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1. Revieus
Peet and Rockett have surveyed tne syntheszis, properties

and reactions of 1l,2-disubstituted ferrocenesl. Yamakawa

2

has briefly reviewsed the chemistry of ferrocene

2. Strvctural Determinations

The crystal and molecular structure of tetra-tert-butyl-
ferrocene was determined by X-ray analysis. The crystals had
orthorhomoic symmeiry, space group Pbnb, with cell dimesnsions,

a = 11.79, b = 35.42, ¢ = 12.21 g ana & = 8. The ferrocene
nucleus was found to have a conformation that was intermediate
betwsen the stagg-red and eclipsed conforuatlonss. The crystal
structure and absolute configuration of [ZRp, 5Sc(sic)]—ferroceno
[2,3]cyclohex—2-en-l—one (2.1) uas determined oy X-ray
arffractione. Th: compound hae svacc group P2,2,2, with unit
cell dimensions & = 9.57, b = 19.05, ¢ = 6.54 g with four
rmolecules in the init cgllh. Tte crystal structure of the
procduct (2.2) obtairned irom the reaction of cyclopentadiene

witr the g2-ferroc:nyl-2~7rapyl cetion has been determined by
i-ray difiraction nethods. Tne compouna crystailized in the
monoclinic systen, =svace group gil/c with unit cell dimensions

a = 10.733, b = 8.122, ¢ = 16.875 X; B = 110.95°; Z = 4.

The X-ray data confirmed structure (2.2) which had previousliy
bzen postulated fron 14 LR eviderce. The compound was

thought to be forwed by addation of cyclorentad-_ene to the
2-ferrocenyl-2-praoyl cation to give an intermediate (2.3)

followed by proton eliminationj.
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The crystal and molecular structure of 1,2-dxiodoferrocene
was determined by X-~ray crystallogravhy. In this molecule
the cycloventadienyl rings were flat and :oplanar wxrth the
substituentse. The X-ray dafiraction metrod has been used
to determine the structure and absolute configuration of
(-)~2,3-ferrocenc~-5=~exo~methylcyclohex-2-en~l-onz {2.4;

k! = Me, Ra = H)?.

The crystal and molecular structure af the rferricinium
golu cation (2.5) as the tetraflucroborate salt, has been
determinea by AX-ray crystzllogravhy. The structure yressants
several interesting features, one of tne cyclopentadirenyl ring
carvon atoms acts as a bridge between the two gold atcms, C-nu
cistances 2.135 and 2.27 X. The differences bestween tness two
bond distancss were ascribad to steric and electronic factors.
The Au-4Au distance (2.763 g) falls witkhin the range observed
oreviously for cluster systems and one gold atom is %ound to
the iron atom (Au-Fe, 2.318 Z) providing the {irst examples of
a ferrocene with a direct Fe-}1 bona and the first determination
0f the Au-Fe bond distance. The two cyclopentadienyl rings
are almost eclipsed and form a drhedral angle of 16° 8. The
single crystal X-ray structure analysis of bis(pentalenyl)iron
has confirmed it as a [E]rerrocenophane (2.6) with a strained

bridge. The two planar cyclopantadienyl rings are tilted to
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give a dihedral angle of 25.6° and the molecule 1S near tihe

eclipsed conformation with a mean rotat:on angle of 10° 9.
1
: > .
R ///PPnS +
Au
‘ | @)
g
Fe -~ \\\ppr5 Fe
Celi 2.5 2.6

The crystal structure of 2,1'-trimethylene-l-jx-phenyl-<-hyaroxy—
propyl]ferrocene was dsterminea oy X-ray crystallography. The
compound crystallized .n the monoclinic system, space groubp
221/5 with unxt cell dimensions a = 11l.42, b = 13.25, ¢ = 11.48
X; B = 97.7 °, with four molecules an the unit cell. The
etructure was i1n agreemsnt with that proposed earli:zr by Moise

10 Ifrom inirared ana [iMR datall. The ketone (2.8) was

1]

L ai

l

o

btained ty cyclization of the ferrocenylpropionic acid (2.7).
h

The crystzl struc:ure and reclatave conformation of the racemic

[o%

lastereoisomer of the ketone have been determined by X-ray
crystallograchy. The cyclorentadienyl rings were almost planar
ana parallel, tney occupred an eclipsed conformation, The
relative conformation of the racemate (2.8) was RpSc or S R..
The PR speztra of the ketones supported the proposed con}ormat—
ionsla. The crystal and molecular structure of 1,12-dimethyl-

EqJerrrocenophane was determined by X-ray diffraction. The
cormpound crystallized in the monoclinic system, cnace group

P2/c with unmat cell dimensions a = 18,14, b = 6.10, ¢ = 18.67 2 ,
B = 119° LOY . The molecules exaisted 1n the eclipsed form wath

an exo-neth;1l configuration (2.9)13.
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5. Stereochemiztry of Fsrrocenes

The metallation of l~ferroc=snyl-l-rmzthoryethane with

n-butyllithzum rn cther, hexane and THF proceedec slowly t©o

on

ive a random miXture oif 2-, 3- and l'-lithioferrocenes.
he

i

prooucts were characterizea as the venzophsnone adducts
ana the ratios obtained were both tams and socivent dependent.
Experiments with the optically pure ethar (3.1) _ndicated the
net asymmetric induction octained ir tas Formation I the
deravative (3.2) was only ascut 105 of tFkai oopservea for the

. . 1
corresponding nitrogen compound 4,

Gine OMe
\C ------ 1S \ P (5]
\h “_‘1
Fe Fe ‘.’“"2
on
IeO
3.1 3.2 z

Ugi and co-workers have further investigated the stercosclectave

metallation of optically active o«~ferrocenyl tertiary amines.
The lithiation of (R)~N,N-aimethyl-l-ferroc=nylethylamine
follo.ed by treatment with anisaldehyde gave (S,R,S)-2-~
-(p-methoxyphenyl)hydroxymetnyl-N,li-dimethyl-l-ferrocenyl~
ethylamine in good yiela (3.3). The absolute configuration
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of this compouna was confirmed oy a sangle-crystal XY-ray

5 the first aoscluts configurational

F

geterrianation. This
aectermination of a l,2-ferro.ene aeravative with chiral
substituents ana it w1ll enable uneaquivocal assignments to

be made [or a large number of optacally active ferrocene
cerlvatlvesls.

The prepara.ion of (R,S)-u,N-dimethyl-l-ferrocenylecthyl-
amine was achievec by treatmeni of l~ferrocenylethanol with
HeSOZCl in trimetnylarune follo.ued by dlmetnylamlnele.
Subnstitution by malonaEe of the hyoroxyl group in the aia-
stereoisomeric alconols (5.4 ana 5.,5; R = Me, CHZNHeZ) has been
1nvestisated. The mecnanism ana stereocinemistry of the reaction
were studiea oy intramolecular cyclization of the subsiitution

procducts and by the relative reactaivities of the alcohols.

Tne form o7 the intermediate carod.oniuw ions with nigh fulvene
character was alscuesedl?. Dabard and Patin have aescribed the
X On R JOH
L .n &P corl
\ \
Pn H
?F re re
el
@) @
Selt 3.5 3.6

selective reducticn of unsymmetrical 1,l'-azacylferrocenes
(5.6; R- = alkyl, Ph, 2-thienyl; R® = alkyl, Fh, 2-chienyl)
by triphenyltin hyuride Lo s:ve the corresponaing l-acyl-l'-
~allkylferrocenes. 0On treatment with acetyl chlorade under
Friedel Crafts conditions the trisubstitutea rerrocenes (3.7

h ]
ana 3.8; R' = Et, PhCH,; K%

alkyl, Ph, 2-thienyl) were
1

N

obtzaned. The diacylferrocenes (3.6; R~ = Me; R° = Me, Et,



Ph) were converted tc the [5]ferrocenaphanes (3.9; R = ie,

Et, Ph) with benzaldehydel®. 1In & related study, the same

autnors report the Clemmensen reduction of the diacylferracenes

COtle COile 0
“ @
Rl
Fe re Fe Pn
k
cOR? zoR® @
Q
5.7 3.8 Jat
(3.6; rY - e, =t, Pr; Ra = Ev, Pr, CH,Ph) to the corresponaing

dialkylferrocenes. Unaer the same conditiong, l-zcyl-ll-benzoyl-

1)

ferrocenes gave the trang-olefins (3,10; Rk = 4, Zt, PFr, Bu,
PhCHZCHZ) in additicn to the simple reauction rroducts. A

vinacpl intermediate was suggestea [or the dimerization step™ 7,

Stcreoselecraive syntheses were used 7Q prepire ths g€nog-
- 1 . c . -~ . 1
(3.11; Y = h, RS = NHE) ard exo (5.11; R~ = HHE, RS - 1)

aminoferrocenophanes. Electrochemical ol zodaiur reduction of
the approoriate nydroxyimine gave the endo-isomer wnile
conversion ol the endo~ or grxa-alcohol to the azide with
hydrazoic acid followsd by catalytic hyarogsnation gav:z the
EX0=-150Mmer, Ths same routes were used in the synthesis of

the ferrocenophane (3.12). The observed stereoselectivity was
ascribed to sterically preferrsd exg-attack by the resgent an
the product forming step in cach synthetic routs. The racemic

c
endo- and gxo-amines (3.11; R! = H, R% = uH, and B! = i,

Re = H respectively) wsre rssolved into the corresponding

enantlomersao. The diastereolsomeric pair of ferrocenscyclo=-

hexenones (3.13 and 3.14) was prepared from (S)(+)-2-methyl-2-

-phenylsuccinic acid by Friedel Crafts acylation of ferrocene
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J2th tne monomethyl ester (5.1

ey

ollowed by cyclization, The

ut

)
cerresgonding B-sitbstitutea ferrocenecyclonexenones wcre

orezarsd in tne zzme way from the other monomethyl ester of the

0]

uccainic acida. The absolute configuractiom of each compound
was acterained by chemical correlation metnods and the optical
gurities .ere estimatzd by isotobic dllutlonzl. The reaction
of l,2-ferrocenzcicarboxaldehyde with methylmagneziun iodide and

the reduction of _,2-diacetylierrocenc with potassium borohydride

R M Pa
“ph s= le
C g
I R ~3.CO.Lde
Pl -] re =

1%f/|_
CuZCuaMe

.13 3.14 3415

gave asymmetrical and pseudoasymmetrical 1,2-prs(&~-hydroxyethyl)-
ferrocenes, The stereochemistry of these compounds was
iHVGstlgabedaz. The aluminium chloride cpimerization of the
drastereorsomeric X-phenyl-«-methylferrccenylcyclohexenones
(5.16) and (5.i7) and the diastereoisomeric P-phenyl-F-methyl-

cyclohexenones (3.18) and (5.19) was studied. The epimerization
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was shown to proceed by intramolecular invcrsion of the

metallocenic chiral plane and by ainversion of the quaternary

oz
asymmetric carbon®”

Ze17 <16

\n

Equilibration vetween axizl and equatorial conformation

3

in ferrocenylcyclohexanes .1th

(3.20)

substituents on the 4-vo=ition

uaS used to deternine the average conformational frse
enthalpy for the ferrccenyl group. The value octainea,

2.9 Kcal mol'l, confairmed tnzt the spatial requirement of

the ferrocenyl group was nearly

M
Ke)

uivalent to that of the
chenyl group (5.0 kcal mol™t) at ti

2h

ne equiliorium afials==
squatorial

1)

M

A
fu

L. Spectroscopic ard chysico-chemical studicss

The temperature dependence of the PJR spectrua of th

ferrocenylimine (4.1l) was examined. Line shawe analysis

(0

permitted the free energy of activation for the syn-anta

isomerization to be determinea, AGﬁ== 19 kcal mol-1 25.

Kamezawz has recorded and analyzed the FMR spectra for a
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range of rerroc=sne derivatives, The magnitude of the couplang
between the protons on the substituted cyclopentadienyl raing

nas been used Lo vrov.de a new procedure for the assignment of

26

the scectrz of monaosubstituted ferroccnes™ . R=-oraientation

"3

procesuses 1n substitutea ferrocenss have been investigated by
brit speciroscopy. The poilt spectra ol alkyl- and acetyl-
-ferrocene, 1,1'-di-tert~butyl- and 1,1l'-dracetyl-ferrocene in
tn2 solid state wele recorasa over the temperzaturs range
4.2-300% at 27.5 NHz. The temcerature depencence of the

was used Lo determ.ne tne

n

secuna moment of tne resonarcs
actavation erergics for re-orienzataion of the methyl and
cyclogentaarznyl nroionse. Exwverimental values for the
second moment Xere comparea with calculated contraibutions of
dirfferent grougs to the second momznt 1n order to i1aentify
tnase Zroups. Introuaucction of a single suostituent was
effsgctaive xin alterirg the magnitide of the re-orizntation
encrgy for both the suostitutec znd the unsubstituted raingse.

nd elecironic factors :n thes activataion

W

The rols of sterac
c¢nergy changes was dlscussed27° The 130 NMR spectra of
forty =monosubstituted ferrocenes were measured at BO—AOO

ana at room tempelraturec. The 3C chemical shifts xn the
substituted ferrocenes ¥ere compared with those of the corres-
ponaing benzene ds=raivatlves ana a possible mechanism of electro
screening ~¥as uls:ussedaa. Tre 19 iR spectra of msthyl-,
ethyl—-, 1so-propyl- and tert-butyl-rerrocene and the corres-
ponding heteroannular disubstituted ferrocenes have been
recoraed and interpreted. The carbon atom adjacent to the
substituents was increasingly deshielded as electron release
from the substituent increased. Heteroannular interaction

29

was snown only oy the methyl group™-.
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D
CPa=ii.CH, .iie Silley +
Fe Fe Fe 02-
!+.,1 -+a2 Ll’a)

Slocum znd Ernst showed
methoxyfz2rroczne the protons
at a higher fiela than those
Tnese assigcnments were vased
of

Welle

the revirse

3551gnments
129

rezonated at nigner fleld’l.

methoxyferrocene ana 2-dceutero-methoky~rerrocene, Tnes

that 1n the KR specirum of

in the 3 and 4 positions resorated

in the 2 and 5 posit_ons.

on the comparative

\d

of those sug_estea oy Kursanov

who brcposed that the protons i1a the 2 znd 5 posit:iors

The same =zuthors hav

[}

reporied

the2 preparation and PMr spectrum of 2-deuteriotrimethylsilyl-

n

ferrocene (4.2). This confirmed that in trimetnylsil iferrocene

e}

the upfield two-proton apparsnt triplet at §4.07 ppm could be

assigned to the 2,5-~position protons in tne substitutea cyclo-

pentadienyl ring and tns cownfield two prcton a,parent iriplets

at §4.30 popm could be assigned to 3,4-position crotons, Tne
electron wNithdrawzal from the 3,4-p0siftilions was intercpretec in
terms of a resonance effect between the trimethylsilyl group
ana the cyclopentadienyl r;ngsa. Proton multiple pulsze spectra
of powderea samples of ferrocene were recoraed at Q0 I"Hz and

negative snielding anisotroples were obtained for the protons””.

\H

Several Terrocenylalkyl- and ferrocenylaryl-ketyls Jere

generated from the corresponding ketones ana deuterioketones

and tneir ESR spectra w-re recorded, The hyverfine splitting

constants of benzoylferrocene Ketyl vwvere determined and e€lsctron

densities were assigned to various sites in the molecule.
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Comparisons of the g-values for benzophenone ketyl (2.0034),
benzoylferrocene {2.0062), and 2,2-dimethylpropanoyliferrocene
(2.0126), combinea with the proton hyperfine splittings permitted
a discussion of the interaction between the free electron and

34

the ferroucenyl group” . Electron delocalization in the
ferrocene and ruthsnocene systems was investigated by the
suostitution of swin label systems such as the semidione,
semiquinone, ketyl and naphthyl raaical anions into the
mztallocene. Delocalization 0f spin density was shown to
be confined to the pozitions on the substituted cyclopenta-
dienyl ring adjacent to the spin laoel, Ferrocene and
ruthenocene were votn inefficient i1n spin delocalizatlonss.
Hydrogen atoms were generatsd in porous Vycor gla.s (PVG) on
gamma 1rradiatilon and they were aetectea by LESR. When a
partial monolayer of ferrocene was prescent essentially the
same ESR signal was oobtained. However UV irradiation of
ferrocens on FVG at 7?0 K gave spectra corresvonding to the
cyclopentadienyl radical, the cyclobutacienyl radical ion and
hydrogen zatoms. Exposure of ferrocene on G to oxygen at
250 C 1n the dark gave an ESR signal {rom ferricinium
superoxide (4.5)56. A theoretical study was made oi the
magnetic resonanc:z properties of the lowest excited triplet
state of ferrocen2 on the bas:s of the splitting of thas
orbitally degenerate state by the action of low symmetry
perturbation and of spin-orbit coupling. It was concluaed

that the lifetime of this state was »10~°

57,

and that an ESR

signal should be observable
Tnhe low-temperature IR spectra of ferrocene and ferrocene—Qio

were obtained as mulls with HNujol at 3889K. Room temperaturs

and low temperature sgectra sere coznparea and some changes in

the assignments of bands were maae. The frequency of the
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-1
€1u ring-metal-ring deformation rode was corrected to 179 cm
and the sgpectroscojic entropy was recalculatedja. The Raran

Or Or oo
F Ph ; ) o
e 3—1? e Ph;-x? . Fe _
rt me I 134
x (CO)5 «
_ . L R
Lok 5.5 L,6

spectra of ferrocene—ﬂlo ana -g),o were reinvestigated and
the librational nodes of these molecules were ooservecd near

1

62 em”~ (=h;4) and 40, 52 and 60 cm™! (-d;q)- Nou 1mportant

differences were reported in tnis work”’ from the earlier

40’4l= Kotz and livert have measursd thre IR

assignments
carvonyl stretching frequencies for the coordination compounds
(Loh; X = 0=3 and i1 = Mo, ). The d=2crease in fregusncy of
the Ai and E modes which occurred as the numoer of ferrocenyl
substituents 1ncreas=d was attributea to an increase in 4§
donstion by the ferrocenylprnosnhines, Ttis was confirmead by
the oossrvatron of s1milar trends 1n the PHR spectira of the
complerves (4.5; x = 0=3) and methylois(dimethylglyoximato)-
(ferrocenylphoschine)cobalt (III). An i1ncrease in ferrocenyl
substitution also i1ncrcased the steric regquirements ol the
phosphine ligand. Thus no ligana exXchange was obscrvea

between triferrocenylphosphine and methylbis{dimethylglyoximato)-
(pyridaine)cobalt (III) while diferrocenylphenylphosphine and
ferrocenyldiphenylphosnhine were actively exchanged, PMR
contact shifts were measured for the last two phosphines and
bis(acetylacetonato)nickel (I1). These results demoastrated
that spin density was not delocalized from the substatuted

cyclopentadienyl ring to the ursubstituted ring through the

References p. 288
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iron atom, More spin density ~¥as delocalizec into the phenyl
groups than into the ferracenyl groups and thies was interpreted
in termas of the lower electron releasing power of the pnenyl
tnan of tne ferrocenyl group. Cyclic voltammetry of tre ligand
FcPhZP ana the comsnlex (L.4; 2 = 1, Ul = tio) demanstratea a
reversible, one-electron oxzaation of the ferrocenyl group at
+0,43 ana +0,62V rcsaect1Vc1J“2 The IR and UV spectra for
s=veral vinyl ketones (4.6 anc 4.7) have been recorced, tne

45

comzounds were gprepared by stanaara astioas

o

The IR spsctra of ferrocene in the .plac¢ state have been
rzcorded in the temperature range 15-300 K a phase cnange at
160°%K was 1ndicated by large changes i1n the specirurn,. Tne low

cmpsrature _psctra

ES

gre nterpreted in terms of =z staggered
molecule with symmetry D5d. The svectru: obtained in an

zroon matriz at 15°K showed a number of zuditional banas

'3

cerressonalng Lo inactiVe mOQel i the 150lated molecule.

At 50°% the 1nternal raotation frequencey of the cyclopencadienyl
rings Jas observed at L4 cm — and gavs 2 pobsntial snergy
parrier to rotat.on of 0.9 rcal nole—l 44, Ths phaze transition
ir. erystalline ferrocsne was investigaiena by following tne
intensily chanze wuith teazerature of the two inirared absorotion
baras, ¥ (El ) and VL(Alg)’ assoclated witn inactive molecular
esulis suggested tnat at lo# temperatures Cthere
433 wn orderea latrtice with noncentrosyuretraic saites. There

was no aorupt cnange in intensity at the phase trans:tion and
th:s inaicated the psrsaistence of the _ow tenm ature, short
range, orasr 2nto tne high ts=mreraturzs phase, The results

ware consistent with a structure for the high temperature

vhase in which there was a centrosymmetric lattice containing

a largs number of staggered moleculesup. The vibrational

=y

modes of bis(f~cyclapentadignyl)metal complexes were reviewed
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and tne selection rules for ferrocene anc ruthenocsne crystals
were given, HRaman supsctra at 80%K for th=se molccules wsre
regportea together with the ferrccene low frequency susclrunm
measured at &0, 135 and 180°K. A cOomparative assignment

of the molecular vibrations was mace ana for bota lferroceng
and rudth&hocene ths fregquency of tne ring tilt mode Vél Nas

46

ni_ner tnan that of tne metal-ring stretching modes™ .

The electronic scectra of ferricinium salts in tne region
~ . . - sC 2= . _ e S S
of the oand system I( EiuS LZE) at about 16,2C0 cn have been
) -0,,
stuaired unaser nigh resolution atc low tenperature (4.27K).

Aralysis of tre vibrataonal fine structure in the spectra of

the salis [4.d; X7 = PFg”, BF, ~ and (CC1,CO,H),~1CC15C0, )]
inaicated ttat the evcitea state (aE ) .&as split into tao

Kramers aoubl.ts ana the magnituce of ths sSplitting wus a

fr

functior O trs an:on. Couparazons of scveral ferricinium
Elu viorational [reauencies with the cor:esponarng valiss for
ground stete ferroccire suggesSteq Lhal ths iron 4p, ana 4£y

L7

oroitals were minimzaily involved in the metal-ligznd bono-ng ',

Pne MOssbauer specira of ferroisne, Jerriciniumn fluorotorate,
1,1'~cibe

nzoylferrocene and the salt (4.9 Wers recordca,

The iszomeric shifes =zna gquadrupols =zplitt

ana 1t #as sShown trat ooth The iron =z=toms _n ths [luoroborate
(4L.9) viere equlvalentha. Tt
characteristics of the smectxe phzss of thsz aracetylierrocene
+ L, V-di-n-heptyloxyazoiybenzens SySLem WEre 1nvestigated

9

usang Mdssbauer s,pacr.roscop_yL'l a Ferrozene, enrichea #1ta re,
nas been investigated by Mdssbauer spectroscosy a3 a solutian

in cmolestzxryl =myristate liquid crystal. Changes 1n the
orientation of the external magnetic field demonstrated
anisotropy in tne magnstic susceptibality of the laquid crystal

soluclonso.
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Schildcrout founa that ferrocene was amenable to study
in the ion source of a mass specirometsr at high pressures
{up to 1.5 x 10-2 Torr) and 400°%K. Rapid charge transfer
petween the wwo fragmsnt ions Pe’ and (C5H5)Fe+ and neutral
ferrucene was observed with rate constants of 2.6 x lO"9 and
2e4 X 10”9 cm> molecule ! sec™! respectively, The reactions
were exothermic for the ground-state reactants, Formation
of a stable brnuclear adduct (C5ri5)5Fc-2+ from ferrocene and
(C5h5)Fe+ was also observec. The charge transfer rsaction
With (C5H5)Fe+ Was six times faster than aaduct Tormation.
The rate constants for charge transfer were about twice those
oredicted by polaiization thneory. The good agreement obtaincd

Suggestea Lnat steric and encrgetic barriers to the reactions

werea minlmal5l. The ESCA (elsctron sp=ciroscpy for chemical
CH=CH + CH=liAr
COR
Fe 3 . Fe cH BF,~ Fe
@) 2
L. -
L4.7 LB 4.9 4,10

znzlysis) method ~xas used to measure the 1onization enersgy
of the Fe-apj/a level of ferrocene, 1l,1l'-dibenzoylferrocene,
d1ferrocenylmethylium tetrafluoroborate (4.9) and ferricianium
tetrarluoroborate, From the results obtained it appeared
that the two iron atoms 1n (4.9) had approximately the same
charge ana that 1t aid not daffer appreciably from that in
ferrocene. Tne compounas studied all exhibited a positive
charge on the iron52.

The kinetics of hydrolysis for a series of Schaff{ bases,

(4.10; Ar = Phy X-naphthkyl) and (4.1l) was anvestigated.
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The rate determining step i1n hycrolysis of the thienyl complex
(4.11) at prd4 was tnought to be attack of water on the cation
(L.12). At pH<4 the rate determining step involved the
decomposition of the zwitterion (L4.1l3) to pive ferrocenylamine
55

and 2-~thiogprhenecarboxaluehyae Rate constants were measured

Li=CH @ GG U it Cr U

ol
{l

€ ;
o o0 @il
Ff Fe Fe
Lol 4,12 Lol3

for hydrogen-aeuterium and hycrogen-trit.um exchange of
metallocenes and crganic aromatic compnunds 1n HeBCOd—HeBCOK—HeESO
The rates of exchange increaced 1n the oraer ferrocenegcymantrenec
diphenylmethanedtriphenylmethaned<nickeloczne witn nickelocene
exchanging 5 x ].O6 times faster than rerracenesq. A tnermal
conductivaity manometer was used to determine the enthalpy of
sublimation for ferrocenej a value of 17.7 * O.4 Lkcal mole™t

was obtained., This figure 13 1n gooa agrecment with other
laterature values which were obtained using alternataive

25

techniques””.

5. Reactions of ferrocene

Temperature dependence of products and product proportions
was found ain the alkylation of ferrocene with ethyl oromiae
and aluminium chloride with heptane as solvent and in the
vresence of lathium aluminium hyaride. At 700, mono-, di-
and tri-ethylferrocenes were formed xn the ratio 9:4:5. Below
400 only mono- and di-alkyl derivatives were obtained; at

30-400 the ratio of mono- and di-ethylferrocene was 7:5 with

References p. 288



W\

40

zn overall conversion of 0-80. The yield of alkylated
ferrocences was inhcreased by using higher concentrations of
clumrnaium cnloriage and oy nlgher temperatures, Undsr the
same concitions and ac 40° ¢lhylrferrocene underwent partial
Qisprozortio: ation to fz2rrocene (10,0) and diethyllerrocens
(lOm)jé. Tr=2 Fr.ed2l Crafts acylation of ferrccecne with
Qr anhyarlides of tne perfiuQrocarboxylic acias

C F2n+lCOEH (iar.eren &£ 7) 1n the presence of aluminium chlorade
2”4 in gicnlorometnane as solvent,g=zve tns correatonding
perflucroacylierrocznes. Tnese ketones Jere reduced
w1l litnium aluminiue hyorads LG Lhe respective alcohols

and characterrsea a3 such, tnsy wW=z:s much lecsreestive than the
nonfluporinated —45105ue557. FeErrocune caruoiylic acia #as
preparea in hign yield (>8d,0) by acylztion of ferrocene

witn o-chlorovenzoylchlioriae in the uresence of aluminium
chloride @nd nyorolysis of tne proauct yith potasusium-terc-
-butoxade in EOﬂoglymess, Thz treatment of ferrocene with
éa equimolar mixture of lithaum 2luminium hyaride anc aluminium
chlorzde followed by methyl chloriae gave decamethylferrocenec
ang nonaznctnylferrocene in 225 aad 500 yields respectlvelyig.
Ferrocene ana nydrochloric acid in ar organic solvent uere
founa to oe useiful for the reaquction of the enedoine structurs
HCOCH=CHECOR' (e.z. R = R' = Fc; R = R!' = Ph) to give
RCOCHECHZCOR'. When the reouction was caomplete the ferrocene

wag recoverea quantitatively by the aaalrtion of ascorbic acia

and sodium bisulpihite to the agueous layer59.

6. Ferricinium salts

Denisovich and Gubin have studred the reduction of

-~

I~

errocenylmercury chloride, dilerrocenylmercury and other

organom=tallic compounds. Ferrccenylmercury chloride in
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90;v daroxan was reducea oy a two electron process to ferrocene
(E% values -0.27 ana =1.84V). Electron-reieasing and electron-
-withdrawing substituents in the second cyclogentadienyl raing
had little effect on tne hali-wave poientials. Eiferrocanyl-
mercury was reduced only with axrfficulty by a twc electron
Lrocess Lo give ferrocenebo. In a related study, tne halr-
wave potentials for the secona uwave in the polarograpnic
recuction of a serigs of organomercury chloriaes, incluaing
ferrocerylmercury chlorice, were correlated with the pﬁa values
for tne parent organometzllic compounds. Similar correlations
were mace for a set of sym-etrical organomsrcury compounds ana

a set of € =cerivatives of (f-cyclopentadienyl)iron dicaerbonyl.

he ag-roprizte ferrocsne coumpouna (6.1 zna 6.,2) was included
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lts sugzested that polarographic
reduction of symmetrical organomsrcury comoounds and organo-
mercury salts under controlled conaitions should enable the
spectlve parent compounds Lo be csterminca

ol

r
to an accuracy of +3 pR_ units . In an ainvestigatior of the

aosorption Of the ferrucene-ferricinium couple at an electrode,

oscillopolarograns were recorded for [}n-35H5)2Fe]+Er in

4
O.1lli sulphuric acid ovsr & range of potertials, Increasing
peak neight and widith wzs abserved witn increasing potential
and thrs effect .as ascribed to zutoinhibition. Mecasuremant s

of peak area demonstrated that annibition of the reauction begzn

o ol

6.1 6.2 6.3

i
G0
m
¢ :-'1]—0
oo
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with the formation of 1.'7:-!.10-9 mole of ferrocene per sSg. CMe.
of electrode surface. This corresponded to only a few mono-

62

layers of ferrocene on the electrode surface . Results have
also peen obtained with the rapid and Tast polarographs}) tne
lattzr was found to be more accurate than the former, Tast-
polarograms were obtalnea over a range of drop times from 0.1l
to 4.0 sec. As the time was 1ncreased so tne adsorption
prewave 1ncreased as well as the current at the beginning of
a basic wave, tne current decreased at rotentials between
-0.35 and 1.0V, “he adsorption of ferrocene on the electrode
causea the adsorption prewaves and ainhaibited th2 current
that was dependent on the drop time, Good a_reement was
optainsd between tne expsrimental results anu the theoretical
model65. The reversibilaty of tne oxadation of ferrocene to
tne ferricinium 101 1n aqueous ethanol solutions has been
exXamined by Tne Sune ENuul uSing aiternating current polaro-—
grapny. Botn active and rezactive components of tae a.c.
ware recordea by i1sing a vector-polarograph CLA. The peak
heignts of tne current-potential curves were proportional
to th:z concantration of ferrocene and were highest in 96%
ethanoleq. The efiects of concentration, temperature, surfac
ant and gelatin additives ana the height of tne mercury column
on the ferricinium-ferrocene redox system were examined by
classical polarograchy at a drooping mercury electrode in an
aqueous medium,. Tne electrode process was confirmed as a
one-electron step which was comslicated by adsorstion of the
reduction products con the surface of the electrode65.
Electrodes were prepared that consisted of the alkyl
derivatives of ferrocene and thz corresponding alkylferri-

cirnium perchlorates (6.3). These electrodes were useful

beczause of the very hign rate of electron exchange between
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ferrocene and its oxadized form66. Polarography and electron

transfer equilibria of some ferrocene containing polymers

were studied. The oxidation half-wave potentials of poly-
vinylferrocene (6.4) and almost completely cyclized
polydivinylferrocene (6.5) were similar to those of ferrocene
and [j]ferrocenophane respectively. 1In the polarograms of
triferrocenylbenzene (6.6) ana volyethynylferrocene only one
oxidation steu was observed which suggested that the electronac
interactions between the ferrocene units was small in these

compounds6?. Difficulties were encountered in the polaraographar

CHZCHE—T CHZCHE
Fe Fe

rc
n

Gnz
n ]
L ~CH, i

bk ©.5 bobh
stuay of tnhe ferrocene-ferricinium system ain a wnolly aqueous

medium because of the low =solubirlity of the proauct ferrocene
and its consequent adsorpticn on the mercury surface,

Aqueous ethanol was preferred as the solvent. The depsndence
of the limiting current on tne concentration of ferroc=ne was
determined and the change in the half-wave potential uith the
proportaon of ethanol in the solvent was measure068. Ferrocene
and bis@r~-biphenyl)cnromium have been proposed as reference

alfference

o

electroae systems in non-aqueous solvents, Th
between their half-wave potentials (1.2-1.3%V), remains constant
for a range of solvents69.

Aly has investigated some reactions of ferricinium
trichloroacecave. When treated with nitrite ion, an acid

nitrito complex (6.7) was produced. The ferricinium ion was
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reduced by nydroxide or 1odide ion in the absence Of oOiy3&na
Jhen the cation was treated with 8-hycroxyguinoline both the
cyclopentaalenyl tO 1ron conas wers cleaved and tne iron (IiI)

complex was 1solaned?o. The electrolytic reduction of

=

erricinium trichloroacetate in acid was i1nvestigated. The
reauction potentzal cf the caticn was more negative than that

of hydrogen evolution under the same condrtions. Polarization
data suggested thzt tke efficiency of reduction of the ferricinium
cation aecreased zt tne limiting zurrent. The energy of
activation fer the reduction variza between 15,7 and 5.7 kcal

ole™t

3

aegpending cn the applisa sdtential, The results
indicated toat the reducticon of The ferrzcinium 20n passed
from a =xinetrcall,-controlled to a daffusion-contrnlliad process

a3 tne cathndic potential wzs increased’ ™. Ligquia electron

1=

on exchangersirecsdxites) s.re rrepared in the reduced form by

[}
o
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e
I
e
e ]
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nes 1in (BLO)BPO ana in octanol, nonanol
and aecanol, The oxinlrzec form vas ootained oy treatment with
cotassium dichromaite or by aissolution of the corresporaing
ferricinmium perchnlorates i1n ar organic solvent., Tne 0¥1Q01zin0g
cctentials of ths redoxites Nere aepenaent on the composition
of the aqueous phdse?a. Yates enc icClellana have compared
LwoO 1ncdepenasnt m:trods for the estimation of hydronium zon
activity (g*H+) 11 aqueous sulphuric acid. Previous methods
bhased on [ive different acidat, scales and which referred to
the standard tetraetnylammonium i1on wsere comparea with a recent
method whichk used a combined gpolarographic-zlacss electrode
approach, with nc liquid Junction, and employed the ferrocene-
-rferricinium ion couple as reference electrode, Gooa agrecment

was obtainea between the two aprroaches over a concentration

ran.e of 10-70% sulphuric acid wnere log E'H varied over

+

about ten logarithmic units. It was concluded that useful



approximate values of hydronium ion activities can be eather
measured directly or estimztec ana tnese will be valuable

in tne study of acid catalyzea reactions‘-.

q Fe 2.0, | 2n 0 e

[e]

°

~I1
o
°
<o

Tre reaos potential of ferrocene was measured in sulgphuric
acid ana 1t z< fcuna to be rnaependent of acic concentration?4.
finztic studies nave oeen carried cut on the ferrcc:ene-
—ferricinium jion oxlaation=-reduction =¥SCTen, Two grours of
eisciron transfer reactions were _nvesilgalted; (1) cte
electron transfer opetwee~ the oxiciw.ed and reauced forms of
d:fferent ferrocene cerivatives, and (2) the oxiGation af

aerivatives by airon (III). The Marcus relation

=y
&{

errocen
for outer-spn=re electron transfer was used to correlate tne
kinetic results and this enabled the rate constants to be
calculated for the self-excnange reaction between each

ferrocene compound and 1ts oxicazed rorm. The rates for

the 1ron (III) oxidations wsere lower tnan tne theorstaical

values but a good it was obtainea for the measured cross-
-r<action rate constants for the f=rrocene-ferricinium x0n

system based on the Marcus relat10n75. The electrical
conauctivity isotherms for ferricinium perchlorats, sodium
ferrccenylcarvoxylate and the salt (6.8) were determined

between 15° and 450. These 1ons obeyed the Walden-Pisarzherzkai
76

rule i1n this temperature range’' -. Mayada and Bard have

examined tpe annihilation reaction between the ferricinium
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radical cation and the superoxide radical anion. These two
ion radicals were prcduced alternately i1n the same electro-
chemical csll by opulsing the elecrirode potential between the
oxigation potential of ferrocene ana the reduction potential

of oxygen. Homogeneous electron transier between these radical
1ons gave I[errocene ard singlet oxygen77.

The electrochemical oxidation of ferrocene was studied in
cimethoxyethane ana tetrahydrofuran., Standara potentials were
obtained as functaons of suprorting electrolyte concentrations
and of the dissociation constants of the disszeclved species,

The standara poteatizl of the ferrocene-ferricanium couple

was calculated7d. ‘"he Kanetics of homozgeneous oxidation of
ferrocene by p-ovenzoquinone in the presence of nitric acid

and hydrogen perovide in water-methanol mixiures were investlgated.
Tne oxadation by hyurogen perozZiue an the presence ol sul:huric
acid was found to be slow and aucocatalytlc?g. During
cathodic reduction or anodic ox’dation the differences in

d

[

nsity of the reducec and oxidized species in the ferrocene-
~ferricinium system caused a conrective flow near the electrodes
1n mixed soivents, This resulted i1n asymmetry of the
polarization curvesdo. The blu= solutions ootained irom the
oxidation oi ferrocene were investigatea, The colour was
attraibuted to the formation of a complex fzrrocene-ferricinium
ien FcHa+ 1n aqueous solution. Yeilow ferricinium i1on solutions
were prepared electrocnemically in aqueous dimctaylisulphoxade
and the addition of ferrocene to these solutions gave the blue
Qim=ric specles FcH2+ 81.
Ferrocene has been used 1n conjunction with a bright
platinum electrode as an oxidation-reduct:ion system in

pentamethylphosphoric diamide as the solvent. This medium

was similar in its electrocnemical applications to hexamethyl-
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phosphorac trlamldeaa. Lubach and Drenth have used a kinetic

method to investigate tne oxidation ol ferrocene by molecular
oxygen and hydrogen pero<ide in aqueous acidic &thanol. The

rate was found to be fairst order in oxygen and sscond or.er in
ferrocene ana 1n aclde. The reaction product was the ferricinium
ion and hyarogen perovlde was sugsested as a reaction intermediate
The ferricain:um ion was sloJly decomposed to iron cations under
the conditions useu85. Aly has suggested that reduction of
ferricinium ion to ferrocene ain the presence of 1o0dide or
hyuroxide tares place by =l=ctron transfer from the anion to

the ferricznium xon. Reducticon was accompanicd by ring-metal
bond cleavace when 1t was carried out in thes presence of alrsh.

Tne ability of covaltocene to fort salts waith traculoro-

acuitrc acad and picrac acid was conmpared to that ol [srrocene.

s

With trichloroacetic acia cobaltocene underasent an =lmos
instantanegus reaction wnich took place in the absence of
oXysen to give the cobzalticinium 10n wnilst the corresgonding
reaction wita ferrocene wzas relactxvely slow ana catalysed
by oxygen. A similar eifect was obuained wita picric acid,
the reaction witn cooaltocene was fast whilst tnat #ith
ferrocene was relatxvely slow85. The ferroccne cataliyzed
autoxidation of 3=hydrozybutan-2-one was studied in 50 vol.%
aqu=ous ethanol-perchloric acaid. The rate determining step
equation (6a) was the acid catalyzed enolization of the

sSubstrate. Subsequently, both theenol form of the substrate

and ferrocene were oxiurzed by oxysen eaguations (6b and 6c¢) 86.

+

MeCOCHOHMe —— 3 MeG(OH)=C(OH)Me (6a)
MeC(OH)=C(OH)Me + Fe(csu5)a+—-—>

[Mecoc(omImeY + Fe(CgHg), + H (6b)

MeC(OH)=C(QH)Me + Fe(05H5)2 + 0, + B —
_[r-iecoc(OH)r-le]' + Fe(CgHg)," + Hy0, (6c)
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Ferrocene was oxiaized to ferraxcinium tetrachlorofierrate by
sulphuryl and trichloromethanesulphonyi chloride an benzene
at reflux temperature, A free~radical mecranism was praogoszed
With attack by chlorine radicals on ferrocene87.

An zb initio seli consistent field-linear combination of
atcnsc orbitals-molecular orsaital calculation has been used
to ootain tne first ionizstiun potentials of ferrocene asz the
cifference of the total energy rfor the neutral molecule and
Liie¢ positive 10N« Tne computea seauence ol 1onization
rotentials was:
< )<IP(elu)< Ip(elg)
W-1lcn &asS 1n goced agreement witn experimsntal evaidence. Thas
was dififerent from thne segquence of orbital energies for thne
ground state of the reutral mol=scule whacn was found to be:

alé(EQ) < €, (6~Cp)~a, @r-Colve, (@-Cp)L eag(id) < elg(‘tf—Jp)

=)

nwelu@f—Cp).

It vas corncluded thzat Koopman's ticorea was not valid for

7. Ferrocenyl carcerium i101s

Previous evicence orn the structure of X=ferrocsnyl-

carbenium 10ns nas oeen reassesscd and furtner PR and

0

sy .. - N
“dsspauer studies have beer reported. The PMR results
dere for 2-substituted ferrocenylcarbenium ions and sugzgested

that rotation of the methylenc carbon relative to the ring

was restricced. The ferrocenylcarbenium ror showed =z
Mosszbauer isomsr shift of 0.57 mm/s=c and quadrupole

splitting of 2.29 mm/sec. These observations and the NMR
results favoured the caroon participation model (7.1) rather

than the resonancs or diene-iron 7t-complex models for the
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carbenium 10n-”. The two optically actave forms (7.2) and

\D

(7.3) of the l-ferrcczanyletnyliczroenium 1on Nere formed in

aciulc solventis. These craral czt.one interconverted slowly

oy rotation arcund the exocyclic bond. Tne first—-ordsr rate

constant for rzcemisation was J.352 < 10—5 s—l in CFBCOEh at

400. The derivea Lhermocynamic paramsters (Ad = 1.5 kd mol_l,

TAS = =22.2 kd mol—l), wnich constituts the fres-energy barricsr
+

to rotation around the Fc=—CHilec pona agreea xell with resulis

tnat haz besen obtazined prev:icucl

e 4 +
‘-:;"I /

v/
L N O N
it s
7.1 7e2 7.3

Tihe PHl®d specira of a series of &X=rferrocsnylcaruenius 1ons
whicn #el'e constrained by tnres and four memosred carbon
priages, were comparsd with ths spectra of cations der=ved
from l,1l'-arethyliferrocene wnere sinmilar steraic sna selectronzc
cifecis were present. The reszults zapreared to _upoort
the bert cyclopentadienyl structure (7.4) for the
of-Terrocenylcaroenium 1on wnrch J4as proposed by 031592.
The PMR spectrum of tne catron (7.5) was recoraw=d
andg tne ring protons &- and B- to the methyl substituent
in the 05H4He ligand agpreared 2s tdyo equally intense multiplets.
It was concluaed that the rotationzl freeaom of the cyclopenta-
aienyl ring was restracted as a2 result of steric repulsion
oetween the methyl substituent and the bulky t-outyl groupgj.
Tnis was explained easaily if it was assumed that the fulvene

ligand was distorted in the manner suggested by Cals92 or
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Gleiter (?.6)94. The reaction of triferrocenylmethyl salts

He

7.4 7.5 7.6

(anion = HCla“ er 0104‘) with Grignard reagents,
n-butyllithiu. or sodium ethoxide resulted 1n additaion of
tne nucleophile to the carbenium czrbon atom. For evample
n-outyllacthium gave BuC(Fc)jgs. Seconaary ferrocenylcarbenium
i0ns 1n CFECOZH, were shown to undergo aquantitative aouvle-shaft
rearrangements t0 generate 1s0meric tertiary carbenium 1ons,

For example, the carbenium 1on (7.7) gave the tertiary

carbeniunm ion (7.6)96.
H e
'1— .!,+
C C
@‘ | @l
Crle- C_;-I'E;
re 2 Fe -
77 7.8

The 17C MR spectra #ere studied for FcEHR (k = H, Me
and Ph). The chemcal shnifts and the coupling constants
suggestea that the high stability of tne carbenium 1ons had
its origin in the extensive delocalization of charge throughout
the whole carbbn skeleion, with some sharing of the charge by
the aron atom, Also a fulvene~like structure for the

Substitutea cyclopentadisnyl ring was 1nferred97. Feinberg

has compared the PMR spectra of interannularly bridged



ferrocunylcarvenium ions wath the ccrresnonaing non-bricged
ferrocenylcarbenium 10ns, The simirlaraity of the specira
suggested that airon-ring shifts sere not involved an the
staobirlization of che carpenium ions. Thls suggestion Jas
supported by the relative tnermoaynamic stabilitiss of trne
priaged ana non-bria.ec specles as measured oy the pKR+ values
s of the carbenium ion=z Vare

93

tavilization’™.

]

in sulphuric acaid,. The uwroperta

4]

nance

Q

cest interpretea 1n terms of classical res
In acia solution, ferrocenylcaroinols (7.9) are 1in equilibrium

» ~ H v’+
#1th the corresronding ferrocenylcarbenium 1ons and the PR of
2

- > —
the 10ons (7.10; Rl = K = H; rY - H, R = iiej; wl - Hy, RS = Pnj;
- - i
crlxfus orlye
Fe 4 nT == Fe + 1oC
7.7 ‘?alC
1 - 1
Rt = L, R = Fc; k- = K = Fc) usre detsrminea znectro-
photometrzcally. Tnese ions were reauced on the rdropilng

€l=ctrods DProcess

[yl
0

mercury electroae and the mechanrem of th
was established oy €lecircolysis with a controllsd potential.
A free radical was generacted in z one &léctron process and

this aimeriz=a., For exzmple the rzaical FeClbn aimerized to

g1ve two isomeric l,2-diferrocenyl-~diphenysletranss’’,

&. Ferrocene chemistry

(1) Photochemistry

The photochemical substitution of ferrocene 1n cartan
tetrachloride-~etnanol solution has besn evamined oy flash

photolysis. Tre anitial reaction proceeds by charge transfer
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eicliation to give a radical pair (8.1) and these combine
41th tne elimination of & proton to the traichloride (8.2).

sLtnanol solvolysed this compound to form etnyl ferrocenecarboxy-

1ate {~ 3) Tn the an=zenre nf othzanal the trichloromethvia

LA LT e \SGe s il Ll ablJCOILE O ocllianddl LT Li 2LaiCUI QIS Ly 4

ferrocene (8.2) decomposed to iron (III) chloride by a farst
100

or.er process . The groups -0COEt, -0COMe, -CiHO, —CHZPh

and —CHZCH:CHZ wvere introuuced into ferrocene in yielas of

- __9 + _____9 ~
re + CTC1 e + k Fe

25=53%, oy tnz UV irraaiatior of ferrocene in caroon
tetrachiloride, oichlorometharce, cnloroform, benzyl chlorade
or allyloromide mixeda with sthannl. The rezctions proceeded
chrougn interveaqirates formed vy :xcitation of ferrocencs-—

101. The

hatogenatsd nyuwrccarbon char.. Lr-ansicr compleves
Stern=-Volper constants for several aromatic hydrocaraons,
inclucing ferrccene, sere deoterm=ned Tor tne rhotolysis of
poly (vinylophenylketone) 1n benzcne solutlonloz.

Sotiutions oi formyl-, acetyl- and benzoylferrocene
Were irraairatec waitn ultraviolet laght in tne presence of
the hyarogen aonors, 2-propancl, tripnenylmethane, triphenyl-
silane, trichenyltain (IV) nycride and tri-n-butyltan (IV) hyaride
Photoreduction to the corresponding alcohols was aobssrved only
in the presence of the tin (IV) hydriaes and the quantum yields
WEere 10We. ahen tne ferrocenyl ketones were arradiated in
methnanul 1n tne absence of a reducing agent raplid decomposition

of tne ferrocenyl moleccule occurre0103. Bozak and Javaheripour



have observed the photochemical cleavage of acylferrocenes in
isopropanol-aqueous hydrochloric acica. The product obtzained

by irradiation uf benzoylflerrocene, was benzoylcyclopentadiene;
it was isolated in 7050 yi=zla, The reactlor. prooably uvroceedeo
through cleavage of tne protonated acylferroceneloh. Phololysis
of i-ferrocenyl-1-(4'-methoxyphenyl)prop-l-ene 1n methanol

gave the sthers (2.4) znd (3.5). Irradization of the

ceuteratea propene E—WEOC6HHCH=CHCDZFC showed that tne ether

(3.4) was for+ed by a 1,35-tydraide transferlo5. Ali, Co=x
Orle Qs
Ol'"xe Ol-le
re Fe
Slt %

and Kemp have reported further aetarls of thne photocremnizstry
of ferroccnyl kKetones and ferrocenylcarbo-yl:c acid in wolar

solventle?.

Formylferrocene, acetylferrocene, oenzoylfierroccre
ana othser Ketones were irradrated in D¥30, LDMF, H1PT and
tetrahyarothiochen oxide} an intense purple solution wvas
obtained (at snort wavelengths) and the metzllocene group

waz aecomposed, The primary rezction procuct from benzoyl-
ferrocene wWwas tne salt (3.6) forred oy aquation of the carbonyl
sroup ana loss of the supstituted cyclopentadienyl ring.
Cyclopentadiense and ferrocene were also formed. Free radacal
scavengers bad no effect on the reaction and conflirmed its
polar character. The polar solvent was effective 1n the
promotion of charge separation in the formation of the salt
(8.6). A similar photodegradation mechanism was proposed for

ferrocenecarbozylic acid106;
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Ferrocene derivatives have been used as additives in the

formulation of decomposable plastic materials for uss in

COPh +
e O
& Fe i + Fe
re DI1SO r (Dllso)n + <
i ] HhCOa
0.6
packaging. The decompositiwn uncer UV irradiation of

polyethylene containing 1,1'~bis(4-chlorocinnamoyl)ferrocene

w25 controlled by the acdation of benzophenone or 4-(octyloxy)-

benzophenone. Plast:e f11m containing the ferrocene and

venzopnenone deriJat.ives tors aftzsr esZposure to sunlight for
1038

25 days winlile the control samzle reguired 35 days -

(11) D:rivacives containing otner m2tals (metzlloias)

Ferrocenyilivhzum, l,1l'-axl_thiofzrrocens 2TMEDA,
ferrocenyllithium THEDA), and 2-11 .h1o Rdimethylamlno)methylj-
ferrocene were ics0lated as solads and characterized. They
were all aar-sersitaive except {ferrocenyllaithiun which was a
relatively air-stable solaia. Fzrrocenyllaitniun was allowea
tO react wath chiromaum hsvzcarbonyl and then with trimethyl-
oxzonium tetraflucroborate to give tne ferrocenylcarbene
complex (3.?)109. lathioferrocens and l1-lithjio-2~chloroferrocene
were treated with ﬁt—Csﬂs)Nl(PPhj)Cl to fora the oinuclear
complexes (8.8; R = H and 8.8; R = Cl) respectively. The
monosubstituted ferrocene product was unstable and was attacked
by mercury (II) chloride an situ. The product (8.8; R = Cl1)

was cleaved rapidly by hydrochloric acid and mercury (II)

chloride to forn the initial reagent CH-CSH5)H1(PPh3)Clllo.
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/Qﬂe K
c Ni(r-C_H.) C(GH,2h) .,
Ner(co) I 2> yoee
> PPh,
Fe Fe 2 Fe
d-? 008 ‘:109

Ferrocenylmethylcyaniae was lithiated with n-butyllichium
and condensation of the lithiated i1ntermeciacte with benz,l
chloride gave o,&-~aibenzylierrocsnylmethyl cyanide (8.9;
Y = CN)a The litrzatea intermediate was also condensed with
methyl iodide, butyl bromide and l,2-dichloroethane to give
the corrssponaing®-disubstituted ferrocenylmstryl cyanides.
When the ferrocenyl-cyanide (3.9; Y = Cil) wvas treated with
butyllathium the cyanide group was displaczed ana on hyvdrolysis
the corresponding ferrocenylpropane (3.9; Y = H) was lsolatedll:
The ferrocene-zluminium compounc (3.10) nas been obtained by
treatment of ferrocenemercurichloraide with trimethylaluminiun,
1t was characterized by X-ray, mass spectrometric and R
methodslla.

lathiatea ferrocenylacetylenc, FcC=CLi was condensed waith
triethylchlorosilane and diethyldichlorosilane to give the
products F605051Et5 and (FCCEC)251Et2 rezoectively xn yields
of 68-9755t15, l-eso-(Trimethylsilyl)-2,3~-ferrocenoindene
(8.11) was prepared selectively from 2,3-ferrocenoindenyllathium
and trimethylchlorosilane. wWhen the indene (8.11) was treated
wlith excess n~butyllithiun followed by hydrolysis it izomerized

to give l-endo-(trimethylsilyl)-2,3-ferrocenoindene (&.1l2).

The ferrocenyl-indenes (8.11 and 8.12) botn undesrwent
carbon~silicon bond cleavage when treated with two equivalents

of iron (III) chloride in methanol to give the same product,
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-~=5iHe;
Be ‘_12”6&01
2.10 6.1l 0.12
l-exo—metnOuJ-E,j—ferrocenoindenellq. A ser:es of

ferrocenylmethyl derivatives of silicon and germanium Jas
vrespared and these compounds underzent metnanolysis in tne
oresence of ferric ions to give ferrocenylmetnyl metnyl ether
(equaticn 3z).

FeCH, Ri=, + 2FeCl, + ZHeOH———€>FcCHZOHe +

RHeaHOMe + 2FeCl, + 24C1 (3a)

3
2

The resultis suggested that a ferricinium intermedicate Jas formeaq,
oy G&idation with tue aron (III), ana this undzrwent nucleoghilac
atvack by m2tnz2nol at tre si1licon Or SErmaniumg anomlls. The
methanolysis of [e-(trinethylsily.)oenzyl]lierrocene (8.13;

Ar = Ph) and EE—:3Ehyl—x—(tr1nctbyls;lyl)benZJljferrocene

(3.13; Ar = p-ileSgH, ) in the presence of iron (I11) gave the

corresponding metayl ethers (3.1L; Ar = Ph and 8.14; Ar =
g—ieCGHq). ~owever tre acid catalysed methanolysis of these

X-trimethylsilyl cerxvatives in the presence of thne

corresponding 2thsrs aiforded i,2-aiferrocenyl-l,2-diaryl-

A
f.liiLSlHej ?home @.C':HCH
Aar Ar HC1 hYy

> Fe Fe (8b)

vieOH @ O

5.15 d.14 8.15

r

e}
o
+
'3)
[4f]



ethanes ($.15) (equation 8b)116. The mechanizm suggested for
this rezction was as follows:

FeCh(arl)ome + H'==FccoH*ar! + HeOH

FeCH(ArS )SiMej + FcCH*Ar1;£=Fc*CH(Ar2)Sine3 + FeCHArl
re CH(Ar )Slﬂe + MeOn—€>FcéHAr2 + H6581Oée + H'

2

FcCHAr® + rcCHAr —s>(FeCHarl), + (FeCuar?),

)2
- 1 . 2=
+ FcCH(Ar~)Cna(Ar<)rc.
Liferrocenyltin dichloride was formed from diferrocenyl=-
mercury znd tin (I1) chlorice, the reactaon Jas fzcilitabted by
the use of strongly; coord:zrat_ng solvent= such as THF. The

compouna «as stacls in axr but was cleaved Lo ferrocene on

neating to jJust above the meliing point and protclys:is was

Jbservea in concentratea hydroachloric acid, The corresponaing
. R . 1
tin derivative of gymantirzsne aas repor's=d in the sane ancrl 7

Marr and ¥hite nave preparca severxl ferroucenylmethylrhosphines

(3.16) by tne reactions of phenglphosphin., oitkenylohosphine

and dinhenylphosphine oxide with aimethylaminometnylisrroucene

metvaroarae (eguation 8c). Whzn o«~subst_tuted Terrocznylmethyl
1
~ Ny - T 1.2
szhﬂesl bdaPH Kk
H,O
Fe + EKWRPPH —L2 > Fe (2c)
Rl = B = Fn;
Rl = u, & = pn.
3.16

alcohols vere treated wich phenylphosphine and aiphenylpnosphine,

the phosphine behaved both as a nucleophils, displacing the

hydroxy group to give a (ferrocenylmethyl)rhosyhine, and as

a reducing agent to give the corresponding Lerrucenylalkanel 6
The treatment of l,1'-drlithioferrocene with PhBPAuCl

in tetrahydrofuran gave the ferrocenyl-gold deravative (5.17)
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which wos unstable 1n 3olution out stable for several days

119

as a solid Ferrocenyl(tripnenylpnossnine)gold w~as

treated aith aceiyl caloriae or CClscOCl to give ferrocene,

o

)

1 ferrocenyl ana PhBPAuCl. Treatment ~itn electrophiles suc

1s rl

[\

cen

(e}
Qr,
$§
M
-,
@
b
H
(@}
G
h
o
(1]
-
[
It
y
[l
2]
2}
(o]
-

- +. -—
as (CH.CO) BF
e(b}()) 4

~od FcAJ(Prh:)AuP?nj]BFh. Renlacement of tne 5old oy the
~

electiroznile aid noc occurlao. Suerger and Kluess have

@AUPPE3 11(.1?12)).

I
and 02“ BF,

"y

Caly 3.13

preparsc a:alwgslaradoticanium (0.16; Kk = Me, Bt) and

1,1'-o1s(aralkylsmiaocitaniuml) aerivatives of ferrocere by

Lreatagnce o louraio- and l,1lf'cailitmio-rferrocens with dialicyl-

apigotitanium vrcmiqes. The l:in< petwesn tne cyclovencaclenyl

-]
\H

ring ana titaniu: sas shoxn to oe a 6-bond by }H and C iR

zctrosccuy. Tne ocond »as staole at 60° rfor short

A corparatave study was carried out of the reactxons of
Ltuo ferrocenyl ceroene conplezxes RCO)5CrC(Fc)OHe] and
RCO)5CrC(Fc)thxb] with euch of the olefins dimethyl rumarate
and l,l-.iphenyleinylene. T'ie metnoxy compouna gave the
cyclopropans (3.19) ah=n heatea &1ln tne &ster oput with the
paenyli-olefln only starting malterial was recovercd, Wnen the
pyrrolidinyl complev was heated in ewcess of tne ester the pentene
derivative (.2u) was ootzined. Treztment of the same complex
with tne puenyl-olefin also gave a pentene derivative,
PnZC:CﬁC(HC4da)(Fc)CHacHPh2 (3.21) as the major product,

It was suggested that these resulfts were not consistent waitn
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~

tne particiratior. of a free carbene species Fc(X)C:

shere X = OHe,NC Ha €2 The reactiorn of

CH(thHa)(CnCOZAe)a?=CH.Coame
PRE erlle

=

Q

6.19 6.20
1,1'aibromoferrocene «ith cymantrenyl copper or Silver ain

the presence aof copwer (I) bromide gave the cymzatrenyl

errocene aerivatise (6.22 and 8.23; R = Br). The treatment

by

(3.23; R = Br) wath copper (II) acetate gave (&.23;

R = OCOCH,) and treatment with copper phthalimide followed

oy hydrazine gave the ferrocenylamine (3.2 R = uﬁ2)123_
Mn(CO)w Fe nn(cu),
‘-Q@ oY
Hn(CO),
V.22 3.25

The ferrocenylalccohol (3.24) eliminated water on heating with
ciiron nonacarbonyl in venzene in the prescnce of copper (II)
sulphate. The ferrocenyloutadiene formed was i1solated as the
iron tricarbonyl comples (3.25). Izomerization of the alconol

{(8.24) was also obs.rved to give the ketone (3.26)124

OH
~ /1 \
<:;:7/’\\~//L\\ g;;:7__j[l;:;o)5 (:)

o © “

d.24 3.29 8.26
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The reaction of styrene-g8,8-d,, g—me;hylstyrene—ﬁ,ﬁ—gz
and _q—methoxystyrene-p,P—g‘z with ferrocenylpalladium chloride
(8.27) formed an situ from ferrocenylmercurichlorice and lithiu
tetrachloropalladate, was studisd oy Kasahara and Izumi,
Hydride shiit occurrec and the proposed mechanizsm of additaion

1S bHnGwW2 1n Screme (3.1)125. Diferrocenylmarcury and

-
<:;:7PQC1 i:;:7CD,ChPh
2
PuCl
re + D2C=CHPh——9 Fe
.27 B N
_ D Ph _ D Ph
I 1 1
C=Cmhi C=C-4
DrdC1
Fe — re
~ 65575 _ D Pn _
co | I CD=CDPh
CLCHL P CzC-D =
PaCl HPaCl
Fe = re —_— Fe
- - - -

Scheme 5.1

cymantrene were pyrolysed in the presence of silver posder

to gave cymantrenylferrocene togetner with the symmetrical
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coupling procucis biferrocene and b1(CJmantrcne)l“° Rausch,
Klemann and Kovar have given full experimental detalls for

the pregaration of (chloromercurio)ferrocene ana l,1'-bis-
(cnloromercurio)ferrocene, Ferrocene and mercury (II)
acetate were heated in methancl and the i1ntermeairate acetate
was treacted with lithyum cnloride. Alternatively rerrocene
was nheatea witn sodaium acetate in methanol ana then a sulution
of mercury (II) chlorice in metnanol was acdeal2’,

(221) Comzlezesz of ferrocene containing ligands

The treatmsnt of acetyl- and l,1'-diacetyl-lerrocsne
With tniosemicarbazids gave the correscontirs thiosemicarbazones
ddz
1H=C 1

3.28 ) ¢.29

wnich with cooppsr (I1) acerate formed ths copper comrlzxes (g3.238
and 8.29) r;spectlveljl 1 The ligancs 1= ana 1,1'~d:-(l-phenyl-
provan-1,3-dionsz)ferrocene were treated with =thanolic or

acetone solutions of UOE(H05)26HEO L0 give Lne uranium

complexes (.30 zand 3.31) respectlvelylag.
H
Ph Ph e -
\. C C
@ % N
O 0 0 0
Fe H 0}>U6 re \Ué €0t
ZO/ \2 /\a :
0 0
. !
H b -
8.50 8.31
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(iv) General chemistry

Cyclouentadiene was treated witn sodium ana airon (II)
chloride in the presence of acrylonitrile to give (2-cyano-
ethyl)ferrocene in low yield together wita some bis(2-
-cyanoethyl)ferrocenesljo. The direct conversion of fulvenes
to substitutea ferrocsnes ~as rerorted by Mueller-lesterhoff.
6,6~p1s-cimethylaninofulvens was treated with iron (1II)
cnloraide 1n tetranydrofuran to give the salt (3.32). Alkaline
hydrolysis of this intermediate (3.32) gave 1,1'-pis(ii,N-aimethyl
131

carboxamrde)fcrrocene 1n nigh yiela Jnen benzenecyclo-

pentadienyliron waz heated to 400 in tetrahydrofuran i1t gave
ferroc=nce (51%): chnéFeCSHS——ﬁ>(C5H5)2Fe * 206H6 + Fe.
In a similar manner naphthalenecyclopentadienylairon #as

converted Go f&rrocenelja. The glycidylrerrocene (8.33)

re FeClq Fe
'l_l '!6‘2 /Oi—i
e,
- \r-f-ie J
1% 2
3.32 8.33

was formed by treatment of 1,1'bis(X~nydroxyethyl)ferrocene
with socirum anu ther condensation of the sodio deraivative with
epichlorochydrin. Diglycidyl aeravatives were not formed an
the rewaction. The epoxide (8.53) has been homopolymerized to
give a proauct with a low heat resistance (400 loss 1n weight
at 300o in air). Improved thermal properties were obtained
when the polymer was crosslinked with either p-phenylenediamine
or phthalic anhydride. Phenol-formaldehyde resins have been
hardensd with the epoxide (8.33) to give insoluple resins with

high heat resistance (8% loss in weight at 300° in air)lss.
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The cyclization of acids FcCH,CHRCH,CO,H (R = HMe, Ph)
pave the isomeric ketones (8.34 and 8.35) and these ketones
were reduced to the corresponding cyclic alcohols and hycro-
carbonslj4. The synthesis in high yield of five 1,1l'-cichloro-
2-ferrocenylcyclopropanes was acnieved by the aadition ol
aicnlorocarbens, generated by the phase transfier method, to ths
corresponding vanylferrocenes. Dichlorocarbene was gencrated

from chloroform and acueous sodium nydroxide and benzyltriethyl-
ammonium chloride was the phase transicer catalyst. The mass
Spectra of tne fave ferrocenylcyclopropanes vwere reportedy

the spectra were relatively uncomplicated znd similar to those

of the corresponaing ghenyl—cyclopropaneslj5. Forspool,
H R
Rk H
0 0] ( )
Fe Fe Fe )
g.54 8435 836

Thomson and Sutherland have repoirted the preparation of
2,3-diferrocenyl-2,3-dimethyloutane (9.7%) (3.36) by the
treatment of 2-ferrucenylpropene with nydrobromic acid and

acetic acad followed oy zinc aust anu quenching with water.

A maxture of ferrocene containing proaucts was oubtained and

the reaquired compound was Separated by fractional crystallization
ﬁFHethyl—ahferrocenyl—ﬁ-nycroxybutyronltri1e FcCH:CHCMe(OH)CHZCN
was treated with Fe3(00)12 in benzene i1n the presence of copper
{11) sulphate pentahydrate to give FcCH=CHCOMe, FcCH=CHCMe==ChCli

FcCH==CHCMe ==CHCHFe (CO) ; and methyl cyanidel>?,
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Ethyl- and 1,1'-diethyl-ferrccene were treated with
vromine ana zave pentabromocyclopentane and tetrabromoethyl-

cyclopentane. The treactment of 1,1%',3,3'-tetra-tert-butylferrocene
yith cremine afforaed the corresponding ferriciniva tribromice

in goca yleld. Tne same ferrccenes anen created with an

excess of 1adine rforewed aaaucts wnich resemblea ferricinium
saltsljs. A by~wvroduct from the golyrecombiration reaction of
ferrocene wnich wes regarded previouzly as a terferrocenyl nas

now oeer ldentified postaively as trans—l,2—01ferrocenyletnylenelsg.
Paushkin and £havchilk have renorted the preparation ol thne

airczolane (8.57; R = h) ny treatment af acetylflerrocene with
ethylene slycol ar. tne presence of p-toluenesulpronic acac.
The substaitutea dioxolane (3.37; R = CHyCl) was obtained by
tile same route witn epichloronyar:in as the reagent, The same
reagent was used with l1,1'-aiaceiylferrocene to give the
corresaonding bis(dioxonalyl)farroc=ne14o, A mixture of the
acids (8.38; & = Me) and (3.39; R = Me) was cyclaized by
polyphnoschoric acid to give tne groducts (2.40 and 3.41).

Orly the ester (3.40; R = se) was ubtzineo in the presence of
trifluoroacetic acic anhyaride. The alacids (60.38; K = a)
and (8.39; & = H) ~sere cyclazeao by trifluorcacetic acid
anhydride to give the anbyariage (b.42) which underxent

rearrangement in lLhe presence of aluminium chlorice to give

the acia (3.40; R = ﬁ)lql.

CO,R

0.
°
ul
~J
o
L[]
(V7]
oo
[a5]
L]
w
s
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famekawa and Hizatcme have nrepared several 1,1l'-cis-
(X-hyuroxyalkyl)ferroc.nes (&.43; k = H, de, Pr°, Ph) ana
sSepzrated them by crystzllaizat:on and cnromztograrhiy i1nto the

corresponulng meso0 and racemic i1somers. Cis ard trans isomers

of the ?—oxa[}]ferrocenophanes (8.44; R = H, Me, Fr', Ph)
have also been prepared and cnaracterized. Ring closure of
the diols (o.43) to the ferrocerophznes (3.4u) vas achieved
by shaking a benzene solution of the aiol witk 2L agueous
hyarochloric acid. The ferrocenophanes Jere cleaveu to the
corresponcing diols by stirring for five days in binzene
solucion wlth acidic aluminz. Jotn ring-closure ana ring-
-0opening reactions proc=s=eded with markec, but not comolete,

stereospscificity; meso- or erythro~d10l (&.43)==Lrans-ctner

(8.44) znc racemic or threo-oiol (8.L3)&cis-ciher (B.44).

A mechanizm i1nvolving an intermediate - l'—(X-hydro-yalxyl)-
ferrocenyl carbenium ion was proposed and was supported oy the
PR spectra of the aiols (3.43) and the ethers (3.44) in

trifluoroacetaic ac1d142. The preparation of the benzoquinoli

(8.45) from l-ferrocenyl-l-buten-3-01 and 2-naphthylamine in
methylenechloride containing aluminium chloride has been

reported145.
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@

O

Fe

O

rikg @jﬁ

1
Beli3 Balky 3.45

b o= O ces

s Russian pztent has descrioed trne prevaration of the

aryllerrocene (0.47) [rom the copper acetyliae (3.u46) and

. _1bky . s .
@g=-10Qonnenodl in pyridine . Astruc reported tnat the

~O. 5

I

N
8.L6 647
ferrccenylxstones (5.43; L 4, RZ = COiie or Ph;
Rl = RZ = COMe or 2h) unaersent couble lagand exchange with

mesitylene in the presence of zlrminjum chnloride to give the

cication (8.49) 11 good jleldslqb. The treatment of
g 2+
Fe re Fe
8.49

8.48 8.50

formylferrocene with HeZC(OH)CN an methanol, in the presence of

potassium carbonate as the catalyst, gave FcCH(OH)CNth.
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The treatment of acetylferrocene with tri{ethoxy)methane in
the presence of perchloric acid gave 2,6-uiferrocesnylpyrylium
perchlorate in bigph yield. This pyrylaum salt was transforued
to 2,6~ciferrocenylpyridine by heating Jith ammonium acetate
in acetic acid. The condensation of ferrocenyllithium with
2,6-aimethyl-¥~cyrone gave 2,b-aimetnyl-4-lerrocenylipyrylium
perchlorate after treatment with perchloric acid. This salt
was converted to 2,6-almethyl-4-rferrocenylpyridine on treatmsnt
#1ith aquedus amm0n1a1“7. The tnermal decompositions of acetyl-
and l,1l'-diacetyl-ferrocene were studxed at 430-540°. The
activation energices of decompositron were Ll.d and L8.3
kcal mole_l respectively and cyclopentadiene was found to
innib:it the decomposition of the disubstaituted aerlvativelqs.
The heteroannularly suovstituted ferrocenes 1,l'-diformyl-
and 1,1'-di1acetyl=ferrocene and one nomoannularly substituted
derivative, l,2-aiformylferrocene, were condensed successiully
w-th botn aliphatic and aromatic diamines. Tne stiructures
of the polymerization products were investigated anu cyclic
dimers were shown to be present in most of the proauct mixturesl®Y
l,1'=Diacetylferrocene and ethylenediamine were copolymerized in
tne presence of acid. The copolymer was heated to 250-3500

shen 1t thermally degradedl5o. The cyclohexencnes (2.4;

Kl - Hy R? 1. Pri, Ra = ) were obtained from tne

= Pri; R
corresponcing ferroceanylbutyric acids by cyclization uncer
Friedel=Crafts conaitions. Each of the cyclohexenones (2.4)
Jas obtained as the racemate which on reduction gave thue
respective epimeric alcohols. The stereochemistry of each
alcohol was sssigned on the basis of its absorptaon spectralsl.
Benzoylierrocene was treated with a preformed mi<ture of
HeaC(OH)CECH + n-Buli to give 2-methyl-5-phenyl-5-ferrocenyl-

-2,5-dihydroxy=3-pentyne. It was noted that penzoylferrocene
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vas unaffected by ai-Grignard rcecasgents formzd [rom acetylenic

carbinols but it dic conaerse with the correzgonding di-lithium
[ =

derivatlvesl/a.

acetylferrocenes (3.50; R = H, C1, Cote, Ch) were

recuced Jitil trietinylsilane in trifluoroacetic acrd to give

the corresoencing sthylferroceres i1n gooa yielas. The rate

of the r2zction increasea in the oraer H<€Cl<CO.Me and there
(=

o = cree T N i, - ~ - 153

was no eviaence [Or intermediate zalconol formation .

Eitnyl-x-amino-g-ferrocenoylacrylate and H-suobstitutec
ethyl--amino-8-ferrocenoylacrylates were bpreparec by tne
reaction of ethyl-o-hydrocy-@-rerrocencylacrylate (3.51) watn
ammoria and alkyl- and aryl-arines rescectively. Tautormerism
1n tnese molecules was .nvestirgatec, The elzctron withdrawing
caroethoslyl group ana electron aonatirg ferrocene nucleus
causea enol:sation of ths weto group in the &-position to give

structure (d.51) rath=zr than (6.52)154. Toma ana Salisova

COC—*.ZCO'..OZEE C')C.H:('JCOZLY. ?:CwCOCOZEt
(8] 31 OH
Fe — _ e
- o < re

8.01 6.952
Have reported their attermpts to grepare ferrocenylacetone.
Ferrocenyimethyl-aizzomethyl ketone (8.53; pu = i,), prepared
oy treatment of [errocenylacetyl chloride with diazomcthane
in ether, was shaken witnh hyarioaic acid. The product (8.53;
K = H) obtainea i1n low yield (<10;0), was an air and laght
sensitive yellow o0xrl, It was oxadized readily to ferrocenyl-
propanedione., The Claisen condensation of ferrocenylaceto-
nitrile with etkyl acetate gave the keteneimine (8.54) and not

the expecied nitrile of 2-ferrocenylacetoacstic acidl55.



CHZCOCH2R CHZCOCH=C=HH CH=CHCH=CH

8.53 d.54 .55

Vittzl and Domorovskii have described the base-catalysed

(10 aqueous soaium hyaroxide) condensation of ferrocenccarbalde-
hyde with acetaldehyde to give ﬁ-ferrocenylacrylalaenyue,
Treatment of tuls product with the socium reagent

Ita [(EtO)EP(O)C.—zCOEE:t] gave tne butadiene (d.55; n = 1;

ool

= COaEt) in 80;s yiela wnich was hydrolyseda to the free acia,
Tn2 same rcactror wion Ha[KZbO)EP(O)CﬁCOF{] Lave the benzoyl
derivative (0.95; n = 1; Kk = COPn) werle treaiment &1ith
['(E.l:())2.}?(\'))C:-?]Z_E—Céril+ ana S0Cium METLhoxite in DIIF Zzve tne
binuclear prcduct (5.55; n = 2; k = E—Cqu) in 46% yialdlié.
The treatment of dimethdaminomethylfsrrocene meturodice
witn soaium ritrite in acetonitr:le gave j-rferrocenyl-°©-
-methyl-1,2,4-0oxad1azole (8.50; R = ile) and the same reaction
in propionitrile gave 3-ferrocenyl-S5-ethyi-1,2,4-0%adiazole
(8.56; R = Et)157, Dimethylaminometnylferrocene methioairde
#as heated with oenzimidazole in damethylformamiae tc give
l-(ferrocenylmethyl)oenzimidazole. The corr

€S
e 1
Z-alkylbenzimicdazoles were prepared 51mllarly‘58. Good yields

IJYR
‘:;]r"<nlp \{OH tH,

Fe e

1)
[¢4)

8.56 8.57 8.5

w
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of the exo and gngo 1somerg of tne amine (3.58) were obtained
by electrochemical reduction of the oxaime (8.57) at a mercury
pool catnode. The endo 1somer was the acominant proauct as

i1n the chemical reduction of the oxime159.

The relataive reactivities of hydrazine and substituted
hydrazines with ferrocenyl-aldehydes and -ketones have begcn
determined. With formylferrocene, unsymmetrical dimethyl- and
diethyl-hydrazine each gave the corresponding hydrazone whilst
with kydrazine the azine (8.59) was formed. Acetylferrocene
was inert to substituted hydrazines and gave the corresponciag
azine witn hydrazlnel6o. A series of ferrocenylhyoroxamic

acids was preparec by treating esters, chlorides or anhydrides

@mm:%@ ® &
o

re Fe JHZ
3.59 8.60
oi fTerrocenylaliphatic acids wita throxylamine16l. when

ferrocenylacetonitrile was treated wath two eauivalents of

iron (11I) chloride xn alcohol at room terpesrature X-mcthoxy~
—~ferrocsnylaceton.tr:le was obtained together with a trace of
methyl ferrocenecarboxylate. OR

!
FCCh2CN + EFeClB + ROE—>FcCnCi + 2FeCl., + 2HCLl

2
R = Me, Et, H

A mechanism was proposed for this reaction 1n terms of

eleciron transfer processes that involved =substituted

ferricinium 10n intermealatesl62. Cyclization of 1,1lt=bis-~

(2-cyanoethyl)ferrocene with ethylaniline in ether gave the

[5] ferrocenophane (8.60) in 503 yie1d163.
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Rockett and Peet reported that substitutea l-cyanomethyl-
-2-hydroxymethylferroc<nes, 1n the presence of cyanide :xon,
were converted into the corresponding amide while at the same
time thes hydroxy-group was displaced by cyanide. For exampley
in non-aqueous media the nitrile (8.61) was convertea into the
amrae (8.62)., It was suggested that the hydrolysis of the
nitrile was assisted by intramolecular addition of the hydroay-
-groun to the carbon-nitrogen bond folloied by attack ol the
cyanide ion on the diaryl-suostituted carbon atomr in the

intermediate oxXorium Epecies (3.63)164. 1,1'-Bis(cyanocacetyl)-

H
Ph 0 1H
. . 2
PhZCOH PhZCCu +
CHECN CHZCONHE
Fe Fe re
3.61 8.62 Ca63

ferrocene was reauced oy socdium borohydride to the corresponoging
diol which was dehydrated &ith phosphorus oxychlorice to gave
cis, cis-, trans, trans~ ana cis, trans-1,l'-bis(f-cyanovinyl)-

ferrocenel65. A series of ferrocenyl-isothiocyanates (8.64;

X =Ch,, CHCH,, EfCeHu, E'Caﬂu’ E—CGHQCH=CHCO) were prepared by
treating the corresponding ferrocenyl-amines with thiophosgenel66.
The kinetics and orientation of acid D-H exchange of
ferrocenylcarboxylic acid metnyl ester and ferrocenylvhenyl-
sulphone were determined. For the methyl ester, exchange ain

the unsubstituted cyclopentadienyl ring occurred three tames

as fast as exchange in the substituted ring whilst an the
sulphone thais exchange was ten times as fast16?.

N-Ethylferrocenecarboxamide (8.65) was metallated with

1.5 equivalents of n-butyllithium and condensed with electrophiles
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to give the corresponding 2-suostltuted y-sthyl-N-methylierrocene-
carboxamides, For example condensation w~itn dimethylsulphate
gave 2-methyl-ii—etnyl-li-methylierrocenscarboxamide (8.66)168.
The rate of aostraction of 1odine by pnhenyl radicals from

i1gdoferrocsne was investigatcd, Ioaoferrocene #»as shown to be

vle
(:> AiCS CoOLin=t CONlMeEt

Fe Fe > Fe

G bl 3.65 3.66

Slignily more reactive to the phenyl radical than i1cdobenzene.
It was thousht tnat the iron atom was involved ain the homolytic

. 1 . .
abstracticn process‘69. The first pernzlo and covadatively

Ccl

3.67
stable metallocene, decachloroferrocene {(8.67; M = Fe), was
prepared from l1,l1'-dichloroferrocene by repeated metallation
axth n-butyliithium and condensation with hexacnloroetrane.
When no attempt was made to purify the intermediates from each
reaction, raive lithiation-chlorination reactions gave a 42»
overall yield of (8.67; M = Fe). Wnen ruthenocene was lithiated
acd chlorinatzd seven times a 14% yield of the perhalo-derivative
(8.67; i = Ru) was obtained. The perhalo metallocernes (8.67;

M = Fe, Ru) underwent heteroannular dilithiation on reaction with
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n~butyllithium and direct nucleophilic substitution on

reaction with sodium methosiae™?©,

8. Biferroccnes ferrocenophanes and annelatsd ferrocenes

Biferrocene, diferrocenylmethane, diferrocenyletnane
[ ] ocenopnane Were egach dioprotonated in 5F3-HEO'

'ne Terrocenochanz rapidly eliminated hyarogen to give the

|

giferricinium xon, the three singly bradgea ferrocenes aere

OK1uized slowly, even in the aopsence of aar Treatnsznt

of tre ferrocenylgold complex (9.1; K = s£uPPh,) mxith oromins
-

1n dichloromethane save a mirdture of tns meso rform of the

O

biferrocenyl (9.2) ana the oromolerrocene (9.1; & = 3r).

A similar reaction was observed shen the rezgent xas chlorlnel?c,
The ®osspauer sp=cirum of baferrocenylene (II, IIL)

picrate (9.3; X = picrate) s=nowed only one, auaarupole splat,

abzsorption zna suggested that only a =ingle type of 1ron atom
resent i1n tne molecule, E5CA results supportea th:is
suzgestion. The rocm=temparature magnetic momens (L.od &.1)
was close to the spin-only value of 1.73 Bl zna contrasted waith
the valuss for ferraicinium complexes and pifsrrocene (il, I1I)
picrate (2.3~2.6 Bul). A Tractaional oxiaation state for e€acn
of the 21ron atoms was therefore 1nd1cateel75. l,1*-Bilerroceny-
lene was preparea :n improved yiela by coupling 1,1l'-dibromo-
ferrocene in biphenyl wath & coopper brornze catalyst. Oxruation
of 1,1'~paiferrocenylene with benzenuinone -n the presence of
picric acid gave the ferricinium sz:t (9.3; X = picractc) while
the salt [9.3; L= (TCNQ)2] was obtained by orv._dation witn
tetracyano~p-quinoditiethane (TCNQ). For the mixed vzlence
salts a near IR transition .as obscerved at 1500 nm. which was

assigned to an intramolecular intervalence exchange. Comparison

of biferrocenylene with biferrocene suggssted that there was a

References p. 288



274

CHadAeZ He2H0H2 CHZNHea
o
Fe Fe re
G.3 9.2

greater geometrical crange or, partial oxidation orf the former

compound tnan the latter?%, A new route to 1,1'=piferroceny:

4
o
@)
b-0

9.3 ol

lene was reported from dalithium fulvalene. The lathium salt
was candensed witn iron (i) chloriae to §1ve biferrocenylene
togetner witn polyferrocenylenes (9.4; n =0, 1, 2 ....).

The salts [9.3; X = picrate, (3nQ),7, BFQ_] were prepared and
investigated in a similar manner to that nescribeg abovel7sn

It was also found that the room temperature bulk conauctaivity

@CHZLCHZQ
O o0, O
9.6

of [9.5; X = (TCNQ)E-J was greater than 102 lem—1 175,

9.5
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Katz, Acton aznd rartin have reported their attempts to
orepare metallocene polymers oy treatment of ligands naving two
linked cyclopentadienyl groups with transition metval halides.

I'ne dianions (9.5; L = CEC and CH=CH) were stirrcd witn 1ron
(II) chloridge or nezammineiron (IT) thiosuluuate in aiethyl
ether, Dimeric products (9.6; L = CSC and CH=CH) were obtzined
in each case, no polymers were formea. Furtner details of

tne synthesis of the cyclic oligomers, [ln] ferrocenophanes,

176

were given The mzss svectru of ten Terrocenochancz znd
ten ferrocenophanones were reccrded and for all the comwounds
the molecular ion was the base peak. The spectra 1ndicated
tnat the vonds joining brigges to the lferrocene nucleus
resisted Cleava5e177. A mass spectrometric stuay of a series
of ferrocenophanes was made oy Carroll, Fflug ana ‘tiinstead.
The ferrocenophanes were 2,5"'=, 2,4"'-, 2,5'-, 3,4'- anua 3,4~
-aracetyl[3]} ferrocenophzne and the molecular 1on was Lhe base
peak in these five compoundsz, Fragment ions witn relstave

intensities greater tnan 10 perc=nt only occurred in thne

ferrocenoonanes that had an &acetyl groug in the position zlipha
178

to the methylene bradge .
OH
HC1 ;
Fe ~———————> [f¢ ' + Fe (o) + Fe
Benzene f
OH
9.7 9.8 9.9 9.10

The reaction of acryloyl chloride with ferrocene in
methylene chloride at -78° 1in the presence of aluminium

chloride gave [3]ferrocenophan-l-one in good yiela. When
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tne Sane rcaciion wWwas carried out av higher temperaztures some
propanoylferrocene .as also formedl79. Hisatcme and Yamakawa
have observed the intramolecular cyclization of 1,1'-bis-
-&X~hydroxyrsopropyl)ferrocene (9.7) under acid conditions to give
a mixture ol [4]ferrccenerztanes (9.8 and 9.9). At low acad
strengt4, 3 hydroc:sioric acin xn benzene, only the

ferrocecnoyanzne (9.9) was oovtainea tosevuner witn the vinyslferrocene
(9.10) whale uxth 61l nydrockloric «c:id uvotrn cyclic broaucts

(5.8 anc 9,9) xere formed. Unaer reducaing cond:iions, 3l
nydrochlioric acic anc ascocbic acic, the sol: .roduct was the
vinylrerrocens (9.10). Jnhen oxzygz:. was ouobled turougn Tiuc

z.:1d solution of the cviol ($.7) tnen the [4] ferrocenoc’iznes

P

(9.6 ana $.9) terz formed in lov _ields (2j5 each) and no

other products were 1solated. Stacnl:s &X-Terrocenylcarbenium
— _ 1 3 - [ — P o - ~ - 180
10ns Jvere 1nvoked as i1ntermecirac -3 1n these transformations -

ok 2h Ph
L ph —on @ \
Fe —LCJ'—> Fe + Fe
— Ph Od @ 7
Od 2h Ph
9.11 Yol 9.13

O—0

Q)

9.14 9.15
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dben .. cenzene solut2on of the giol (G.11l) .as stirrea with 7i
hydrochlorac acxd, a miiture of tnef4] ferrocenophanes (9.12-9.15)
Jas obtaired. The airol (9.12) was dehydratea with p~toluene~
sulohonic acid to the butadiene (9.13) and the perozide (9.14)
rearranged on aluminz to the wneno<y-—ectncer (9.15). Reuuction
of tme psroxade (9.14) withk lithium aluminiun bydrice jave the
drol (9.12). From these reactions the autnors concluaued =hat
the [irst-rformea proauct in the «cio catalyzea cyclizztion Juas
tne peroxide and this #as subsequaently converted to tne ovaer
ferrocenopnanes (9.l2, 9.13 and 9.15)161.

Toma znd Salisova have described routes to a number or

It Cil

[5]—,[4]- ana [7]-ferrocenophanss using internal ichael
=CH©61 @ Ci,CH,COMe
Fe

Fe Fe
Ooone ®) O econcs
0]

Ci=-Q

9.16 .17 9.18
0
O o ©OQ oae
Fe Fe p Fe 01
QD Q.. © 0., -0
] c1 0
9.19 .20 9.21

addation, The[q]feprocenophane (9.17) was prepared oy
condensation of ferroceneacetonitrile with p-chlorobenzaldenyde

to form 2-ferrocenyl-3-(p-chlorophenyl)acrylonitrile, Friedel
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Crafts acylation of this nitrile gave tne acetylferrocene

(2.16) whnich cyclized smoothly and in high yield to tne product
(9.17). Treatment of tae diketone (9,18) witn sodium nydroxaide
in ethanol gave the [7]ferrocenophane {9.19) 1n good yield:

the diketone was forms=d by condensation of p=chlorocinnamoyl

182

crlgride witi J~04A0pDultyllerrocene .

=

nz same aut-ors report
the 1ntroauction of one m-phenylene group and two m- or
p-phenylene groups oetween the ferrocene group and a five-
-neubered bridge in ferrocenophznes, The &ﬂ ferrocenophane
(9.20) was formed by internal vlichael adaition of a precursor
sinmiler to those used to form the briagec xetones (9.17 ana 9.19)
Counaensation of p-cnlorobenzaldehyde with 1,l'~bis(p-acetyl-
pnenyl)ierrocene in the pressnce ol base gave the ferrocenc-

phane (9.21)185.

10. Ferrocene containinsg polymers

Lorkowski has discussed the synthesis of ferrocenc
containing polymers and the mecrnonisms of polymer farmation.
Possible applications of ferrocene polymers were suggested,
these were as electron excnange resins, as polymers vith
upecial magnetic and electrical »roperties and as components
in systems for the cold curing of unsaturated polyester
resinslg4. The polymerization of vainyl- and ethynyl-=ferrocene
was studied 1n the presence of a variety of 1nitiators and
catalysts., Ethynslierrocene was polymerized with lauroyl
peroxiae ana triisopropylboron as radical initiators and with
substitutea phospnine-transition metal complexes as catalysts.
VYinylierrocene was polymerized in the presence of soluble
ZreZzler catalysts. The thermal and electirical properties of
the polymers were 1nvest1gahed185. Polymerization of vinyl-

ferrocene 1n benzene with azobisisobutyronitrile (AIBN) as the
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initiator gave small yields of low~-dispersity low molecular
weight (5000) polyvinylferroc=ne (10.1). Higher yields were
obtained by continuous or multiple zadition of Almud wnile nigh
molecular weight polymers and binodal polymers were forrmed
when higher concentrations of monomer were used. Bulk
polymerization allowea yields of &0w to be realized, the
molecular weight and the proportion or 1nsoluble polymer
increased with a decrease in temperature from 86° to 60°.
The soluble polymer was often oinoaal wsith branching an the
nigh molecular weight node, The low molecular sceight polymer
¥as fractionated readily from benzene-methanol mlxtur65186-
The kinetics of the free radical polymerizataion of
vinylferrocene were investigated. The results suggestea
that the termination reaction was mononolecular zna intra-
molecular, It was proposed trat in the terminztion rezction
an electron was transferrea from the iron atom to the nolymer
chain radical and this deactivatea the radical anc left an
unpairea e€lectron in the ferrocene nucleus, This progposal
uas supported by the Mossbauer and eSR srectra of the polymer
which conrfirmed the presence of unpaired electron5187. Tne
homopolymerization of l-~ferrocenyl-l,3-butadienc and the
copolymerization of this monomer .ith styrene have been
examineaq, The polymerizations were carried out in the presence
of azodiisooutyronitrile and for the styrene-ferrocenylbutadiene
system the average molecular weignt ranged from 1300 to 1950188.
Ponaer and Barnhill have cescribed the application of ferrocenyl-
butadiene as a monomer for the oreparation of homo- and co-
-polymers whickwere used as binders in solid propellants. The
butadiene was synthesised from ferrocenecarbaldehyde and
allyllithium ain THF which gave l-ferrocenyl-3-buten-l-0l znd

this was dehydratea to the procuct on alumina at 155 189.
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The bulk polymerization of ferrocenylacetylene 1in the
oresence of 10;5 by werght of aispersed sodium at temperatures
save a polymer (10%5) of molecular neight 1700
polyncraization was provosed. Otner metinods Tor the poly-
merization of ferrocenylac.tslen=, the structur=s of the

procducts ootained znd tne mechanisms ol polymerization were

reviewec brleflylgo. rerroccnylacetyliene was copolymerizea
e 'l
i,C
-€sz nﬁ"ﬂ
OCH=Ciie
r'c
-vl — —_ -
re re re Fc
Fc
10.1 10.2 10.5

w—th 1sobutylene an the prezence oI boron trifluoride zat
-20 to -100° <o 5ivz a copolym=r of molecular .eignt 29000-39000

T'ne yield of th=s rolymer increassd as the temperaturc was

lorered from -0 to -70° but deci'eased if tne temperature was
191 c

lowered further .

i

saki ant Pittman have reinvestaigzated
tne reaction ol acetylferrocene vith triethylorthoformate under
acida conurisions, In contrast tu tne €arlier report by Schllgl
znd Soukupl95 the drneric ketone (10.2) was founa to be the

gominant proauct and the cyclic srimzr (10.3) was formed an

=

oniy low yield., Catalysis of ths rzaction with p-toluene-
sulphonic acid rather thzn dry hydrogen crloride led to a
complex mixture or products including ethyl ferrocenoate and low
molecular weight polyvinylferrocene. Mechanistic schemes
involving X=ferrocenylcarbenium 1ons vere dlscussed195.

Polymers were prepared in nigh yiela by the reaction of

ferrocene with aldehydes or xetones i1n the presence of a



Lewi:z acia usin; an aprotic, pelar solvent with a oipole
moment 20.5D. For examrle, ferrocene was treated aita
benzaldenyce :1n dimethyltormamice in tne presence of iron (111)

chloride to zfive a benzmalachyde-{errocene conolymer o

s of reaction conainions on the vrosucts ard

ia)
-,
[\l

cr

Tne e

<
s1elds 1n the copolymerization of ethynylferrccene witn izoprene
rave been studiea in the presence of Bu®
ht a catalyst concentration of 2o volyisoprene was forrmed shile

a conccntration of 23U, Ccuatalyst Wes rejuirza to {orm tre

copolymer (10.4). Polymers (10.5 and 10.5) from ezhynylferrocene

vere also ocialned, Tthe pnysical propertiszeE of the polymsrac
proaucts vere clscussedl97. Ayers, rscdzsrus and Pitiman rave
- —C=C H-Cle=CHC = )=] [ ~C=C1]
br{(CnﬂC le=CH "2)2': C=Cn
rc
/
re re Fc—
\'-
O
B Jv | iz
10.4 1.5 10.6
polymerized rlerrocenylmethyl methacrylate (10.7; R = H) wnith

malelic annydriae, acrulonitrile ana fi-vinyl-Z-pyrroliczne in

o

ernzene or banzene-ethyl azcetate solution 1th ~Isli as the
initiator to give niph yieclds of cowolymers., Ferrocunylmethyl
acrylate (10.7; K = te) was copolymerized .ith maleic arryaride
under the same cohd.tions. Wlitn a range ol =i+% comonomers, the
acrylates (10.7) ex - ibitea lower relative reactivity ratios

(rl) ana nigher values of ro than the corresgonaing couvoly-
merizations with metnyl acrylate or wethyl methracrylate, in
adaition, the low Q values obtained for tne monomers (10.7;

R = H), 0.03-0.11 and (10.7; K = de), 0,06-0.1>, compared

with the values for methyl acrylate (0.46) and methyl methacrylate
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(0.74), confirmed that the ferrocenyl-acrylates (10.7) vere less

reactive tnan expectedl96. Vinylferrocene was copolymerized

with outaaiene in tne presence of azoois(2-methyl-5— hydroxy-

valeronitrile). The copolsmer was used as a binder to i-prove

the burning raie of =o0lid propellants - Vinylferrocene and
t

g azobis(2-metnyl-5-

s}
e
=4
aQ
=
o
=
n
=
3

butadiene were copolymzerized in
~hydroxyvaleronitrile) as the initiacaor, The copolymers were

uselful as binaers for propellants ana they zl=o increasea the

burninyg ratel7d.

[\

Tne preparatzon and utilivy of thiazole-contzining ferroc:zne

condensation polyiers wer

(40

LavVeEsStigatea, The thermzl stabil:-ty
of the polymers wis rawner load arc some of tnem aecomposec at
300° 199. The syntpesis of poly [osy\piscyclopentaaienylzirconium)=
oxycaraonylferrocenylcaroonyl] irom biscyclonentaalenylzirconium
aichloride and the soaium salt of l,l'-ferrocenecicarooxylic

acjia was studiea a5 a function ¢’ several reacticn variables,

The yield of polymner varied #itr. pH and it reached a maximum

at approsimazely pH = 7.5. Yrelds were better in systems that
empolyea z saturated aaqueous solution of cisomzum l,l'-ferrocenc
dlcarboxylateauo° Glycidyl metnacrylate-alkyl methacrylate
copolymers were h2atea with excess H-(lerrocenylmethyl)aniline
for several bours when the nucleophile cleaved more than 95%

of the epoxy groups to ,ive a polymer with uselful paramagnetic

and redox propertiesZOl.
ChEOCOCR=CH2 CHé—
Fe Fe
(:) COPn | n
10.7 10.8



1,1'~ois{X-hydrozyethyl) ferrocene was investigated as &a
curing agent for phenol-formaldehyde resin at 120° to 5ivVe a
cross-linked structure., The cured product snowea greater
resistance to oxidative thermal degradation than phenolic
resins cured with urotroplneaoa. Friedel-Crafts acylation of
poly(methyleneferrocenylene) ~vith benzoyl chloride and zluminium
chluride in dichloromethane at 25° gave 425 of a soluble benzoy-
lated polymer (10.8). Under the same conditions at 40° an
rnsolucle polymer (72.53) was obtained with PnC- anrd methylens
crosslinking groups. At 80° the predominant product was a
secona 1nscluble polymer (90;0) with only PhC- as the crosslinking

o arile

group. The benzoylatea polymer (l10.8) #as stable at 400
the metnylene crosslinhed polymer showed z 30 weilzht lozs at
5u0°. The poor thermal :tability of ine lavter &as attributed
to the presence of ferricinium groups whicr. ¥sre active as
centres for tne initiation of aegradation. Ferricinium groups
verc detected in both of tne crosslinxed jolymers by w=PR
metnodsaOB. When acetylferrocene-furfursl polymers were heated
to 4000 1n vecuo decomposition occurred, The distripution of
the iron released by the destruction of tne ferrocenyl part

of the molecule i1n the glassy carbon resiuue wvas 1nvestigated204.

ll. Applaications of ferrocenc

(1) Ferrccene catalysts

A number oi ferrocene polymers, including the wxetone
(11.1) were active as catalysts in the dehydration of alcohols.
Dimethylvinylcarbinol was dehydrated to isoprene ain yields of
up to 95 1n the temperature range 180-300° ana i1so-propanol
was dehyarated to propene (92.5.) at 400°. The catalytic
activity of tne pelymers was ascribed to magnetically ordered

metallocene residues an the matrix. Slow degradation of the
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volymers to iron oxides was observed under the reaction conditions

usedaos.

Catalysts for the reaction between alkyl isocyanates
and alcohols nhave been compared. The reaction was used as a
model system on which to evaluate the effect of additives on
propellant binders containing polybutadiene terminated with
nycroxyl groups. Ferrocene ana fcrrocene derivatives were the
most €ffective catalysts both in the presence and absence of

li  ht. The catalyst was degraced by ammon:um percnlorate anc
by light 1n the presence of air206.

The cis-trans photochemical isomerization of butenes was
sensaitized by rerrocene at temperatures apove 90° and in the
aosence Of OXysEn. iWinen oxygsen Was present then photochemical
oziazation occurred with tne formation of acstalecehyde, propion-
aldenyde and formic acide. The yields and »roportions of the
proaucts were dependent on the proportions of the reactants, tne
concentration of ferrocune, the temperature and the UV wavelength
used . Ferrocene deraivatives were founa to be effective
pnotostabilizers of polyethylene film, Film that contained
benzoylferrocene or p-methoxybenuoylierrccene (il.Z) naa
30-355» nigher tensile strength and 25-30j5 ultimate elongation
tkan nonstabilizea film after ulira-violet irraaiation for one

o 203

huncred hours at 25 Tne nshotopolymerization of vainyl

ANy go— @-co—@

2 Fe

OMe @
Fe
n @ @'C HZOH
11.2 11.3

compounds was catalysed by ferrocene derivatives containing

CHZOH

active haliaes. A mixture of 98 parts acrylic acid and 2 parts
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0.2:10, ferrocenetbenzenesulphonyl chloride was irradiated with
UV laight to give solid poly(acrylic acid) i1n five minutes. o
pulymerization occurred in tharty minutes 1n the absence of the
catalystaog.

Ferrocene mixed with organic halades was effective in
2nitiating the polymerazacicn of vinyl monomers suchi as acrylo-
nitrile and acrylamides thuszs ferrocene in carbon tetrachloriae
initiated the radical polymerizaticn of m=athyl mstnacrylace
and the cationic polymerizztion of i1sobutyl vinyl etheralo.
Unsaturated polyesiers were polymzrazed 1n ths prusence of
0.l fzrrocene cerivatives. For ezample the copolyme:ization
of monomers such as zityrene, triethylens glycol dimethylsc-oylate
or divinyl aamipate was carriza out in the presenca o7

1,1'-bas(hycrcxymethyl)ferrocene (1l.3; at o° using :tonzoyl

peroside as the catalystall. The ferrocenyl-barbiturate (ll.4)

wac successfully used as a catalyst for tae combustion of
composite explosivesala.

(2i) Biochemical applications

Ferrocanylisopropylamine (11.5) has been shown tc have a
higher binding affipity to cytochrome P-450 than isopropyl-
amphetamine. This was related to the innibition by the amine
(11.9) of the oxidative N-acalkylat:ion of isopropylamphetamine
in liver microsomal suspension and the inhibition of elaminat:ion
of N=alkylamphstamines in the rat. The hzlf-lives of MN-alkyl-
amphetawines such as (+)- ana (-)-oenzylamphetamine, (+)-1s0-
propylamphetamine and (++)-biamphetamine in the 1solated
perfused rat liver, were increased from 5-20 min. to 200 man.
by the addition of equimolar amounts of the ferrocenylamine
(11.5)213. Acetylferrocene nitroguanylhydrazone was pregared
and screened for antineoplastic activity apainst Walker

carcinosarcoma 256. 1t was found to be 1nact1ve214. The
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reaction of ferrocenylacetyl chloriue and S-iecrrocenylvaleric

zcid with cholesterol gave cholesteryl lferrocenylacstats (3850)

and cnolesteryl S-ferrocenylvalerate (43i5) respectlvely215.

H
@] N 0 .
6] 9]
Fe re Fe HO
11l.4 11,5 11,6

Overend and coworkers reinvesticateo the acid-catalysed

nydrolysis ol rerrocenglmethyl ﬁ—D—glucopyran051de (11.6) in

18

Halso. The glucose formed contained no 0O enrichment and this
shoved that cleavage of th: oond petween the oxy;esn and
aglycon-caroon Qccurrea curing the hydrolysis. This result

id

was concrary to an earlisr reporet that the O enrichec

glucose was formen, The ro<de of bond cl

)

arage suggested

vias supported oy tne 1solat:ion o glucose ana mathoxymethyli-

s,

errocene frou tnz zcid catalyssd methanolysis of the

21?.

glucopyranoside (11,6) Ferricinium 10on salts were treatea

witn human ¥-globulins in buffer =olution at ph9 when the
ferricinium group was oroken coan and tne Fe (II1I) was taken

R - o o~
up by tne pr0061n21“. rhe preparation of ferrocene

-

na
single stage reaction rfrom an aran salt, cyclopentadiene and
sogaium as a reduceang agent at 60° has been reportedal9.
Hosenberg 2nd Bilow have described the us¢ of polyferrocenylene
cross-linked with aryl di- anc tri-sulphonyl chlorides as
laminating resins for glass rabrics. Since polyierrocenylene
formed inscluble polar complexes with the sulphonyl cnlorides
it was convenient to prepare separate solutions of the two

220

components and mix them immediately before use . The drying
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rates of tran films (0.03-0.55mm) of linseed 01l were reduced
when vinylferrocene was incorporatea an the proportion of 5%

by weight. 'The urying rates of very tiin films ( 0.08mm) were
independent of added vinylferrOC?neEZI. A method was reported
for the simultaneous determination of iron and silicon in

organometallic derivatives. A sample (10uig) of a ferrocenyl-

o

-3ilane was fused with sodium peroxiae in a bomb and the melt
was dissolved 1n water and aciaified with sulphuric acid.
The silicon and airon were then determined by differential
photometryaza. Gilbert and ilonti have reported the cetalls
ol an unaergracuate exercise on the dry chromatcgraphie
separation of ferrocene, uacetylferrocene anc l1,1'-(airacetyl)-~
ferrocene with dichloromcthanc as the solventzas. Ferrocene
derivatives such as methslTerrocene, chloreferrccens and
acetylferrocene were found to be more effective as antiknock
zdditives in gasoline than ferrocene, thzy alsoc formed less
deposit. Un the other hand they were leszs soluble than ferroceneeeq
Light sensitive copying materials were preparea and tnese
containea aromatic hydrosy compounds sha either ammonium
ferrocenecisulphonate or ammonium ferrocencsulphonate. Thecse
compounds were rfound to be Light sensitive, casy to hazndle, in-
expensive and heat—fixaole225. A series of metallocenes were
used as photoconductors in electrophotograrpny. For example,
a photoconguctive coating «as nrepared using ferrocenylbis(2-
-methyl=4=~digtnylaminophenyl)methane as the photoconducnor226.
A solad prorellant that consisted of an oxidizing agert (mainly
NH4ClO4) and a polybutadiene or polyurethane resin had its
burning rate increased by the addition of 0.01~5(5 ferrocene.
For example the aadition of 0.50 ferrocene more than doubles
227.

the burning rate Ferrocenylbutadiene, prepared from

formylferrocene and allyl Gragnard reagent followed by dehydratian
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with cogpper (I1) sulphate, was useful as a binaer for solad
propellantszas. 2-Ferrocenyltetrahyurofuran, prepared by
reduction of uethyl13-ferroceny1tetrahydrofuran, increased the
burning rate and improved the pzrformance of solid propellantsaag.
Traunenylsilyferrocene, diferrocenylsilane diol and other
silanols have been used as high~temperature lubricants and
kydraulic fluads, The compounds were prepared by Friedel-
Crafts alkylation of rerrocene wrth the agpiropriate chloro-

sllaneajo.
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