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1. Revieas 

P*er; and Rockett have surveyed tne synthesis, properties 

and reackions of 1,2-dlsubstltuted ferrocenes 3. . Yamakawa 

has briefly raviexsd the chemistry of ferrocsne'. 

2. Structural DeLerrmnations 

The crystal ad mo~ccular structure of tetra-tert-butyl- 

ierrocene cias de~erminea by X-ray analysis. The crystals had 

orthorhoToic syr”~try, space group Pbnb, with cell &mensions, 

a = 11.79, b = 33.42, c = 12.21 “A ano % = 8. The ferroccne 

nucleus :'1as found to have a conformation that VES 1Qtermediate 

betsvaer: the scag;gcrsd arid ecllpxd conforgatlons 3 . Th; T 

structure ad absolute conflguratxon oi [z!Hp, ,S,,,ic),:f",::::::o. 

[2,3] cyclohex-2 -en-l-one (2.1) UBS cietsrmdned 02 X-ray 

alfiractlon. ?h.: compound hat rgacc- groi,p P2,2,2, with urllt 

cell dllens:ons a = 9.97, b = 19.05, c = 6.54 z .vith four 

rr:oleculis In the ~nlt c-11 4 . Tt_c crystal structae of the 

product (2.2) obt.uned iron the reaction of cyclopencadlcne 

‘:I1 tl: the 2-ierroc,znyl-2- >rop~l c&tlon has baen determined by 

:(-ray dlffractzon ueihods. The conljouno crysmillzed In tile 

rzonoclinxc system, =: lace group E /c :vlth unlr; ceii dlmenslons -1 

a = 10.733, b = 8.122, c = 16.873 F(; 9 = 110.950; 2 = 4. 

The X-ray data corlfirmed structure (2.2) rrhlch had prevlouaQ 

baen postulated from La I;SIH evlcleCcE. The compound was 

thought to be ior:.!ed by addition of cyclopentadlene to the 

2-ferrocenyl-2-propy1 catlorl to glvrs an intermediate (2.3) 

followed by proton +limination5. 
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2.1 2.2 -'a> 

Tne crystal and molecular structure of i,S-dlLodotarrocene 

was aetermined by X-rag crystallography, In thrs molecule 

the cyclopentadienyl r111gs r/tire flat and coplanar :r:~h the 

6 substituents . Tht! X-ray difirsctlon mc-cnod has he-?h used 

to dtitermzne th6 structure EUIC! absolute configuration of 

(-)-2,j-l'erroceno-5-exo-asthylcyclohti:~-2-~~~-l-one (2.4; 

The cryatai ana nolec~~lar structure ai the ferrlzlniLm 

golu czltlon (-3.5) as the tr:trafluoroborate sait, has been 

detsrmni-a by X-ray crystaliograghy. TILS structure FreJbnts 

several interesting features, one of tne cyclopentad~cnjl ring 

Carson atoms acts as a brluge between the two goid atcms, C-hu 

dlStarI P es 2 12 dCL(1 2 2( i 
7-l 

.- . . The differences between t:tiesa ~VJO 

bond d~stancas wears ascrlbad to stsrlc and electronic factors. 

The Au-Au distance (2.763 g) ialls xithirr the range observed 

previously ior cluster systems and one gold atom is 'Jound to 

r;he iron atom (AU-F=, 2.818 i) providing the first exanple of 

ir fsrrocens :ulth a direct Fc-PI bona and th5 first detsrmlnatlon 

of the Au-Fe bond distance. The two cyciopentadiendl rings 

are aimost eclipsed and form a &hedral anb;ie of 16’ t The 

single crystal X-ray structure analysis of bis(pencalenyl)lron 

has confirmed it as a [2]f errocenophane (2.6) with a striuni;-d 

bridge. The two planar cyclopentadxenyl rings are tilted to 
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give a dihedral angle of 23. 6O and the aolecule 1s near the 

eclipsed conformation with a mean rotation angle of loo '. 

r-3 1 

R2 

@ 
0 

0 

75 

6 0 

2.4 2.5 2.6 

1 + . /NPPh3 

9< 
0 i" 

Fz/Hb\PA-3 

d 0 

The crystal strucr;urs of 2, 11-LrimeLhyiene-1-b-phenyl-c+hyaroxy- 

propyl]ferrocene was dar;er-rLnea oy K-rag crystallography. The 

compound crystallJzed _n the monoclinic system, space group 

P2 /c wlch unit cell dlnenslons a = 11.42, b = 15.25, c = 11.48 
o1 
A; J3 = 97.?5O, w:LLh iour molecuies ln the unit cell. The 

EtrucLtire tia.s In *isreezent :vith that proposed ezrLltr by I-loizti 

ail’ et iron 1nir,zred ana Il:lR data 11 . The ketone (2.8) was 

obtzuned cy cycllzation of the ierrocenylpropionic acid (2.7). 

Thi- crystz 1 structure and rclatlve conformation of the rac+cL1c 

dlastereolsomar of r;hc ketone have been determned my X-ray 

crystallography. The cycloFcnt.adlenyl rings were alnost Planar 

ana parallel, tney occupied en eclipsed coniormatlon. The 

relative conformation of the racemate (2.8) was R S 
PC 

or S R 
p c' 

The PIIR spestra of the ketones supporr;eci the proposed conformat- 

ions12. The crystal and molecular structure of l,l2-dlnetnyl- 

ClJ3 fcrroccnophane :ras dstermined by X-ray diffraction. The 

compound crystallized In the nonoclinic system, -pace group 

P2/2 :Ilth urut cell dlncnsions a = 18.14, b = 6.10, c = 18.67 51 , 

6 = llq" 40'. The molecules exlsted In the eclipsed form with 

an exo-:lethJl configuration (2.9)13. 
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u 
2.7 2.8 2.9 

3. Stereochealztry of F~>rroccnec 

The q etallatlon of i-ferrocenyl-l- nstho:~yeLhane W:II th 

n-butylllthlun in ather, hexans z--nd TX? Ilroceedec slowij to 

cj_vi- a random mixture oi' 2-, 3- and l'-litllioferrocenes. 

The proaticts were characterlzea as t.tle uenzophenone oddtictz 

a.na the ratios obtained were bcjT,r, ~lrne and soivent dependent. 

tiperiments with r;ile opr;icaiiy pure er;har (3.1) _ndicated the 

net_ asym?etric ir!cjuctlon octained 1~ t.~e forrldtlon .lf the 

cidrlval;lve (3.2) was only aaout ILO;, of tk-.at ob,-ervca Tar the 

14 corresponding nitrogen compound . 

\j;-,0 \ __.-:.ii o- 0 c\ 
h 

Fe 

6 0 

3.1 3.2 

Ugi and co-tiorkers have further invesclgaLed the stercosilectzve 

metallation oi optically active ckferrocenyl tertlar;l amines, 

i'he llthiacion of (RI-N,N-aimethyl-l-ierroc?nylethylamlne 

follo..eil by treatment Nlth anlsaldehyde gave (S,H,S)-2- 

-(~-methoxyphenyl)hydroxymetnyl-N,tr-d~methy1-1-ferrocenyi- 

ethylarmne in good ylelo (3.3). The absolute configuratlon 
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of clzis comgouna was confirmed oy a s~ngls-crystal X-ray 

oecernLnst2on. Phiis iS the iirbt aosoluti cocflguratioaal 

aezerzunacion of a 1,2 -ferro_ene oerlvatlve with chir3.1 

subacltuents ana ii ~111 enable unequivocal assignments to 

be made ior a la~g;i number o.? optLca11y active t'errocene 

cer1vatlves15. 

The priparallon of (H,S)-.r,~i-dimethyl-l-f~rrocenyier:~yl- 

Fznine was acnlevec by trzetmzn; of l-ferrocenylithanol with 

XeSO Cl In trlsethylaolne folio.red by almetoyianlne 16 
2 . 

Substitution by 

stereolsomaric 

znvestlgated. 

&'.:BPE! stucl1e5 oy 

products md by 

The form 0;‘ the 

malonate of the hyoroxyl &rou;l in the ala- 
‘ 

aicohois ( 3.4 ana j,>; R = I&, Cij21.".le2) has been 

The q echanlsn zna stereocilemstry of the reaction 

1n;rzi5olecular cycllzation oi tnle suos;itution 

the relative resctlvltle; o!" chs alcohols. 

character U:~SS clscu>sedA'. Dabard and Patln have aescribed the 

3. 4 5.5 3.6 

selective reducr;lcn of uns;mczcrzcal l,i'-aiscylfirrocenes 

(3.6; i3’ = alkyi, Ph, 2-ihienyl; R2 = alkil, Fh, 2-Gtienyl) 

by trlphenyltln hyuride LO give the corresponalng l-acyl-l'- 

-al_kylferrscenes. On treatment with acetyl chloride under 

Frlcdel Crafts condltlons the tr~subscltucea Perrocenes (3.7 

ano 3.8; R' = Et, PhCii2; R2 = alkyl, Ph, Z-thlenyi) were 

obtuned. 'The diacylferrocenes (3.6; RI = Me; R2 = Me 9 Et, 



Ph) q:d:rere converted to the b]ferrocenaphanea (3.9; R = :-lE, 

Et, Ph > w1 t h benaaldehyde” a In a related study, the same 

autuors report the Clzmmenscn reduction of the cilacylferrocenes 

COile 

Q 
0 -ti i 
2i 

‘s& 2 

3.7 

(3.6; Rl = Xe, St, i?r; R2 = Et, Pr, CH2Ph) to tile correaponolng 

ciial!!yiferro-,~ries. Unaer the same coriaiLioris, l-xyl-l’-bensoyl- 

ferrocenaa gave tile trans-ol6f2nc (g.i.0; R = q, 3, Pr, Eu, 

PhCti,CH,) zn addition to tt;e simple reauction proiluctz. A 

plnacol intermediate 

Stc~eoselecclve 

(3.11; Rl = k, 6 E 

zxu_nofirrocenophznba. Elec trot hemical or aodlur-: reduction of 

the approgr5.at.e hydroxglmlne gave the endo-lsomsr ,:/nile 

convera1on of the endo- or 2x0~aiCOho1 to the aside .vith 

hydr%zo1c acid rollo*llad by catalytic h~orjgtinatlon gav 5 the 

exe-isomer. The ~23~ routes brcsre used 5n the eynthcals of 

the ferrocenophane (j.i2). Thi observed stereoceieccivity aas 

ascribed to sterlcally preferred exe-atiacK oy the r%sgin% In 

the product for=ng stsp zn aach a;nthctlc routi. The racemic 

Endo- and exe-amines (3.11; Rl = H, R2 = lIH2 and Rl = Ilti2, 

Rz = H respectively) were resolved into the corresponding 

20 enantlomers . The aiastereolsomerxc 

hsxenones (3-U and 3.14) was prepared 

-phenylsucclnic acid by F’riedel Crafts 

Reletencej p. 288 

pair of ferrocenecyclo- 

from 6) (+I-2-methyi-2- 

acylation of ferrocene 
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0 0 

3_ 10 j.il 3.12 

./~i;t~ cne aonomcthyl ester (j.15) iollovrid TV;/ c>clization. The 

ccrres;ondlnT -3 B -sLbstltutea ~errocenecyclonexenones :r;re 

sre:carad In tt!e sE5e oay fro5 t.h,z other rnononethyl eater of the 

eucc1n1c ac1c. 'ihe absolute co~~f~guratio~ oi each con?ound 

;'d a d aCtertined by che5:cal correlation nethods and the optical 

pu-rzcies ..ere estzzstra by ~socop~c dzlutlon 
21 m The reaction 

oi 1,2-ferrocenzzlcarboxaldshyde with a+thyllsgnesiuT iodide and 

the rzductlon ot' _,2-dlacetylierrocenc with potassium borohydrlae 

gave asymmetrlcai and pseudoasyumetrlcal 1,2-Dls(o<-hydroxyethylj- 

- zsrrocenes. The sterzochemLstry of these compounds was 

investlgated2'. 'The aluminium chlorlcie epinerlzatlon of the 

dlastereolsoneric c(-phenyl-okmethylferrccenylcyclohexenones 

(3.16) and (5.17) and the diastereolsomerlc p-phenyl+-methyl- 

cyclohexenones (3.18) and (3.19) was studied. Ths eplmerization 
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:~as S~OWE to proceed by intramolecular inversion of the 

metallocenic choral plane and by inversion of the qbaternary 

asymnetrlc carbon 23 o 

3.16 3.17 5.18 

Equl~l.iLiorst~on uet9ee5 a;r.lai and equaL3riai confornatlona 

In ferrocenylcyclohexanes .lr;i? shbstltu++nLs on Lii5 +~ozLtlon 

(3.20) ;rae usea to decirzina thi avera&* conforC~3;iosal free 

enthalpy for the ferrocanyi group, The value oGtl-&nea, 

2.9 kcai msl 
-1 

, cljn_"lrued t*?-_t tt-ke s_u- dtLal. requlrenent of 

the ferrocangl group tias near-iy equivalent to tr,et 0T the 

>henyi group (5.0 kcal mol") at tiie equiiloriun Ll.CiG2lT- 

equat0ria124. 

4. SDectroscoplc and nhyaico-cheacai studiis 

The LemperaLure aependencs oi the PA? specr.ruin ol thi 

ierroctinyllrmne (4.1) eras examlnid. Line shape anaiysis 

perrmr;ted the fret energy of activation for the syn-at.1 

+ isomerlzatlon to be cietermlnea, QG = 19 kcal mol -1 25 _ 

Kamezaws has recorded and analyzed the J3l.R spectra for a 

References p. 288 



333 

range of ierrocene derlvatlves. The megnitucle of the coupling 

between the protons orl the substituted cyclopentadlenyl ring 

nas been used LO rjro.Jrlde a ne:i procedure for the assignment of 

t2i spectrz oi- monosubstltvtid ferroc-_nes 26 . R*-orientation 

proce;ses ln subztitutea ierrocenos havi: bein Invzstipted by 

PPLK spectroscopy. The Aii? s?ectrs ol' alkyl- arad acetyl- 

-ferrocene, l,l'-di-tert-butyl- and i,l I-diacetyl-ierrocene in 

tne solid stati tiere recoroea over the temperature range 

4.2~jOOOt: at 27.5 KHz. The ~em~eracure deperkenke of the 

secona mome,n?'; oi t ne reson~~cde ~~r9.s used to deterc?.,ne the 

2ctlVatlon ererjics for ra-orlsn;stlon of the methyl and 

c~clopcntaa~snyl protons. .Ex~~~:la~rital values for tb* 

second ooodnr. :are coapareo cIrlr;h cnlculateo contributions of 

different groups to the second q on?nt In order to loentify 

tnese groups_ Introuucclon of a single substiLuen5 was 

eii‘eccive in altsr1r.g the oagnltLtie of the; re-orisntatlon 

energy for bott! t!le suosLltutec enci the unsubstltuteo rings. 

The role 0;' sccr1c and elrccronic fsctors in th= activation 

enarg chaxgea vra:; discussed 27 o The i3 C NI-IR spectra of 

forty sonos~ibstI.L:Ited firro;enes were q sssured at 30-40' 

ana at room ti-3pel-aiurc. The 
1’ 'C chemical shifts In the 

substituted ferrol:enes .ve:e co.?lpjred with those of the corres- 

ponalng benzene dp?rivailves ano a possloie mechanism of electron 

screening ,vas aiszussed .?a . Tf;e " C irXB spectra of metnyi-, 

ethyl-, lso-progyl- and terc-butyl-ferrocene and the corrm- 

2onding heteroannular disubstituted ferrocenes have been 

recoroed and Interpreted. The carbon atom adjacent to the 

substituents was increasingly deshielded as electron relexe 

from r,he substltuent lhcreased. Heceroannular lnteractlon 

was sno.vn only oy the methyl group 29. 
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4-i 4-2 4.3 

Slocum snd Ernst shoxed that In the E-r*% spectrull of 

msthoxjfarrocene the protons in the 3 and 4 ~OZ~LIO~!~ resonated 

at a hi&her Plelc than those In the 2 and 5 poalt:ons. 

Tnese aasi;nmonts xere based on the comp~da~~vc l+L? =pectra 

Of methoxyferrocene sna 2-di11~ero-m~thoxy-i~rro,~~rl~~ Pnese 

asslgnaents :itr* ciie revsrce of those s,~g,est?a rjy Eursanov 

et al 
30 

-- who prcposed that the protons 12 tn+ 2 znd 5 pos~clons 

resonated at hi,?er field 51 D Tne same zuihors have rec0rke-d 

t t-12 preparation and Pi43 spectrum of 2-d~utl~rlotrlmethylsilyl- 

ferroc=ne (4.2). T’h1.s conflrned that lr1 ;rims~n_/lsil:iI'errocens 

the Spileld two-proton apparent triplet st 64.07 ppm coulld be 

assigned to the 2,5-posltlor. protons 1n tne aubstltuteo cgclo- 

pentadlenyi ring and tne connr'leid two prcton a,.p-zrent :rlslets 

at 64.50 ~~'11 could be assigned to j,+posltlon grocons. Tne 

electron Nithdrawal from the j,4->osltlona ,;ies interpretso in 

terms of a resonance eiiect between the trlmethglsilyl group 

'7 
ana the cyclopentaoienyl r;ngJ'. Proton q ultitjla pulse spectra 

of potidzrea samples oi fsrrocane were ricoroad at 90 I'Hz and 
17 

negative snleldlng anisocroples were obtaned for the protons". 

Severai ierrocenylsl.&yl- snd fcrrocsnylszgi-ketyls acre 

Generated from the corresponcing k&tones ana deuterloketones 

and tneir ESR spectra vr-_re recorded. The hyperr'ino splitting 

constants of benzoyiierrocene ketyl were a cGermined and electron 

dsnsitles were assigned to various sites In the molecule, 

Referencesp.288 
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Cooparisons of the g-values for benzophenone ketyl (2.00_54), 

benzoylferrocene !2.0062), and 2,2-dimethylpropanoyiferrocene 

(2.0126), comblnea with the proton hyperfine sp33ttings permitted 

a CllSCUSSiOfl Of Lhe interaction between tie free electron and 

the ferroc=nyl Croup 3% Electron delocalizatlon in the 

r'erracene 2nd rutkenocene sysc~ms was investigated by the 

suosiltutlon of s?ln lab51 system such as the semdlone, 

SirLLqulnonl, ketyL and raphthyl raalcal anlons Into the 

aetallocene. Delocallzation oi spin denslcy '#as shufin Lo 

be confined to the positions on the substituted cyclopenta- 

dlenyl ring ab~accni to the spin laoel. Frrrocene and 

rtii.henocene \lere uotii inefflclent in s_uln delocalizatlon e 35 

Hydrogen atoms xere gi-nerated 19 porous Vycor gia._s (RVG) 02: 

gama IrracQ.atlon ~ECI they were acteccea by ESR. Whin a 

Fartial monoiayer of ierrocer,e iyas priselt esseritially the 

sar?e ESH signal was oocalnea. tioliever UV lrradlatlon of 

ferrocens oq PVG ac 77O K gava spectra correspondlag to the 

cyclopentadisnyl radical, the cyclobutacienyl radical ion and 

tydro~;in stems_ Fk~osure of ferrocene on PVG to oxygen at 

25' C in the dark gave an 333 signal from ferrlcilllum 

super-oxide (4.5)3’i. A theoretical study was made of the 

magnetic resonance properties of thz lowest excited triplet 

state of ferrocene on the basis oi Lhs spllttlng of this 

orbitally degenerate state by the actlon of low symmetry 

pirturbatlon and of spin-orblt coupling. IL was concluoed 

that the lifetime of tks state was 210 
-6 and that a~ ESR 

signal should be observable 37. 

The low-temperature IR specr.ra oi ierrocene and ferrocene-g10 

VJere obtained as mUi& klr;h I&Jjol at i38’K. Room temperature 

and low temperature s=recLra .vere co2parea and some changes in 

the assignments of bands were q aae. The frequency of the 
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elu ring-metal-ring deformation r-ode ~13s corrected to 179 Cm 
-1 

33 
and the sFectrosco?lc entropy was recaiculated . The Haran 

Q 
0 

Fe 

6 
0 
4.4 

Q 0 
COCkf=CH 

Pti P Fe >-:<I + _ ice I 
6 

h 
v 0 

4.5 Lt.6 

spectra cji ferrocerhe-t310 Bnc -cl0 Berg lT~l~,‘J~St,i~it~d and 

the libratlonal modes oi these mole~ul~a wari ooservec near 

62 cm-l (-t1~0) and 40, 52 and 60 cm -I ('dlOL idc, lmjortant 

difierences were reported in tnis work " fron the ezrller 

assignments40j41S ir;,jtz and [avert have x!easurEd tk.6 IP 

ca.riror!yl stretchzng frequencies for Lha coorciln3tion canpounds 

(4.4; x = O-3 and ;a1 = Ho, aI) . The d+crEase in irqucncj of 

the At and E modes vrh~~cii occurred as the nuorj+r of ferrocenyl 

substltuents increasea v/as attributea to an incri5se In 6 

donation by the Perrocen~lFr,os~Jhlnec. ‘i!t.is WOE zonflrmea by 

Lhd oosarvatlon of alcular Lracds It-1 the EWi3 spectra of the 

compleXes (4.5; x =. O-j) and methyiols(dlmeth~lglgoximato)- 

(ferrocenylphosphlnejcobait (III). An increase In ferrocenyl 

substitution also lncrcec~a the steric rtiqulrements 01' the 

phosphlne L&and. Thus no ligana exchar1g.i <ias oba=rv~a 

between triferrocenylphosphlne and methylbis(dimsehylgiyoxlmato)- 

(pyrldlnejcobalt (III) while diierrocenylphenylphos?hlne and 

ferrocinyldlphenylphos?hine qwere act;lveiy excnanged. FIG? 

contact stufts were measured for the last ~tio phosphlncs and 

bls(acetylacetonato)nlckel (II). These resuits aemonsurated 

that spin density was not delocalized from the substltutid 

CyClopentadlenyl rln& to the ursubstltuted ring through the 
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iron aiom. More spin density sas dslocallaec into r;he phenyl 

g?oUFs than into thz ferrocenyl groups and this was Interpreted 

in ter38 of the lo:rer electron relaaslng povler ol‘ ine Fner.yl 

cnan of tne I'errocengl drouc. Cgcllc voltam~etry ol' ttx ligand 

FcPh2P ana the con,;lex (L.4; :C = 1, :I = I:O) dr2onstrattia a 

reverslblc, one-electron oxloatlon of th2 ferrocariyl group at 

+0.43 3110 +0.62V rcsoectivtily 42 . The IR and UV spectra for 

several vln:/l keconez (4.6 ant 4.7) nave been recorcic, tne 

compounds vi~re prE:pari-d by a canaz~+rc n?tiaoas 43_ 

'The IR sssctra of Perrocene in the _okd starve have Deen 

rl;corded in the temperaturi range l+jiJO°K; 9 phase change at 

160'r: xas lndlceted by large changes In th2 cpzc~ruc. Tne low 

teaizraturc ,Fsctra tier6 lqccrprcted In terms of 2 staggered 

colocul~ with synmetry bgdm 'The s?ectru I obtaned In m 

zr~un m=,trix at 15'K ,_howed a ?I-lllb&.r of auditlana banas 

CCrrEs~oRoing to k?actlvc zoacz ;.‘r ;hG ~soia~ea moi?ckLe- 

At hO"ic t%e 1'15crn91 rotation iroqucnzti: of Lhe cjciopentadien~l 

rlngz :ICG observed at 44 cm -1 and gavs a pot=;ntial -nircy 

oarriar to rotacrjn of 0.9 kc31 rxie -1 44 a The phase transltzon 

:r. crystelkne ferroc+ne was Invc!stls;,;erl oy lolloWing tne 

i?tSnSlty Cl?~~;% :JLL~ t&.!;eraiurl? 0f Lhe two ;nfrared absornti.on 

bxas, V16(E,,) aud Vq(AIG), a ssxlaL?d ;vx~n lnactlve moiecular 

modes. The results sug;,est.ed t!lac at 10:i temperatures there 

~as-x~ orderso latczcc with noncintroq-.~~ecrlc sztea. ThtZr-2 

was no aorupi cnsnge Ir! lntensicj a~ tha phase transltion and 

Lhls inalcated Und pfrs1st~nc~ of the -on tangerattire, short 

range, orirsr :nto the high temperature $~3se. The results 

Yidl'd consistent with a structure for the high tempernture 

phase In wttllcn r;here wvas a centrosytxetrlc lattice contaInin& 

a large number of staggered molecules 45. Ths vlbrational 

modes oi bls(n-cyclopentadlanyl)oetal complsxes were revii-wsd 
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and the selection rules for isrro c6ne ano ruthenoc*ne crystals 

were t;lven. Haman spectra at 80°K for these molecules V;6re 

resorteo togi thir with the ferroccne 10~1 frequent) spectrum 

rneasurea at 20, i35 and 180%. A campiratlvs azsignncnt 

of the molecular vibrations was mace and Tar beta ferroitne 

arid rtithznoceni the r’requancy of trre ring tilt node Tzl ::ss 

bLher tilsn that of tne metal-ring stretching modes 46 

The eiectronic spectra oi i5rrlclnlun saits in tne reziorr 

of the rjznd system L(zE,u+2K2g) ac about 16,~\;0 cm -1 have beer! 

st.laled uncer nis,h rsolui1or! a: iobr tcemparature (4.Z°K). 

Anal:rsls of tne vlbratlonal fins structure In the spectra of 

the aalLs [4.8; X- = PFij-, BF,- and (CCijC0,H)~-l,CC13C02-)J 

lnaichtid tnat tne i-xcitea state (‘E$u) ..irs Split in:o iS0 

r:ramars oour,i._ts arid ttie EZ&5itUGS 0:' Li!t s_plltc;ng b’l.25 a 

iunccior. c~f tt-.d 5:,~.3n. Corl_3hrisons o!’ stiveral ferriclnlum 

z-. 
=1u 

vlorzt2onal irtiquenciia b.itti the cor:espona~ng va~~a.3 for 

ground SCCL~ r”arr0c;r.c zugE;lfstea L!lat itie iron 42,. NC 4~ . . . jr 
oroltais :rere nlnlm3Lly lnvolvea in ct:e mttai-llgsnd b~;nrl:ng 47 . 

ma X;jssksuar spectra of ierroz~r~e, ferr2cinlun iluorotorate, 

i,l’-cib~nzoylferroc~ne and the salt (4.9:. :lir? recordid. 

The iaomerlc shifts .-~,a quatirl~Po1~ aplltt~n~s :~ere dsti~rmilriec 

ano It tias s’iobtin c1.3~ 0Gt.h :i:.2 iron stores lr tiis iluoroborate 

(4.9) ware eqtilvaient40. Tha dyneC: and SiructJrai 

characterlsc2cs of tn5 sm*ctzC phn~a of tn5 olacitylferrocane 

+ 4,~‘-di-n-heptyloxyazo~~Gen~en~ Z,ysLt37l idtire lr~V2ztigac.eci 

uczng IGssbauer spectroscopy 49 D Ferrozene, enrlcnca t~l t,i 57Fe 
, 

ha: been invzstlgateti by Miissbauer spectroscopy as a solurlon 

in cool+8t+ryl Tyrlstate l_iquld crystal. Changes In the 

orientation of the external magnatlc field denonskrtited, 

anlsotropy in tne maenatic jusceptibllity of tha hquid crystal 

Fkferences p. 288 



238 

Scbildcrout found that ferrocene was amenable to study 

1n the ion source of a mass spectrometer at high pressures 

(up co 1.5 x 10e2 ‘i’orr) and 4LlOOii. Hapld charge transfer 

between the cw3 fragnerlt ions Fz + and (C5H5)Fe+ and neutral 

ierrocene was ooservea ~i1t.h rate constants of 2.6 x 10 -' and 

2.4 x 10-9 cm3 moleculs -1 se+ respectively. The resctlons 

were exotherrmc for the grouna-state reactants. Formation 

of a stable brnuclear aciduct (C5ti5)3Fe2+ from ferrocene and 

(c5h5)'"+ .vas also observeo. The charge transfer reaction 

#lth (Cg-i5)“e+ ivas SiX tLmea fascir ttsr! aoduct formation. 

The rata constant:; for charge r;ran.sfer were about twice those 

predicted by polarization theory. The good agreement obtanea 

SdggeSLW that stt:ric and enzrr;atic bxriers to the reactions 

were miUma151. Phe ESCA (electron spsctroscpy for chemicai 

4.7 
.I 

4.a 4.9 4.10 

a~lysls) oithoci #as used to measure the lonlzatlon energy 

of the Fe-2pj12 level of ferrocene, l,l'-dibanzoylferrocene, 

alferrocenylme~hylium tetrafluoroborate (4.9) ana firricinium 

tetrafluoroborate. From the results obtained it appeeired 

thnt the t81Jo iron atoms In (4.9) had approximately the same 

ch~~;e ana that It aid not dlifer appreciably from that in 

ierrocene. Tne compounas studied all exhibIted a positive 

charge on the iron52. 

The knetics of hydrolysis for a series of Sciuff bases, 

(4.10; Ar = Ph,o(-naphttyl) and (4.11) was Investigated. 
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The rate deternlning step In hyaroiysis of the thieflyl CoDpleX 

(4.U) at ptt4 8~~9 thought to be attack of water on the cation 

(4.12). AL pHC4 the rate determinlng step involved the 

decomposition of ths zeittsrion (4.i3) to hive f?rrocenylamine 

and 2-thio?henecarbouaiuehyde 53_ Race constants fiere neasured 

4.11 4,i2 4-13 

for hydrogen-aeuterlum and hycrogen-trltium eXcIlhng:e of 

metallocenes and orgartic aromatic COapoUndS 19 We3COn-We~CO~-Me2S0 

The rates of exchange increased In tte orller ierrocene<cymantrene< 

dlph~nylnethane(triphenylmethane<nlck~~oC~n~ i'lith nlckelocene 

exchanging 5 x LO6 comes iaster ttan ferrocene 54. A tnermal 

conductlvlty manometer was used to daterrllne the enthalpy of 

sublimation for ierrocene; a value or‘ 17c7 2 0.4 kcal mole -1 

was obtained. This figure 1s In gooa agreement Nith othar 

hterature values which were obtslned using alternative 

technigues55. 

5. Reactions of ferrocene 

Temperature dependence of products and product proporclons 

VJELS found In the alkylstion of ferrocene with ethyl bromlae 

and alumniurn chloride with heptane as solvent ano Ir1 the 

_uresence of llthlum aluminlum hyorlde. At. 7o”, mono-, dl- 

sna trl-ethylferrocines were formed In the ratio 9:4:3. Below 

40° only mono- and di-a&y1 derivatives were obtaned; at 

30-40' the rat10 of mono- and dl-ethylierrocane was 7:5 with 

Referencrsp.288 



cz overall conversion of ./O-aOfl. The yield of akylated 

ferrocer.as 'HEX increased bJ using hishcr concentrations of 

alu~.~n~ua CRlorioc: and oy 1llghe-r L~RI~~~~LU~ES. Under the 

sz~t conci:ions and at 40 o ectyl~~rrocene underwent rjartlal 

olsprogrcio! atior. Lo iIz_rrocene ClO,,) and dlithyl~srrocene 

(lo;O)5'_ Tr.2 Frltidal Crafts acglatlon of isrrcccne v/iih 

cr.lorlaez or ;i~hJclrlUcS of ifL.i perii~orocar00xyllc aGi.iiS 

C,C'2n+:L '023 (a*.sre:! 97) In ch? ?r?sencs of aluninlua chlorldz 

cr-.d ir. oicfilorOX2LfiZne a3 solvlr,t,Gnvi cne corriJmndzng 

_G_r;luorolcyli~rroC~f~~~. ‘i’r~ess 'rezones .itir2 r=duced 

;', 1 L r-l ’ llcn~um aluylnluz hyarlde co Lke rs;CeCtLve alcohols 

and chara<;tiris?a ai such, tnag JZIB nuch leisras:tivk ihen ths 

roni1korinacid zelogues 57 . serr0pk.r.i carboxYlic acia tfaz 

:u_re_parzil 111 hymn yltild (>d&) by acylztlon of ferroctna 

alin o-chloroosn~o~lchloriae in the presence of alu,linium 

chlorlcie and hgorolysrs or' tiie ljroauct 82th potssslum-tarL- 

53 
-tiktox-ida in zo?o,;lyoe D Th+ treatment of ferrocene with 

~3 eq~rm~lar tixitcre or' ilLmu3i .slUTlniUm hyorlde ant alumniurn 

chloride tollo;vid by tnethjl cbloriai: gave decamithylferrocene 

ant nonel~tnylr"~rl.ocInz in 22;; anti ju;; yizlds r2spectively 55 . 

F2rrocsne 3~0 ngdrochlorlc acid In 3~ organic solvent r'rere 

i0Lr.a LO oe LIS~~~LI:. I'or ~t~e reaactiorr ol' the enedoins strucLure 

HZO:Ei=CECOR' (2.~. .q = R' = Fc; R = R' = Ph) to giva 

RCOCri2CH2COH'. Jhen tha reouctlon was complete the ferrocene 

Was reCO\rf?rSG qUallLltaLlV~~y try Lhi aaQlClon of ascorbic aclo 

am! sodiurr: Sisulpillte to the aqueous layer 59. 

6. Ferrlcini.lm salts 

Den~sovicb zqd Gubin have studled the reduction of 

ferrocenylmercury chloride, diiirroc*nylmercury and other 

organoFptallic compounds. Ferrccenylmercury chloride in 
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Yo;= dloxan YE& reuucea oy a two electron process to ferrOCeRe 

(E+ values -0.27 SIXI -1.84V). Electron-releasing and electron- 

-wlthdrawlng substltuents in the second cyclopsntaciien?l ring 

had little efiect on tna hair'-wave potenilais. Ciierrocenyl- 

mercury was reductd only with aifilculty by a tw electrljn 

Grocess to give ferrocene 60 . in a relate0 atuciy, the tlali- 

wave potent;alj for rhe aeconci UZ~B In thi polarograpnic 

ricuctlon of a series of or.ganomircury chloriaaa, incluoing 

firroccrylmirctirg chlorloe, cd'r6ri corralzll;sd with the pK --a valuas 

for trie parent 0r~anometaili.c compounas. Sinliar correlatl0ns 

were maoe ior a e.ot of sym.:etrbcal organon2rcury compounda ana 

3 set QfW-Ceriv>tiV~s of (sc-cyclspentadlen~l)Iron dictirbondfi, 

The a,:ropriete fsrrocene cumpouna (6.1 ano 6.2) :.as inciuded 

in eacll 35L. *The ri=uits sugg?stad that polarogra>hic 

reduction ui symmetrlcsl organomercury compounds and orda~o- 

~arcury sai_ts under controlled conaitions shouid enaoli the 

p5 3 vslueo for the resGecr;lve parent cccipounas to ba c5tSrrnlnx 

to ~5 acc'2racy of 23 1)k15 Units 61 D in an invtistisatior. of the 

aasorptlorr of thG ierruclrl~-~rrlcinium ctill?ie at an electrode, 

oac~llopoiarograos were recorded for [(7L-:5Hj)2Fe]+W4- In 

O.lir suiphurlc acid over a range of pot-rtials, Incraasing 

peak r,elght and width wss observr;d ~J~CII incriaslng potintiai 

end t'nrs ef<ect ..as ascribed to autolnhibltion. I4iasurema;.t s 

oi peg!! area demonstrated that lnhibltlon oi the rcauctiorr bsg3n 

Relenncrsp.esS 
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nth the t‘oraation of 1.7x10 -9 mole of ferrocsne per sq. cm. 

oi electrode surface. This corresponded to only a few mono- 

62 
layers of ferrocene on the electrode suriace . Results have 

also neen obtained xli;h the rapid and Tast polarographs: the 

laLt%r :fas iound to be more accurate than the foraer. Tast- 

polarogrzu~~~ were obcalnea over a range of drop times from 0.1 

to 4.0 SBC. As thi time was Incressed so the adsorption 

prewave increased as vreil as the current at the beginning of 

a basic wave, tne current decreased at potentials between 

-0.3 and l.OV. "he adsorption of ferrocene on the electrode 

causea the adsorption yeaavss and lnhblted thl current 

that iias dependent on the drop time. Good a,reement was 

ooLainsd between tne experlmcntal results 3~1~) the theoretical 

mode@. The reversibility of tne o?udation of ferrocene to 

tne ferrlcznlun ion In aqueous ethanol solutions has been 

examzned by the S.LD.!zB grtiup uszng alternat,ng CUrrBRZ pokxro- 

graphy. aotn active and reactive conponents of tqe a,c. 

vdere recordea by lsing a vector-polarograph CLA. The peak 

heights of the current-potential curves were proportional 

to ths concentration of ferroceco and acre 'nighest In 965: 

ethano164. The effects of concentration, temperature, surfacl 

ant and gelatin adcltives ana the height of the mercury column 

on the ferricinium-ferrocone reuox system were exmned tty 

classical polwography at a dronplng mercury electrode in an 

aqueous medium. The electrode process was confirmed as a 

one-electron stea which was coaticated by adsorption of the 

reduction products 65 on the suriace of the electrode _ 

Electrodes were prepared that consisted of the alkyl 

derivatives of ferrocene and the corresponding allkylferrl- 

clnium perchlorates (6.3). These electrodes were useful 

because of the very high rate of electron exchange between 
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ferrocene and its olutized form 66 . Polarography and electron 

transfer equlllbrla of some ferrocene containing polymers 

were studieci. The oxidution half-wave potentials of poly- 

vlnylferrocene (6.4) and almost completely cycllzed 

polydivlnylferrocene (.6.5) were slrmlar to those of ferrocene 

and [3]ferrocenophane respectively. in the polarograms of 

triferrocsnylbenzene (6.6) anti polyethynylferrocene only one 

oxidation ste!] was observed wnich suggested that the electronic 

interactlone between the ferrocene units was smali In r;hese 

comyounds67. Dlfflcultles were encountered In the polaroiraptvr 

Q 0 
Cii2CHz- 

Fe 

n 

b-4 

Q 0 
CHiCHr 

Fi 

-cH2 

P-5 
stuay of tni ferrocene-ferricinium sy ‘at 

FC Fc 

n 

b-6 

.tm In 3. wholly aqueous 

medium because of the low solublilty of the proauct ferrocene 

ana its consequent adsorptlon on the mercury surface. 

Aqueous ethanol was preferred a~ ths solvent. The dependence 

of the limiting current on the concentraclon of I'errocene wass 

deterdined and the change in the half-wave potential with the 

68 proportion of ethanol in the solvent .vas measurea D Ferrocene 

and bls(m-biphenyl)cn.romum bave been proposed as reference 

electroae systems ln non-aqueous solvents. T'na alffirence 

between their half-tiave potentials (1.2-1.3V), remans constant 

for a range of solvents ? 

Aly has investigated some reactions of ferricinium 

trichloroacecste. When treated with nitrite ion, an acid 

nitrite complex (6.7) was produced. The ferriciuum ion was 
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reducea by nyaroxlde or lodlde ion In Lne absence of o.VZen. 

;/ban Lba caLlon was treated ?dltn 8-hycroxyqulnollne both the 

cyclopentaolenyl Lo iron bonus 3er4 cleaveil and tna irOn (ill) 

complex ':das isolated 70. The electrolytxc reduction of 

ferrlciruum Lrichloroacetate In acid tias lnvestlgated. The 

reouctson potential cf the Cailcn das more negative than that 

of bydrogsr. evolution under the Same cond:c;ons. Polarization 

data su,-gasted that the eii2cl+ncy of reduction oi Lhe rerrlcinium 

catxon oacrensed 6t the lizcing current. The energy oi 

acLlvaLion fcr the raductlon va.rl?a between 13.7 and 5.7 kcal 

mole 
-1 

aapending C? the appiiec _oJtantial. The results 

indz.caLed tost thi rsducLlon oi Ltii ferr:cinium ion passed 

Fro3 a ~~neticallJ-controIled to a dxffuzion-concroiled process 

B 5 tni cathodic ?otintlal w's 1ncreas2a . .71 Liqula electron 

ion exchangers \reZ>XiteS :. _ 1 rs prepared In the reduced fern by 

02.l;solv~ng sYQlf~rroc*ne; ln (%O)-PC ana in ocLanoi, nonanol 
i 

and aecanol. Tne OXLC~ILZG form :las oociuned oy treatn2nt w1t.h 

~otasslum cilCklr0!3~Li- or by alsdolutlon of the corresponoing 

ferr;ciruuo perchlorates in an orgaruc solvent. Tne O:SOlZiflg 

potintlals oi cha redoxites :~eri aepenaent on the composition 

of the aqueous ph,lse . 72 Yacas &nc XcCleiiana have compared 

L'AO 1ndepanaen-L ml:Lcods ior Lhe esLimaLlon of hydronlu-r ion 

actlvlty (g*h+) 1.1 aqueous suipnurlc acid. Previous meLhods 

based on five different acldlt J scales and which referrea Lo 

Lha standard tetrxthylmonlua ion .rere comparea with a recent 

method zlhicb used a combined polarograpI=c-siass electrode 

approach, with nc llquld Junction, and employed the ferrocene- 

-ierrlcinium ion couple as reference electrode. Gooa agreement 

xas obtanea between the ttio approaches over a concentration 

ran,e of IO-7Oib suiphuric acid wnere lo& a* 
- H+ varied over 

about ten logarithrmc unitso It was concluded that usefui 



approximate valuss of hydronium ion activities carp be etcher 

measurea dlrzctly or estim2tec ana tnese ~111 be valuable 

In t'ne study of acid cntalyzaa reactions 73 . 

.+ 
n 

Q 0 

Fe 

3 

2!.02 

0 
6.7 

1 
*?rae reao/. pocentlal of ferrocene t/as oeasurec: in sblphurlc 

acid ana It 2s Icuna to be lnaependent of acic concencrztion 7% 

Air!?tlc SLUGLEJ p.ave oeen cssriad OUL on the ferrcc.:ni- 

-ierriclnlurv ion oiLla3tion-reducti0q 3:1SL;im. 'ix/r3 groLlrs of 

electron trspcCcr reacL:1ofis wdre _nvestlgaLeG; (1) Lt.5 

electron transfer Dit.Vfee*: the ovialkea and r3uceA ior or' 

dlffsrent ferrocene oerlv3Llves, and (2) cne oxzcaclon oi 

I'errocsna aer1vaL1ve.s by 3.ron (III). The Mzrcua relntlon 

for outer-spnere electron transfer xas users ~5 correlata the 

kanir.lc results and tnx snablacthe raLe constants to be 

calculated for the self-ezcnangi reaction beLa:/rzen eacn 

ierrocene compound and Its ozalzed iorm. The rates for 

the iron (III) oxidations Nerr3 1ozEr Lnan tile theoreclcal 

~;alues but a goId fit was obtsnea for r:he measured cross- 

-reaction rdte constants ior the ferrocene-ferrlcinium ion 

system based on the I~larcus relaclon ? Tne electrical 

conauctivlty isor;herms for ferricinlum perchlorate, sodium 

ferrocenylcarooxylate and the salt (6.8) were determined 

betvleen 15' and 45O. These ions obeyed the Walden-Pisarzhirahi 

rule In r;his temperature range 7% May eda and Ewd have 

exarmned tre an_rlllulatlon reaction between the ferrlcinium 

Refuencesp.288 
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radical catlon and the superoride radical anion. These two 

ion radicals were produced al tsrnately In the same electro- 

chermcal ~~11 by "u 1sFng the electrode potential between the 

oxiciatlon potenLla1 of ferrocene ano the reduction potential 

of oxygen. Homogeneous electron transfer between these radical 

lens gave ii-rrocene ar.d singlet oxygen 77. 

The electroc!lemical oxldatlon of ferrocene was studled in 

aimettoxyethane ana tetrahydrofuran. Standara poLentlals were 

obtznid as functions of sup_cortlng electrolyte concentrations 

and of the cilssoc.Latlon constants of the dissolved species. 

The scdqdua poLe2tl3l of tha I*rrocane-ferricrnium couple 

was calculated7*. The kclneLiCs oi homo&eneous oxidation of 

I'errocane by E-oenzoqulnone in the presence of nitric acid 

and hydrogen perovlde In ,;iater-meihanol mlvLures xere InvestlgaLed. 

,Pne oxidatxon by hydrogen pero.<lLe In tne presence oi sul>huric 

acid xas iound LO be sled and aucocatalytlc 79. Durzng 

cathodic reduction or nnodic oLdation the differences In 

density oi the reducec and orcdized species in the fcrrocene- 

-ierricinium system caused a con.fectzve flow near the electrodes 

ln taxed solvents. Tills resulsad in asymmetry of the 

polarization curves 50 . The blus solutions ootained from the 

oxidation of ierrocene bvere lnvesclgatea. The colour vias 

actrlbuted to thL; formation of a complex fzrrocene-ferricinium 

1:-r. FcHz+ In aqueous soluLlon. Y&low i'erriclnzum ion soluclons 

were prepared electroctemicaily in aqueous dlmiLQisulpho:ude 

and the addition or' ferrocene to Lhese solutions gave the blue 

ala*ric spsclec Fcii + 81 2 l 

r'errocene has been used In conjunction with a bright 

platinum electrode as .zn oxidation-reduction system In 

pentamethylphosphoric diamide as the solvent. T~CLS q rdlum 

Was similar in its electrochemical applications to hexamethyl- 
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phosphoric trlarmdes2. Lubach and Drenth have used a kinetic 

method to lnvestlgate tne oxidation oi ierrocene by molecular 

oxygen and hydrogen peroxide in aqueous aciolc ethanol. The 

rate ~2s found to be ilrst order in o::ygan and seconti oryer In 

ierrocene ana In aclo. The rsactlon product f1a.s the ferriclnium 

ionand hjorogen oeroxlde vies suggested as a reaction intermediate 

The ferriclnlum ion was slo.rly decomposed to u-on cations under 

the conditions usea 83 _ Aiy has sUggSSLid thai; reduction of 

ferricituum ion to ferroccne In the presence of loolde or 

hydroxide ta_P_es placa by al5ctron trar,sfer from the anion to 

Lhe ferrlci~um 10~. Raductlon VIX accocpanicd by ring-metal 

tond cleavage when it was carrlcd out in the presence of 2iLr 84 D 

Tne ability ol coualtocinc LO ior7, salr;c a2r.h trichloro- 

~CC-~LC acid and p~crlc acid was. compared to tllat of ierrocene. 

;'li L, :q. trichloroacetrc acla cobalcocene dnderldent an slmost 

inztantsneous reaction irilich took place it? the absence of 

oxygen to g3-ve the cobaltlcinluq ion V~~nlist the correa&ondlnS 

reaction v!ita ferrocene was relac:*Jely ~lovc ena caLal>Sed 

by oxygen. A slmiar eiiect i,ae obcsined :Iit.l p1-cric acid, 

the reaction v/lLri cooaltocene was fast tinilst ttl3t :iith 

ierroczne 863 relatlvell sloti 85_ Phe fsrroci-ne catalyzed 

autoxidation of j-hydrozybukan-2-one was studled 1n 50 ~01.:~ 

aqueous ethanol-perchloric acid. The rate determlnlng step 

equation (6a) was the acid catalyzed enollzatlon of the 

substrata. Subsequently, both theenoi form of the substrate 

and ferrocene were oxlulzed by oxygen equations (6b and 6c) 86. 
+ 

MeCOCfiOHMe LB MeC(OH)=C(Oii)Ple (6a) 

MeC(OH)=C(OH)Me + Fe(C,H ) 
:,52+- 

[MeCOC(OH)Mdf + Fe(C5H5)2 + H+ (6b) 

MeC(OH)=C(OH)Me + Fe(C il ) + O2 + H+_ 
552 

~4eCOC(OH)Me]- + Fe(C5H5)2+ + H202 (6~) 
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Ferrocone ticis oxl-zed to izrrzclnlum cetrachioroierrate by 

sulphur~l and srichloromethanesulphonyl chloride In benzene 

ac reflur: CeeperaLure. A free-radical msckanism was proposed 

;'lich atr;ac;c by cnlorlne radicals on ferrocene d7. 

AZI & initlo seli conslar;enr; field-line= combznation of 

ZL~CLZC orbitak-no lecular or3ltal calculation has bee? used 

to ootxn ttii- first loniktlun SotentSals oi ferrocene as the 

ciffsrence of the cotal energy for the neutral molecule arid 

Lilti poslC.iVe lofl. Tne conpuceo sequence of lonizatlon 

rocentials ifaz : 

‘;I’lC’l .5’as 1n gocd acr*ecienc wtn experrmental evldance. ThlS 

rizs dlfi'zrent Trot the sequenie of orbital energies for the 

srou_n.ci state of ths neutral coizcule ehxcil ~3s four.a to be: 

a,,(3a> < e 2.p-cP)- “zu (~-c!,)ve,u(6-Cp)Cs2g(3d)< elg(ti-~zp) 

- elu(7r-Cp,). 

7. Farroce-,yl CxcePlu~~ iO9S 

Privlous evlcence 01: ciie structbre of W-ierrocenyl- 

carbsnlur, ions 1136 Deen reasse63ca at-1~ iurtner PAR and 

G'dssoaucr studies have beer: reported. 'The PW resultr, 

:Jere for 2-substituted PerrocenylcarbEnlum eons and suggested 

that rotaclon Ol' zhe metFLylene carbon relative to the ring 

was restrlczid. The ferrocinylcarbenzum 1or: rshotiea a 

X~sab~ur-r isomer shirt or‘ 0.57 ~z/sac and qbadrupole 

splir;ting of 2.29 cun/sec. These observations and the NHI? 

results favoured the caroon _partlcipatlon model (7.1) rather 

:hs.n the resonance or diene-lron?r-complex models for the 
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carbenlwn 1on8'. The tso optlcaliy acclve forms (7.2) and 

(7.3) of Lhi l-fa_roc~nyl~Ln~lc~roenium ion .Vere f5rmSd ln 

aclulc solvents. fhe:e c:.~r~l LZC_GCS lnterconverted slowly 

OJ rotation around chc- ~xocycl~c bona. Tr,f ilrsc-order rata 

consLant for rhcl:tisatlon p!reS 6.32 .i 10 -5 s-1 1-l CF3C0 2 k_ at 

4o”. The aerlvso Lhermocynamic psrtimstsrs (dr? = d1.j kJ .m01 
-1 

, 

TAS = -22.2 kJ 17oi -i 1, 

to rotation arouna the 

tnat h&z bsen obtained 

Qd .c’ + 
:\ 

.,a.’ 
Fe 

0 0 

7.1 ia2 i-3 

Tile Pi-Id sFeci;ra of a s8rie3 of 0(-ierrocsn:,lc31‘~171u!1 li,ns 

vd hi c n i: e 1‘ e constrained by ttlrei and iour nemclerad c~.rbon 

Drla&e3, 'Here compared Nith the sgeccra of cations aer-ved 

i-rom 1,l’ -a~ethylferrocinc drnere slnilar SterLc ana alectrocc 

eifzcis ‘Here pre3ento 61 The rzjults’ appear?d to _upgart 

the beri cyclopentadienyi 6i;ruccur* (7.4) icjr the 

o(-ierrocenylcaroanlun ion f/nlch ,135 prspozld by Cals’2. 

The PIG? spectrum of tne cation (7. j) ::zc recoraea 

ana r;ns ring protcns cl- ar~c p- to the methyl substltuent 

in the C H Xe 
54 

ligand appsnred as t:Io equall:/ lntenae nuitipieLe. 

It was concluaed that the rotational irieoon of the c;clopenr;a- 

aianyl ring eras restrictea as a result of sL5rlc repulsion 

between the methyl substltuent and the bulky t-odtyl group 93_ 

Tnls was explained easily if it was assumed that the iulvene 

k&and was alstorted In the manner suggested by Gas g2 or 
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Gleiter (7.6)q4. The reaction of triferrocenylmethyl salts 

(anion = HCl - cr Cl0 
2 4-j 

with Grlgnard reagents, 

n-butyllittilu. or sodrum ethotide resulted In addiLlon of 

the nucleopkla to Lhe carbinlum carbon atom. For example 

n-crlrcyltitkum garde i3uC(F~)~ 95 . Seconaary ierrocenylcarbfnium 

Ions in CF..CO2H, 
3 

clere shovdn to under&o quantitaclve aouole-shlit 

rearrangements GO generace isozzric cerLlary carbenlum ions. 

For example, the carbinlun ion (7.7) gave the tertiary 

c&rbenlurzI ion (7.6)“. 

@~:I03 Q$,,; 
r-e 

6 
Fa 

0 6 0 

7.7 7-d 

The "C NXR spectra Here studled for Fc&R (i; = H, EIe 

and Ph). The chermcal siufts and the coupling constants 

suggested chat the high stability of tne carberuum Ions had 

its orl&;ln In the excenslve delocalizatlon of charge throughout 

the whole carbbn skslecon, with some sharing of the charge by 

the iron atom. Aiso a fulvene-like structure for the 

substlLuLea cyclopenGadleny1 ring Was lnisrred 97. Felnberg 

has compared the P:4R spectra oi Interannularly bridged 
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ferroc,nylcaroeniun ions with the ccrl'esgonalng non-brld&ed 

ferrocenylcarberxum ions. The simllarlty of the spectra 

suggested that Iran-rlnz si;lita tiera not invoivea In the 

Sta'billzation of the caroenium ions. 'Tttls sugge:jtion 812s 

SUppOrtsCi by the relative tner330ynzmlc Stabilities Of tfle 

arlaged aria non-bria,ea spi-sacs as measured oy the pKR+ vaiues 

in sulghurlc acid. The g-opirtles of the cerbenlu:-I ior!- v/61”f? 

93 crest interpreter3 In t,-rms Of ClZSSiCdl rezonanca staalilzation m 

iq 3c1a soiutlfin, ferrocerijlcsr5inols (7.4) are in equiliDrlum 

:;lth tt,e corres;ar,ding ~errocen~lcsrbenlur, lfins srrd t&s FK~ of 

tpl; ions (7.iO; R1 = fi’ = H; H1 = H, R2 = Lie; K1 = !i, R2 = ?!'I; 

Q 0 
Cd 

Fe ' 

Ri = S, R5 = Ic; kil = k2 = Fc) :rere dei;drwnea s>ectro- 

ghotometrlcallg. Thise ioils t..fre reauced on the rirop;lnz 

3ercur:; eleccroaa anu the mec~~an2hrn of the eixr;rode prociss 

was e.staDllshed oy elccLrolJsla ;/ith a cor.troliad potinclsl. 

A free radical :/as genera-,ea ln 3 one electron proc~az 3rL 
. 

this almerizea. For example chs rralcal FcCtfPh o,mer:zrd LO 

give tffo isomerlc l,E-diierro c~nyl-dlph~n_~lit::~f,~~ 99, 

is. Ferrocene chemstry 

(1) Photochemistry 

The photocnzuucal substltutlon of ferrocene In carLJn 

cecrachloride-et:lanol solution has bti%n examned my flash 

plotolysls. The lnltlal reaction procsids by ctixt-ge tr8efar 
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~:iClt~CiOn to &A.;-: a radical p&r (8.1) .end these combine 

;:1th tne ekmlnatlon of a proton to the trichloride (8.2). 

Lt'nanol solvoiyaed tills compound to iorm er.nyl ferrocenecarboxy- 

late. (0.3) in the aosezlce of ethanol the trlchloromethyl- 

I'srrocene (6.2:) decompose d to iron (III) chloride by a first 

lr)O 
or-er process . The groups -OCOEt, -OCOMe, -CiiO, -CH2Ph 

anr' I -CH2CH=CH2 ifere lntrouuced Into ferrocene In yielas oi 

d.i 6. 2 a-3 

2+sj:, 3; tcz 3V irraalation 0" ierrocene In caroon 

tetrac!lloride, alchioromethzurc, cnloroform, benzyl chloride 

or sllyioronide Fixed kafrlth 5th3irllJl. 'The reactions proceeded 

Lhrougn intkrTea:aLes l'or~lacl by :xcztaLlo'i 0: ierroci-ne- 

hals<enattd hyurscarbon charcl- I...-ins!'er complexes 101 . The 

SLzrn-Volmer constants for sev~rrl aroaatlc hydrocar3ons, 

incluolng ierroctne ,:.i;re dcterm:nea <or one r,hotolysls ol' 

p~lj(vinglphenyllietonc) In benzo-te saiutlon 102 D 

S01ut10na oi iormyi-, acstyl- and benzoylPerrocsne 

wire lrraalatec nt;n ulcrav2olzt lldht In tne presence ol‘ 

the hyorogsn oonors, 2-propsnol, tripnenyloechane, trlpnenyl- 

silane, Lrlchenyltln (TV) nycride and trl-n-butgltln (IV) hyaride 

Photoreduction to the corresponding alcohols ::'as observed only 

In the present= of the tin (IV) hydriaes and the quantum yields 

\rrcre io:r. ,rhen the r'errocenyl ketones acre irradiated in 

methanol II? tne absence of a reducing agenL rapla aecomposltion 

of the ferracenyi molecule occurrea 103 . Bozak ana Javaheripour 
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have observed the photocheuucal cieavaee of acyiferrocenes in 

Isopropanol-aqueous hydrochloric acic D The product oncnineo 

by irradiation UT benzoylferrocene, was benzoylcyclopentsaiene; 

it was isoiateo In 70;~ yi*lo, T'ne reactlor. prooably proceadeo 

tkrnugh cleavage oi tne protonatsd acyifsrrocene 104 . Photoiysls 

of 2-ftirrocenyl-l-(41-,methoxyphenyl)prop-l-ene In met’hanol 

EZA’, i the eth~-r,_ (3-L.) and (8.5). Irradiation Or' the 

ceutiratea propane E-'~~OC6H4CH=CHCD2Fc sIlotied that ttie ether 

(8.4) f~‘ras ior*?ed by a l,+tlydr~de transfer 105 s Ali, Coz 

and Kemp have reported further aetalls of tne phococceTlacrj 

of isrroccnyl xctones and ierrocen;icarbo.ylLc acid in polar 

107 solver!ts _ Formylferrocer,e, acetglferroccne, oenzoylierrocene 

ana other ketones w*re irradiated in LX’S, IjitF, %W’ an3 

tetrshyarothlochen oxlae; an intense purcie solution :raa 

obtained (at st!ort Qlavelengths) and the metailocene group 

was aecomposed. 'The primary rezctlon procuct from benzoyl- 

ferrocene was the salt (d-6) forred by aquatioq of the carbonyl 

group ana loss of the suostitutea cyclopentaalengl ring- 

Cyclopencadiene and ferrocen? vrere alao formed. Free raalcal 

scavengers bad no eifect on the reaction and confirmed its 

polar character. The polar solvent was effective In the 

promotion oi charge separation In the formation of the Salt 

(8.6). A similar photodegradation mechanism was proposed for 

106. 
ferrocenecarboxylic acid . 
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Ferrocene 

formulation of 

derivatives have been used as addiUves ln the 

decomposable plastic q aterlals [or usa In 

Q 0 
COPh 

pnceagLn&. The C!~CO.ZlpOSL~il~R unczer UV irradiation of 

polyethjlena conta:nirlg 1,1' -bis(4-chlorocinnsoyl)ierrocene 

..as controlled my tne acaltlorl of o~~zophenone or 4-(octyloxy)- 

benzopil;~one. Plast:c film contairllng Lhe ferrocene and 

'bsnzophenone dGr1ra:;ve.s tore aitrr exposure to sunlight for 

23 days ~hlle the control sw_sl5 required 35 days 
106 

. 

(ii) DZT~~AL.IV~S containing other matals (oetallolas) 

Fsrroc~njilickun, i,l ' -ai lLL:hiOfsrrocins 2'~l&Dk, 

isr:*ocenjll.ith.ium ‘~XEDA, ArId 2-11 .hlo [(dimethylanlno)methyl~- 

ferrocene were isolated as s0tiCl.j and characterized. They 

bvere all zixr-seFsitlvs ezcspt fer-ocenylllthlul xhlctl was a 

relativeiy air-stable solla. P?rrocanylllthiu:\ was ailonea 

t;r3 rznct ..lth cirromlul heuscarbonyl a-cd then with trimetbyl- 

oxonium tetraflucroborate to give tne ferrocenylcarbene 

complax (.3,7)1O9. kthioferrocsne md l-Lithio-2-chloroferrocene 

werz treated with b-C H )N1(PPhj)C1 to for.3 ths oinuclear 
55 

complexes (3.8; R = ii and 8.8; ii = Cl) respectlvily. The 

monosubstituted ierrocene p-duct bvas unstable and was attacked 

by mercury (II) chloride In situ. A- The product (8.8; R = Cl) 

was cleaved raPIdly by hydrochiorlc acid and mercury (II) 

c&!lorlde to forn the initial reagent (~-CgHs)oi(PPhj)Cl'~', 
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Q 0 
yipi) -, c 
P 

Fe 

6 0 

FerrocenylmeLhglcyaLnlae was llekatea <with n-butyllichium 

and conaensatlon of the lith~aiec lntermeciace p#iGh benzql 

chloride gave ~,o<-albenzylferroc;,nylmeitlyl cyenlue (8.9; 

'I = CR ) m The littratea lnt=zrmediate was also condensed vdltti 

methyl iodide, butyl bromide and 1,2-dichloroethsne to give 

the corrzsponain&0(-disubstltuted fcrrocenyimetryl cyanides. 

Xhen the ferrocenyl-cganlde (a-9; Y = Cii) .vBs treai:ed wvlth 

butyllittuum the cyarllde group vdas displeced ana on h:fcrolysis 

the corresponalng ferrocenylpropme (3.9; Y = 4) was rsolatad 11: 

Ths firrocene-sluminium compounc (d.10) nz~s been obtained by 

treatment of ferrocenemercurichloride rrith triflethyialuminiuy, 

it CJas characterized by X-rsy, mass spectrometrlc and .Mi3 

nethods112. 

LiLhiaaea ferrocenylacetylen~, FcCZCLl was condensed with 

trletnylchiorosliane and diathyldlchiorocll~ne to give the 

products FcCZXiEt3 ZUICI (FcCX)$iEt2 roz~ictxv~ly lrr yields 

of 68-g7+3. l-u-(Trimetk,ylsllyi)-2,+ferrocinoinaene 

(s-11) was prepared seiestlvelg from 2,j-ferrocenoinuenyllLthium 

and trimethylchlorosllane. Jhen the lndena (8.11) ~3s treated 

vrith excess n-butyllithiuVq folloVJed by hydrolysis it iaomerized 

to give 1-endo-(trimethglsilyij-2,j-ferrocenoindene (3.12). 

The ferrocenyl-indenes (8.il and 8.12) both underwent 

carbon-silicon bona cleavage when treated with two equivalents 

of iron (III) chloride In methanol to give the came product, 
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l-exo-3etno-~-2,~-~arroc~~no~r~~~n~ 114. A S8I-ltl?S 0; 

;~rrocenylnztb,~l derivatives of sillcsn zrd gerrnsnxua .~as 

?rrp7~-ed w!d these compoilflds undirzenc netnanolys1.s in tne 

presence of ferric ions to give ierroc~nglmlthyl metnyl etter 

(equatiorl 33). 

c'cc ct IY :&z 
2 2 

+ Z?eCl, 
2 

+ 2f:e03~FcCii2Of.le + 

R:~e2MOik + 2FeC12 + 2X1 (Ba) 

..1 = 5, ,Ge 

Ihi; results sugge~ced that 2 icrrlclnlum intsrmedlzte rlas iormea, 

GJ' o.udarlor, tile% cue i,POIi (III), 2'2~ tbls unciirceqt nucleophilrc 

ac.-,ack by o;r;nsnoL ai; Gl?e SiliCGn or gtrmsnlu-i. aLom 
115 . The 

methanolya1s of k-(tr~3ethylsii~L)oenzyl~iirrocine (8.13; 

&- = ?h) ad k-:;-ihyJ.-c+( irlrl;_tt,yl~-lyl)bcn?,J11ierrocene 

(3.13; ti = pilelZ6 rt if ) in the prtsance of iron (III) gave the 

correspontiing nstiyl atherc (d.lL; Ar = Ph and 8.14; Ax- =I 

p<&6k!4). zoxsver tr:~ acid calalysed methanolysis oi r;hese 

D<-tricethylsilyl cerlvatives in the presence of the 

correspondrng aGhsra sliorded i,2-alfsrrscer,~l-1,2-diaryl- 

5-15 d-14 8.15 
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115 
etknes (3.15) (equation 8b) D The mectlanlsm suggested r'or 

this resctlon Y/DC; as foilo~:J:rs : 

FcCh(Arl)Okls + li++FcCt!+Ar 1 + I4eOl-i 

FcCH(Ar2)SiMeL + FcCH+Ar' 
/ 

~FcfCH(Ar2)Si.;~lsj + Fcc!-Zrl 

Fc+Cd(Ar2)SIMaz + rIeO:++'FcEKAr 2 

'2 

+ ilejSIQcIE: + H+ 

FcCH&- + Fc&kr 4-(FcCHAr1)2 + (FcW2)2 

+ ?cCH(Ar')Cti(Ar2)k. 

blferrocenyltin dlcnloride <ias formed from di ferrocmyi- 

mercury 2nd tin (II) chlorlce, the riacclon .!as izcllltated b:! 

r,he use of strong12 coordrnst:ng ,-oivc-Its suet; as ThF. The 

compouna .ras stcirjie :n &ir but X~C cleavad to ierrocene on 

heatigb to Just above the melting point and FrotclJsl-s ':I%s 

observea In conce*:cra~zn hJdrochloric acid, The corresponolrlg 

tirl deriV;tlVe of ~:gmanLrene h&z. rapor'ed Fn thE: sa?.e i.rlcer 117* 

E4-xt-r and IVhiti nave preparra sever21 r~rr~_lcon~lmithglchosphlnes 

(6.16) tiy tns reactions of ph~nJ1pnospii~n_, oi~tsnglpiosphlne 

arr~ dl:3honyiphosph!ne o~.lde sith ai~~t~ijl~~~~lnomztnali~rr~c~n~ 

mit*rloaiae (equaeion tic). 'Y/hen a(-substituted Zerroc-nyil-Iethyl 

+ 

Q 0 
CH21:14e31- 0 I=H Pk1h2 i 

Fe + $R'PH 
H,O p 

Fe (8c) 

$ = R2 = PI?; 
R1 = !2, R2 = Ph. 

3.16 

alcohols ,:ere treated wlch phenylphosphzne and alphanylpklosphine, 

the pnosphine oahaved both as a nucleophil?, displacing the 

hydroxy group to give a (ferrocenylmechyl);hos;:hlne, and as 

a reducing agent to gi,Je the corresponding ierrocenylalkane 
118 

= 

The treatment of l,ll-allltkoferrocene with PhgPAuCl 

in tetrahydrofuran gave cne ierrocenyl-gold dfrivative (&_17) 
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:ri?~ch YJ.:~ ur,stable in aolutlon out srz’2le for several dags 

as a solidllg. Ferrocenyl(trlpnenylpnos:. -nlne)gold aas 

r;rear;ed .vii,h acetjl cnlorlue or CC13COCl to giv;: ferroct-ne, 

;Blierroctnll aaa PhjPkuC1. Triai;mlr,c .v1tn elsctrophiles such 

as (CLijC3)+i3F - &nd 02ii+DFL- alao 
4 

0” a ‘4. e ierrozene, uiferrocenyl 

2nd [&A: (Pri!~)AuPln-]SF4. 

elect_o-Inl_2 ild noc;)occtir 

Reglacecient of r;ne Gold OJ the 

-r" 1 120 0 Buargsr end lilurss have 

Q 0 
liuP?o_ 

3 Q 0 Ti(;jR-) 
r5 

A co?paratJvo s~uc!~ ~13s carrisd out ol the reacL1ons of 

L.30 ferroctin;l ciraene conpiaxes [(CO)5CrC(r'C)OK~2] and 

[(CO)gC'C(k)L.C4 1.J v;irh e>ch of r;tie olefins dlnechyi iumarate 

and l,l-~lph~nyle~rlylene. rile mec.no:r.y compouna g&tie Lhe 

CyCiOprCIpXL5 (d.ig) J!i*? heacea ::1crl tne ester DUG ~i11~h Lhz 

pnenyl-oleiin only smrung material v/as recoverea. Ynen the 

pjrrrolidio;l cozplev ;rJas heated In Bxcess of the ester the pentene 

derlvatlvl (6.2~) ASS ootainsd. TreL.tnact of the same complex 

rJ:rlth tna pnGnyi-olecln aiso gavs a penr;ene cierivatlve, 

PnzC=C~C(irCrd~!(~c>C~~C~h~ (8.21) as the major product. 

It was suggesteci -,hat Lhese results were not consistent wltl 
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tne part.iciratioL of a free cartene sFeclas Fc(X)C: 

6.19 da20 

l,l*dlbromoferroc~~ne cith cymantrenyi copper or sli'li-r in 

tk-,;i presence oi cop:,er (I) bromide gave the cyma.icrenyi 

Terra,-ene aerivatlde (d-22 and 8.23; R = Br). The Lreatmenr; 

oi (3.23; R = i3r) alth copper (II) acetate gave (5.23; 

R = OCOCHj) 2nd treatment *:.ith copper phthalitide f0110~1ea 

ferrocen;rlarwne (.? -23; R =. ,iri2)12J. 

The ferrocenylalcohol 

Q-Q”) _ Fe 

6 
2 

0 H 

ailron nonacarbonyl In benzene in Lhe presence of coppsr (Ii) 

sulphate. The ferrocenploutsd~ene iorxd NSS isolated as the 

iron trlcarbonyl comp1e.r. (3.25). ixomerizotlon of the alco~tol 

(8.24) Bas also oos-.rved LO gi-ie r;he ketone (a-26) 124 _ 

+ q9kj 

6 
0 6 0 
8.24 8.25 8.26 
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The reactzon of styrene-p,/3-92, pnethylstyreni-p,p-ci2 

ad o-methoxystyrene-B,P-~~ vrlth ferrocefiylpalladlum chloride 

(d-27) ;'ormed IR situ ?roz~ f~rroccnylmercurlzhlorlca and lithlill -- 

tetrachloropalladaLe, was stucilsd oy Kasahara and Izuti. 

Hydride skit occ~~rrcc: and the proposed n;achanlsn of addltlon 

Q 0 
CiJpPh 

I 
PaCi 

Fe 

D Pn 

Q 0 
CD=CDPh 

4 Fe 

cymantrene were pyrolysed ifi the presence oi silver poader 

to give cymantrenylferrocene together .:rlth the symmeGrlca1 
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coupling procucts biferroccne and bi(cyuantrene)i26. Eausch, 

Klemann and Kovar have given full experimental detalis for 

the preparation of (chloromercurlo)fdrrocene ano l,i'-bls- 

(ctiioromercurlo)ferrocene. Feprocene and mercury (Ii) 

acetate were heated in machsncl ;Ind the 1nterzea:stc acetate 

sas Ll-~-a~sc.i .dxth litk~~um cnloride. klternatlvely ierrocenz 

:V~S i;eaLea rr:t? so&urn acetate In netklmoi ana then a sulution 

of mercury (TI) chlorlae in mattianol ~dd.s aodea i27 . 

(111) ConLlexez of farrocene containing llgandc 

The treatment oi azstyl- and i,l’-di~cztyl-rirroC~n~ 

,xLtt1 tr-~ose~c arbazide gave tr.c sorreapswipi thlos~rmcarbazon~s 

n 

which rJith cop_ber (II) ace;.ate formed the copper complexes (6.26 

l&3 and 8.29) respectlvelj D The ligancs l- ano i,l'-d:-(i-phenyl- 

?ropsn-1,34ione)ferrocene :vere treatea v;ith ethanollc or 

acetone aoiuiions of UO2(frO_) 6f-i 0 32 2 to give tne uranium 

complexes (a.30 nnd 8.31) respective 129 
_y . 

H - 

8.31 

n 
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(1~) General cheuustry 

Cyclooentatiene was treated wltn soalum ano iron (Ii) 

chloride ln the presence of acrylonltrlle to give (i?-cyano- 

ethyl)fcrrocane in low yield together witn some bls(2- 

IjO -cyanoetiyl)fsrrocenes . The direct conversion of fulvenes 

to substltuteo ferrocsnes ,qas reported by Mueller-L'iesterhoff. 

6,6-~rs-clml~hyl~nofulvens V~ZI~ treated PJith iron (II) 

cnlclrlae ln cetranyarofuran to give the salt (3.32). AUialine 

hydrolysis of this intermediate (8.32) gave I,l'-ols(iJ,h-aimethyl 

131 carboxaade)ferrocene in r11gh ylelo . !Jnen benzenecyclo- 

pentadienyhron wea heated to 40 
0 . 

in tetrahydrofllran IL gave 

ierroc;_ne (51::): 2Cg~6FiCg~'S,(C5H~)ZFe t 2C6H6 + Fe. 

in a sialar manner naphthaienecyclopentadlanyllron .',a~ 

convertea to ferrocene13'. The glycidyiferrocene (8.33) 

3.3r 8.33 

:Yae formed by treatment oi l,l'bls(M-hydroxyethyl)ferrocene 

with soGlum anu then condenaatlon of tha sodio derlvntlve with 

epichlorohydrin. Diglycidyl oerlvatlves wire not formed In 

the rractlon. The epoxlde (8.53) has been homopoiymerlzed to 

give a proauct with a low heat resistance (40,~ loss in weight 

at 300' in air). Improved thermal properties rHere oht;uned 

when the polymer was crosslinked .vith either n-nhenylenediamj.ne - - 

or phthalic anhydrlcie. Phenol-formaldehyde resins have been 

hardened with r;he epoxide (8.33) to g:lve insoluole resins rvith 

tuugh heat resistance (&k loss In weight ac 300' in air) 133 . 
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The cychzatlon of acids FcCH2CKRCH2COZh (H = He, Ph) 

the isomeric ketones (8.34 and 8.35) and these ketones 

reduced to the corresponding cyclic alcohols and hycro- 

carbons1j4. The synthesis In high rleld of five i,l'-aichloro- 

2-farrocenylcgclopropanes was acnleveo by the aaalclon of 

cicnlorocarben~, generated by the phase crar,sfer method, TV the 

corresponding vlnylferrocanes. Dichlorocarbene was generated 

from chioroi'orm and aqueous sodium nydro:ude and benzyltrlethyl- 

ammonium chlorlda was ihe chase transfer catalyst. The mass 

spectra of tne fl\ri f~rracenglcyclopropanes :iere re;:orted; 

tne spectra virere relstivlly uncomplicatec and simliar to those 

of the corresponalng &enyl-cyclopropanes 135 . Eorsp2oi, 

Thomson and Sutherlana have repo:nted the prepsratlon of 

2,3-diPerroc*nyl-2,j-dlmethylbutane (9.75;) (8.36) by the 

treatment of 2-ferrucenylpropene Jditt nyarobromic acid and 

acetic acid foliowed oy zinc oust anu quenching vrlth water. 

A cuxture of ferrocene contalnlng proaucts was obtained and 

the required compouna was separatea by fractional crystalllzatlon ljl.5 

f%lethyl-+ferrocenyl-/%nyaroxybutyronltrile FcCtl=CHCMe(Oti)Cti2CI~ 

was treated with Fe3(C0)12 in benzene In the presence of copper 

(II) sulphate pentahydrate to give FcCii=CHCOl+z, FcCti=CEiCMe=ChCIi, 

FcCH=ChCMe=CHCt4Fe(C0)j and methyl cyar~lde137. 
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Ethyl- and l,l’-diethyl-ferrccene r’rere treated with 

tromlns ana save pentabromocyclopentsne and tetrabromoethyl- 

cycloperl tarre. The treetment of l,lf,~,~f-tetr~-~-butylferrocen~ 

rJith cr0mine afforoed ihe corresponding ierricinxca tribrormce 

in goca yield. Tni aanne ierrccenes r~hen trseted wzth an 

excess of lodins iorcced aaaucts :rnlch resenblea ferrlclnium 

saltal+ A by-prodL,ct from the &olyrecoqbinatlon rehCtlOn Ol’ 

ferrocece xqich :~ts regerded prevrously as a Lerferrocenyl has 

no:'l war. Idaqtlfied costively as Lrans-1,2-diferrocenylethylene 139 . 

Paushkln and Shavchti hcrvs reported the prepzracion oi the 

alciol-_ne (6.37; Fz = h) 3y Lr*eLqenl; of acecylferrocene wlch 

eihyline glycol lr_ one presanci: of ~-tolJenesulprLonic acic. 

Phe sdbstltutea dloxolar?e (8.37; i? = Cti,i;l) Nazi obtained b) 

the sazie ruuGt i.lLn eplchloronyarin as the reagent. The same 

riaLer!t '~~3s used with l,l'-aiaceLylferrocens to give the 

140 corrtissonding bis(dioxonalyl)ferrocane ,, A mlvture of the 

nclds (8.3~3; Ei = ;k) and (3.59; R = i&5) ~3s cychzed by 

Foiypnosphor~c ac:d to dive r;ni products (d.40 and a-41). 

Oi'ly tte ister (6.40; I? = .+a> ~1.3~ tibtalnea in the presence of 

trifluorosceLic Lcic anhyarlde. The alacIds (6.38; ii = '1) 

and (d-39; 8 = l-i! .verr3 cJcl2zea DY trl Pluoroacetrc acla 

anhydrlde to ,-z.ve the a?hyariai: (b.42) xhich under:rent 

reaxrsngemzqt in Lhf presence of aluminlum chlorlae io give 

the acia (d-40; ii = ,)141. 

6.37 5.38 8,59 

- \ / Q-e 0 
\ co+ 

Fle C02R 
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Fe 0 

6 
0 3 

0 

8.42 

'fanakawa and tisntcme hgve grepareo several i,l'-rjis- 

(o<-hyuroxyalkyl)ferrozcnes (8.43; k = H, de, Pr’, Ph) aa 

sipsratea ~ha17 by cryatslllzatlon ad cr!romstoyrayt~:/ into tile 

corresponu~ng meso and recemic Lsomers. CLS ard trans 1som2r3 

of the 7-oxa[3] ferroclnophanes (8.44; R = h, Me, Pr’, Ph) 

have also been prepared and cnaraccerized. Hins closure of 

the dlois (c-43) to the ferrocerophsnes (,3-G+) :1x achieved 

Gy sh%!ng a benzene soiutlor! of the alol q:/itb 2lr a~usous 

hyorochlorlc acid. The ferrocenophanes :IBP~ C~E~VBU '10 the 

corr;aponclng dlols by stlrrlng for five ds~s in bcnzt-ne 

solution vdlch acldzc alumina. 30th ring-closure ano -_lng- 

-o;;ening ri;actlwns p-ocaeded :v~tb market, bur not compieE6, 

SL~rSOSpE.CifiCJ_ty; meso- or erythro-ulol (E.I.+3)_-crans-*crier 

(8.r4) ant racemic or threo-al01 (8.Lj)Sg-ethar (8.44). 

A mechanism Involving an lncermediatt o<- l'-(o<-haL'ro..;~aL~yl)- 

ferrocenyi carbenium ion ::a~ proposed and was supporr;ed 03 th.2 

P&I spectra of the olols (3.47) ana the ethers (;?.+k) in 

142 trifluoroacetlc acid . The preparation of the benzoqulnollne 

(8.45) from l-ferrocenyi-l-buten-3-01 and 2-naphthyiamine In 

methyienechloride conta3nin:: aluminiun chloride has been 

reported 143. 
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0 Q--@ 0 O0 ;i 
Fe 

6 0 

A hussla~ p’-tent has asscrlaed ir-se pre+araLlon of the 

aJ?ylierrOccne (0.47) fro3 til? Cooper ;ICeGyliae (d.+G) and 

q-loaognen31 In ;JJridlnti 
IL4 

. Ascruc reported chat the 

8.46 0.47 

iarrocenylkalonea (c5.4d; 21 = i, ii2 = COiie OP Ph; 

!tfl = ,2 = COPk or ?h) unaer.vent couble beand exchange Jirlth 

mesltylene in ihe presence of z!.~~?lniun! chioride to give the 

alcation (8.49) 12 good ~'lelds- '45. The Lreatnenc oi 

Fe 

h 
0 fi2 

8.48 

2+ 

8.50 

fornylierrocene b:i.th I-la2C(GH)CI; In methanol, In the presence of 

potassium carbonate as the catalyst, gave FcCH(Oki)CN 146 . 
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The treatment of hcetylferrocene with tri(ethoxy)methana in 

the presence of pdrchlorlc acid gave 2,6-Ulfzrroc~nylFyryllum 

perchlorate III iliht: yield. This pyryllum salt vdas wansfor~eu 

to 2,6_clfsrrocsnylpyridine by hcatlng .rlth ammonium acetate 

in acetic acid. The condensaclon of ferrocinyllithium vith 

2,6-almethyl+-syrone gave 2,b-almetnyl+-ferrocenyi?yrJlium 

perchlorate after treatment fdlth perchloric acid. This salt 

.#as converted to 2,6-alnethyl+-ierrocenylpyrldini on trestm%nt 

:Jlth aquao~~s ammonia 147. The theroai decompositions of acetyl- 

and l,l'-diacetyi-ferrocene tdrere studled at 4aO-540 0 . The 

actlvatlon energies oi oecompositlor. were 41-d and 48.3 

kcal mole-l respectlvaly and cyclopentadlcne was found to 

lnnlblt the decomposition of the dlaubstltuted asrivative 148 D 

The heteroannularly suustltuted fnrrocsnes l,l'-diformyl- 

and l,il-dlacetyl-ferrocene and one nomoannularly substituted 

aerivatlve, 1,2-alior~ylf~rcoc~ne, <rer~ condensed successiuliy 

+flth botn allphatlc and arcrroatlc diamlnea. Tne structures 

of the polymerlzaLlon products rrere investigated anu c:~clic 

dimers were shown to be present ;n most of tne proaucr; mixtures 149 

l,l'-Dlacetylferrocsne and ethglenediamine were copolymerized in 

the presence of acid. The copolymer was heated to 250-j50° 

150 rrhen It thermally degraded . The cyclohexenones (2.4; 

R1 = S:', R2 = Pri; R1 = Fri, R2 = il) were obtained fron the 

corresponcing farrocenylbutyric acids by cycUzar;ion unaer 

Frledel-Crafts conaitlons. Each of I;he cyclohexenonis (2.4) 

b~as obcalned as the racemate nnich on reduction gave ttle 

respective eplmeric alcohols. The stereochermctry of each 

alcohol b+as assigned on the basis of its absorption spectra 151 . 

Snzoylferrocine pias treated with a preformed rmicure of 

f4e2C(OH)CZH + n-Buk to give 2-methyl-5-phenyl-5-ferrocenyl- 

-2,5-dihydroxy-+pentyne. It was noted that benzoylferrocens 
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l:Js unaffzctad bj ci-Grignard reat-;ents fornid irom acetylenic 

carblnols but It cilc conaepse YIlLh the corre=pondlng dl-lithluz 

152 derivatives . 

~~Lylfrrroc~nes (d-50; R = H, Cl, C02Ke, Cl,) veere 

reclA:e;d .riLh trlethylaila3e 1r1 Lrlfluoroac=tlc acid to give 

Lhe corzespcncing itnylferroceres in go00 yleioa. Tni rnte 

Oi the raactlon Increasea in chr; orair ti<C!.<CG2Sle and there 

was no eviaer~zf~ for inLersealate a1~0t101 iorTatlon 
1-33. 

E;byl_F(-amno+-ferroceno>lacrylaLe and ii-auosc.lcuLeo 

eL~yl-~-nnlno-~-ierrocenoglacrglntes v:~re prepa_r&c bg tEe 

1‘BBCilOn oi et9yl-c+hydro,~-f3-ferroc enoylacrylate (3.31) w~tvl 

a?'o?La srbd alkyd- an.a :x-yl-w7lnes rescectlvely. TaJconerlsm 

In Gfle5e moiecui~~a 3a.s Anvestlg3tec. The electron sltharawlnq 

caroet.50::yi group ana electron aor?atlpg ferrocbne nucleus 

CLL132Cl enol:sztlo:l ol^ ihs x+to group in the d-poslclon to give 

sirl;cture (6.51) rather than (d.52)154. Toma ana Sztisova 

Q 0 
Fe 

6 0 

.coc Q 0 
c=ciicoco 

AH 
2x 

r7e 

6 0 

8.21 d-52 

have reported thclr atteppta to prepare ferrocenylacetone. 

~2rroce~yloethyl-ol~~o~,~t~yl ketone (8.53; RH = Fi,), prepared 

02 treatoenr: ol' fzrrocenglacetyl chloride H;th diazoasthane 

In ethes was sheen ?Jltn hyariooic acid. The product (8.53; 

i? = ii) obcalneo In loa ylela (<l&), ‘was an air and 11ght 

sensltlve yellow 011. It uaz oxidized readily to ferrocaqyl- 

propanedlone. The Clasen condensation of fsrrocenylaceto- 

nltrile v.%Lh ethyl acetate gave the ketanelalne (8.54) and not 

the expected nltrile of 2-ferrocenylacetoacetic acid 155 ~ 
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? 
0 Cii2COCH2H 

Q 
0 

Ci32COCH=C=i;H 

Fe 

6 0 
8.53 d-54 

Q 0 
cit=cl-xli=c1 

Fe 

6 0 

a.55 

ti 

I R 

n 

Vittal and Domorovskll have described Lhe base-cacalyzca 

(1;o aqueous SOCI~I.I~~ hyoroxide) condensation of ~rrrocenezarbalde- 

hyde with acetsldehyde to give p-ferrocengiacryialaenyoe. 

Treatment of tnls product wltn the soclun reagenr. 

Ir.~C(E.tO)2P(O)C-IC02~~] gave tne buLadlene (d-55; n = 1; 

R = CO2Et) In 8& yiela wnlch vrlas bydrol~~ea to tnc free acid, 

Tne came rLactlor :ritn ;iac((tO);,P(O)C~:.r,OP~] +g &'I e tb.5 binzo?l 

derivative (o.5j; n = i; R = COPn) c4flllc treaZrlenL r:ltn 

[(~Lli)~P(O)Cn2]2e-C~~~ ann 5oc1um inetnoxi(.e in DtiF c;z-_j, tni- 

blnucl*ar product ($,.55; n = 2; h = J-J-C H ) z.n 46s; yisldi50. 
t, 4 

The treaLment of dlme~h;dam~nome~h~lfsrroc~r~~ matr:lodln+; 

r$itrl soalum nltrlte In ac.ztonltrlie gava j-ierrocinyi-:- 

-mcth~l-i,2,4-oxadla~o~e (d,5t; K = 14e) ar!d the same reaction 

in proplonitrile gave 3-ferrocenyl-5-etr,yl-l,2,!+-oxadiazo!e 

(8.56; R = Et)1570 Dlmethyla,~nomethyl~errocen~ methloalde 

aas heated vlth oenzlmldszole An alm.zthyiiormzmios tc give 

1-(firrocenylmethyl)benzimiaazoie. The CorressonGin; 

2-aikyibenzlrmoazoles were prepared slmllarly 158 ~ Good yields 
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of the exo and enco isomer- p of tne acline (d.58) vrertr; obtained 

by electrochermcal reduction of the oillme (8.57) at a mercury 

pool catnode. The endo isomer was the aomnant proauct as 

In the chemical reduction of tt;e orLme 159 . 

The relative reactlvltles of hydrazine and substituted 

hjdrazlnes with ferrocenyl-aldehydes and -ketones have been 

determined. i'iith fornylferrocene, unsymmetrical dimethyl- and 

dlethyl-hydrazine each gave the correspondzng hydrazone whilst 

with kydrazlne the azine (8.59) NBS formed. Acetylfarrocene 

was inert to substliuted hydraz;nls and gave the corresponcl.lg 

a2zn.z ;:lth hydraz:ne160. A series of ferrocenylhgoroxarmc 

atlas v//as preparec by creating esters, chlorides or anhydrides 

of ferrocsnylatipktic aczds viir;? hJdroxylamine 161 . Y/hen 

ferrocenglacstonltrile ~18s treated with two equivalents of 

Iron (III) cblorlde LR alcohol at room temperature o(-msthoxy- 

-ierrocsnylaceton;trsle has obtained together with a trace of 

methyl ferrocenecarboxyiate. 

FcCh2Cli + 2FeCi3 
P" 

+ EiOE~FcCnCI~ + 2FeCl 
2 

+ 2HCl 

H = Me, E;t, ti 

A q echalusm was proposed for this reaction 1n terms of 

electron transfer processes that involved substituted 

ferrlcllllum ion intermealates 162 . CycLzatioh of l,l'-bis- 

(2-cyanoethyljferrocene with ethylanlline ln ether gave the 

[5] ferrocenophane (8.60) In 50% yield 163_ 
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Rockett and Peet reported that substltutea l-cyanomschyl- 

-&hydroxymethylferrocenes, in the presence of cyanide ion, 

were converted into the correspondlrg amide while at the sane 

time thz hydroxy-group was displaced by cyanide. For example) 

in non-aqueous media the nitrile (8.61) was convertea into thi; 

armae (8.62) o It was suggested that the hydrolysis of the 

nltriie was assisted by intramoleculz adaitlon of the hydrony- 

-group to the carbon-nitroger bond follo:.ed by attack of the 

cyanide zon on the dlaryl-suostltuted carbon atou in the 

lntermetiate oxonium speciea (3.63)164. l,l'-aish(cyanoacetyl)- 

JH 

CH2CN CH2COiiH2 

Fe Fe Fi 

8.61 8.62 2.63 

ferrocene ~a.5 raaucsd oy sodium borohydride to the corresponoing 

diol which was dehydrated ::ith phosphorus oxychlorioe to gl'~e 

cis_, cis-, trans, trans- ana *, trans -l,l'-bis(f3-cyano*Jinyl)- 

ferrocene 165. A series of ferrocenyl-isothiocysnates (8.64; 

x =ci-, d, C%CH2 I pC6H4, E-C~H~, ~-c~H,ch=CK0) dere prepsred by 

treating the corrazpondlng ferrocenyl-au&nes with thiophosgene 166 . 

The lunetlcs and orientation of acid D-H exchange ol' 

ferrocenylcarboxylic acid q etnyl ester arrd ferrocenylphenyl- 

sulphone were determined. For the methyl ester, exchange In 

the unsubstituted cyclopentadienyl ring occurred three times 

as fast as exchange in the substituted ring whilst In the 

sulphone tbs exchange was ten times as fast 167 . 

M-Etbylferrocenecarboxamide (8.65) was metallated with 

1.5 equivalents of n-butyllithium and condensed with electrophiles 
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to @ve the corresponulng Z-suostltuted ,:~thyl-li-mzr;hylizrrilcene- 

carboxamides. For example condensaclon ,vitn dlmethylsuiphate 

save Z-nechyl-i~-ithyl-li-me;hgl’erroce~~~~~o~~~d~ (2.66) 
168. 

The rate of aostractiorl of lodlne by ?tEnyl radicals from 

iodoferrocsne <das investigated. Ioaoferrocene has shoHn to be 

Q 0 X*CS 

Fe 

6 0 

.4e 

COKLleEt 

r's 

Sli&!lZlj 2~~5 reacti-rs to r;he rJkrny!. radical thsn lodoheszsne. 

ic viais. thought tnat the iran atom :VBS involved in the honolytic 

abstractlo gmce3s 169 . The f,rst pernslo and ou:dacivily 

Ci 

Cl Q 0 
Ci 

Cl 1 
i4 

Cl Cl 

Cl 0 0 Cl 
Cl 

d.67 

stable q atallocene, dzcachloroierrocene (23.67; M = Fe), W'S 

prepared from 1,l' -dlchloroferrocene by repeated q etallation 

hiti n-butyljithium and condensation with hexscnloroetnane. 

When no attempt was made to purify the lntermedlates from each 

reactlon, ilve Ilchiation-chlorination reactlons gave a 42;; 

ovarall yield of (8.67; I4 = Fe). When ruthenocene bvas lithiated 

and chlorinated seven times a 14<' P yield of the perhalo-derivative 

(8.67; i-1 = Hu) bvas obtained. The perhalo metallocanes (8.67; 

k! = Fe, Hu) underwent heteroannular dlllthlation on reactlon with 
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n-butylllthoum and direct nucleophiiic substltuti0n 0n 

reaction \'~ith sodium necho.<lae 170 o 

9. Bife?rocohas ferrocenochanea ana anneiated ii;rrocenes 

Siferrocine, difarroc~cylaeti!ane, diferrocenaietnane 

and [l, ij ferroc~nopnane i’lZrB each diprotonatid In dF.-ilzO. 
ZJ 

Tne ierroceno>han? rapldiy tili5lnated hyorogen to dive the 

al fsrrlclnlum eon, the ~h.ree slndly brldgea ferrocenes :rtir2 

oxiulzad slowly, even In the aosence of j;Lr i71 D TrentySnt 

oi the fcrroccnylgold complex (3.i; h = r.LIPPhj) :rJ_th Dt‘Orllr-1% 

13 dichloromethane have a i:ll:<ture of ~na meso iorn oi the 

Giierr0cEngi (9.2) an0 thi oroao~irrocinti (9.1; i? = al?>. 

d sinllar reaction was observed :.hin thi reagent ::as ciilorin~ i7i a 

Tha Idossnauer spv:ctrum oi blf=rroccnJlcne (II, Iii) 

picraii (3.5; .C = picrate) snowl;O only one, quaarupole split, 

absorption e.no suc;geated that only a single type Gi iron atom 

was ,-resent In Lhe molecule; ESCk results 3upporiea t;11xs 

suggestion. 'Ttlc rocm-temF.2rature magnetic momen: (i.62 13~1) 

was close to r;he spin-only value of i-73 31 ,zrIa contrnzLed WitI? 

the valuss for ferriciniuq com!~lexes snd 01 ferrocene (I, III) 

plcrace (2.3-2.6 EM). A r'ractlonal o:ilaacion state for eacn 

of tha Iron atoms eras therefore lndlcatec 173 . 1,l' -Biierroccny- 

lcne aas preparea in improved yiela by coupllrig l,l'-Jibromo- 

ferrocene In bi;ihenjl with a copper broaza catalyst. ORlilation 

of 1,l' -biferrocinylane vrlth benzcquinone :n tk,e prasance of 

plcrlc acid gave the ferricinlum sz>t (4.5; X = picratc) while 

the salt r9.j; X = (TCiiQ)2] was obtalned by o:<:dation tiltn 

tetracyano-z-quinodicekhane (TCNQ). For the mixed vsli;nce 

ealts a near Ii? transiclon .ras observed at 1500 nm. which was 

assigned LO an Intramolecular intervalence exchange. Comparison 

of blferrocsnylene with biferrocene suggtsted that there was a 
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c ti2Li .9e2 

Q 
0 

Fc 

Fe 

greater geometrical change or. partial orddation or' the former 

com_30und tam the latter174. k net/ route co l,i’-mierrocenp 

9.5 5.4 

lene was reported froo dllithiu fulvalene. The 1_1thiuum salt 

Nas condensed witn iron (II) chlorlae to give blferrocenyiene 

togetner Nitti polyferrocenylenes (9.4; n = 0, 1, 2 . . . . 1. 

The salx [Voj; X = picrate, ('_'v:~JQ)~-, BF+-j were rjrepared ar.a 

lnvestlgated in a s?_milar manner to Lhat alescrlbea above 175 . . 

It vdas also found that the room temperature bulk conauctlvlty 

@Ch2LCti& qgcii2LcH2g 
0 CH,LCti 0 2 

9.5 9.6 

of c9.j; x = (TCIiQ)2-J was greater than lQR'lcm'l l75. 
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Katz, Acton and ;brt;n have reported their attempts to 

prepare metallocene polymers oy treatment of llgands naving tno 

linksci cgclopentadienyl groug s vrlth transiclon metal halldee. 

I'ne dlanlons (9.5; i = C5C and CFi=CH) <were stlrrid air;n iron 

(II) chloriae or hexamnineiron (II) thiosul?rlate in alethyl 

ether. Dimeric products (9.6; L = CSC and CH=CH) via-s obtained 

In each case, no polymers p/are iormea. Furtner detail; of 

tne syntheals of the cyclic oligomers, [l"] fcrrocenopnsnes, 

were given 176 a Ths RIZLSS spectrs of Len <errocenophanez snd 

Len ferrocenophenones ydere reccrded and for all the cornPounds 

the molecular ion was the base peti D The spectra lnalcntea 

tnat the uoncis joining brlagea to the l'erroceqe nucielrs 

reslsced cleavage 177. A mass spsctromewlc stuoy of a series 

of ferrocenophanes was made oy Carroll, Fflug ana :iLnctead. 

The ferrocenophanes bvert- Z,j'-, 2,4'-, 2,5'-, 3,4'- anu 3,4- 

-ciiacetyl[3]ferrocznophnne and the molecular ion was the base 

peak in these five compounds. Fragment 30138 witkl relEt.lve 

lntenslties greaLer tnan 10 percent only occurred or! the 

ferrocenophanes ttlar; hacl an acecyl group in the position aipha 

to the methylene brldge17a. 

9.7 9.8 9.9 9.10 

The reaction of acryloyl chloride with ierrocene in 

methylene chloride at -78’ in the presence of aluounium 

chloride gave [jlierrocenophan-l-one in good yiela. Nhen 
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c.rie ~&rIe re;aCLiOn was carried OUG ac hisher temperatur%s .so!nt 

propanoylierrocene .,as also formed 173. kisatcme and Yamakawa 

have observed the lntriirnoleculnr cycllzst~on oi l,l’-bls- 

-(@-hydrox;ylaopropyl)ierrocene (4.7) unaer acia condlc2on.s to give 

a 3ixture oi [+]ferrocena;ranes (9.a dr?a 9.9). At low acid 

strengt;,, jI-i hydroc:liorii acll~ 1'1 benzene, only the 

ierroc6no;xine (9.9) xas oataxea LogeLr!er aitn the vln~lferroccfie 

(9.10) whslle .r~tt~ 6X nydroct.lorlc acid .~otr. cyclic products 

(s.8 ant 9,9) tier5 formed. Unusr reducing Condl:ions, 31.1 

nJdrOchiOrlC SCiC ant ascorbic ircic, ti!e sole ,roduct .qas th? 

vln,:lialroce7c (9.10). .Jh.en ox;)'&+:. 6as ourjblcd c~~rou~r! L:IG 

L.-id SOlUtiOIl Oi the ~101 (9.7) tnen the 143 ierrocer~o~‘lc?ric-s 

(9.6 da 9.5) :.erz iorzzd In io*; ,,zelds (35; each) and no 

other groauccs wir2 isolated. Staole o(-iirrocenylcarbenium 

eons ::ere LJIVJ'~& as intermecls;;a in r;hesz ;ransforgatlons 180. 

Ph 

IX1 

Ph 

?h 

Q- 0 
I 
-OH 

‘s h) + 

0 Ori 

>h 

Ph 

Ph 

Ph 

Ph 

9.14 9.i> ‘b 
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:'ltian i cenzene solution of the cloi (g-11) .as ctlrrea rril.h 7~I 

hydrochlorzc ac~d,a nl.iture cjf tIle[4]ferrocenophallcs (9.12-9.i5) 

::as oota~r:txi. The ax01 (9.12) ,135 dchgdrstea llith e-roluene- 

sulphonic acid to the butadiene (g,lj) and the peroxide (g-14) 

rearranged oh alumna Co the! gheno<:ti-ecna5- (9.15). Rauuction 

oi the pfroxide (9.14) vditk. lithiun oluminiu:.l hldrlae Gave the 

dlol (9.12). Frum these rehctlons the authors concluslod :bit 

the flrat-iorsea prouuct in thz ~~10 c2~213zaa cjcllzstxon .ras 

tn.2 peroxide 2nd LiliS aas aubsiqJantly con,Jerted to tni ocner 

Perroc5nopnanes (9.12, g.i3 and 9.15) Id1 D 

Tome ;;r.d Sal:sova have dascrlbed routes to a number of 

[j]-,[4]- orLa[7]-firrocenophanas using inzernai Lbchiel 

Cii Gil 

Q 
I 0 C=CH Cl 4 0 c3,c lyot 1x2 

,De Fe 

COXE: CcICH=CtJ 
9.16 9.17 g.13 

g-& aci@ 
9.:9 4.20 9.21 

aodltion. Ti1e[4)fer=rocenophane (9.17) was prepared oy 

condensation of ferroceneacetonitrlle with &-chlorobenzaldenyde 

to form 2-ferrocenyl-+(z-chloropbcnyl)acrylon~trxle. Frledsl 



Crafts acylation ol" this nitrlle gave the acetylferrocene 

(9.16) w!iich cyclized saoothly ad in high yieiU to the prOdUCt 

(9.17). 'zreatmenr, of tae dlketone (9.18) :rith sodium hydroxide 

in ethmol gavz the [7]ferrocenophane (9.13) in good Jieid; 

the di!istone was iormcd by condensation oi pCt!lOrOClWmIOYl 

crloride wli ;.I j-oxooutylferroc?ne 182. Tns 3cq.z aut lors report 

the lncroauction of one g-pheeylene group and two g- or 

2-phenylene Croups oetween the r'errocene group and a ilve- 

-membered orldge in ierrocenophznes. The [8] ferrocenophane 

(Y.2U) sias iormed uy internal &chael adaition ot' a precursor 

sloilar LO iihose used to form the bilagzc: !<etonss ('3.17 aEa 9.19) 

Conaensaclon or' g-cnlorobenzaldehyde with l,l'-bls(&-acetyl- 

phenyi)ierroccne in the pres6nc= oi bars gave the ierroceno- 

phsne (Y.2#? 

lc1. Ferroczns conta2nin;y polymirs 

iorkoulslu has discussed the synthesis of ferrocene 

containing polymers and the mecnonisms of polymer formation. 

Possiole applicaclons oi ferroceni polymers wet-c: suggested, 

Lhe=;e were as electron exctiange resins, as polymers ,vlth 

Lpi-cial aagnaclc and slectrical propertzes and as components 

in systems ior the cold curing oi unsaturated polyester 

resins ldlt_ The polymerlzatlon ,~f vinyl- and echynyl-ferrocene 

was .sr;udled In the presence or' a variety or' inlL;laGors and 

cata.lysts. Ethb nflierrocene was polymerized with iauroyl 

peroxlae ana trii,sopropylooron as radical inltlators and bvvlth 

substltucea phospiune-transltlon metal complexes as catalysts. 

Vlnylierrocene \\as polynerlzed in the presents of soluble 

Z1ezi.e,_ catalysts. The thernal and electrIca properties or' 

185 the polymers were investigated . Polymerization or' vinyl- 

ferrocene in benzene with azobisisobutyrorutrzle (AiaN) as the 
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lnltlator &av* small yields of low-dlsperslty lo'.'/ mOleCLtk%r 

weight. (5000) polyvlnylferrocene (10.1). Flehsr 2ialds xere 

obtanea by cotltinuous or mulczple hoclition of kIti VJhiie nl&h 

molecular weight polymers and blnodal polymers .~leri: formed 

when bugher concentrations of monomer were used. ELllk 

polymerization allov;ea yields or' I?% to be riallzeu, the 

molecular height and the proportion of lnsoluole polymer 

increased with a decrease in LemperatLre from 80° to 60". 

The soluble polymer ;/as often olnooal rrith branching In the 

nigh molecular wrelghc node. Ttle iow molecular height polymer 

NBS fractionsted readily from benzene-methanoi mixcuris i86 s 

The kinetics of the free radical polymerization of 

vlnjlferroc=zne aJer-8 investigated. The restilts suggestea 

that the termination reaction oas q ononolecular zna InLra- 

molecular. It xas propossd tr-at In the ti-ruunatxon rezctlon 

an electron was transierrea from ths iron atom to the golymir 

chain radicai and this deactlvateo the radical ant list an 

unpairea electron in the ierrocene nlrcleus. This proposal 

*ias supported by the Mb'ssbauer and LSH spectra of the polyner 

which conr'lrnad the presence of unpaired eiectrons i87 D Tne 

homopolymerlzatlon of l-ferroc~nyl-l,~-butadiene and r;he 

copolymerlzation of this monomer .rlr;h styrsni have bsen 

exarmnea. The polymerizations ciere carried out In the presence 

of azodllsooutyronitrile and ?or the stgrene-ferrocenyibutadiene 

system the average molecular uri;lght ranged from 13iiO LO 1950 IL38 . 

Ponaer and l&rnhlll have cescrlbed the appilcation oi ferrocenyi- 

butaaiene as a monomer for the Greparation of tlomo- and co- 

-polymers vrbictLere used as binders In solid propellants. The 

butacilene was s)nthesised from ferrocenecarbaldehyae and 

allyllithium In THF which gave 1-ferrocenyl-j-buten-l-01 and 

this was dehydratea to the procuct on alumina at 155O lgg. 
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The bulk polyfserizatlon of ferrocenylacetylene in the 

presence oi 10;~ by ;iels’it of alspersed sodium at temperatures 

above l>O" have a polymer (iO5.5) of molecular i.eight 1700 

:t:,lch zas go-450 soiuale. An anlo_-.ic mechanism for the 

poly2,:*zzation xas proposed. Other met:lods for the poly- 

merizatzon oi f~rroc~nylsc:t_/l~n~, thi: structures of the 

products ootained z_:d tne mechsnlsms oi polynerization tfere 

re'Jle;niec briefly 190 . $errocCnylacetyiene was copolymerlzea 

* 
0 
10.1 

FC 

FC -a 
Fc 

10.5 

xtI! lsobutylene In the presence .ui boron trifluorlde at 

-20 to -lOO" ~3 sivs a copolgmar of 5ol~cula.r ..eigf!i 29000-39000 

i'r;.~ yleid of the _colymzr lncreast?d as tha temperature N%S 

io:rered irom -2.0 to -70° but deci*easeo if tne ien?erature was 

lowered lurthar131. &s&i hrlr. Fittcnnen have relnvsstzgsted 

tri.2 reactlot of aceL2lierroczne \rlth triethyiortDoior&te under 

acia conoitloris. in conr;rasr; GIJ tne eariler report b$ Schliigl 

2nd .So~L:up~~~ the dlucric ketone (i0.2) :'/.zs fauna to be the 

aominarrt procuct and the cyclic zrimer (10.3) iVas formed In 

onlj iol~ yield. Cataiysls or' ths reaction ,~ith E-toluene- 

sulphonic acid rather than dry hydrogen cfiiorlde led to a 

compiex mixture oi products Including ethyl ferrocenoate and low 

molecuiar weieht polyvinylferrocene. Mechanistic schemes 

~nvolvlng dkierrocenylcarbenlum ions were dlscussed 193. 

Polymers were prepared In rugh yleia by the reaction ol 

fsrrocene with aldehydes or ketones in the presence of a 



Levii: acia usln:; an aprotlc, poiar solvant with a oipole 

q oment>/0.5D. For exampla, ferroceqs cdraz treated .rit.l 

benzalaehyce In dimeth:{lt'ormznl~.:e 1~1 tne presence of 1ror1 (SIi) 

chloride to ZLve a ~enzal~ih$de-;ttrocene \:opoiymer 144a 

Tne effects of r-1actlorl CJrlClitLOr!S on tns ?ro~~-,t~ 3r.d 

yielci;j II! the copolL;merxatlon of ett_/r:ylferrocf_ns <litn laoprene 

rave been studleo In ths pre-_ence of i3u'.kl-I;lC1 
2 4 

as cr;tai_jsr.. 

hL a catalyst conczntratlon of 2;~ poiylsopreni ,453 forned rihsle 

a con:=ntration Or'>3iJ;~ c&LaljsL was rF;yui:50 to form tr.e 

copolgmer (10.4). Poljrozrs (10.5 and 10.5) from e~h:~?:;l~!'errocene 

JJere ala0 outainea. Tire rjnyarcal prop2rti36 of the poiyn5ric 

.1Y5_ proaucts viere GL~CLIBB~Q kgarc, k fla r. u s and Plttmsn rave 

ciipdxc z 

I Y 

polyyIzrlzeci ierrocenyimethgl nethacrylate (10.7; R = !i ) 7.1 t i? 

malelc snnydriae, acr:dlonltrlle ana ~-virLyi-2-pyrrol~o:n~ in 

ter_zenr or benzene-ethyl aceLate soluilon rich hIdi 4s the 

inlt.,laLor to give high yields of copolymers. F~rrocr:nylz~thyl 

acrylate (10.7; k = He) was copoiymerlzed .iti msiric Ernyarlde 

under the same cono;tlons. #Jltn a range oi 9i.i co3onomere, the 

acrylates (10.7) ex.ibltea iower reiatlve re-acc:vLty ratioa 

(r 
1 
) ana nl,her vaiues of r 2 than the corr~ssonalng co~oly- 

merizatlons with metnyl acrylate or methyl methacrylate. In 

adaltion, the lorr Q values obtained COT tve monomers (10,7; 

H = i-i), 0.03-0.11 and (10.7; R = I&), 0.06-O.ij, conpared 

with the values for methyl acrylate (0.46) and methyl mithacrglate 
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(0.741, confirmed that the ferrocrnyl-acrylates (10.7) .vere less 

.196 reactive than exgectea . Vlnylferrocene was copolymerlzed 

with outaalene in cne presence of azools(2-•st!iyl-T-hydroxy- 

VsleronLtEle). Phe cupoljmer dais used as a Olcder LO 1*?prove 

cbe burrtin& raL.e ol Eolid propellants 147. Vinylferrocene and 

butadaene *lerz copolymsrized In koiusne using aaobis(2-methyl-$ 

-hgdroxyvaleronltrlle) 2s the znxtlacor. 'The copoljners were 

useful as blnaers for propellants 2111 thej also 1ncrda5ea the 

burning ratelY3. 

'T'ne preparatxon and utlLlt1 oi ttzitizole-conti3_ninG ferroc+ne 

condensatxon pol~:~ers WC=6 i.!lVrStlg5lcZG. The tharmal etfibil:ty 

of the polymers w;:s raLner 10~ 2r.c some of I;nem aecomposec at 

0 199 go0 . fhe qfntkesis of poly[o:o/-y~aiscyclopsnLaalenylzirconlun)- 

oxycar~onylierrocenylc2roonyl~ irJm blscyclor,entsalenylzlrconiun 

alchlorlds and the soa1ucI Salk or' 1,l '-~erroceneclcarboxyl~c 

acia was studlaa zzs a iunctxon cl‘ several reacizcn variables. 

Phe yxeld of polyner varied :~iLr: p!i end it reached a maximum 

ar; anpro.<i3a:cly pii = 7.5. YxeI.ds WEL'E better In sys~ez~~ that 

ezpolyeo a saturated aqueous solution oi cisooxuz~ l,l'-ierroceni 

dlcarboxylate'"'. Giycidyl q etrlacrylate-alkyl metnacryiate 

copolymers Here hzatea wltk excess II-(ierrocenylmethyl)anlllne 

for several hours ,:rhen the nucleophzle cleaved more than 95';; 

oi the epoxy groups to ~lve a polymer w1t.h uselui paramagnetic 

and redox properties 201 . 

Q 0 
CH20COCR=C+ 

Fe 

6 0 

10.7 10.8 



l,l'-a3s(oC-hgdrozyethyl)ferrocene was investlgatec 3s a 

curing agent for phenoi-fornalde~~yde resin at 120° to give a 

cross-linked structure. The cured product erio.vea greater 

resistance to oxlaaLlve Lhermal deGradatlon than phenolic 

resins cured with urotrop:lne 202 . Friedel-Crafts acylatlon of 

pDly(methyle~leierroc~~~l~n~) .vith bensoyl chlorrde and alurmnlum 

chloride in dichloromethane at 251~ gave 4210 of a soluble benzo>- 

lr,ted polymer (lO.b), Under the same COridiLlGPs at 4C" an 

insolubla polymer (72.5;;) 84s obtained with PnC- aba rr.eLhyiene 

crossllnkin; groups. At 80' -' Lne predonlnznt product was a 

secona insolutjle polymer (qO;,> vlrlth op!ly PhC- as the crossllnking 

group. The henzoyiatea polymer (~O,?J) ABE srsbla at 4L70° :rk..ile 

the mitrlylens croasl~nked rjoiymer show=d a 3;g .:relsht lose at 

juoO. The poor tharmal ;tabillLy 0;‘ cne laGtar :;a; aLLribut.ed 

to ttle prrsenc? of ftirrlcinlum groups brhicr. :deri: zctlve 3s 

centras for trle lnitlatlcjtl oi aegradacbon. Ferrlciniun groups 

:ferc: detected in both of tni crossllnked lmolj'rntirs my ~Pii 

metnods205. When acetylferrocene-Purfursl polymers were heatea 

to 400° In vacua decomposition occurred. i'he diatrlbution of 

the iron reieaed by the destruction of tflt: Perrocengi pzri; 

of the moiecclla In ihe glassy carbon resluue Nas investigsted 204 _ 

11. Appl-lcaLlons oi icrrocsni 

(1) Ferroceni catalysts 

A number of ferrocene polymers, lnciud;ng the ketone 

(11.1) were active as catalysts ln the aehydratlon oi alcohols, 

Dlmethylvlnylcarbinol was dehydrated to isoprene In ylcids of 

up to 955; in the temperature range 180-300° ana iso-propanol 

~a6 dehyarated to propane (92.50) at 400G. The cataiytlc 

actlvlty oi tne pclgmers use ascribed to magnetically ordered 

q etallocene residues In the matrix. Slow degradation of the 

Referencesp. 288 



284 

Folymers to iron orAdes #as observed under the reaction ccjnaltions 

used205. Catalysts for the reaction ber;ween allkyl lsocyanates 

and alcohols have beer. compared. The reaction :qas used ss s 

model system on wI!lch to evaluate the effect of adaltlves on 

oropellant binders containing polybutadlene terminated r/ith 

nycroxyl groups. Ferrocene ana icrrocene derivatives ware the 

n?ost efieczive catalysts both in the presence and absence of 

li,ht. The catalyr,t was desraced by ammonium percnlorate ant. 

by light in the presence of air 206 _ 

The cls-trans -- phocock~e~~cal lsomerization of butanes was 

sensltizsd by ferrocene at temperatures aoove 90° and in the 

aosence of 0xfGen. finer. oxy&sn was present then photochemical 

o.<zactlcn occurred zlt)i tne formation of acctalaehyde, proplon- 

aldehyde and iormlc acla. The yields and proportions of the 

prouucr;s XBL‘B degandent on the groportlons of the reactants, ine 

concentration or‘ Perrocl'ne, the Leaperature and the UV wavelength 

used207. r'errocene cierlvatives #ere founa to be effective 

pnotostablllzers of polyethylene film. Film that contained 

benzoylierrocene or &-methoxybenzoylierrccene (il.,?) naa 

30-35i~ blgher tensile strengtt artd 25-JO;i ultimate elongation 

tt:ar! nonstablllzea film after ultra-violet lrraalatlon ior one 

hundred hours at 25 0 203 . Tna 3hotopolymerlzatlon of vinyl - 
I f? 

Fe 

0 0 

l.1.i 

- 

1 Q 

0 CO~Ok Q 0 CH20H 

Fe Fe 

n CH20H 

compounds was catalysed by ferrocene derivatives containing 

active hskae.5. A mixture of 98 parts acrylic acid and 2 parts 



O-2:10, ferrocene:benzenesulphonyl chloride was irradiated with 

UV light to give solid poly(acryllc acid) In five minutes. 140 

pulymerizatlon occurred in thrrty minutes in the absence or” the 

209 catalyst . 

Ferrocene mixed #ilth organic hatides ~I~CJ effectlvi; in 

Inltiatlng the polymerlzaclon of vinyl monomers such as acrylo- 

tutrlle and acryhmlde; thus felrocene in carbon cetrachiorlae 

initiated the radical polymerizaclon oi methyl mstnacrylats 

and she cationlc polymerlz- etlon of lsotutji vinyl ether 210 a 

Unsaturated polyes:.ars ~~~r~ polymerleed In the ur~?.sence oi 

O.~,J ftrrocF;ne ccrlvatives. "or i-sample the copolyma:izatlon 

of monomers such as etyrene, trlcthylane glycol dlmethyl;c_*yiate 

or dlvinyl aalpate was ca.crl~a out in the prsseric? 0; 

l,l'- bls( hjrcr"?. -.*ymethyl)ferrosene (11.j; 2L O" using tc;nzcJy1 

nero.ude as the cataiyst 211 a '711~ ferrocznyl-barbiturate (11.4) 

gas successfully used as a catalyst for trle combustion of 

coliposlte explosives 212 . 

(Ii) Biochetical apphcatlons 

Ferroconyllaopropylamine (11.5) has been sho:ln to have a 

higher binding affl=ty LO cytochrome P-450 than isoprcpyl- 

amphetazune. This :vas reiated to the lnnibltlon by the amine 

(11.5) oi the oxidative N-aealkylatlon oi isopropylamphetamine 

in liver rmcrosomal suspension and thz inhibition of ekminatlon 

of Ir-alkyiamphetarncs In the rat. The half-lives of PI-alkyl- 

amphetamlunes such as (+>- ano (-)-oenzylamptistamlne, (+)--1so- 

propylamphetamlne and (++)-biamphetamine in the lsolatt?d 

perfused rat liver, were increased from 5-20 min. to 200 rmn. 

by the addltlon of equimolar amounts of the ferrocenylamint? 

(ll.5)213. Acetylfsrrocene nitroguanylhydrazone was prepared 

and screened for antineoplastlc activity against Walker 

carcinosarcoma 256. It was found to be lnactlve 2314. The 

R.ef-tsp. 288 
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reaccior! of Perrocenylacecy_ 1 chlorlue and S-iarrocenylvaleric 

zcld with cholesterol gave cholester)l lerrocinylacetate (3%~) 

and cholesteryl S-ferrocenyivalerace (436) respecc~vely 215. 

ii 

11.4 11.6 

Overend and co:dor!<ers relnvestlgaceo ti,e acid-catalysed 

r!yd!‘olys;s oi CerroctnJiQetnyl j%i.+glucopyranoslde (11.6) in 

H 150 2 - The glucose iorasd contained ho 18 _ 0 anrlctlmfnt and this 

shotied ct13.t cleavage o2 cht oond Der;rrccn the o.cy,an and 

aglycon-caroon occurrea tiurlnd the hydrolysi=. This result 

was contrary Lo an esrlizr report 217 thaL the "0 enrichec 

giucoae was formall. The ro_'e of bo& cleavage su;gesced 

was supported oy cne lsolac:on 0:‘ glucose irna oethoxymsthyi- 

iarrocene fror.1 tn~ ac;d catalysed nathanolysis of the 

glucopyranoslde (11.6)217. Ferrlclnlum ion salts were ireateo 

wlin human v-&lobul~ns In buffer solution at p.19 :.hen the 

ierrlclUu3 group da5 0roKan co:rn and tne se (Iii) was ta!!er, 

ilp try tne pror;eln 
2ld 

o i'he prepsratlon or" ferrocene in a 

angle stage reaction from an lrsn salt, cyclopentadiene and 

sua~uc1 as a reducing a&ent at 60° has been reportea .219 . 

iiosenberg and &low have described the use ol polyPerrocenJlane 

cross-linked with aryl dl- ano cri-sulphonyl chlorides as 

laminating resins for glass iabrlcs. Sxnce polyferrocenylene 

form?d insoluble polar complexes #ith the sulphonyi cnlorides 

it was convenient to prepare separate solutions of the two 

components and ~;LX then immediately before use 220 . The drying 
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raLes of tpln films (O.Od-O.j5m) of 1' lnseed 011 zere reduced 

~he.o vlnylferrocene was incorporateo in the proport:on of 5% 

by q:Jeight. The orylng rates of very ti,ln films ( 0,00mm) ware 

independent of acicizd vinylferroc+ne 221 . A method was reported 

for the simultaneous deterrtunatlon of iron and silicon in 

organometallic derivatives. A sample (lO:~g) of a ferrocenyl- 

-siiane was fused filth sodium peroxiae in a bomb and the melt 

was dissolved In water and 2cidified filth stilpnurlc ncld. 

The slilcon snd iron were then determined by diiferentiai 

222 photometry . Gilbert ana >l0nti nave reported tha dtitalls 

oi an unoergracuate exercise on the ar? chromatc~:rsph~c 

separation of fi-rroctne, 3zetylferrocene snc l,l'-(di3Cetyl)- 

ferrocene w1t.h dictiloromithant as the SGiVen’u 
223 

, r'errocone 

derivatives such as q eth_llierrocene, chiorafarrccenz and 

acetylferrocene were t'ound to be more effectivl, as antiknock 

additives in gasoline than ferrocene, tiriy also formed less 

deposit. On the othtr harrd they vdere iesh solubli: than ferrcjcene 224 

Light sensitive copying materlais PJrere preparea and tnese 

containea aromatic nydro;:y compounds ~no either ammonium 

ferroceneoisulphonate or ammonium ierrocenesulphonate. 'These 

compoLnas were iound to be light sensitive, eaay to handle, in- 

axpenslve and heat-idxaule 225 _ A series of metailocenas were 

used as photoconductors ln eiectrophotograpnd. For exampie, 

a photoconauctivz coating :ras orepared using ferrocenylbis(2- 

-methyl-4-dletnylamlnophenyl)nethanti BE the 226 photoconductor . 

A solid pro_reLlant that consisted of an oxldizlng agent (mainly 

NH4C104) and a polybutadiene or polyurethane risen hsd its 

burning rate increased oy the addition of 0.01-55,:; fsrrocene. 

For example the aodltlon of 0.5~ ferrocene more than doubles 

the burning rate 227 . Ferrocenylbutadicne, prepared from 

formylferrocene and ally1 Grqnard rssgint followed by dehydration 
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with copger (iI) sulphate, was useful as a oinaer ior solid 

228 propellants . 2-.Ferrocenyltetrahyorofuran, prepared by 

reduction of ~lethyl_P-ferrocenylt~trahyarofuran, lncreasecl the 

burrung rate sad Improved the pcrforeance of solid propellants 229 . 

Trl~nenylsilyferrocene, dii'errocenylsilane dial and other 

s~la~ols have been rlsed as high-tsngerature lubricants ad 

hydratillc ilulds. The compounds v~crrl: prepared by F'riedel- 

Crafts alkylation of r‘errocene nrth the apcroprlate chloro- 

3la+le2? 
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