferrocene; in this case

COxTINU=D
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ferrocenylaldehyde is formed in 70% yleld; the dialdehyde was not
detected, . CHg N (< EC) CgHg _

(CsHs)zbe SO T T Cets Fe CgH, CEO

The mild cornditions required for formylatlon agaln indicate
the increased reactivity of ferrocene in comparions to benzene,

b)Alkylation

Alkylferrocenes we: e first obtzined by Nesmeyanov and Volkenau
197 by Clemrmensen reduction of acylferrocenes., DBy this means,

ethyl-, 1, _aiethyl-, 1,¥ - daipropyl-, 1,1 _dibutyl-, and 1,1 .

dibenzylferrocene (yields 50-70%) were syntheslzed, Fethyl- 2% and
1,1” -dimethylferrocene .‘*®were cbtained by lithium aluminum hyd-
ride reduction of the corresponding ferrocenecarboxylic acids.
Methylferrocene *°* * uas also prepared by sodium amolgam reducation
of the methiodide of N,N-.dimethylaminomethylferrocene %see the
section "zeasetions. of condenszticn and other reactions” ),

In one of the patents, the cztalytic reducation of ferrocenyl
ketones 26, Cgligielsh, CClnhHant, (vhere i = 1 to 15), to alkyl-
ferrocenes 1s described,

sttempts by Blemschnelder znd elm 17 to alkylate ferrocene
by the Friedel-irafts method were unseccessful,

Direct alkylation of ferrocene in the presence of aluminum che
joride was described by Jesmeyanov znd Kochetkova in 1956 27712¢
as alkylating =gents alkyl halides were used (methyl bromide and
todide, ethyl bromide, isopropyl, t-butyl, end t-amyl chlorildes),
and @lto benzyl chloride, dichloroethane, and olefins (ethylene,
rropylene, and iscbutylene), The reaction was cerried out in an
excess of alkyl halide, in n-heptane, or in petroleum ether,

*

In the a2lkyl:tion of ferrocere, a mixture of mono-, 4l-, 2nd
polyalkylferrocenes is obtained.

By means of infrared spectra (in individual c=ses by bromina-
tion) it wzs establiched that the dlalkylferrocenes formed by direct
alkylation (even di-tert-butylferrocenc znd di.tert-amylferrocene)
contain an unsubstituted cyclopentzdliene ring 2,

Thus, the introductlon of an 21kyl group into the ferrocene
nucleus facilitates subsequent alkylztion, Just =s 1s the cace in
the benzene seriles, in which process a mixture of dialkylferrocenes
is obtained with suvctituents in a single cyclopentadlene ring,
Such dialkylferrocenes we shall subsequently refer to =s homoane
nular,

Hlomoannular isomeric dlalkylferrocenes were separated chroma.

CONTINU.D
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tographically on alumilna, It was found that a charzcteristics d4if-
ference exists in the infrared spectra of 1isomerilc dlalkyl~ .. .....2
ferrocenes T¢* 28,

alkylation of ferrocene by isobutylene at 50-60° lezds chief-
1y to mcno- and to homoannular di-t-butylferrocene. it higher tem-
per:tures (1C0-15C") a crystalline tri-t-butylferrocene and 2
1iquid tetra-t-butylferrocene are formed, In the infrared cspectra
of these substances there ar:; no characteristic frequencies in
the region 103 and 1107 cm™, @nd consequently the t-butyl groups
sre situated in different cyclopentadiene rings 12°, '

In the reaction of ferrccene with dichloroethane in the
presence of anhydrous aluminum chloride, zlong with diferrocenyle-
thane ard other products, under speclfic condltions 127 a powdery
high polymer can be obtzined.

In possesses the characteristics of an lon exchange resin,
The cepacity upon oxidation with a O,1N solution of rotassium 4i-
chromste in suifuric acid under stztic condtions is 2,8 - 3.5 milli-
equivalents rer gram of air-drled resin. '

c) Sulfonation

sttempts to sulfonate ferrocene by means of concentrated sul-
furic acid did not yield positivc results: uron soluticn of ferro-
cene in concentrated sulfuric acii, 1t is converted into the ferril-
cinium cstion 99 and the obtaining of ferrocenesulfonic acid is
uniseccessful®s -,

Nesmeyenov, Ferevalova, snd -huranov *®*’ 2% showed that
ferrocene 1s sulfonated by pyridinesulfur trlox%de in 2 manner
analogous to that of flve-membered heterocycles *9 ., Upon heating
ferrocene for four hours with pyridine-sulfur trioxide in dichlore-
ethane, ferroceremonosulfcnic acii is obtained in 8C% yield, cal-
culatins from the ferrocene wh'ch reacted, Urpon more nrolonged
heating of ferrocene wlth an excess of pyridine-sulfur trioxlde,
ferrocene disulfonic’zc¢ld 1s obtained in a 41% yileld. The mono-
disulfonic acids were isolated in th’s case in the orm of thelr
barium or lead salts.

Weinmayr 29 sulfon. ted ferrocene with & mixture of sulfuric
acid and acetic anhiydride# and obtalned ferrocenemono- zsnd diful-
fonic acids which were isoleted << the ammonium salts. OUxid=ztion
of ferrocene to the caticn does n:-t t:ke ulace under the conditlons
of the rcaction. ’

The monosulfonic acid of ferrocene in the form of its crystal-
line dihydrate was obteined by i.esmeysnov, Ferevalovzs, and Chura-
nov 132 in guantitative yield upon tre:stment of its lead salt with

#The sulfonxzting sgent in this case 1s probzsbly acetyl sulfate,

CONTINU=D
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hydrogen sulfide, and alsc upon sulfonation of ferrocene with dl-
oxanesu lfotrioxide in equimolecular amount at room temperature
(yleld 527 based on reacted ferrocene):

$Usdlozane, ¢ _p_peCyli, =C3H,2H20
(C5H5 ) 2 i"e---"'
!

:g?gig_i_P_}gage Fe(CgHy SC3H)z2-dloxane

If dioxanesulfotrioxide is taken with ferrocene in the rz=tio of

3.1, then the disulfonic acld 1s obtzined 1n good yield (in the form
of = comnlex 32 with dioxane) virtually without admixture of-the
mono-acid.

iFotentiometric titration of the ferrocenedisulfonic acid thus
obtaired gives a curve typilc:zl of a monobasic scid, which indicates
ne closcness of the first and second ionization constents, and
nence the slight influence of the sulfonle acld groups cn each
nither. ‘Ihis is sunporving evidence fer the loceation of the sulfonle
azid groups in differcnt cyclopentadlenyl rings 132 which is also
confirmed spectroscoupically 133,

For both sulfonic acids, S-benzylthiouronium salts and salts
with several amines have been obtained?®= ., -

By the action of diazomethane, the methyl esters of the ferro-
cenesulfonic zcids have been synthesized. The acid chloride of the
monosulfonic zcid is easily formed in good yield upon unrrolonged
heating of the acid or its lead salt with an excess of PCL3 %32,

CgHgTe CsHyaSOR - PCUs Cglig Fe CgHy5C2 CX
— ) )

Upon reduction of the aclid chloride with lithlum zluminum hy-
dride, ferrocenyldisulfide isobtained, identical with that obtained
from diferrocenylmercury iazas.

© LiaYH,
2 CSHS Fe ".554 50;3 5 e e e e - »
(Civs) 2 CsHsFelsily -5-5-Csl, -Jle-
N = = . i '
(CSHS Fe Csxlq,)dhg -—)——}-—9——-}-_.)._’,__)// ) SHS

Nasz Sz Ca

The dizcid chloride of the disulfonic acid is obtsined upon
heating the disulfonic acid with toCls; by »the action of an excess
of PC/3, the hzlf acid chlorid is obtained 33 |

‘ FOCS 4 ‘

———— Fe(CgH, =0z Ci)2

Fe (CsHy 5O03H)zmmommsn
PC¢5 )
l>—s——> C{EC, CgH, Fe CgH, 505 H

CCNTIRULD
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d) Hetallation

Ferrocene metallates extraoridnarily easily under conditions
under which benzene does not react. 1he mercuration of ferrocene
by mercuric acetate 117 and the obtaining of the lithium and sodlum
derivatlves by means of n-butyllithium : .. and vhenylsodium - .,
respectively, was described by Nesmeyanov amd -co-wirkeérs in 19nh#
The metallation of ferrocene by n-butyllithium wes also published
somewhat later by 3enkeser, Coggin, eand Schroll 133, ihe metal-
1ated ferrocenes thus formed can be used for a whole serles cf syn-
theses.

-liercury Derivatives of Ferrocene

Haloferrocenes

The mercuration of ferrocene, 1n contrast to benzene, 1s easlly
accomplished by means of mercurlc acetate at room temrerature in
ether-alcohol or benzene-dlcohol solution. In this process there
15 drmed a mixture of acetates of monc-and dil-mercurated ferrocene
which is converted into the chlorides by potassium chloride
(overall yleld 65%) 117:

- Hg (CCOCL . , s e n
KCX
Fe(Coly HaCl)

Ferrocenylmercuric chloride readily symmetrizes in the pre-
cence of a saturated aqueous solution of thiosulfate, giving
diferrocenylmercury: 117

Nazo2C
220243

CsHske CsH, HgCH (CghigFe Csha )z Hg

) By means of the mercury derlvztlves of ferrocene, Nesmeyanov,
Ferevalova, and Nesmeyanova 196 obtained halogen derivatives of
ferrocene, which cannot be obtained by direct halogenation.

By the action of an excess cf lodine on ferrocenylmercuric
chloride, there first forms a complex with lodine; upon further re-
ection with iodine, a replacement of mercury by lodine takes place
and locdoferrocene is formed in the form of a complex wlth lodine,
which then is decomposed by mesns.of thiosulfzte; yleld of lodo-
ferrocene, 64%,

g 2l i 3 ’ 2]2
CsrisFe Ushabg CR === C H Fe CsHy Hg CR21 e,

———» CgHFe CgHy 1,21, NaaS203 CglsFe CsHy I
—_— ) D

# In 1957,55au50h, vogel and ~osenberg repeated thils work,
CCNTINULD
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Iodine ir ilodoferrocene is inert to nucleophilic substitution
and in this respect surpasses the iodiine of icdobenzene, Thus, it
does not react with solutlions of potassium acetate and rpots ssium
hydroxide in metharol upon heating to 10C°, Attempts to use ccrper
as & catalyst 3id nct yield positive results. ferrocenylmagriesium
jodide could not be obtzined by heating ilodoferrocene with megne-
sium in ether,

Bromoferro:ene is cbtained by the action of bromine on diferro-
cenylmercury., Pllodoferrocene and dibromoferrocene were syntne-
slzed analogously-by the actlon of the cerresponding halecgens on
ferrocecne dimercuric chloride 1°§: I

2

' .i—->'—->-—>-—> Fe(Cqu, I)g
Fe(Csliy HECL) g mmmmcammen=|
! Bre
‘—>——>—  TFe(Cgh,Br)s

With tiocyanogen, diferroccenylmercury also rescts ard forms
a corplex in which mercury is probably replaced by--5Ci: upon further
reaction with thilocyanogen, but thlocyanatoferrocene carmnot be
isoclalated because upon subsequent treatment of the reaction mix-
ture with sodium thiosulfate, (toc remove excess thiocyanogen) it 1is
converted into ferrocenyl disulfide, identical with that obtained
by reduction of ferrocenesulfonyl chloride '22» 136,

(SCN)Q Nas 5203
(CsHsFeCgliy ) 2Hg »——— [bshsre CgHy SCHj m—o—D—DZ—

T ) N [ o PR o al L 1Q
CsHsfe Csha S-n-Cghyle Cshg e—»j‘h CsHgFe Lghy $02CK

The synthetic cossibilities of mercurated ferrocene are not
limited to using it for obtaining halogen derivstives aznd ferrocenyl-
disulfide. It vas found that ferrocenylmercuric chloride and
esreclally difcrrocenylmercury are extraordinarily reactive in re-
actions of electrophilic substitution as 1s ferrocene itself. 'Thus,
diferrocenylmercury reacts with triphenylmethyl chloride yielding
trivhenylmethylferrocene; with acetyl chloride it formes acetyl-
ferrocene, and upon reaction with benzene--znrd ferrocenesulfonyl
chlorides tkere is obtt ined rhenylfﬂrrocenylsulfore and diferro-
cenyl sulfone resveclively 136;:

o o, o (bs}_‘;
(CgEgieCsliy )2Hg bs-] CCCh o CoHg Fe CgH, COCH,
‘uG.HS ~0 o
M CgHg Fe CgHy wCz Celig
5&e .,
Csé, .
Y

2 ¢k, (UsHs Fe Cgfy)z 50z

Upon reaction of Se Br, with diferrocenylmercury, selenium is
reduced and diferrocenylselenium is formed13&

CONTINULZD
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LITHIUM AND SODIUM DERIVATIVES OF FERROCENE

Ferrocenylamine

Ferrocene 1s metalated by n-butyllithium in ether solution?i7213°%
Upon heating for 12 hours with an excess of butyllithium, an equi-
molecular mixture of ferrocenylmono- and dilithium is formed which.
yields a mixture of ferrocenecarboxylic and ferrocenedicarboxylic
acids®!” upon carbonation with an average yileld of ~30%:

(CsHs ) 2Fe n-CsHold | CsHsFeCsHall + Fe(CsHell)z —

CO2
—~—— CsHsFeCsH4COOH + Fe (CsH4COOH) 2

The ferrocenedicarboxylic acid obtained in this way 1s ldentical
with the acid obtalned by Woodward and coworkers®® by oxidation of
1,1'~-diacetylferrocene (see the section "Properties of acylferrocenes")

, The lithium derivatives of ferrocene have been used to obfain
mono- and di(triphenylsilyl)-ferrocene!®®, and also mono- and di-
(trimethylsilyl)-ferrocenel®#4,

The use of ferrocenyllithium to obtain aminoferrocene*37? by the
method described by Sheverdina and Kocheshkov1i®® affords %reat
interest. Thus, Nesmeyanov, Perevalova, and Shilovtseva®*®7, by the
action of O-benzylhydroxylamine on ferrocenyllithium, obtalned
ferrocenylamine characterized by its acetyl and benzoyl derivatives,
picrate, and Schiff's basel312137;

H20
CsHsFeCsHall + CeHsCH20NHz -—— CsHsPFeCsHgNHz + (C5Hs)2 Fe +

CeHsCH20H

Ferrocenylamine is rapidly oxldized in air; under the action of
nitrous acid under usual dilazotization conditions it undergoes
drastic changes, and the formation of a diazonium salt could not be
detected. The baslclity constant of ferrocenylamine in 80% alcohol
is 1.55 x 10~ ° and surpasses by 20-fold the constant for aniline
under the same conditions, which indicates the more powerful electron-
donating properties of ferrocenyl radlcal as compared with pheny1139,

Later Arimoto and Haven?© synthesized ferrocenylamine from the
azlide of ferrocenecarboxylic acid by means of the Curtius rearrange-
ment:

PCls | NaNa
CsHsFeCsH4COOH ——3 [CsHsPeCsHaCOC1] ———y CsHsFeCsiaCONs =

CsHsPeCsH4NH2

CONTINUED
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The acid chloride was not isolated. It was not possible to obtaln
ferrocenylamine from the oxime of acetylferrocene or from the amide
of ferrocenecarboxylic acid**°,

By the actlon of phenylsodium'®® on ferrocene, the disodlum
derivative 1s formed which upon reaction with COz is converted into
ferrocenedicarboxylic acid (yield 42%) identical with that obtained
by other methods. The carboxyl groups in the ferrocenedicarboxylic
acid thus obtained are located in different cyclopentadilene rings
which is rigorously proved by the 1solatlon upon hydrogenation of
cyclopentanecarboxylic acid®%:

CeHsNa CO2 | Ha/N1i
(CsHs)2Fe ——— Fe(CsHsNa)z ——> PFe(CsH4COONa)z ——

Ho/N1

——— 2CsHgCOONa = 2CsHgCOOH

e) Arylation

The conditions under which the above observed reactions of
substitution of the hydrogens of ferrocene take place allow one to
compare thls organo-iron compound in reactivity with such benzene
derivatives as phenol and aniline. Therefore one might expect that
ferrocene would undergo the azo coupling reaction. However, it was
found that the reaction proceeds in a different direction.

In 1954 Nesmeyanov, Perevalova, and Golovnyall?’11% first
showed that upon reaction of ferrocene with diazo compounds nitrogen
is evolved and arylferrocenes are formed. Thus, the reaction of
arylation of ferrocene proceeds similarly to the reaction of obtalning
the unsymmetrical biaryls'®Z:

ArN2X
(CsHs )2Fe =—————> CsHsFeCsHs4Ar + N2

The arylatlion of ferrocene is carried out in water-ether
medium at 20-35°; under these conditlons monoarylferrocenes are
preferentially formed (yields 40-64%2, in some cases along with a
small quantity of diarylferrocenes14 . Thus p-tolyl-, p-nitrophenyl-,
p-hydroxyphenyl-, p-anisylferrocene, and others were obtained (see
table 6). In the case of benzenediazonium salts, polyphenylferrocenes
are obtained.

The reactlon mechanism 1s probably free radical.

Later (1955) Broadhead and Pausonl®® accomplished the arylation
of ferrocene by means of dlazonium salts in acetic acid solutlon;
ylelds in this process are usually lower than in carrying out the
reaction in ether. They also showed that phenylation of ferrocene
can be carried out by means of benzenediazonium sulfate or the double
salt of benzenediazonium chloride with ZnClz as well as with N-nitro-
soacetanilide, which confirms the free radical nature of the reaction
mechanlsm, The reaction with N-nitrosoacetanilide and with the

CONTINUED
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double diazonium salt was carried out in cyclohexane and in acetic
acid; the yleld and ratio of phenyl- and diphenylferrocene are close
in both cases. Ferrocene cannot be arylated by phenyl radlcals
which are formed in the decomposition of phenylazotriphenylmethane or
benzoyl peroxide, or by the reaction of phenylmagnesium-bromide with
bromobenzene in thepresence of CoClz21°2,

Broadhead and Pauson'©® suggest that ferrocene forms an inter-
mediate complex with the diazonium salt which rearranges wih the
formation of the arylferrocene or arylferricinium salt.

Weinmayr©® showed that ferrocene can be arylated as well in
the form of the ferricinium cation in strongly acidic medium, the
yilelds being of the same order as are obtained when carrying out the
reaction with ferrocene itself in ether or acetic acid medium, but
the quantity of di- and polyarylferrocenes is usually greater.

It must be noted that in both cases (with ferrocene and with
the ferricinium salt) the reactlon products contain ferrocene and the
arylferrocenes formed both in the free state as well as in the form
of the ferricinium salts, which indicates that the arylation of
ferrocene is accompanied by oxldation-reductlon processes.

Pauson?® suggests that the mechanism of arylation of the
ferricinium cation differs from the mechanism of arylation of free
ferrocene.

Further arylation of arylferrocenes always takes place in a
different cyclopentadiene ring, which indicates the deactivating
influence of the aryl group on ferrocene. Only in the reaction of
p-methoxybenzenediazonium salts did Broadhead and Pauson®® isolate
in small amount (0.7%) a homoannular dianisylferrocene in which the
presence of an unsubstituted cyclopentadiene ring was proved by them
by means of infrared spectra; the relative positions of the
anisyl groups was not established.

The position of the aryl groups in 1,1'-diphenylferrocene was
proved by an independent synthesls from phenylcyclopentadieneso, and
in 1,1'-di—(p—nitrophenyl)-ferrocene by hydrogenation under pressure
in the presence of nickel sponge (cyclopentylcyclohexane was
obtained)?°%,

The reaction of diazonium compounds with ferrocene 1is a
convenient method for the synthesis of arylferrocenes. This method
allowsone to obtain arylferrocenes having various substituents in
the benzene rings, and is more wldely applicable and much less beset
with difficulties than the obtaining of arylferrocenes by means of

arylcyclopentadienesa°. However, the latter means 1is used with
success for the synthesis of polyphenylatedferrocenes with known
relative positions of the phenyl groups®°’*°° (see table 6).

The great reactivity of ferrocene in reactlons of homolytilc
substitution is indicated as well by the reactlon with trichloromethyl
radical, formed in the thermal decomposition of trichloracetic acld
in the presence of cupric chloride; after the hydrolysis of tri-

CONTINUED
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chloromethylferrocene, ferrocenecarboxylic acid 1s isolated (yield
5.7%)*%%,  In this way, from the data presented it is quite apparent
that ferrocene is very active both in reactions of electrophilic and
free radical substitution, The substitution reactions proceed with
ferrocene much more easily than with benzene,

f) Condensation Reactions and Other Reactions

Ferrocene, like aromatic hydrocarbons condenses with form-
aldehyde and benzaldehydel??992121s144  yNegmeyanov and Kritskayal®
showed that the reactlon proceeds in the presence of concentrated
sulfuric acid upon unprolonged heating. With formaldehyde there
forms first a derivative of the ferricinium cation, which after
reduction in acild medium yields a substance which probably has
structure (XVI); the presence in this compound of an unsubstituted
cyclopentadlene ring was proved spectroscogica1ly and by the isolation
of pentabromocyclopentane upon bromination

CeHs

r———f’/CHaN\? _____ . 7““‘“/’CH\\ .
/ \ / \ / \
-{‘ ne CHz"’J b . ,~ CH —/ 1S
\ _/’/ \\'/ \\./ c eHs\‘ v /

Fe Fe Pe

A A /\ . .
SN N / 7N
\ \ \
] . L ..../ N

XVl XVII

With benzaldehyde, ferrocene forms two substancesl??©92141»145,

one of which has, apparently, structure (XVII)7%, analogous to that
offered for the product of the reaction of ferrocene with form- .
aldehyde. The substance obtained upon condensation of ferrocene
with dimethylaminobenzaldehyde contains the hydroxyl group ¢,

In liquid hydrogen fluoride at 30- 100°, ferrocene undergoes
a unlque transformation to cyclopentenylferrocene (XVIII) in which
process a part of the ferrocene decomposes®®:

CONTINUED
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liquid
2 Fe - v Fe
. HF N
5//\\\ //f N,
v/ \ /  xvIII
, /

| JE— [ ———

The presence of the double bond in the compound obtained (XVIII)
was proved by hydrogenation in the presence of platinum oxide.
Crclopentenylierrccene, in splte of the presence of the double bond,
1s stable in hydrcgen fluoride at 100° and does not undergo polymer-
ization or react with benzene®?.

The condensation with olefins (propylene or diisobutylene) in
liquid hydrogen fluoride, which groceeds easily in the benzene seriles,
does not proceed with ferrocene®~, The great nucleopnilic activity
of ferrocene is manifest in the reaction with formaldehyde and
dimethylamine®*®,

CH20 + (CHs)2NH
(CsHs) 2Fe > CsHsFeCsH4CH2N(CHs)2

XIX

The N,N—dimethylaminomethylferrocene (XIX) thus formed yields a
methiodide with methyl lodide (¥X) which 1is used to obtain a series
of other ferrocene derivatives (the ylelds 1in most cases are
good)124’147"149. Thus, by the action of aqueous alkall, the
methiodide (XX) is transformed into ferrocenylcarbinol®®?; while
upon reduction of XX with sodium amalgam, methylferrocene and a small
quantity of the simple ether of ferrocenylcarbinol (XXI) are formed
formed*=%:

S amaiuies {
7 \

/ :
-\ /\f\‘“ CHzg( CHs ) se_I : \‘;‘20 L CsHsFeCsHaCH20H
Ny < 999/*
Fe :"—N—a@“g"‘) CsHsFeCsHaCHs
2N %
< y -~ (CsHsPeCsHaCHz2) 20
o
XX XXI
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Upon .treatment of the methiodide (XX) with potassium amide in

l1iquid ammonia N,N-dimethylaminoethylferrocene (XXII) was obtaiggd,

the methiodide of which was then converted into vinylferrocene1 ‘o

K © KNHz » . CHaI
CsHsPeCsH4CH2N(CHa )3 I ——m CsHsFeCsH4CH2CH2N(CHa )2 ———
o e KNHa
CsHsFeCsH4CH20H2N(CH3)3 I > CsHsFeCsH4CH=CHz2

Upon reaction of the methiodide (xX) with aqueous sodium
cyanide, 1-cyano-2-methylferrocene (XXI19) is formed, from which the
methiodlde of 1-methyl-2-~dimethylaminoferrocene (XXIV) is synthesized
by reduction and methylation. Hydrolysis of the nitrile (XXTII)
yields 2-methylferrocsnecartorylic acid.(XEVj which is reduced to
lehydrcxymethylu2mmef wiferrocene (XXV.) which upon MnDz oxildation

yicids l-formyl-C-methrlierrocene XXVIItee,
/&\, CH2NH2
f—-‘\ / »CN A <
. e o6 weon { | A
K /’” CEoN(CHa)s I -—-—3 °__.4-CHa ~ 4 *~CHs
FeCsHs N/
FeCslls / FPeCsHs
XXII XXIII
1°
CizN(CHa ) COOH CH20H CHO
?——--—'4 O—N-——/ .- -——Q/ @ -
/ | cH /o CHg - / \ CHs = / K" CH
o-- LI13 . i3 . — 3 - 3
'\\ . \\ \\ - \
™ '-,/ \\r/ / R /
FeCsls PeCsHs FeCsHs FeCsHs
XXI1IV XV XXVI XXVII

Kursanov and Parness®©’1°! found thet the hydrogens of
ferrocene do not exchange with D20 in the presence of an alkaline

catalyst (N,N-dimethylpyridonimine).
The absence of exchange indicates the covalent character of the

bonds between iron and the cyclopentadiene rings since the cyclo-
pentadienyl anion under these conditions would enter into the reaction

of hydrogen exchange.

CONTINUED
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REACTIONS OF FERROCENES SUBSTITUTED IN THE NUCLEUS

The introduction of substituents into the cyclopentadienyl
rings exerts a profound influence on the reactivily of the ferrocene
nucleus. This influence manifests itself not only in the ease of
further substitution of the cyclopentadlenly hydrogens and the
stability of the bonds between the iron and the cyclopentadiene rings,
but also in the lability to oxidation to derivatives of ferricinium
cation and the stablility of the latter. The character of the
influence depends on the degree of electrophilicity of the substituent

Particular interest is engendered by the investigation begun
recently of the orientative influence of the substltuent already
present in further substitution within the same cyclopentadiene ring.

The properties of the ferrocenes substituted in the nucleus
which have been most thoroughly studled - acyl-, aryl-, alkyl-, and
carboxy-ferrocenes -~ are discussed below.

PROPERTIES OF ACYLFERROCENES

For acylferrocenes, two types of reactions are of primary
interest - the substitution of the hydrogens of the cyclopentadiene
rings, which affords great interest from the point of view of
influence of the acyl group on the reactivity of the ferrocene
nucleus, and reactions of the keto-group which do not involve the
ferrocene nucleus. :

It has been found that the introduction of an acetyl group
sharply lowers the labllity toward further substitutlon within the
same cyclopentadiene ring and noticeably lowers the tendency toward
substitution in the second cyclopentadiene ring. Thus, further
acylation of acetylferrocene goes preferentially, as has already
been indicated, in the second cyclopentadiene ring, and furthermore
forms only a very small quantity of 1,2-dlacetylferrocene; hence
the second acetyl group goes to the carbon neighboring the one which
already bears an acetyl groupl©2,

Triacetylferrocene can not be obtained*®?, The two acetyl
groups in 1,1'-diacetylferrocene greatly deactivate both rings (each
deactivates its own as well as the other ring). '

'1,1fFDiacetylferrocene does not react with mercuric acetate,
either at room temperature (under conditions for mercurating
ferrocene) or upon heatingl®Z,

The deactivating influence of an acetyl group on the second
cyclopentadiene ring is evident 1n the fact that in the presence
of SnClas - a catalyst whose actlon is milder than that of AlCls,
only monoacetylferrocene is formed®??,

In ferrocenemonoaldehyde, a second formyl group can not be
introduced by the action of N-methylformanilide in the presence of

: CONTINUED
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POCls, which also indicates the deactivation of both cyclopentadiene
rings by the aldehyde grouptt®123 -

Acetyl-, 1,1'-diacetyl- and 1,1 '-diproplonylferrocene dissolve
in concentrated hydrochloric acid to produce a deep violet-red
colori2?107,  Upon dilution of the hydrochloric acid solutions with
water right after solution, the ketones are isolated without change
and in thils way can be purified of ferrocene. Upon standing for
several hours in hydrochloric acid solutlon, the acylferrocenes
decompose with formation of ferrous ions'?, which indicates the
sharp decrease in stabllity to hydrolysis of the bonds between iron
and the substituted cyciopentadiene rings as compared with the
corresponding bonds in ferrocene 1tself,

Upon reaction with diazonium salts, 1,l'-dlacetylferrocene
bezhaves quite diffevently from ferrocene. Upon carrying out the
reaction under sonditions analogous to the conditicns for arylation
of ferrocenelO®:I17siil tha ferrocene nucleus is cleaved and
products are formed which do not contain iron and corresponding 1in
eiemental analysis to arylazoacetocyclopentadiene, but their

structures are not as yet proved®®Z:
Fe(CsH4COCH3)2 + ArN=2X = CHz-CO-CsHeN2Ar -+ FeX2

The reaction was carried out with p-nitrobenzene-, p-toluene-,
and benzenedi-azonium salts®®Z.

It must be noted that acetylferrocenes upon oxidation are not
transformed into derivatives of ferricinium cation, but yleld
rerpocenecarboxylic acids; hence in acylferrocenes the iron is not
cxidized to the trivalent state.  Thus, Weinmayr®®’ 153, by hypoilodite
onidation of acetylferrocene obtalned ferrocenecarboxylic acld which
vas earlier synthesized by A. N. Nesmeyanov and coworkers? by
means of ferrocenyllithium

NaOl
CsHsFeCsH4COCHs -——-—':} CsHsFeCsH4 COOH

Upon oxidation with hypochlorite or hypoiodite of 1,1'- and
1,2-=dlacetyllierrocene, 1,1'- and 1,2-ferrocenedicarboxylic acid

were obtainad*??19%:
I\ A
‘. > A b
- NaOCl
we — Fe
. .0 ~ S
s \\Y/COvHa - \?/COOH
\‘ / \' //
| e —t
COCHsa COOH
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Thus, the acetyl group in acetylferrocene sharply lowers the
tendency toward further substitution in the same ring, and more
weakly, but nevertheless noticeably lowers the reactivity toward
substitution in the second ring; on the other hand - in acetyl-
ferrocene (and especially in diacetylferrocene) the stability of the
iron toward oxidation increases, and the stability of the bonds of
the cyclopentadiene rings with iron decreases.

The carbonyl group in acylferrocenes gives reactions
characteristic of ketones?7-119s 121> 15¢ “apong which it reacts
with organcmagnesium compounds with the formation of the corresponding
tertiary alcohols containing the ferrocenyl group*7’125,

Riemschneider and He1m17, by the reaction of 1,1'-diacetyl-
ferrocene with ethylmagnesium bromide, obtained 1,1'~bis(a~-hydroxy-
sec.-butyl)-ferrocene (XXVIII) having two asymmetric carbon atoms:

(CHsCOCsHa ) 2Fe + 2CaHsMgBr (2)H20
CHs
7
i Calls

/ \
/ \

CH3~\9H Fe
-~ C—
o {//\\7
| W

XXVIIT

and isolated two stereoisomers, probably the meso form and racemate.
Upon dehydration of these carbinols by KHSO4, Riemschneider and
Helm®7 obtained a mixture of isomeric 1,1'-bis-(a,B-dimethylvinyl)-
ferrocenes (XXIX). '

KHSO4 .
XXVIII ————) \
{ CHa
- //)»C=CH-CH3
' - Fe

CH3CH=C *‘\,

CHs /
3\ ___d XXIX

Upon dehydration of 1,1'-bis-(g-hydroxyisopropyl)-ferrocene,
only polymer forms - (clsH?BOlipe)v;7.
sic -

Clemmensen reduction of acylferrocenes, as has already been
mentioned, is a method of obtaining individual alkylferrocenesi®?,
1,1 '-Diacetylferrocene is readlly reduced catalytically in the
presence of Raney nickell®7,
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By reduction of acetylferrocene with lithium aluminum hydride,
Arimoto and Haven'4©® obtained methylferrocenylcarbinol, upon dehydra-
tion of which, and also upon pyrolysis of its acetate, vinylferrocene
was isolated. They prepared polymers of vinylferrocene and also its
copolymers with methyl methacrylate, styrene, and chloroprene.

Upon reduction of 1,1'~-dibenzoylferrocene with aluminum 1so-
propoxide, 1,1'~bis~-(phenylisopropoxymethyl)-ferrocene 1s obtained
(XXX)*7 and upon reduction with LiAlHs, 1,1'-dibenzylferrocenel?® is
formed in almost quantitative yield.

A1 (0CaH7-150)s Celis
(CeHsCOCsH4)aFe -~ > CequHC5H4FeCsH4?H
QOCsH~» 0CsH~
(XXxX)
L1A1H, .
(CeHsCOCsH4 ) 2Fe — (CeHsCH2CsH4 ) 2Fe

Very recently, various other transformations of the carbon¥l
group have been accomglished with acetyl-1182119  pengoyl-1202121,

and formylferrocenes®*®’147, and for acetylferrocene, condensatlons
involving the a~hydrogen atom have also been carried outl16-,118,119
leading to various ferrocenyl-substituted alcohols, aclds, unsaturated
ketones and other derivatives which are presented in the correspond-
ing tables.

Formylferrocene enters into virtually all the reactions typical
of the aldehyde group. However, oxidation to the acid was not
successfull*®, PFerrocenecarboxylic acid is obtained from the
aldehyde only by means of the Cannizzaro reactiont??,

It must be noted that in the infrared spectrum of formylferrocenc

taken above 45°, bands characteristic of the hydroxyl group were
unexpectedly found??*®,

PROPERTIES OF ARYL- AND ALKYLFERROCENES

In the study of the properties of arylferrocenes, interest 1is
afforded by the elucidation of the mutual influence of the aryl and
ferrocenyl groups. On the basis of the extant experimental data,
one may say that arylferrocenes show a somewhat decreased reactlvity,
in comparison with ferrocene, toward further substitution of the
hydrogens of the cyclopentadiene rings. Thus, in the further
phenylation of ghenylferrocene, the unsubstituted ring is attacked
preferentially1 3, and in arylation of ferrocene wlth an excess of
arenediazonium salt, 1,1'-dlarylferrocenes are obtained. Only in
the case of p-methoxybenzenedlazonium salts did Broadhead and Pauson©?®
1solate a small quantity of homoannular di-(p-anisyl)-ferrocene with
the relative positions of the p-anisyl groups undetermined.

CONTINUED
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A sharp decrease in reactivity toward electrophilic substitution
1s observed with g-nitrophenyl- and especially with 1,1'-d1(p-nitro-
phenyl)~ferrocene 52, ' Neither of these compounds is acylated or
sulfonated under those conditions under which these reactions
proceed for ferrocene. 1,1!-Di(Efnitrophenyl)ferrocene is not
mercurated, while mono-p-nitrophenylferrocene ylelds di-(chloro-
mercury)-p-nitrophenylferrocene only 1n 15% yield while 72% of the
original p-nitrophenylferrocene is recovered*unchangedlsz.

By the reduction of p~- and m-nitrophenylferrocene, p- and m-
ferrocenylaniline are obtained and a series of their derivativesT37
(acetyl, benzoyl, and others). - The basiclty constants of these
amines, and also the dissoclation constants of p-ferrocenylpheno
p- and g-ferrocenylbenzoic'acidslsl, and for comparison some aromatic
derivatives are presented in table 10.

139
125,

The basicity constant of p-ferrocenylaniline 1s three times as
great than the constant of aniline and 17 times as great as the
constant of p-aminobiphenyl. Similar comparisons are observed for
phenols: p-ferrocenylphenol is significantly less aclidic that phenol
and p-hydroxybiphenyl. From comparison of the data given, it
follows that ferrocenyl is a considerably more powerful electron-
donating group than phenyl, and when introduced into the benzene ring
behaves as a sharply defined orth-para director.

Thus, with respect to ferrocenyl, the aryl group is an electron
acceptor. Indeed as has already been mentloned, not only p-nitro-
phenyl, but also the unsubstituted phenyl group somewhat lowers the
reactivity of the ferrocene nucleus,

As has already been said above, alkyl groups, in contrast to
aryl, increase the tendency toward further substitution of the
hydrogens of the ferrocene nucleus. Thus, Nesmeyanov and VolkenautS+4
did not succeed In obtaining monoacetylethylferrocene from ethyl-
ferrocene in the presence of AlCls under the conditions for obtaining
monoacetylferrocene, Monoacetylethylferrocene was synthesized by
them by the action of acetyl silicate on ethylferrocene in the
presence of SnCl,. The products 1lsolated were homoannular ethyl-
acetylferrocene (XXXI), 1,1'-ethylacetylferrocene (XXXII), and ethyl-
diacetylferrocene (XXXIII) in the ratio 3.5 : 1 : 1.

CHaCO\\
_~CsHaFeCsHs CHgCOCsH4oFeCsH4C2Hsg
Cz2Hs _
XXX XXXII
CHaCO _
_CsHzFeCsH4COCHa
. Czals

XXXIIT
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Upon reduction, (XXXI) yields homoannular diethylferrocene (the
relative positions of the ethyl groups is not established; the
presence of an unsubstituted ring was proved by bromination);

(XXXII) 1is transformed into 1,1'-diethylferrocene, and (XXXIII) forms
triethylferrocene, the structure of which is not established..

Thus the ethyl group orients the acetyl group in subsequent
substitution chiefly in the same cyclopentadiene ring and
principally in one specific position (1t is not established in which).

Upon acylation with acetic anhydride in the presence of AlCls
of 1,1'-dimethylferrocene, 1,1'-dimethyl-3-acetylferrocene (XXXIV)
and 1,1'-dimethyl-2-acetylferrocene (XXXV)15%, are formed in the
ratio of 7 : 3. The ratio. of the corresponding isomers obtailned
upon acylation of 1,1'-diisopropylferrocene*®® is equal to 9 : 2.
Thus 1in this case as well, the formation of one of the isomers in
greater quantity is observed.

. ___COCHa
R B
CHa —d. > — COCH L b

N s ~ ™ ocua
e re

‘( \/“ CHa \/ )\..CHa
“\5——--——-»4 0—-————-—4’/
XXXV XXXV

Acetyldialkylferrocenes are oxidized to the corresponding
dialkylferrocenecarboxylic acids and reduced to trialkylferrocenes.
The relative positions of the groups within one ring is established
spectroscoplcally?Ss,

Nesmeyanov and coworkers!®® showed' that in acylation of
1,1'-dimethylferrocene with acetyl chloride in the presence of AlCla,
triacetyldlmethylferrocene is formed along with diacylated products.
This fact indicates that the methyl groups which are present in the
ferrocene nucleus significantly facllitate subsequent acylation.

As has already been mentioned, attempts to obtain triacetylferrocene
by means of the Friedel-Crafts reaction are not successful.

Rinehart and Motz'®7 isolated stereoisomers for 1,1'-dimethyl-
2,2'-dlacetylferrocene, XXXVI and XXXVII, and for 1,1 '-dimethyl-3,3"'-

diacetylferrocene, XXXVIII and XXXIX, and reduced them to the
corresponding dimethyldiethylferrocenes.
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As has already been noted in the section "Alkylation", in the
alkylation of ferrocene homoannular dialkylferrocenes are formed.’
This indicates the activating influence of the alkyl group especially
on that cyclopentadiene ring to which it 1s attached.

Aryl- and alkylferrocenes are easily oxidized to derivatives
of the ferricinium cation?®?’%%l,  Upon standing, liquid alkyl-
ferrocenes gradually decompose with formation of a precipitate®®?,

Piper and Wilkinson’° took the nuclear magnetic resonance
spectrum of 1,1'-dimethylferrocene.

PROPERTIES OF FERROCENECARBOXYLIC ACIDS

Ferrocenecarboxyllc acids (monoferrocenecarboxyllic acid and two
diacids - 1,1'- and 1,2-ferrocenedicarboxylic aclds have been ‘
obtained*) are quite stable substances, yilelding water-soluble salts
with alkalies and forming methyl esters under ordlnary
corditiongt@21082,1175135 "  The nitrile of ferrocenecarboxylic acid
has been syntheslzed via the oxime of formylferrocene®? and from
the amide®?3, Derivatives of 1,2-ferrocenedicarboxylic aclid have
already been described in the sectlon "Acylatlon and alkylation of

ferrocene".

CONTINUED

*The method of obtaining them is described in the sections "Metalation"
and "Properties of Acylferrocenes'.
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The monoamide and mononitrile of 1,1'-ferrocenedicarboxylic
acid have been obtained by Nesmeyanov and Reutovi43,

By the reduction of the dimethyl esters of ferrocenecarboxylic
acids, Nesmeyanov, Perevalova and Beinoravichute?25 obtained 1
ferrocenylcarbinol and 1,1'-di(hydroxymethyl)-ferrocene in good yeild.,

LiAlH,
CsHsFeCsH4COOCHa —— CsHsFeCsH4CH20H

LiAlH,
Fe (CsH4COOCHs ) 2 ~—————3 Fe(CsH4CH20H)2

The dimethyl ester of ferrocenedicarboxylic acid also is
easlly reduced by lithium aluminum hydride to 1,1'-dimethylferrocene
(yield 89%)*2%;

LiAlH,
Fe (CsH4COOCHsz ) 2 —————— Pe(CsH4CHs)2

In the work of Wilkinson, Cotton and Birmingham®® the synthesis
of 1,1'-dlmethylferrocene by means of methylcyclopentadienylsodium
1s mentioned (reference to unpublished data).

. The carboxylic acid group exerts a deactivating influence on
further substitution of the hydrogens of the ferrocene nucleus.
Thus, Nesmeyanov and Reutov?®® showed that in the reaction of
dioxanesulfotrioxide. with a mixture of ferrocene and ferrocene-
carboxylic acid (competitive sulfonation) ferrocene is sulfonated
while the acid is unchanzed. Acylation of the methyl ester of
ferrocenecarboxylic acid proceeds in the unsubstituted cyclopenta-
diene ring. In the reaction of this ester in the presence of
aluminum chloride with the acid chlorides of acetic and butyric
aclds, acetyl- and butyrylferrocenecarboxylic acids are obtained
after subsequent saponification. The location of the substituents
in different cyclopentadiene rings was established spectroscopically
and also by oxidation of acetylferrocenecarboxylic acid to the lknown
1,1'-ferrocenedicarboxylic acid*®8, Ethyl~ and butylferrocene-
carboxylic acids were obtalned by reduction of these keto acids.

An Interesting study of the influence of substituents on the
dissociation constants of ferrocenecarboxyllc aclds was carried
out by these same authors*S8, They found that the alkyl or acetyl
group located in one cyclopentadiene ring influences the dissociation .
constant of a carboxyl group located in the other ring. _ Alkyl groups
lower, while acyl groups augment the dissociation constant of the
corresponding acid.

The order of influence was compared with the influence of the
same substituents on the dissociation constant in p-substituted
benzolc acids. '

Ferrocene and compounds similar to 1t constitute the first
example of a conjugated system (see 15°) which includes a metal atom.
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Generalizing the properties of ferrocene discussed above, one
can note the following particulars:

1. Unusual stability for an organometallic compound.

24 Complete absence of the addition reactions characteristic of
unsaturated compounds. ' ‘

3. Ease of electrophilic substitution reactions which take place
under milder conditions than are necessary for benzene.

y, Ease of oxidation of the iron to the trivalent (formal) state
and at the same time complete stablility to oxidation of the
internal bonds of the cyclopentadiene rings.

5. Strong influence of substituents on the reactivity of the
ferrocene nucléus, éspecially evident within one cyclopenta-
diene ring, but very significantly transmitted from one ring
to the other as well.

It is evident that ferrocene is a new aromatic systém of the
non-benzenold type.

POSSIBILITIES FOR TECHNOLOGICAL APPLICATION OF FERROCENE

In the patent literature ferrocene has been suggested for use
as an additive in mineral oils as an antidetonatorl?37153  and as a
thermally stable heat transfer agentls. Ferrocene is also useful
for accomplishing the smokeless combustion of oils'®°,

IIT. PROPERTIES OF DICYCLOPENTADIENYL COMPOUNDS OF METALS

At the present time dicyclopentadienyl compounds of the majorlity
of metals have been obtained. The methods for obtaining them were
discussed above. The physical and especially the chemical
properties have not been studied in as much detail as those of
ferrocene 1itself. The magnetic properties of all the compounds
obtained have been investigated and spectra have been taken
(vsually infrared); for some of them X-ray crystallographic
anzlysis has been carried out and polarographic measurements have
been made. Of the chemical properties which are usually investigated
there is the reaction with malelc anhydride and the ease of hydrolysis
nf the bond between the cyclopentadiene rings and the metal, and
oxidation to the cation is described or conversely reduction of the
crilon. The character of the spectrum and 1ts agreement with the
spectrum of ferrocene usually serve as a basls (sometimes not
completely adequate) for judgement as to the three-dimensional
structure of the glven dicyclopentadlenylmetal. The ease of
hydrolysis, and the reaction with FeCl122® to form ferrocene serve as
criteria of the ionic nature of the bond between metal and cyclo-
pentadiene ring, while the absence of reaction with malelc anhydride

CONTINUED
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of the Diels-Alder type serves as an indication of the aromaticity
of the rings and the presence of "sandwich" bonds between the metal
and the cyclopentadiene ring.

The reactions of aromatic substitutlion have been studied in
detall only for ferrocene. Attempts were made to accomplish these
reactions with nickelocene, cobaltlcinium salts, and dicyclopenta-
dienyl compounds of titanium. Negatlve results were obtained 1n all
casesq

It 1s possible that this is due to the decreased stabllity, in
comparison with ferrocene, of dicyclopentadlenyl derivatives of
nickel and titanium, which is confirmed for nickelocene by mass-~
spectral investigations®Z and theoretical calculations. The
question as to the possibility of electrophilic substitution
reactions for the cation has not been studied even for ferricinium
ion. Dunitz and Orgel®?! calculate that in the catlons of dicyclo-
pentadlenyl compounds, the d-orbitals of the central atoms are
significantly more stable than the f{-orbitals of the CsHs rings, and
therefore in compounds of tetravalent titanium and trivalent iron,
cobalt, and nickel, the character of the bonds is shilifted in the
direction of more ionic character. This must lead to a decrease
in the stabllity and to diminishing of the reactivity toward aromatic
substitution.

The behavior of ruthenocene (the closest dicyclopentadienylmetal
in all properties and stability to ferrocene) in reactions of aromatic
electrophllic substitution has not been studied, possibly because of
the difficult accessibllity of the metal itself.

Below, the physical and chemical properties of dlcyclopentadien-
y1l compounds, grouped according to their group in the periodic system
of elements, are discussed.

DICYCLOPENTADIENYL COMPOUNDS OF ELEMENTS OF
GROUP VII IN THE PERIODIC SYSTEM

Dicyclopentadienyl compounds have been obtained for all
elements of the eighth group except palladium (see table 1). The
physical and chemical properties of ferrocene were discussed above.

All dicyclopentadienyl compounds of elemehus of group VIII have
the centrally symmetrical antiprismatic structure, the cyclopentadiene
ring bound to the metal just as in ferrocenel®’19>31:72,98

Spectroscoplct®’19s21-24,161 ‘and mass-~spectroscopic®?
investigations and polarographlcl®221224:84 ,n3 magnetic measure-
mentsls’19’21’11’17’31’32’69’sa are in complete agreement with the

"sandwich" structure of dicyclopentadienyl compounds of metals of
group VIII.

For the ortho~-para interconversion of hydrogen in the presence
of nickelocene and cofalticene see®®.
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The densities of nickelocene and cobalticene’?

are equal to
a8 1,47 g,/cm® and a*® 1.49 g./cm® respectively.

The green nickelocene, (CsHs)2Ni, is paramagnetic, sublimes in
vacuum, dissolves readily in non-polar solvents, gradually is
oxidized in air, especially in solutions3?, ‘does not dissolve in
water and is not decomposed by water, and does not foxm ferrocene with
ferrous chloride2®. Nickelecinium cation), (CsHs)2Ni', yields water-
insoluble salts only with complex ions such as are shown below:

[(CsHs)aN1][Cr (SON) s (NHs)2], [(CsHs)2N11[B(CeHs)a],

and is unstable in water, decomposing in several minutes®’32,
Comparison of mass-spectra shows that the bond between the nickel and
the cyclogentadienyl rings in nickelocene 1s much weaker than 1n
ferrocene®Z, For the heat of formation of nickelocene from cyclopens=
tadiene radicals and the gaseous metal, see?l, '

Reactions of aromatic substitution are not known for nickelocene.
Wilkinson, Pauson, and Cotton3 unsuccessfully tried to acylate
nickelocene by the Friedel-Craft reaction. Our attempts to
accomplish acylation by acetylborontrifivoride, arylation, and
metalation of nickelocene under conditions analogous to those under
which these reactions were carried out for ferrocene, also gave
negative results. In the process, a significant part of the nickel-
ocene decomposed even when the reactlon was carried out under
nitrogen. ' '

. In the patent literature there 1s an indication that nickelocene
may be used as an antidetonator and as a catalyst in some organic
reactions®®,

Cobalticene (CsHs)zCo is extremely easily oxidized®® to the

very stable diamagnetic cation (CsHs)ZCoe, which is 1soelectronic
with ferrocene and ylelds water-insoluble salts, similarly to
ferricinium and nickelecinium, only with large anions®®, Cobalt-

i1einium salts are not decomposed by concentrated sulfuric and nitric
acids, but in their presence, substitution in the nucleus does not
take placel®’22, Cobalticinium nitrate is not ozonlzed, even upon
prolonged passage of ozone into a solution of the salt in acetic

acid for many hours®®. Our attempts to acylate by the Friedel~Crafts
method, arylate, sulfonate and niltrate cobalticinium picrate were also
unsuccessful.  1In all cases the cobalticinium salt was recovered
unchanged.: '

In anhydrous solvents (CsHs)ZCoeBrg“is reduced by .lithium
aluminum hydride to (CsHs)2Co in good yield*®,

The action of water does not cleave the bonds between the metal
and the rings in cobalticene; only slow oxidation to the cation takes
place®®; .with FeClz ferrocene is not formed®®, :

By the action of an alkall metal cyclopentadienyl compound on
(CsHs ) 2C0®, Fischer*®? obtalned a substance stable to hydrolysis with
the composition Coz(CsHs)s to which he asslgned structure (XL). The
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dipole moment of this compound is zero®®

<;> <§> D’ Co
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< 1 CsHs
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XL

Ruthenocene is similar to ferrocene in properties and
stabllity23°82284  The reactions of substitution of the nydrogens
of the cyclopentadiene rings has not been stud*ed. For the nuclear
magnetlc resonance spectrum of ruthenocene see” :

Wilkinson, Cotton, and Birmingham 26 gtudied the reaction of
dicyclopentadienyl compounds of iron, ruthenium, ecobalt, and nickel
with benzophenone, m-nitrobenzaldehyde, maleic anhydride, and methyl
malecate and found that only ferrocene and ruthenocene are inert to
all these reagents. Cobalticene forms colored products with
benzophenone; nickelocene does not react. Cobalticene and nickel-
ocene react with maleic anhydride; however the character of the
reaction has not been studied, and therefore it is impossible to
draw any concluslions,

Dicyclopentadienyl compounds of rhodium and 1ridium3% have been
obtained only in the form of salts of the catlions

(CsHs)2Rh® and  (CsHs)2Ir® with [Cr(SCN)4(NHa).g],0104g

and others and the free bases (CsHs)2RhOH and (CsHs)z2IrOH. The
cations of the dicyclopentadienyl compounds of rhodium and iridium
are similar in properties and stablility to cobalticinium catlon.

An attempt to isolate dicyclopentadienylrhodium, (CsHs)thé
by electrolytic reduction in aqueous solution was not successful<®;
a hydride of dicyclopentadienylrhodium 1is aescrioed

In his review Pauson!® refers to the private communication of
Lippincott concerning the obtaining of a dicyclopentadienyl compound
of osmium.

DICYCLOPENTADIENYL COMPOUNDS OF ELEMENTS OF
GROUP VII IN THE PERIODIC SYSTEM

Dicyclopentadienvl comgounds have been obtained for rhenium®
and manganese 5:26:33:46: 1645165

Dicyclopentadienylmanganese 1s paramagnetic®®’?, has an

arrangement of atoms 1in space simllar to ferrocene, in the form of a
pentagonal antiprism, but the bonds between manganese and the
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cyclopentadiene rings is of the lonic type26’46282,164_ 7Tn chemical
properties, (CsHs)zMn is similar to (CsHs)2Mg, with which it forms
mixed crystals. Upon heating, the brown dicyclopentadienylmanganese
changes color and is transformed into another modification<®’4€,

Mn (CsHs )2 decomposes upon attempts to oxidize 1t to the cation,
reacts with aldehydes, ketones, and maleic¢c anhydride; forming
products which have not been investigated®@.

Wilkinson, Cotton, and Birmingham®® mention the obtaining of
(CHaCsH4 ) 2Mn by means of methylcyclopentadienylsodium (reference to
unpublished work).

A dlcyclopentadienyl compound of rhenium is known*7°168 only in
the form of the hydride, (CsHs)zReH, The structure was confirmed
by nuclear magnetic resonance study®7°7°°1€3,  The hydride hydrogen
atom is located in the space between the cyclopentadiene rings.
(CsHs)2ReH does not react with water or with ONNaOH, reacts slowly
with the oxygenof the alr, dissolves in organic solvents. Solutions
in 1liquid ammonia do not conduct the electric current; upon reaction
with FeClz, ferrocene 1s not formed. (CsHs ) 2ReH dissolves in
dilute hydrochloric or sulfuric acld with formation of the cation
[(CsHs)2ReH2]®? which 1s precipitated in the form of the silicotung-

" state or reineckeate.

Wilkinson and Birmingham*7 believe that the hydride of
dicyclopentadienylrhenium has a structure simllar to ferrocene.

DICYCLOPENTADIENYL COMPOUNDS OF GROUP VI
OF THE PERIODIC SYSTEM

Of the elements of grou VIé dicyclopentadienyl compounds have
been obtained for chromium@6’27248:33570  moiybdenum®? and tungstenZ®7

Dicyclopentadienylchromium, (CsHs)2Cr, 1s paramagnetic®8269,
thermally stable to 300°, but 1s extremely easlly oxidized in alr,
ignites spontaneously in finely pulverized form; 1s not appreciably
decomposed by water2°’3%; evolves cyclopentadiene_on treatment with
dilute mineral acids, forming a dark blue solution®* in which neither
the chromium ion nor the cation (CsHs)z2Crt is detected. Dicyclo-
pentadienylchromium reacts with FeClz to form ferrocene (yield 70%)
and a blue-green substance of undetermined structure®®; upon heating
under pressure with CO, dicyclopentadienylchromium forms first
chromium cyclopentadienylcarbonyls of various compositions and then
cr(C0)e 2%, Dicyclopentadienylchromium reacts with malelc anhydride,
aldehydes, and ketones; neither the products so formed nc.r the
nature of the reactions have been 1nvest1gated2°. By the action of
iodine dicyclopentadienylchromium 1s transformed into the lodide of
the cation, (CsH5)aCrI49. It was not possible to take the infrared
spectrum of dicyclopentadienylchromium®*,

Thomas 187 obtained the bromide of the cyclopentadienylacetyl-

acetonate of chromium and showed by this means the possibility of the
existence of compounds of chromium with one cyclopentadiene ring:
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Dicyclopentadienyl compounds of tetra- and pentavalent molyb-
denum and pentavalent tungsten have been i1solated in the form of
salts?®

IV ' Iv
(CsHs ) 2MoClz, [(CsHs)2MoC1]1Cr(SCN)4 (NHs)2]+H20,

v v
[(CsHs)2MoCl2][PtCls] (paramagnetic) and [(CsHs)2WCl,][PtCls]

Cotton and Birmingham27 calculate on the basis of infrared
spectra that these compounds have structures simllar to ferrocene.

DICYCLOPENTADIENYL COMPOUNDS OF ELEMENTS OF
GROUP V OF THE PERIODIC SYSTEM

Of the elements of group V, dicyclopentadienyl compounds of
vanadium1®220726,43,50,685188 piohium?°, tantalum=°, bismuth®?!
antimony, and arsenic®! are described; trighenylphosphonium
cyclopentadlenylide has also been obtained®

The dicyclopentadienyl compound of tetravelent vanadlum has
been isolated in the form of the chloride and bromlde.

The dichloride of dlcyclopentadienylvanadium is paramagnetic,
dissolves in polar organlc solvents, forms a green solution in water,
in which it decomposes rapidly upon addition of alkall; in acid
solution 1t 1s preserved for several hours. It is reduced by
LiAlHs to dicyclopentadienylvanadium, (CsHs)2V*2.

The ion of the trivalent vanadium compound, (Csﬁs)avg, oxidizes
rapidly in air®°

Dicgclopentadienylvanadium, (CsHs )2V, 1s paramagnetic, rather
8table®©’82 135 not decomposed by water, is hardly decomposed at all
even in acid medium, forms traces of ferrocene wlth FeCl22%, reacts
with aldehydes, ketones, and maleic anhydride forming groducts which
were not investigated , and with CO ylelds CsHsV(C0)4°>°’1%°, The
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The data of X-ray crystallographic analysils indicate the "sandwich"
structure?®®,

The dicyclopentadienyl compounds of pentavalent niobium and
tantalum®® were isolated in the form of salts:

(CsHs ) 2NbBra, (CsHs)sz(OH)Bra (diamagnetic), and (CsHs)2TaBra

The infrared spectra of the dicyclopentadienyl compounds of V,
Nb, and Ta are consistent with each other and have bands characteristic
for "sandwich" compounds®©’28

Triphenylphosphonium cyclopentadienylide is obtained®2 in the
reaction of bromocyclopentadiene with triphenylphosphine and
subsequent treatment of the reaction product with aqueous sodium
hydroxide, Ramirez and Levy®2 calculate that the substance has the
ionic structure (XLI). The cyclopentadiene ring is aromatized.

XLI

Triphenylphosphonium cyclopentadienylide is stable and almost
useless for the synthesis of olefins, in contrast to other phosphine-
methylenes, for example, (CeHs)aP=CHz and (CeHs)aP=CHCeHs. In the
reaction of the cycloggntadienylide with benzenediazonlum ion, azo

coupling takes placel’°,

&
(CeHs)aP ..{g\!' + CgHsNa2X CH3COONa )

"
N=N~CgHsg
@
> (Cels)s P ¢ | + HX
N
XLIT
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In acid medium, the azo compound (XLII) forms a salt (XLIII)
yielding upon hydrogenation compound XLIV, the structure of which
was proved by independent synthesis7°,

®p_CeHs)sBr® P® (Celis)s%Br

A

AN
. T:‘N-NHCSHS Ha 5 ?r, \F==N-NHCeH5
: o f’, .‘. S "[l
XLIII XLIV

DICYCLOPENTADIENYL COMPOUNDS OF ELEMENTS OF
GROUP IV OF THE PERIODIC SYSTEM

Dicyclopentadienyl compounds of titaniuml®220239:53 ,4neoniumt?se
£in5%, 1ead®%’5%, and s11icon®®’57 have been obtained.

The salts of dicyclopentadienyltitanium (IV) cation (CsHs)2TiXa,
are diamagnetic®’20788  gstaple in air, dissolve in organic solvents
and water (hydrolyzes somewhat), and yield precipitates with the same
anions®’2° a5 do other cyclopentadienylmetal cations.

Attempts to acylate dicyclopentadienyltitanium bromide by the
Friedel-Crafts method gave no positive results®°; it was also
impossible to isclate an alcoholate in the reaction with butyl
alcohol in the presence of pyridine2°,. With phenyllithium,
dicyclopentadienyltitanium chloride forms diphenyldicyclopentadienyl-
titanium?*7*’ 172 yhich gradually decomposes at room temperature.

(CsHs)2TiCla + 2CeHsIi > (CsHs)2Ti(CeHs)z + 2ILiC1

By analogous means, meta- and para- (CHzCeHa)2T1(CsHs)z were
obtained., [p-(CHsz)2NCsH4]2T1(CsHs)z 272 and (CHz)2Ti(CsHs)z 7°
are very unstable, yield 1%.

Salts of dicyclopentadienyltitanium (III), (CsHs)=2TiX, are
obtained by reduction of (CsHs)2TiXz electrolytically=® or with
LiA1H4*®, The dicyclopentadienyl compound of divalent titanium®3,
(CsHs)2Ti, 1s diamagnetic, decomposes in alr, but can be preserved
well 1In an atmosphere of inert gas, is thermally unstable, upon
heating in an atmosphere of inert gas decomposes below its melting
point (~~130°), reacts very slowly with water which does not contain
ailr, i1s transformed by dllute hydrochloric or sulfuric acid into
compounds of tetravalent titanium, and forms an etherate with
tetrahydrofuran. Solutions of dicyclopentadienyltitanium in
ammonia vlirtually do not conduct the electric current. In the
reaction of (CsHs)2Ti with FeClz only traces of ferrocene are formedSS,

The properties described for dicyclogentadienyltitanium and
also the similarity of infrared spectral®’2° of (CsHs)2TiBrz with the
spectra of ferrocene and ruthenocene enable one to assert that
dicyclopentadienyl compounds of titanium are similar in structure
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to ferrocene=3.

Wilkinson and coworkers'®?2° opbtained dieyclopentadienylzirconium
(IV) bromide, (CsHs)z ZrBra, the properties of which have hardly been
studied; there is only the information that this compound is dia-
magnetic®°, the infrared spectrum is glven, and mention is made of an
attempt at polarographic investigation?®®,

Dicyclopentadienyltin, (CsHs)z2Sn, and dicyclopentadienyllead,
(CsHs 2Pb, are organometallic compounds with an ordinary C-M bondS5%
(CsHs)2Sn i1s diamagnetic*®, has a dipole moment of 1.01 debye®®, and
reacts with maleic anhydride*S, Cyclopentadienylphenyl compounds
of tetravalent tin have been described®®; 1t was not possible to
isolate tetracyclopentadienyltin in pure formSS,

Dicyclopentadienyllead is diamagnetic?®, has a dipole moment of
1.625debye59, is not hydrolyzed by water, but 1s easily oxidized in
alr=>.

Cyclopentadienyl compounds of silicon have been obtained:

(CsHs)S1(CHs)a and (CsHs)251(CHs )2 58257

TRICYCLOPENTADIENYL COMPOUNDS OF ELEMENTS OF
GROUP III OF THE PERIODIC SYSTEM

Elements of group III o the periodlc system in contrast to
others yleld only ftricyclopentadienyl compounds,

Thus tricyclopentadienyl compounds have been obtalned for
scandium, yttrium, and the lanthanides-- lanthanum, cerium,
prascodymium, neodymium, samarium, gadolinium, dysprosium, erblum,
and ytterbium®®8’2®, A hypothesis has been expounded, that in
these tricyclopentadienyl compounds the cyclopentadienyl rings are
arranged so that perpendliculars golng through the centers of the
rings intersect at the site of the metal atom and form angles of 120°
with each otherS8,
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