
Nucleophilic Addition to Qligomeric

A Thesis

Submitted to the Faculty of Graduate Studies
"ï'Ë;tti"l rulntltnent ot the Re-quirements

for the Degree of Master of Science

in the DePartment of Ghemistry

UniversitY of Manitoba
WinniPeg' Manitoba

Debbie Armstrong

APril 1996



The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

l*I N,{onarLibrav

Acquisitions and
Bibliographic Services Branch

395 Wellington Street
Ottawa, Ontario
K1A ON4

Bibliothèque nationale
du Canada

Direction des acquisitions et
des services bibliographiques

395, rue Wellington
Ottawa (Ontario)
K1A ON4

ISBN 0-6t2-1296t-6

L'auteur a accordé une licence
irrévocable et non exclusive
permettant à la Bibliothèque
nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de sa thèse
de quelque manière et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thèse à la disposition des
person nes intéressées.

L'auteur conserve la propriété du
droit d'auteur qu¡ protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisation.

Yout lile Volre rélércnce

Ou l¡le Nolre élércnce

Canadä



No¡oc---: 
- 

-

Dissertatíon Abstrocß lnternotíonal ond ùosters Abslræ¡s Internotional ore orronged by brood, generol subiect cotegories.

Pleose selea the one sub¡ect which most neorly describes lhe content of your disserlotion or lhesis. Enter the corresponding

fourdigit code in lhe spoces provided.

Subiect Col,egories

THE HUTilÂN¡TIES ÂND SOCIÂL SCIENGES
(ofrifrruHr(Ailoils AHD ïlll ARTS
Ä¡chiteaure..............-...............0729
A¡l Hís¡orv......... .......................0377
Gmo ..'.................................. 09OO
Dome ......................................0378
FineA¡ts .........0357
lnfo¡molion Sciencø ...................0723
Joumq|ism................................ O39l
liLrw Sci*e ......................... 0399
Ms'Communicotions......,.....,.. 0708

...............0529
.............0530

................07t 0
............0288

..............o747

lAIIGUAGE, UTERATURE AIID
ltNGUISil(s
LqnoE€

ëerïe¡ol .....0679
Ancient ............................ -..0289
Linauistics ........................... 0æ0
Mriäem ............ ..................O?Fl

[ilersþ¡e
Generol ..............................0¡01
dossicol .... -. -- -.. --.. -......O8Á

.......-.........-.--..on 5
.....................-.....oæ7

........................0298
...........................031 ó

Pt{tt0s0PHY, RIuctoil AilD
TI{EOIOGY
Philosophy......... -.............-........ 0¿22
Rdíoion

öensrol ..............................031 8
Bùlicol srudiæ.................... 032t
Clercv ................................ 031 9
Hisrii of ............................ 0320
plr;loóohv o[ ......................0322

Th*l"gy .:...:.................... ........ oÁó9

soctAt s(lEilcEs
Americqn Studi6 ...................... 0323
Anthrcælory

A¡choeòlory ....................... O3Z
Cuhura| ..11......................... 032ó
Phwicol ............ .................. 0327

BusineG Adminiskotion
Ge¡¡erol ..............................03.l 0
Accounlíno .................,..,.... 0272
Banlim ..--......... ..................o77o
Mmo-ement....................... 045¿
Morkãino ........................... 0338

Conodion Srüdiæ .....................0385
Ecor¡omics

Gen€rql ..............................0501
Agricu1turo1......................... 0503
Cõmrnerce-Business ...........,.0505
Fimnce ..............................0508
His|,crv................................ 0509
Lobor'.................................051 O

Thærv................................051 I
Folklore ..'.................................. 0358
Gmræhv............................... 03óó
Geninr<iloav ............................. 0351
Hislory

cánerol .............................. 05/8

Sffih PoÉ'obov................01ó0
Tå¡olocv ......L'.................. o¡as

Home EconoÌñics ...................... 038ó

Pr{YSr(Ât sctNGs
Pure Sc'rencec
C[mistry

G*íol ..............................0¿85
Aoriolturol....... -.................0749
Año[øicol ..-........................ o¿8ó
Biodímislry .......................O¿87
lrcrqonic ..i.........................0æA
Nucleor .............................. 0738
Oroonic.............................. 0¿90
Phãmoceutico|.................... 049¡
Pl¡wicol .--......... ..................OÁ9Á
Pofms ..............................0195
Roåiotion ............................O7 5Á

Mqlhomolics ............................. 0¿05
Phrsia

' Ger¡sol ..............................oó05
Aouslic¡ ............................ 098ó
Ashormvond

Astrcolíwics..................... 0óOó
ArmsÏ¡eíic Science............0ó08
Abmi¿....-......... -.--..............o7 Á8
Elætrcnie ond Eldricitv .....oæ7
Elemenrorv Po¡ticles ond

Hioh Enärov....... ..............0798
FluiJod Plãíno .................o7 59
ltloleculor ...........................0óO9
Nucleor ..............................0ól 0
Ootia ................................O7 52
Rådiotion ............................ 075ó
solid sror€ .......................... 0ót I

Slqtislics ................................... 0¿ó3

Aoolied Sciences
¡Ëll"d ¡t¡*h"nic ...................031ó
Cåþuter Science ..................... 098!

W,T'ffi1 I-]MI
SUBJECÎ CODE

AnciÐl .............. ................ -0579
Mediwol ............................0581
lv,lodem .............................. 0582
Block .................................. 0328
Africon ...............................0331
Asio. Austrqlio qnd Oc€onio 0332
Conådion ...........................O33¿
Eupoeq...........,........,.......O335
latiri Amsicon .................... O33ó
Middle Eqstem .................... 0333
United Slqles ....................... 0337

Hisùory of Science .....................0585
Ldw..:....................................... 0398
Politicol scieæe

Generol ..............................0ól 5
lntsmlioml lrosond

Relqüons.......................... Oól ó
Publ¡c Ädminigrotion ........... oól 7

Recreolion ......081¿
soc¡ql Work ............................. 0452
Sociolory

ceñáol ............. .................0ó26
C¡imircbry ond Penoloqv ...0627
Dsmor@Ïv................:.... 0938
Erhniùnll (cciol Studies ..... 063 t
lnd¡viduol ond Fomilv

studi6 .............. .'.............0628
lndugriol qnd Lolor

Relotions ............ .............. 0629
Public ond Sociol Welfqre .... 0ó30
Socicl $rudure ond

Dwebment ................... OZ0O
Thæry ohJ lvlotho& ............o3ÁÁ

Tromdåfion .......................... O7O9
Urboå ond Reoioñol Plonnino ....O999
Woren'¡ Studlæ ...............:..... 0¿53

.o¿13
.............0459

.oß5

lHE SCIENCES AND ENGTNEERTNG

Ane¡icon............................O591
Asion .................................0305
Conadiqn 1Enq|ish1 .............. 0352
Conodion lFrõrchl............... osss
Enol¡str ..............:................ 0593
Geimnic ...........................03¡ ì
lotin Amsícm ....................031 2
Middle Eqstem ....................03t 5
Romqnce ............................031 3
Slwic ond Eosl Europeon.....031l

0370
0372
0373
0388
0¿l I
0345
oÁ26
04t8
o985
0Á27
03ó8
0¿t 5

BtotoclGt. s0$tcs
Aoriculþre-Gmol .....O&3

Aorcrcmv ......................,...0æ5
Añimol ci,lture ond

Nutrílion ..........................O17 5
Anirtol Pdlrolosiy ................oÁ7 ó
Food Science orvl

Techmbcv ...................... 0359
roruw o¡ùIWildliÍe ...........oÀ7 I
Plo¡l ó¡lture ...... -.-..............O479
Plcnt Po$olocv ...................0¿80
plmt Phwiolôóv ...-..............081 7
Rome láomo-án &l ............ 0777

_.,Woõd Technðb gy ...............07Áó
Bþbqv

cÉr€rul .............................. 030ó
ÀrcÉomv ............................Oæ7
Bíocorisiie ..-...-.................. 0308
Bo|qnv................................ 0309
cell ..1............... . -. -..............0379
Ecobcv ............. -. -..............0329
Enonìó|oov........................ 0353
Gaetics --.'........................... o3ó9
Lim¡pbc¡v .......... .. --.............0793
M¡cro!,¡õfo<¡v ...................... 04¡ 0
Moleculcr ::........................ 0307
Neu¡oscisn<s ...................... 03¡ 7
Ocælgrohv..-.-............... 04¡ ó
Plì. ¡oloËv :-..:.....................04¡3
ncil¡or¡ã'............................ 0821
Vdsimrv Science...............Q778

_. +"Þs |.............................0A72
BþÐhE¡c

'Ginterol .............................. 078ó
Med¡col .............................. 07ó0

TÄRIH SCTIIGS
Biroæchemislrv.. -.....................OÁ25
Geõdrenristry .'...,...............-......094.6

Enoilwim-G..,e.of ........... ................... 0537
Aerosooce .......................... 0538
Aorior|turo|......................... 0539
Aüømotive ......................... O5¿0
Biomedicol .......................... 0541
Chemicsl ............................ 05¿2
Gvil ...................................05¿3
Electronics qnd El€dricol ...... 05¿¿
Hæt ond Thmodwmic¡ ... O348
Hvdroulic ............:............... 05¿5
lnijustriol ............................ 05¿ó
Morine .............. .................OU7
Motsiols Science ................ O79 A
Mæhonicol ......................... 05¿8
Mddlurdv .......................... 07¿3
Minino..11............................ 055¡
Nucleãr .............................. 0552
Po&ooim.....-.....-............... 05¿9
Pet¡olo-umi-....--.--..................O765
Soifr¡rv ond Municipol........Oå5/
Swm'scimce ... -..:.............O79O

Gæráchnolow .........................OÁ28
operoÉoro È¡íærch .............,..-o796
Plådi6 Tochmbav.................... 0795
Text ile Te$rnbff ..................... 099¿

PSY(HOTOGY
Genero|.................................... 0ó21
Beho¡iorol ................................ 038¿
C|inico1.............. ....................,..0622
Dsvebdn€nlql ... ..........,.,.,,.......0620
Ercsifimrol ............................oó23
lndustriol ........O6U
Percm|itv................................ 0ó25
Phwiolooícol ............................ 0989
Psídrobiäbry........................... O3¿9
p"íchonrer¡ä ........................... oó32
*¡"1.................-.....................0451

HIAITH AND TNVIRONIIITHIAI.
SffNGS
Ewi¡onmentol Scis¡ces -... -........0768
HcolÈ sciÐcæ

Gsrero1 .............................. 05óó
4udbb6v........................... 0300
Cl¡e¡notfrroov ................... 0992
Dentistrv ....:.:...................... 05ó7
Educotián ...........................0350
llosilol Mqnoqmenl..........07ó9
Hu;on Deveb;nent ........... 0758
lmunoloov ...'.....,..........,.... 0982
M€d¡c¡m ãíd Sürq€rv .........0561
Morol Hælrh -- --:- ---'---- ---.....Ou7

...................... 05/0
lGmælocv..O380
Hárl'onJ'

o571
oÁ19

...........¡....... 05ó9

.................0382
................... 05/3

.. -... -............. o 57 A



THE UNIVERSITY OF MAMTOBA

FACULTY OF GRADUATE STIJDIES

COPYRIGHT PERMISSION

I{IICLEOPEILIG ADDITION TO OTGOUERIC ARENE

cotfl,r.Ex GATIONS

BY

DEBBIE ABHSTRONG

A ThesisÆracticum submitted to the Faculty of Graduate Studies of the University of Manitoba in partial
fulfillment of the requirements for the degree of

}IASIER OF SCIENCE

Debbie AmsÈrong @ 1996

Permission has been granted to the LIBRARY OF THE UNTYERSITY OF MANITOBA to lend or seil copies
of this thesis/practicum, to the NATIONAL LIBRARY OF CANADA to microfilm this thesis/practicum and

to lend or sell copies of the film, aud to UNMRSITY MICROFILMS INC. to publish an abstract of this
thesis/practicum..

This reproduction or copy of this thesis has been made available by authority of the copyright owner solely
for the purpose of private study and research, and may only be reproduced and copied as permitted by

copyright laws or with express written authorization from the copyright oryner.



Abstract

Addition of hydride and cyanide anions to a series of mono_, dí_ and

polycyclopentadienyliron arene complex cations with etheric bridges was

investigated. Reaction of the di-iron complexes with sodium borohydride

resulted in the formation of a number of adducts. o-, ffi-, p-Methyl_ and o,o_

dimethylphenoxy, thiophenoxybenzene cyclopentadienyliron complexes were

used as models to allow for the characterization of the analogous di-iron

complexes. The Ísomeric structures of these adducts were identified using

HH COSY and CH COSY NMR techniques. Hydride addition results

indicated that the etheric or thioetheric substituents have the predominant

effect over the methyl group, leading to a higher addition ratio for the meta-,

followed by the ortho-, then the para-position. The products identified from

the reaction of the hydride ion with the thíophenoxy compounds were similar

to those found for the etheric complexes, but were slightly more selective. lt
was also clear that in the di-iron system, hydride addition to each complexed

arene ring took place independently. The addition of the cyanide anion to di-

and poly-iron arene systems was more selective than that of the hydride

anion. Reaction of sodium cyaníde with p-methyl or o-methyl substituted

arene complexes led to the formation of one adduct, with the cyanide being

added to the meta-position of the etheric bridges. However, cyanide addition

to the di-iron complex, with a methyl substituent attached at the meta-

position of each complexed arene, led to the formation of a mixture of

adducts. Cyanide addition to the poly-iron system with p-substituted arenes

proved to be very selective, allowing for the formation of one adduct.

Selective addition of the cyanide anion to various alkylarylsulfonyl di-iron

complexes gave rise to one adduct ortho to the electron-withdrawing sulfonyl

group. oxidative demetallation with 2,3-dichloro-5,6-dicyano-1,4-



benzoquinone (DDQ) yielded the functionalized uncomptexed polyaromatic

ether with cyano groups in good yield. This study provides a foundation for
the chemical alteration of the organic and polymeric systems as well as an

understanding of nucleophilic preference to specific sites on an aromatic

system that is interacting with a metal moiety.
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1.0 lntroduction

The need for the development of simple methods to functio nalize

organic compounds in order to activate these compounds by introducing

reactive groups to the system, has ted to the investigation of nucleophilic

substitution and addition reactions of organo-transition metal complexes [i].
Nucleophilic functionalization via substitution or addition reactions does not

usually occur with unsaturated hydrocarbons, due to the electron-rich nature

of these compounds [2]. Complexation of benzene anatogs to metallic

moÍeties increases the reactivity towards nucleophilic substitution of addition

reactions; this can be attributed to metal-ligand bonding effects where the

electron densíty of an aromatic ring or unsaturated hydrocarbon is pulled

towards the positively-charged metal, thus promoting attack from a variety of
nucleophiles (such as cN-, H-, and R-). The hapto (donor molecule) number

and the parity of the ligand, influence the transfer of electron densíty in the

metal-ligand bond t3l. The use of organotransition metal systems with

chromium, manganese, or iron has developed into an extremely versatile

area [4].

1.1 synthesis and reactivity of arene cyclopentadienyliron complexes

The (arene)Fe* complex where the lígand is a cyclopentadienyl ring (Cp),

was first prepared by Nesmeyanov and his group in 1g63 ts-gl. synthesis of
these organoiron complexes occurs via the ligand exchange reaction as shown

in Scheme 1, in which ferrocene reacts with an aromatic hydrocarbon at g0-165
oC 

in the presence of excess AlCl3 and Al(s), resulting in the substitution of one

cyclopentadienyl ring (cp) by the hydrocarbon to give [(c6H6)Fecp]+. The

arenes that undergo ligand exchange include toluene, chlorobenzene, anilines,

xylenes, and biphenyls.



Atcb, At

Decalin

Mono or Disubstitued

R = Cl-ü, Cl

Scheme 1

Numerous NMR studies on the characteristics of these metal systems illustrating
the effect of the metal on complexation where the predominant Cp peak in 'H
NMR shífts 1-2 ppm downfield upon complexation with the metal in ferrocene.
As well, it can be seen that the arene protons shift 1 ppm upfield from the
uncomplexed structure' Similar shífting patterns are observed ín tr6 t1MR ¡gJ.
The complexed aromatíc peaks are shifted upfield to go-100 ppm wíth the
quaternary carbons at ca. 100 ppm from the uncomplexed structures (ca. 120-
140 ppm and the quaternary carbon at 135 ppm). This effect of the metal on the
arene ring has been attributed to metal-ligand æ*- back donation, ligand rc-o,

donation and ligand o-metal donation [10].

The reaction of nucleophiles with the metal systems mentíoned above
can result in up to six possible products due to the following processes:

(1) Decomplexation by attack at the metal center,

(2) Addition of nucleophile to arene ring complex,

(3) Electron transfer,

(4) Nucleophilic substitution of halogens,

q
Fe

ö

+

R

Ð

i,.

ö

¿



(5) Ring opening, and

(6) Deprotonation of alkyl side chains.

Nucleophilic addition to arene complexes, substitution of halogens, and

deprotonation of side chains wiil be addressed in this work.

1.2 Nucleophilic addition reactions

1.2.1 lntroduction

Davies et al. reviewed nucleophilic additions to organometallic

complexes consisting of unsaturated hydrocarbon ligands I3l. They

established a set of rules by which the site of nucleophilic attack could be

predicted on the basis of a series of ligands. These rules are oulined below.

Rule 1: Attack of nucleophiles favor even coordinated polyenes

consisting of zero unpaired electrons in the highest occupied molecular

orbital (HOMO).

Rule 2: There is preference for addition to occur at open polyenes in

comparison to closed polyenes.

Rule 3: The site of addition for even open polyenes is at the terminal

carbon atom.

This investigation will not exptore the reaction of open polyenes, and

so only Rule 1 can be applied. According to Rule 1, the nucleophile will

attack the benzene ring in the cationic complex ,r.¡u-benzene_qs_

cyclopentadienyliron. Within the Hrickel approximation, the HOMOs of odd

polyenes are of equal energies and nonbonding, but the HoMos of even

polyenes are bonding and therefore more stable than the orbitals of the odd

polyenes. These rules will be demonstrated in sequence in Sche me 2. First

the hydride nucleophile should attack an even polyene rather than an odd.

second, addition should demonstrate a preference to attack at an open



polyene rather than

terminal carbon.

R

a closed polyene and thirdly, the site would be at the

Scheme 2

These rules are easily applied to the simple situation described above

but do not allow for prediction of the position on a complexed arene ring

(C6HsR). Several studies of nucleophilic addition to organometallic

complexes were conducted in order to predict and ultimately control the

regioselectivity of nucleophilic attack, using carbanions, hydrides, phosphorus

and nitrogen contained compounds. Arene rings bound to cationic metal

moieties such as chromium tricarbonyl, molybdenum tricarbonyl, tungsten

tricarbonyl, ruthenium cyclopentadienyl, manganese tricarbonyl, or iron

cyclopentadienyl systems become activated towards nucleophilic attack.

lroncyclopentadienyl complexes were chosen for our research based on their

to its low toxicity, high stabilíty, low cost, and ease of complexation /
Decomplexation [10, 11]. The addition of nucleophiles to hydrocarbons would

extend the uses of these compounds [1 , 3, 4] (Scheme 3).
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MLn = (COþCr, (COþMn+,

(%Ho)Re+, CplË2,
CpRur, (COHO)Ru+,

(COHO)Fe+2, CpFe+, etc.

Nu- = H-, cN-, Et-,
Ph-, D-, MeO

Scheme 3

These studies have revealed novel routes to functionalized organotransítion

metal complexes as well as the liberated organ¡c compounds [1,0, 4].

Additíon occurs on the exo-face of the arene rigand, as conf¡rmed by NMR

and X-ray crystallographic studies t12-1g1.

'/,.2.2 Arene Fe.Cp Complexes

Nucleophilic addition of the hydride anion to ironcyclopentadienyl

systems has been investigated t1gl. Addition of the hydride anion to
[coHsXFecp]+ cations occurs exclusively exo at the arene ring, with the
position of attack dependent on the substituent X t191. ln the case of X = Cl,
Me, OMe, and COOMe, the reaction with H'afforded a mixture of ortho (o-),

meta (m-), para (p-) and ipso products. when X = Me, the o-, m-, and p-

adducts were formed in approximately a 1:1:1 ratio indicating the small
influence a methyl group has on the site of addition [1g]. The positions of the
protons in rH NMR spectrum varied from 2.5-6.s ppm due to the reduction of
æ-electron circulation within the ring. The inductive electron release by the
methyl groups is responsible for the low shielding of the arene and

I
MLn
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cyclopentadienyl protons. Since electron density is asymmetrically

distributed over the cyclohexadienyl ligand, the chemical shift is characteristic

of its point of attachment. Addition to a substituted position on the ring has

been proposed as sterically unfavorabfe; as well, the release of o-electrons
from methyl group(s) makes it an unfavorable position for attack [19]. For X

= oMe, theadductwasformedwith a míxtureof 1 : s:3, ortho: meta : paø
products. This regioselectivity was explained as a significant resonance

interaction between the nonbonding pair of electrons of oxygen and the
arene æ system [20]. This ææ - nr overlap results in a donation of electron

density from oxygen to the ortho and para positions. lt can also be assumed

that electron withdrawal by the metal coordinated to the arene ring would

emphasize the polarity of this character slightly. The overall effect of this
electron donation from the oxygen would reduce the local posítíve charge at
positions ortho and para to the methoxy substituent, therefore addition occurs
meta' Similar reactions with X = Cl and COOMe illustrate attack of the anion
in the order of ortho > meta > para positions. lnductive electron withdrawing
groups in the ground state of these cations would increase the local positive

charge at the ortho positions relative to the meta and para positions 121, 22!.

These results are in agreement with theoretical predictions [28].
Sutherland et al. studied hydride addition products with various

substituted [c6H5XFecpj+ complexes tz4-go]. Fifteen complexes were

examined and they were able to establish characteristic properties of the
substituent and determine the most likely position of attack by nucleophiles.
lf the substituent X was a strong electron-donating group (eg: X = NRe), the

adducts formed in both the meta and para positions. rn contrast, if x was a
strong electron-withdrawing group (eg: X = NOe) the position of nucleophilic

attack was ortho to the substituent X. The other 13 samples demonstrated
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The results in Scheme 4 were in agreement with those predícted using

MO calculations. tt was concluded that electroníc, steríc, and free valency

effects all play a role in the position of site activation towards the nucleophile

[24]. ln general, the nucleophile attacks on the exo face of the arene ring, i.e.

away from the metal. The dihedral angle (90") at which the nucleophile is

positioned, along with its ring carbon and an adjacent carbon, does not allow
for coupling of this group to any position on the ring except for the endo
position. Thus we have very specific coupling patterns which makes it easier

to solve the structure of the adduct. lf the nucleophile is the hydride anion

then H(exo) appears at the highest field positíon of all the protons whereas

7

mixtures of adducts in the ortho, meta, pata, and ipso positions [24] (scheme

4).
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H(endo) appears in the range of 2.4-2.g ppm. The protons adjacent to the
position of addition usually appear between 2-2.92 ppm whereas the
remaining arene protons appear at low field. The 

1H 
spectrum generally is a

first order coupled spectrum with minimal second order characteristics,

however as the number of isomers increase, complexity of the spectrum

increases due to signifìcant peak overlap.

The (C6H5X¡Fe*Cp complexes discussed above show considerable

variation in the position of interaction with the nucleophile and differ only in

the substituent. ln order to determine the extent of the effect of the

substituents, further investigation was in order [31]. Electron-donating groups

(+l) contain an unshared electron pair on an atom(s) connected to an

unsaturated system, whích results in a shíft of electron density from the

substituent to the unsaturated system [2]. On the other hand, electron-

withdrawing groups (-l) contain electronegative atom(s) that may multiply bind

to an unsaturated system resulting in a shift of electron density from the

unsaturated group to the electronegative atom(s) t2l. Both groups display

different effects, but these must first be defined. lnductive effects are those

that describe the polarization of a bond by a nearby electronegative or

electropositive center and acts as a collective effect, (e.g.: the polarization of

one bond caused by the polarization of another in order to disperse the

positive charge). The final effect is a resonance effect (or mesomeric effect)

which define the shift in the distribution of electron density from the origínal

structure. Electron withdrawing groups are described as (-R) and electron

donating groups defined by (+R) t2l. The terms donation and withdrawal are

used to denote the change in the electronic characteristics of a group when a

hydrogen is replaced by a molecule or atom. consider the complex

(C6HsX)F"*Cp where X=Cl; the reaction with H- results in addition at the



ortho position primarily whereas anisole (X=oMe) yields the meta product.

This has been justified using the rationale of inductive and resonance effects

of the substituents [23]. The groups studied were classified and compared to
experimental data as follows.

Ratio of Products
ortho:meta:para

4:1:0
0.2: 1:0.6
1:1:1

13 : 1 : 1.1

X
ct
OMe
Me
COOMe

Electronic Effect
-l> +R
-l <+R

+l
-t -R

lnductive electron donation has no influence for methyl groups but the meta

directing property of OMe shows the importance of the +R effect by which the

positive nature in the ortho and para positions are reduced through donation of
n-electron density from the oxygen atom. The lack of activity of the para position

in the chloro-substituted complex could also be attributed to the +R effect. This

is in accordance with the -R eflect of the ester group when the para position is

slightly activated but clearly is stronger in the ortho position [23].

Cyanide addition to substituted 1q6-arene-qs-cyclopentadienyl)iron

cations has also been studied, although on a smaller scale compared to other

nucleophiles. Sutherland et al. established a procedure where they could

control the substitution versus addition of CN- of one reaction. When cyanide

reacted with t(C6H5Cl)FeCpl*, time was the factor which controlled the

product formed. When the reaction time was 30 min., addítion ortho to the

chloro substituent was the onry product detected. However, when the

reaction was left for 3 hours, the product showed substitution at the chloro

group, as well as ortho addition. Oxidative demetallation procedures yielded

2-chlorobenzonitriles and phthalonitriles for the 30 min. and 3 hour reactions,

respectively [29]. similar products were obtained even with -oR groups on

the ring. once the metar moiety was removed, 3-methoxy and 3_



phenoxyphthalonitriles were obtained. Similarly, 2,6-dichlorotoluene yielded
pure addition product or a mixture with the substitution product. The
oxidizing agent of choice was 2,3-dichloro-5,6-dicyano-1,4-benzoquinone

(DDO) t301. Similar studies on the reaction of cyanide with Fe.Cp complexes

have involved the use of erectron-withdrawing groups (No, so.cuHo(p-Me),

corMe and cN), in order to exert greater regio control over the site of
addition. Under identical reaction conditions as outlined for hydride addition,
CN adducts formed selectively ortho to the strong withdrawing substituent
(Scheme S).

R

NaCN, DMF

CNH,,,./ H

--Ø

I

FeCp

DDQ
___-_-____>

CHsCN
"ø

L*"0

R=H,CHg X=NO2,
cN,
p-SO2C6H4Me,

ct

Scheme 5

Studies of complexed aromatic and heterocyclic compounds focused
on the functionalization with cyanide and ketone enolate anions [oo]. The
only product detected exhibited addition ortho to the electron withdrawing
substituent on the arene ring. For the heterocyclic compound, position 4 (or
ortho) to the ketone on a xanthone type compound was the site of addition.
DDQ again was the best reagent to liberate the functionalized organic or
heterocyclic com pound.

NCr. 
R

.-ø
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Steric effects resulting from the methyl groups ortho to the electron-

withdrawing substituent of arene complexes have been reported with hydride

addition [28]. When ortho positions were hindered, addition in the meta and
para positions increased. lt was proposed that steric, electronic and free
valency effects all play a role in nucleophilic addition reactions l2g, 241.

However, cyanide and acetonyl addition did not display the same sensitivity
towards steric factors; addition in this case occurred in the ortho position

only, or ipso to the methyl group. Recall that hydride adducts form
predominantly ortho to electron withdrawing groups and both cyanide and
acetonyl ions give selective attack at the site ortho to the substituent ¡3ol
(Scheme 6).
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Scheme 6

Therefore steric factors alone do not account for variations in the site
of attack. Electronic and free varency effects [g1, 32], arong with the nature
of the nucleophile, also contribute to the overall product distribution. There
does not seem to be a trend that can be generalized for all addition reactions

other than the correlation of the ínductíve and resonance effects of the
substituent, however even here there are inconsistencies. lt may be that the
nature of the nucleophile may have more influence over position of attack
than any other factor.

Hecr !-Nu
--Õ

Hscryecp

Nu = l-l- (420/"),

cN- (2%),

CH3COCH2- $V.)

HsC.

--Ò.i,
nrcÃcp

Nu = H- (32o/"),

cN- (2%),

CH3COCH2- e%:.
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Functionalization of cyclopentadienyl(naphthalene)i ron (ll) complexes

via nucleophilic addition has recently been reported t3gl. Reaction with

alkyllithium and Grignard reagents yielded the 19 electron complex [(nu-

Cp)(r¡6-naphthalene)Fe(l)1. lntroduction of methoxy groups to naphthalene

was proposed in order to inhibit the reduction of these complexes, in hope

that the reaction path would change. lt was found that reaction of this

complex with organolithium reagents produced a series of isomers as

illustrated in Scheme 7.

HsCO OCH3 
R_

-------.-----.->
-7æ

u.col\
îq

FeCp

OCH3 H3CO

+

OCH3

Ratio of Products
b(31): c(0)
b(17) : c(1 1)
b(26) : c(13)
b(7) : c(18)
b(66) :c(3a)
b(0) : c(100)

It is obvious that stabilized primary carbon nucleophiles and hydride

anions add exclusively to the naphthalene ligand to give exo products in the S

Nucleophile
NaBHo
MeLi
PhLi
AllylLi
Li(cHS(CH,)3S)
Bu'Li

a(6e)
a(72)
a(61)
a(75)
a(0)
a(0)
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> 6 positions, unless the nucleophile is bulky. Addition at the cp ligand

increases as the size and reactiv¡ty of the nucleophile increases. products of

this study were identified using X-ray crystallographic and NMR techniques

[33, 34J.

Popular reactions of nitroarenes with nucleophiles such as the

Janovsky reaction illustrate the addition of carbanions derived from various

ketones [25, 35]. The significance of these reactions is the utilization of

nitroarenes; for example, addition to m-dinitro or 1,3,S-trinitrobenzene would

result in the formation of a carbon-carbon bond ortho to a nitro substituent

[25' 35]. Janovsky reactions require the presence of two or more electron

withdrawing groups in order for the reaction to take place, but a metal moiety

can replace one of the electron withdrawing groups. For example; the q6_

nitrobenzene-qs-cyclopentadienyliron cation reacted with the acetonyl anion

to give the Janovsky adduct 1-s-r15-1-nitro-6-exo-(2-oxo-1-propyl)-

cyclohexadienyl)(ns-cyclopentadienyl)iron [25]. This reaction resulted in

addition at the same site, ortho to the substituent, when the nitro group was

replaced by cN, p-sorc.HocH. or coc6Hs. rf the nitro group was replaced

by a chloro substituent then a mixture of ortho, meta, and para adducts were

formed in the ratio of 12.7 :1 : 1.1, índicating the importance of the inductive

effect of an electron-withdrawing substituent. Treatment of these products

with ammonium ceric nitrate yielded the organic compound. similar

nucleophiles such as nitromethyl, cyanomethyl, and phenylethynyl anions

also demonstrated selective ortho addition to complex arenes which contain

an electron-withdrawing group [36]. ln contrast, nucleophiles such as alkyl,

dichloromethyl, and trichloromethyl anions displayed no selectivity under the

same conditions, and resulted in the formation of all three isomers. lt

seemed quite promising to introduce chlorinated alkyl groups to the ring. The

14



dichloromethyl adduct formed predominantly at the pos1ion ortho to the

substituent. These chlorinated organic products are of synthetic importance

in the production of heterocyclic compounds [36]. Oxidative-demetallation

was successful using DDe.

1.2.3 Arene Cr(CO)3 complexes

Due to the ease of complexation of the (CO)aCr moiety with aromatic

systems, the vast majority of research in this field has involved the use of
these types of complexes [4, 37]. Addition of nucleophiles to (arene)Cr(Co)e

has led to the formation of anionic t(Co)3C(cyclohexadienyl)l intermediates

which could not be obtained through substitution reactions unless a strong

leaving group was present. These adducts are air sensitive and usually

undergo oxidative demetallation without isolation, allowing for the

functíonalization of the arene compounds [4]. A novel characteristic of the

cyclohexadienyl intermediates is the increased reactivity towards electrophilic

reagents, enhancing the flexibility of this methodology. ln generat, the

electrophiles demonstrate selectivity consistant with that of the nucleophile.

The reaction appears to be general although only a few examples have been

reported [4]. The only drawback in the use of these chromium complexes is

the weak electrophilicity of the arene ring; thus, strong nucleophiles

containing ester, nitrile, sulfur, and carbanions stabilized by lithium are

necessary for reaction to occur which in fact introduces competition for

addition to the arene ring [38].

Regioselectivity has been the subject of many studies in which

correlations have been suggested to facilitate predictions with a reasonable

degree of accuracy. To summarize, arenes containing electron-donating

substituents (eg: NR2, oMe, F) favored addition to the site meta to the

15



substituent, with a small amount of ortho product. As the substituent

weakens in its donating- or withdrawing-abilitíes the selectivity of the

nucleophile decreases, indicating the role of ínductive and resonance effects.

Thus for methyl or chloro substituents, a mixture of meta - ortho > para

products were detected that varied depending on the nucleophile t201.

Substituents such as FrC, and Me.Si resulted in para addition with a small

amount of meta products. some substituents, such as co and cN, not only

activate the ring towards nucleophílic addition but are also susceptable to

attack themselves [39]. ln the case of naphthalene complexes, it was found

that if sufficient equilibration time was allowed, mixtures of products could

become solely one product. When metal moieties activate heterocyclic ring

systems there is high selectivity for both the 4 andT positions, but mixtures of

these products can be forced to equilibrate solely to one product [4] (Scheme

8).
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Scheme I
The rate of this intermolecular equilibration is affected by various

reaction conditions including solvent change, the use of K* versus Li*

reagents, and temperature change [4]. Steric effects of the carbonyl ligands

have been proposed as influencing site activation. The arene carbons
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eclipsed with a CO ligand are predicted to be more electrophilic, and thus

more receptive to nucleophiles [4]. For most systems, this is an acceptable

explanation where donor substituents favor meta due to polarity of the donor
group and the eclipsing carbonyl groups. similarly, accepting groups i"uo,.

ortho and para adduct formation which is influenced by both the polarity of
the substituent and the anti conformation of the carbonyl ligands.

1.2.4 Arene fUn*1CO¡3 complexes

Tremendous effort has been directed toward the use of cationic metal
moieties such as (co)rMn+, cpFe+ or (c6H6)Fe2* for the activation of

arenes, allowing for the formation of neutral functionalized cyclohexadienyl

complexes. Reactivity of [(q6-arene)Mn(co)3]* comprexes is high and show

similar trends in selectivity as C(CO)3. Double nucleophilic addition is one of

many projects of interest, and can be achieved with a variety of metal

complexes. Nucleophilic attack on [(46-arene)Mn(co)3]+ yielded three

products through attack at the ring, at CO, and at the metal, with the release

of a ligand [40]. These results were consistent with a competing

photochemical reaction taking place, which was identified later. lnterest in
this discovery led to mechanistic studies on the subject [41]. A method to

classify the relative electrophilic reactivities through the comparison of
various nucleophiles to a number of metallic moieties was also developed

t38l An arene coordinated to Ru(coHo)2* was determined to be 6,000,000

times more electrophilic than one bound to Fe*Cp. The order of decreasing

activating abilities is as follows: Fe(C6H6)22* r RulCoHo)22* > Mn(CO)3+ >

Mn(co)2PPhs t Fecp* > cr(co)3 [38]. Along with arene rings, heterocyctic

systems can be activated towards nucleophilic attack. Heterocyclic

compounds like indole are important due to their regular appearance as a
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basic structural unit in many natural products [42]. The metal moiety can
bind either rings but the nitrogen must be deprotonated in order for the metal
to coordinate to the five-membered ring. This piano-stool structure ís

sensitive to both weak and strong nucleophiles allowing for limitless reaction
possibilities before and after the metal is removed. They react in a manner
símilar to the analogous cr complexes in that c(4) and c(z) are the most
electrophilic positions. Selectíve products can be obtained if the group on
nitrogen is controlledl42l. overall it has been established that this route of
functionalization via a manganese intermediate is a useful and effective
method based on the ease of formation, addition, and oxidative
demetallation. The use of (co).Mn* species as an actívatíng group has red

to the synthesis of a number of potential biologically active chiral compounds

143-451. scheme 9 displays the reaction of nucleophiles with
(arene)Mn(CO).* complexes to produce antibiotic stilbenes which can also be

obtained from the extraction of xenorhabdus (bacteria), although less
efficiently.
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Scheme 9

This is only one example of many which displays the significance of these

methods.

1.2.5 Arene Fe(CO), complexes

Additíon to arene Fe(co)3+ complexes is of interest due to its

equivalency to cyclohexenone cations in retrosynthetic analysis t464gl.
Reaction of these complexes with cyanide anions have been investigated in

order to direct addition to a site which is hindered by a methyl group [4g, 5o].

Other research has involved the development of a method which generates a

quaternary carbon surrounded by functional groups contained in a six-

membered ring. This work is directed towards the generation of precursors

for biological products like steroids and erythromycin [51].

MeO. ,R

(o!o'"
\_,/__,/ I

*r Mn(co)3
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1.2.6 Bis(arene) metal complexes and their reaction with

nucleophiles

cyclohexadienyl phosphonium ring adducts of the form

[(C6H6'PR3)(C6H6)M12* 1M=F", Ru, os) can be prepared quite easiry due to

the high reactivity of both the bis(arene) compfex and the tertiary phosphine.

Addition to both rings was never detected even when the phosphine was in

large excess. Addition, as usuar, occured on the exo-face of the arene

ligand. The goal of this study was to deverop a new method to coupre

aromatic molecules using coordinated benzene as the electrophile ín

electrophilic aromatic substitution reactions [s2, sg]. [Bis(arene)Fe]+2

cationic systems which contain methyl or phosphine substituted rings have

undergone nucleophilic addition of carbanions generating carbon-carbon

bonds. Polymerization and fragmentation occured, yielding partially

complexed compounds [52,53]. The reaction of (c6H3Me3)rF"'* with Liph,

LiBut, and LicHCH2 type reagents yielded two adducts; one per ring which

can then be oxidized to yield two free arene molecules [1]. Reaction of these

methylated complexes with base can deprotonate the side chain, generating

a nucleophile which is free to attack other complexes in solution. ln more

cyclic compounds deprotonation can also occur resulting in the formation of
new double bonds or new routes of modification through alkylation reactions

[53-55].

1.2.7 Double nucleophilic addition reactions

Double nucleophiric addition to complexes containing Mn, co, and lr
has also been examined [3g, 56-sB]. The process involves an initial

nucleophilic attack, followed by the reactivation of the neutral complex, and

finally a second nucleophiric attack. The [(46-arene)Mn(co)3] cationic



systems can undergo double nucleophìlic addition to aromatic molecules to
yield difunctionalized cyclohexadienes. lnitially, the first nucleophile reacts
with the arene ring to form a neutral adduct. ln order for this system to
undergo a second addition the cationic complex must be regenerated, which
can be achieved by the reaction with No+ to reprace a co rigand. These

newly generated complexes are in fact more electrophilic than the initial

tricarbonyl structure, and therefore undergo reaction with phosphorus,

nitrogen and hydrogen donor nucleophiles, producing the desired

cyclohexadiene compound.

Grignard reagent or
ketone enolate NOPF6 .

CHZCIz
I

Mn(CO)3

@
r,hn*1co¡.

R

d-
nl,,ntcolziruol

Scheme 10

The ease of preparation of manganese complexes as well as their diversity in
reaction with nucleophiles has led to the formation of stable cyclohexadiene

compounds [59]. A limitation of this method is in the reaction of carbanions,

which may undergo reaction with the CO ligands, or electron transfer with the

newly generated complex [38]. lf one of the co ligands was replaced by a

R

O-'
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I
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lu4,
I

Mn(Co)2(No)
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PMe3 ligand, the chiral metal center would be developed rendering the

complex more resistant to reduction due to steric factors and its reduction of
the activation energy t381. However, this allows for the formation of
diastereoisomers. lt was found that the major isomer featured addition on the

side on which the NO ligand was situated. Once the second nucleophile was
introduced to the comptex, endo addition of D-, H-, and coR- anions was

observed' This was attributed to the presence of an electrophilic CO,

however, this condition cannot be generalized to other metal complexes.

other interests with Mn*1co¡3 systems lie in the functionalization of

heterocyclic compounds [4], 42, 5gl.

1.3 Substitution reactions

1.3.1 lntroduction

The reactivity of aryl halides towards nucleophiles is enhanced by the

presence of an electron-withdrawing substituent on the ring. The role of this

group is to pull the electron density of the ring towards itself leaving the ¡ng
open to reaction with nucleophiles. This has the opposite effect than an

electron-donating group. As discussed above, the electron-wíthdrawing

group can be substituted by a metal moiety coordinated to each carbon in the

arene ring is bound coordinately to each carbon equally. Nucleophilic

substitution can easily occur with the [(n6-coHscl¡re+cp] t6o-641. This

displacement of the chloro substituent provides a synthetically useful method

which is dependent on the nature of the nucleophile and the substituent. This

is one route to the functionalization of organic compounds. The usual

approach to these reactions is ínitial formation of the complex followed by the

modification of the ligand and finally, liberation of the free modified arene

from the metal center as depicted in Schem e 11.
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1.3.2 Synthesis of S, SO2 and O bridged complexes

A series of diiron complexes containing etheric and sulphonyl linkages

with methyl and chloro substituents were prepared (scheme 12 and r3 ) 1101.
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Scheme 14
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Scheme 13

The etheric diiron complexes have undergone hydride addition in order to
determine the factors affectíng the position of attack on the arene rings. Due
to the complexity of the NMR of these bimetallic adducts it was necessary to
prepare the analogous monometalric species as a model for the NMR
studies' The first substitution of a chloro substituent on an arene complex by
a oxygen, nitrogen, or sulfur nucleophile was completed by Nesmeyanov and
co-workers [6s, 66], as well as Khand et al. [20]. scheme 14 illustrates the
method used to prepare various methyr substituted (n.-phenoxy-nu-

cyclopentadienyl)iron(ll) benzene hexafluorophosphate sarts.
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An efficient synthetic route to poly-cyclopentadienyliron arene cations

has recently been developed [67]. These complexes are referred to by the

number of metal moieties 1re*cp) contained. For example, the system which

consists of three iron moieties, five aromatic rings, two methyl groups and

five oxygen atoms will be referred to as the trimetallic complex. Scheme 15

illustrates the preparation of the trimetallic complex, whereas Scheme 16 and

17 demonstrate, respectively, the general synthesis of the more complicated

even and odd polymetallics respectively.

(2)',"-@o-@o,, +

I
Fe*Cp

l
Fe'Cp

KzCOg

DMF

Scheme 15
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n = 1, 3
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n=3,5

Scheme l7

1.4 NMR techniques

Nuclear Magnetic Resonance (NMR) spectroscopy is based upon the

absorption of radio waves by certain nuclei in molecules when they exist in a

strong magnetic field. when considering the nuclei of atoms they are

grouped according to having spin or not having spin. A nucleus with spin

gives rise to a small magnetic field which is referred to as a nuclear magnetic

moment. A generated magnetic field from a permanent magnet is

symbolized by Ho and its direction is represented by an arrow as a vector

would be. lf the molecules are placed in the magnetic field, the magnetic

moment of each hydrogen nuclei aligns itself in one of two directions with

respect to the external field. These dírections are parallel or in the same
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antiparallel which the magnetíc moment of the proton opposes the external
field' The parallel state is more stable and lower in energy than the
antiparallel state. lf a frequency of radío waves is introduced a fraction of the
parallel protons absorb energy and flip to the higher energy state. ni tnis
point the nucleus can lose absorbed energy to its surroundings and return to
the lower energy state. lf the sample continues to absorb energy then a
signal in the spectrum is generated. The magnetic field is complied of both
the applied field and a combination of induced molecular magnetic fields
which are generated in the bonds of the morecure by Ho. The protons of a
molecule flip at different combinations of Ho and radio frequency because

they are in different magnetic environments. This effect allows us to obtain a
spectrum of the different types of protons. For exampre, protons which
absorb energy at lower Ho give rise to an absorption peak downfield whereas

absorption at higher energy gave rise to a peak upfield.

NMR was the method proven to be the most useful in the identification
and characterization of nucleophilic addition products. Over the last few
decades improvement of NMR magnets and techniques has deveroped new
routes for structure determination. As the complexity of compounds increase,
higher resolution and more detailed spectroscopy is in demand. control of
pulse sequences as well as the introduction of time intervals between the
initial pulse and the signal acquisition result in one or two dímensional NMR.

conventional NMR or 1-D NMR is actually in two dimensions when
considering a Cartesiåh coordinate system with the second dimension
representative of the peak intensity. ln accordance, the 2-D spectrum
describes a three dimensional system where the plane perpendicular to the
page acts as the third dimension. 1-D spectra (1H and ttc¡ 

are attained

through experiments which involve a single pulse immediately followed by a
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signal acquisition and Fourier transformation of the FID (free induction

decay). The FID represents the exponentially decaying sine wave with a
frequency equal to the difference between the applied frequency and the

resonance frequency for that nucleus. This signal is buílt up after a series of
repetitive pulses with signal acquisition and accumulation between pulses

has been acquired. For 2-D NMR, multiple pulse sequences followed by time

intervals before the acquisition creates series of evolution periods. ln the

simple example of chloroform, the experiment begins with a pulse, interval
(t1), 90" (tc/2), acquisition pulse, acquisition (tr), and Fourier transformation of
t, and t, where t., is the evolution period.
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For the one-dimensional experiment this t, period is held constant, but for the

two-dimensional experiment this period changes incrementally after every
FID has been acquired. Thus a series of FID's are generated over a range of
evolution times which are transformed with respect to t, yielding a set of 1D

spectra as a function of tr. A second transformation with respect to t., gives

the 2-D spectrum as demonstrated in Figure 1(a). Figure 1(b) illustrates the
contour slice taken to generate a useful spectrum [68, 6gJ. This ís a simple

example of the popular correlated spectroscopy (cosy) spectrum in which

the spectrum appears along the diagonal. Peaks that appear off the diagonal

are referred to as crosspeaks which arise when the frequencies v, and v,

differ. vz represents chemical shift frequencies as well as coupling
frequencies ínvolved in the t, períod. Therefore the contour plot of these
equal and unequal frequencies gives the spectrum on the diagonal as well as
identical sets of peaks on either side of the spectrum. These sÍgnals or
crosspeaks of identical shape and size indicate proton coupring, thus the
structure can be solved by vertical and horizontal lines drawn at a g0" angle
of the crosspeak to the two signals on the diagonal which are coupled. The
COSY spectrum gíves aff structural information necessary to characterize the
structure under ínvestígatíon from the 1H-IH 

coupfíngs whÍch can be traced
back to the carbon chain. The example of HH cosy (or homonuclear
correlated spectroscopy) is only one of many techniques available. cH
cosY (or heteronucrear correrated spectroscopy) is a method in which
connectivities can clarify which H(s) are bound to a specific carbon atom.
This spectrum is slightly different in that the 

1H 
spectrum is presented on the

vertical axis and the r3C 
spectrum is presented on the horizontal axis. The

relationship between proton and carbon atoms are illustrated as a crosspeak
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contour at the intersection of a horizontal line drawn from a proton peak and
a vertical line drawn from a carbon peak. This discussion covers the scope
of the techniques used for this research, but note that these only introduce

the numerous techniques available [6g, 69].

The demand for the developement of simple methods for
functionalization of organic and polymeric systems has led us to the study of
nucleophilic substitution and addition reactíons. Previous investigations of
the functionalization of polyaromatic arene complexes via nucfeophilic

substitution were successful [10,67, zo-72]. The present work examines the
functionalization of a series of methyr substituted mono- , di- and
polycyclopentadienyliron complexes via nucleophilic addition of hydride and
cyanide anions.

Hydride addition was initiated with the bimetallic systems in order to
determine if there was an influential role the two metal moieties would have
towards selective addition products. Methyl groups were employed ín order
to control the primary site activated towards the incoming nucleophile. Full

spectral analysis is presented with the correlation between the analogous

mono- and di-iron systems.

Addition of reactive nucleophiles was the main goal of this research.
This methodology of nucleophiiic addition provides a simple synthetic route to
the functionalization of organiô and polymeric aromatic systems. The term
functionalization refers to the method which introduces a specfic molecule
which can later undergo furthdr reactions to modify the product. The cyanide

anion is an example of an effective nucleophíle which offers the possibÍfÍty for
a wide range of further reactions. The reaction of the cyanide nucleophile
with a variety of arene Fe*cp systems has been investigated.
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2.0 Results and discussion

2.1 Hydride addition

2.1 .1 lsomeric (î 
6-methyt 

phenoxy-r1 
s-cyclopentad 

ienyliron) benzene

hexafluorophosphate.

Hydride addition to bis(cyclopentadienyliron) arene di-cations resulted

in the formation of a number of isomers. Due to the complexity of the NMR

spectra of these adducts, the mono-iron systems were used as models for

this investigation. while hydride addition to cpFe* complexes of

monosubstituted arenes has been carefully examined [24], hydride addition

to disubstituted arene complexes has yet to be reported. Reactions of (qu-

isomeric phenoxytoluene-q5-cyclopentadienyliron) cations with an excess of

sodium borohydride gave rise to a míxture of adducts, as illustrated in

Scheme 18. The spectral data were complícated by the number of isomers

present; thus it was necessary to characterize the products usíng HH cosy
and CH COSY techniques. For proton assignment, the chemícal shifts of the

individual isomers were determined from the connectivíties in the HH COSY

spectrum. Once this information was obtained, 13C chemical shifts were then

assigned using CH COSY.
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It has been establíshed that a phenoxy substituent attached to the

cpFe. arene complex directs the addition to meta > ortho > para, whereas a
methyl substituent directs ortho > meta > para [38, 4s, s1, s2, s4I. As shown
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in Scheme 18, the ratio of adducts for complexes (1)-(3) demonstrates that

the phenoxy group has the predominant effect, since it is a stronger electron-

donating substituent than the methyl group. lt should be noted that when the

site of addítion is reported to be meta, this indicates that addition has

occurred meta to the predominant substituent, i.e. oxygen, sulfur or sulfone

as opposed to the methyl, chloro or thiophenoxy group.

For complex (l) the major adduct (6b) (66%) was formed at the

position meta to the phenoxy substituent and ortho to the methyl substituent.

This was clarified by first evaluating the splitting pattern and coupling

constants for the peaks in the range of 1-6.5 ppm. From integration of the 
lH

spectrum as well as knowledge of the possible adducts formed (Scheme 1g),

we could then utilize the information províded from the two-dimensional

spectra. on the x and y axes of the HH cosy spectrum lies the tH 
run¡R

spectrum; each peak on the proton spectrum is represented by a peak along

the diagonal. ln this case the large cross shaped peak, in Figure 2, at 1.3g

ppm will be the starting point. lf two lines are drawn, one vertically and the

other horizontally across the entire spectrum from the peak at 1.3g ppm, they

will intersect other signals that are off the diagonal which are referred to as

crosspeaks. The intersection of two lines at a cross peak indicate that the two

points from which these lines originated on the diagonal are coupled to each

other, and thus belong to the same structure. lf lines are drawn for each

peak on the diagonal, then all connectivities can be established. lt can

clearly be observed that the peak at 1.3g ppm is related to peaks at 6.11,

4.02, 1.93,2.44,2.46 and 4.2T ppm, whereas the peak at 1.7g ppm is related

to peaks at 2.06, 2.78, 2.62, 4.30, 4.41 and 5.73 ppm. once these initial

relationships are discovered, the structure can be confirmed by workíng

backwards, í.e. begin tracing the connections with the peak at 6.11 ppm on
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the diagonal and repeat with the other related peaks. Ail peaks show
connectivity with each other reinforcing the analysis. The same was done
w¡tn atl peaks coupled to the 1.7g ppm peak. Notice that we now have

splitting patterns, coupling constants, refated peaks, and proposed structures

of these products. The next step is to fit the data to the structures. of the
three possible structures outlined in Scheme 18, (6b) contains the most

aromatic proton which would be expressed as a doublet with coupling of 5-6
Hz in the downfield region of 6-6.5 ppm. ln the proton NMR there exists a
doublet at 6.11 ppm with a couplíng constant of s.1 Hz. The next cH to
identify would be adjacent to the most aromatic proton with similar integration

and coupling. Thís peak is represented by a doublet at 4.02 ppm with a

coupling constant of 5.1 Hz. The connectivity between these peaks in the HH

COSY spectrum provídes verífícatíon of thís assígnment. The methyf group

on this structure is the most aliphatic in nature as compared to others except
in the case of structure (6c), thus the large singlet at 1.39 ppm (peak A) ís a
methyl peak. From the connectivity established from the HH cosy, this
methyl peak is connected to the peaks 6.11 and 4.02 ppm, thus must berong

to the structure (6b) because (6c) would not have a peak as downfield as
6.11 ppm. Therefore it can be concluded that this methyl group is a
constituent of (6b) with confirmation provided by integration. The exo and

endo protons can be identified first by coupling constants (J=9-13 Hz), then

connected to the rest of the structure, and finally checked with integration.

The peaks at 1.93 and 2.44 ppm display a coupling constant of 10.7 Hz,
characteristic of exo/endo coupling, and have similar integration to each

other and the other hydrogens that they are related to in structure (6b). The
aliphatic hydrogen aT 2.46 ppm adjacent to the site of addition was located

based on the connectivities found in the HH cosy (endo H at 2.44 ppm).



The final peak to identify in this structure is the cyclopentadienyt peak (Cp),

which can be assigned at 4.2T ppm. The product ín whích the síte of

Àucleophilic attack was ortho the phenoxy substituent (6a); can be

characterized in the same manner as described above. The singlet at I.7g
ppm, is the methyl for (6a), due to the increased aromaticity of the methyl
position, a downfield shift is observed from the methyl group on (6b).

Determination of the connectivities from the HH COSY in Figure 2 suggests

that the exo proton (doublet) appears at 2.06 ppm with a coupling constant of
9.8 Hz and the endo proton (doublet of doublets) appears at 2.7g ppm (J=9.g

Hz). Through integration, the cp peak appears at 4.30 ppm and the most

aromatic hydrogen which is adjacent to a methyl substítuent ís a doubfet at

5'73 ppm. The peak adjacent to the phenoxy substituent is depict ed at 4.41

ppm (doublet) wíth coupling of s.1 Hz. The remaíning hydrogen to be

depicted which lies adjacent to the site of additíon, appears as a doublet at
2'62 ppm. lt was then possible to conclude that the second most abundant
isomer (6a) (oo%) was ortho to the phenoxy group and meta to the methyl

substituent. Trace amounts of the product ipso to the methyl substítuent
(para to the phenoxy substituent), (6c) (4%), were detected, with a small cp
peak at 4.32 ppm and a methyl peak at 1.2g ppm; however, the amount
present was too low to trace out the connectivities and to observe any carbon
peaks. once the chemical shifts for the tH 

NMR were assigned, the 1sc

chemical shifts could be used to confirm these structures. Due to the number
of isomers present, ttC 

assignment was difficult, due to the structural

similarity with many peaks in the aliphatic and complexed aromatic regions.

This is why it was necessary to use cH cosy techniques. Figure 3
illustrates the cH cosY of adducts (6a-c). The 

1H 
and 

ttc 
NMR spectra are

located along the x and y axes of the plot respectively. To begin, a vertical

37



line was drawn from a proton peak down the entire spectrum. Thís line

crosses an intense signai'which indicates a correlation between that specific

proton and the carbon to which it is bound. The carbon can be identified by

drawing a line g0" to the vertical line across the spectrum. For struclure

(6b)' the methyl group is connected to the carbon at 24.8g ppm which ís in

the range of an aliphatic methyl group. The endo and exo protons exist on

one carbon, which is shown in the cH cosy to be present at 38.11 ppm.

The most aromatic proton on the ring appears at 6.11 ppm and its

corresponding carbon at 69.67 ppm. The proton coupled to the proton at

6.11 ppm appears at 4.oz ppm and its corresponding carbon peak appears at

75-24 ppm. This region of 4-6.5 ppm ís characterístíc of complexed aromatic

protons- The Cp protons for this structure show connection to the carbon at

74.64 ppm and the proton adjacent to the site of addition relates to the

carbon at 18.79 ppm. The quaternary carbons fabeffed B and 6 in Scheme

21 are found at g1.87 and 21.75 ppm respectively. The aliphatic nature of

carbon 6 is expected, due to the loss in the aromatícity of the ring. The

carbon chemical shifts of the structure (6a) correspond well to the

characteristic regions that were identified for adduct (6b). Using the same

methodology as described above, the methyl peak was associated with thettc 
peak al 2L7s ppm, and the endo and exo peaks corresponded to the

carbon positioned at 31 .72 ppm. The proton peak at 2.62 ppm was found in

the aliphatic region at 2g.o7 ppm and the two aromatic protons showed

connection to the peaks at 74.15 and To.71 ppm respectively. The

quaternary carbons are represented at 3s.gg and 75.11 ppm ror c2 and c5
respectively. The carbon denoted as c2 appears hígh field due to the

aliphatic nature of the arene ring at this position. For the purpose of

identification, the site of hydride addition has been designated position one,

3B



give the phenoxy group the lowest possible number. Tables 1 and 2 contain

the detailed 
1H 

and 
ttc 

Nn¡R spectral data.
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Table 1: 1H NMR data for the adducts 6, 7, g, 9 and 10.

1.79

s

2.06 z.tg

(d,9.8, ex-en) (dd, g.g, en-ex;

5.9, en_6)

1.93 2.44

(d, 10.7, ex-en) m

2.16 2.69

(d, 12.5, ex-en) (d, 12.5, en-ex)

1.74 2.gB

mm

1.39

s

1.53

s

1.39

s

2.55

s

2.46

m

4.41

(d, 5.1)

1.85

s

1.25, 1.94

s

1.98 2.74

m (dd, 12.5, en-

ex,5.g, en-6)

1.71 2.53

5.73

(d, 5.t)

(d, 13.8, ex-en)

1.86

s

1.821.30,2.51

4.41

(d, 5.1)

4.56

s

6.11

(d,5.t)

5.67

m

4.02

(d,5.1)

3.91

(d,5.1)

4.33

(d,6.1)

2.62 4.30

(d, 5.9,6-en) s

2.38

(d, 6,5,Z-en)

4.40

s

2.37

4.27

s

4.29

s

1.94 4.26

(t,6.5,6-en, s

t,6.2)

1.95 4.90

(t,5.8,6-en, s

t, 5.7)

21o 4.ZB

(d,6.4,6-en) s

6.23

s

5.80

(d, 5.9)

4.11

(d,5.7)

4.09

(t,5.e)

4.24

2.09

(d, 5.9)

2.03

4.24

s

4.18



8c 1.96

s

(d, 12.2, ex-en) (dd,l2.Z, en-ex;

6.1, en-6)

1.57 2.35

(d, 12.8, ex-en) (dt, tg.l, en-ex.

7.0, en-2,6)

1.82

s

1.44

s

1.80

m

1.86

(d, 12.1, ex-en)

1.79

m

1.58,2.70 1.71

s (d, 12.9, ex-en)

2.46

m

2.42

m

1.96 1.7O

All samples run in CDCts (ppm from sôtvðñt óéäkãt
Uncomplexed aromatic peaks in the 7-g ppm region.
Coupling constants (Hz) are of adjacent aromatic protons unless otherwise indicated. (ex refers to exo, and en refers to
endo).

2.41

(dd, 12.7, en-

ex,6.4, en-6))

2.45

m

(d, 6.2)

2.59

(d,6.7)

4.69

(d,4.8)

(t,6.3, 6-

en, t, 6.3)

1.79

m

6.01

(d,4.8)

6.16

(d,4.8)

2.17

(d,6.9,2-en)

4.26

s

7.26

4.03

(d,4.8)

ppm).

2.55

(d,6.3,6-en)

4.34

(d,6.3)

4.31

s

4.29

s

2.28

ß, 6.4, 6-

en, t, 6.3 )

2.17

(d,6.9,6-en)

4.19

s

4.15

s



Table 2: ''C NMR of the adducts 6, 7, g, g and 10.

sampleswere run in cDCl. (ppm from io@
Adduct 8a was too small to characterize by'.C'NMR.
Uncomplexed aromatic peaks appear at1Z0 -140 ppm.

cHg c (rr c (er c (gr c (4) c (s) c
21.75

24.89

31.72

33.11

35.99

18.79

70.71

91.87

74.15

69.67

75.11

75.24

29.07

21.75

74.78

74.64

25.45

23.21

20.94

21.80

36.96

32.39

31.45

27.59

38.72

28.90

31.40

24.55

71.æ

73.90

71.87

89.89

70.67

90.82

78.20

73.01

68.14

73.51

71.43

77.96

24.78

16.25

24.78

18.00

75.05

74.75

74.91

74.57

19.97,

16.52

20.91

34.28 29.66 88.00 17.93 75.37

28.35 20.11 86.18 94.81 86.18 20.11 76.17

21.96

25.14

29.56

33.68

36.87

25.60

80.12

94.20

83.32

84.&

87.03

79.70

28.23

26.82

75.22

75.01

20.36,

21.32

23.71

34.16 36.81 95.89 79.90 21.54 75.77

26.14 88.25 97J0 88.25 26.64 74.80
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For complex (2) where one meta position was hindered by a methyl

group, the largest number of adducts formed. This makes the HH cosy
complicated with many overlapping regions. Figure 4 illustrates the HH

COSY of the adducts (7) and the lines drawn show the connectivities for each

isomer. Before the structures can be solved, all of the possibte structures

must be considered (Scheme 18). The 
rH 

NMR spectrum looks as though it

is made up of four isomers, due to the number of cp peaks and what appears

to be four methyl peaks at 1.39, 1.53, 1.85 and 2.55. First the connectivities

were determined for each methyl group following the same method described

previously. The peak at 1.39 ppm was found to be related to peaks situated

at 1.74,2.38,4.56,4.99, 1.94, and 4.26 ppm. The peak at 1.s3 ppm was

related to peaks at2.16,2.69,4.41,3.91, 4.2g and 5.67 ppm. The peak at

1.85 ppm was connected to the peaks 1.71, 2.53, 2.39, 6.23, 2.10, and 4.zg

ppm. The fìnal set connected the peak at 2.5s ppm with peaks 1.gg, 2.24,

4.40,4.11,1.95, and 4.30 ppm. The largest methyl peak appears at 1.gS

ppm, and so this structure was thought to be the simplest to solve. The

position of this methyl peak in the aliphatic regíon is not next to the site of

addition, as it would appear at higher field, nor is it at the most aromatic point,

or it would appear down fleld; thus it must be meta to the site of addition.

The occurrence of ipso products are rare and appear in small quantities;

therefore, the most probable structure would be (7e). ln order for this

structure to be a true isomer, the methyl peak would have to show connection

to a singlet in the aromatic region, which is observed at 6.23 ppm. The

relationship with a peak at 4.28 ppm was detected, which represents the cp
peak of this isomer. The endo and exo protons are positioned at 2.53 ppm

and 1.71 ppm respectively. The final protons on the ring to assign are those

protons adjacent to the site of addition, the peak at 2.10 ppm (neighboring a
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methyl group) and 2.38 ppm (adjacent to the phenoxy group). so the overatt

structure (7e) has a methyr group at 1.g5 ppm, cp at4.2g ppm, a singret at
6.23 ppm, endo protons overlapping at2.s3 ppm and exo proton at 1.71 as a
doublet with a couplíng constant of 13.8 Hz. The last two doublets appear at
2'38 and 2.10 ppm, representing the positions ortho to the site of addition.

confirmation of this analysis is provided by the cH cosy. The assigned

endo and exo protons demonstrate connectivity to the same carbon at 27.5g

ppm on the carbon spectrum. The methyl group appears at 21.g0 ppm. The

aliphatic protons adjacent to the site of addition appear connected at 24.55

ppm and 18.00 ppm' These differ because of the different substituents

positioned around the ring. The aromatic cH is down field at 73.01 ppm

along with the cp carbons atrL.sr ppm. The quaternary carbons c3 and c5
appear at 89.89, and 17.96 ppm respectively. The second largest methyl

peak at 1.53 ppm has a chemical shift characteristic of a methyl group ortho

to the site of addition. This peak shows connection to a doublet at 2.16 ppm

(J=12.5 Hz) which has a strong connecting signal to the proton at 2.6g ppm

(J=12'5 Hz). Both peaks are doublets thus the endo proton is only coupled to

the exo proton, evidence that the proposed structure is correct (7a). We also

expect an aromatic triplet and two aromatic doublets associated with this

structure. A peak with a dístorted triplet splitting pattern is related to two

doublets at 3.91 ppm and 4.41 ppm. The final peak is the cp found at 4.2g

ppm. Confirmation of the structure (7a) with CH COSY shows that the endo

and exo protons are correctly assigned because they both relate to a peak at

36.96 ppm. The methyl group appears at 25.45 ppm, and the cp peak at

75.05 ppm. The aromatic protons relate to peaks with chemical shifts of

71.64,70.67 and 68.14 ppm. The quaternary carbons, c2 and c6 appear in

the aliphatic region al 38.72 and 24.7g ppm respectively, due to their
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positions adjacent to the site of addition. The methyl peak at 1.3g ppm, was

the third largest isomer detected and its corresponding structure (7c) is as

shown in Scheme 18. This structure is in agreement with the appearance of
the methyl group in the aliphatic region. The peaks that show connectivity to
this methyl peak are found at1.74 and 2.3g ppm, which represent the exo

and endo protons of this structure, which couple together in the CH COSy to
one carbon peak at 32.39 ppm. The remaining protons will have the same

splitting pattern as (7d) but chemical shifts will vary because the ether and

methyl substítuent have switched positions. These peaks were found at 4.56

(singlet), and 4.33 ppm (doubret, J=6.1 Hz). The final aliphatic peak was

found at 1.94 (triplet, J=6.2 Hz). The cH cosy data suggested the

assignment of the methyl group as 23.21 ppm, and the cp peak as the peak

at 74.75 ppm. The two aromatic protons displayed connectivity to carbon

atoms appearing at 73.90 and 22.51 ppm, whereas the remaining cH
appears at 16.25 ppm. The quaternary carbons cz and c4 appear at 2g.g0

and 73.51 ppm respectively. The least abundant isomer present is the

structure with a methyl group in an aromatic position on the ring, due to the

low field chemical shift (2.55 ppm). with reference to scheme 1g, the only

possible structure is (7d). The connectivities found using the HH cosy
spectrum show that this methyl peak is related to a large singlet in the Cp

region at 4.30 ppm and a doubret in this region at 4.11 ppm. There is a
connection to a singlet at 4.40 ppm. The endo and exo protons appear in the

aliphatic range at2.74 and 1.gB ppm with a coupling constant of J = 12.5 Hz.

The hydrogen next to the position of addition is found to be responsible for
the peak at 1.95 ppm. ttC 

NMR confirms this analysis with the methyl peak

at20.94 ppm, and the endo and exo carbon at 31.45 ppm. The aromatic

protons are found atr1.B7 andT1.43 ppm for c3 and cs respectively. The
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final cH appears in the aliphatic region at 24.7g ppm. The quaternary

carbons C2 and C4 appear in separate regions due to the partial loss of
aromaticity of the ring: 31.40 and 7g.20 ppm.

ln summary the major isomer was (7e) (g2%) where addition occurred

at the free meta position. lsomer (za) (2g%), was the next most abundant

isomer, in which addition was in the ortho position with respect to both

substituents. Additíon at the other ortho position yielded minor amounts of the

isomer (7d) (15%). The final isomer detected was (7c) (24%) where the site

of addition was para to the phenoxy substituent and ortho to the methyl

group. Figure 4 illustrate the HH COSY for the adducts (7a,c-e). For detailed
1H 

and 
13C 

,p""tral NMR data, refer to Tables 1 and Z.
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Complex (3), in which the positions ortho to the phenoxy substituent

are hindered by methyl groups, díd not produce as complicated a spectrum

as the above adducts, once reacted with the hydride anion. There are three
predominant peaks in the af iphatíc range, 1.g0, 2.s1, and 1.g6 ppm. The HH

cosY (Figure 5) indicates that peaks 1.30 and 2.s1 ppm are connected, and

are therefore two methyl groups of equal intensities. Referring to Scheme

18, adduct (8b) is the most probable structure, with two different methyl

groups. The difference in chemical shifts of these peaks indicates that one is
positíoned para to the site of addition and the other is ortho with the phenoxy

meta to this site. The most aromatic proton on this structure would be

located in the cp range and was found at 4.24 ppm. Based on integration,

the cp chemical shift was assigned as 4.1g ppm. The endo and exo protons

appear at 2.37 and 1.82 ppm respectively. These chemical shifts were

confirmed by CH COSY (Figure 6). The endo and exo carbon is found to be

present at 34.28 ppm. The methyl groups were connected to the carbon

appearing at 19.97 and 16.52 ppm. The cp is the most predominant peak at

75.37 ppm and the slightly aromatic proton displays connectivity w1h a
carbon atom at 78.82 ppm. The quaternary carbons vary in range due to the

loss of aromaticiÇ of the ring and are observed at 29.66, gg.2o, and gg.00

ppm. The second most abundant isomer has two equivalent methyl groups

at 1.96 ppm. ln reference to Scheme 18, there are two possibilíties of site of

nucleophilic attack: para to the phenoxy group or ipso to the phenoxy group.

The probability of ipso products are low therefore we will assume the

structure is equivalent to (8c). The CH COSY should not show connectivity

of the methyl peak to any aromatic protons but rather to Cp, two equívalent

aliphatic protons, and endo and exo protons. Experimentally, this is what

was detected: cp (4.26 ppm), Hz,a (1.79 ppm), endo (2.3s ppm, J=13.1 Hz)
50



and exo (1.57 ppm, J=12.9 Hz). These were confirmed by carbon
assignment, where the endo and exo carbon was found at 2g.BS ppm. The
methyl peak was located at 2o.g1ppm and the cp at 76.17 ppm. The two
cHs located ortho to the site of addition appeared at 20.11 ppm. The fínar

structure identified was (8a) but in very small amounts as ís generafty the
case with ipso addition. The methyl peaks appear at 1.2s and 1.94 ppm.

The exo proton ís rocated'at 1.96 ppm. Rerating peaks of (ga) to a doubret at
5'80 ppm illustrates the chemical shift of the most aromatic proton and 4.09
ppm for the aromatic complexed proton. The CH adjacent to the site of
addition (H6) was found at 2.09 ppm. This assignment could not be
confirmed by 

ttc 
NMR because these peaks were present in small amounts

were not observed in the spectrum. To summ arize, the major position of
addition was at the meta positíon with respect to the phenory group (gb)
(60%), as illustrated in scheme 1g. Addítion para to the phenoxy and meta
to the methyl substituents, (gc) (2g%), gave rise to the second most
abundant isomer. The minor isomer, (ga) (12%), resurted when addition ipso
to the methyl group took place. Figures s and 6 represent the tH 

and 
t.c

NMR spectra for the isomers of (g). The 1H and 13c ruvn data of the
addition products (ga-c) are risted in Tabres 1 and 2.
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2.1 .2 lsomeric (q 
6-methyrth 

iophe n o*y-r1 
S"y"ropentadienyr 

iron)benzene

hexafluorophosphate.

ln order to compare the effect of the etheric linkage on the

regioselectivity of the system, thioether linkages were also studied.

Thiophenoxy groups shourd direct the same as the phenoxy group: meta >

ortho > para. ln all cases the phenoxy system activated the meta site

towards nucleophiles, even in the situation where one position was hindered.

The reaction of complex (4) with NaBHa resulted in the formation of two

isomers (9a) (46%) and (9b) (s4%) (scheme 1B). Two dimensional

techniques were not necessary due to the reduced number of isomers as well

as the increased resolution of the spectra forboth 1H 
and 

Itc 
Nlr¡R. These

are identical isomers as obtained with (6a) and (6b). structure (9b) has a

methyl group in the position adjacent to the site of nucleophilic attack

therefore appears at a higherfield position (1.44 ppm) as compared to (9a)

where the methyl group is meta to this site, where it was located at 1.g2 ppm.

These chemical shifts are consistent with the etheric isomers of (6). The

most aromatic protons were found in the complexed aromatic region at 6.01

and 6.14 ppm for (9a) and (9b) respectively. The downfield shift of (9b) as

compared to (9a) is expected, due to the adjacent thiophenoxy group

(scheme 18). The assignment of the cp peaks at 4.31 and 4.zg ppm for (9a)

and (9b) were based on the íntegration. The slightly aromatíc protons appear

in the cp region at 4.69 ppm for (9a) and 4.03 ppm for (9b). The chemical

shifts differ due to the position of the thiophenoxy substituent. The alíphatic

region is slightly more complícated than the rest of the spectrum with a large

amount of overlap due to the slight increase in shielding caused by the

presence of the sulfur substitutent. The exo and endo protons for the isomer

(9a) are located at 1.80 andz.42 ppm; forisomer(9b) they are positioned at
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1'86 and 2.46 ppm. ttc 
chemical shifts were determined usíng the trends

and relationships found iri adduct (6). The methyl peaks for (9a), 19.97 ppm,

and (9b), 2s.14 ppm, correrate weil with those in (6a) and (6b), as do the
endo/exo carbons situated at 29.s6 and 33.6g ppm. The cp peaks for these
structures are found at 75.22 (9b), and 7s.01 ppm (9a), whích are sfightfy
higher than those in adduct (6), but well within the Cp range. The aromatic
carbons demonstrate a downfield shift from those in the phenoxy adducts

from 69.67 ro 84.64 ppm, zs.z4 to 79.70, and g1.g7 to 94.20 ppm for (6b) to
(9b). The same retationship was found for isomer (a); from 24.1s to Bg.g2,

75.11 to 87.08, and T0.71 to 90.12 ppm. This downfierd shift can arso be
observed with the protons adjacent to the site of nucleophilíc additíon; 1g.7g
(6b) to 25.60 (9b) ppm, but the (a) isomer seems unaffected. This effect is
due to the slightry stronger shierding effect of surfur compared to oxygen.
Note that the meta isomer is present in slightly larger amounts, therefore the
directing ability of the thioether substituent activates the meta > ortho síte
towards nucleophiric addition. Figures z and g represent the 

1H 
and 

trc 
NMR

of the adducts (9a'b). The NMR chemical shífts and coupling constants are
given in Tables 1 and 2.
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Hydride addition with complex (5) resulted with the major isomer (f Ob)

(63%) in the meta position. The second isomer was (loc) (30%) where the
adduct formed para to the thioether group. Trace amounts of ipso product (f oa)

(7%) were detected, but clearly not enough to evaluate (Scheme 1g). These

isomeric adducts were not difficult to anatyze once the analogous oxygen

structures were clear; therefore two-dimensional techniques were not necessary.

There are notable downfield shifts in the NMR from the phenoxy compounds to

the thiophenoxy compounds, but the shifts are withÍn the appropriate ranges.

The methyl groups appear at 1.58 and 2.zo ppm (l0b) and 1.96 ppm (l0c). The

endo and exo protons appear in the alíphatic region at2.41and 1.71 ppm (1ob)

and 2.45 and I -70 for (f 0a). The partially aromatic proton is found at approx.

4'34 ppm and the protons adjacent to the site of addition are locate d at 2.2g

(10b)' and 2.17 (l0c) ppm. Methyl peaks are located in the aliphatic region at

20.36 and 21.32 ppm (10b) and 23.71 ppm (10c). The endo and exo carbon

appears at 34'16 and 26J4 ppm for (f 0b) and (l0c) respectively. The other

aliphatic protons and quaternary carbons appear in the range of 21.54-36.g1

ppm. The aromatic quaternary carbons appear in the range of Tg.g-g7.7 for C-

Me and C-SPh carbons. All peaks in the 
1H 

and 
ttC 

NMR correlate wellwith the

analogous phenoxy adducts, and selectiviÇ does not change grea¡y. However,

these sulfur complexes gave excellent resolution in NMR, notably better than

oxygen. ln summary, the meta site is the preferred site for addition (Scheme 1g).

Attempts to separate the various isomers above by means of column

chromatography were unsuccessful due to the Ínstability of these products. At

room temperature, the products are stable for approx. 8 hours. After this point

the adducts begin to decompose and the NMR is no longer reliable. Every

sample was analyzed within 3 hours of preparation. Figure g and 10 illustrate
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the lH 
and ttc 

NMR spectra for the adduct (10). Tables 1 and 2 include the
detailed spectroscopic data.
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The ether and thioether bridges have similar directing power, and thus
similar predominant adducts formed. .ln this study NMR measurements show
that the ether/thioether substituents have a larger overall influence on the charge
distribution in the meta posítion on the arene complex. The subst¡tuents on the
complexes complement each other with respect to the charge distribution around
the ring. Methyl groups direct ortho and ether/thioether direct meta; this is the
position in which the major adduct is formed. The second position the methyl
group will influence is meta with respect to itself whereas the ether/thioether links
activate the ortho position. The results obtained correlate with the directing
abílities of the combined substituents.

2.1.9 tsomeric 1,4-bis(r16-methylphenoxy-q5

benzene dihexafluorophosphate.

Reaction of 1.0 mmol of

- cyclopentad¡enyliron)

cyclopentadienyr)ironlbenzene catíon (1r) wÍth s.0 mmof

produced a mixture of isomers, as shown in scheme 1g.

1, 4-bis[(n6-4-m ethylphenoxy-q5-

of sodium borohydride
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Scheme 19

The major product is the meta isomer (sg%), along with ortho (3s%) and a

trace of para (6%) since the complexed arene r¡ngs are separated by

phenylene as shown in Scheme 19, the addition to each of these rings should

be índependent. Thus a variety of symmetrical (addition the same on both

ríngs) and asymmetrical (addition different on both rings) adducts should be

obtained as well as the possibility of diastereo¡somers. There ís no significant

change in the chemical shifts between the protons or carbons of one

cyclohexadienyl ring and the other; thus these rings are independent of each

other, so addition to one ring has no ¡nfluence on the site of addition on the

rema¡ning r¡ng. Since there is no observable interaction between the two

arene rings, it is not possible to identify the adduct on both arene rings of one
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structure. lt can be concluded that addition occurs on both rings as indicated

by the Cp (cyclopentadienyl ligand) shitt from s.2 to 4.s ppm as we¡ as the
complexed aromatic protons from 6.s to the range of 1-6.5 ppm. The
position of nucleophilic attack on each ring can be determined from the NMR

spectrum. lt was not possÍbfe to distinguish between the chemícal shíft for the

ortho-ortho isomer ('l2a) and ortho-addition of the asymmetríc isomer (1zc).

The relative percentage of the adduct was calculated from the NMR spectra
for each isomer. These numbers represent the total specific adduct formed

in the mixture but do not at afl represent the ratio of symmetrícal to
unsymmetrical products. For instance, the meta isomer was calculated to be

59vo, which was the total of meta addítion in the meta-meta (12b), meta-ortho
(12c) and the trace meta-para. lt is also important to note that we cannot
observe diastereomers for these adducts. The iH and t.c NMR chemical
shifts are listed in Tables 3 and 4, where (1za) and (12b) represent the

symmetrical ortho and meta isomers, respect¡vely, as well as the ortho and
meta addition of the asymmetrícal structure (12c). The chemícaf shifts ín 

1H

and 
ttc 

NMR spectra displayed the exact positions as the analogous mono-

iron adducts. Adduct (12) will be used as the example for the di-iron

complexes to compare shifts with the mono-iron isomers. The methyl groups

on the isomer (12b) were located at 1.36 ppm, while the mono-iron methyl for
this isomer (6b) was 1.39 ppm. The endo and exo protons of (12b) are found

at 1.85 and 2.41 ppm respectivery, and in (6b), 1.93 and 2.44 ppm. The
proton adjacent to the site of attack appears at2.43ppm (r2b) and 2.46 ppm

in (6b). The aromatic protons appear at 6.0s and 3.g7 ppm in (12b), and

6.1 1 and 4.02 ppm in (6b). The cp rings follow the same trend, 4.24 ppm in
(12b) and 4.27 ppm in (6b). The carbon chemical shifts for the methyt group

appear a|24.87 ppm in (12b) and 24.99 ppm in (6b). The endo/exo carbons
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are 33'10 for (12b) and 33.11 for (6b). This relationship continues for the

aromatic carbons; 91.97, 69.67, and 2s.24 for (6b) and 93.gs, 69.gg, and
75.10 for (12b). The quaternary carbons, at 1g.79 and 21.7s ppm of the
monoiron system and 1g.go and 20.7g ppm for the di-iron system, .are

similar. The adducts (6a) and (12a) display similarity as the (b) isomers did.

The methyl peaks are found at 1.79 ppm for (6a) and 1.77 ppmfor (12a) with

their corresponding carbon peaks al 2L 7s ppm for (6a) and 21.24 ppm tor
(12a). The exo and endo protons for (6a) are 1.93 and 2.44 ppm and the
corresponding chemical shifts for (12a) are 2.00 and 2.zs ppm. The carbon
peaks for the endo/exo carbons on (6a) and (12a) are at g1.zz ppm and
31'67 ppm respectívely. The aromatíc protons and their corresponding

carbons are 4.41 ppm, 5.73 ppm and 70.71 ppm and 74.15 ppm for the
isomer (6a). For the adduct (12a) these peaks appear at 4.31 ppm, s.65
ppm and 70.12 ppm and 79.99 ppm. The protons adjacent to the site of
additíon appear in the proton range of 2.60-2.62 ppm and 29.07-29.06 ppm

for the carbon region of the mono- and di-iron adducts. The quaternary

carbons for (6a) and (12a) appear in the range of 35.92-95.99 and 2s.11-
74'96 ppm. The sígnificance of these numbers and the range ín which they
appear is how they describe the structure of the adduct. Alt methyl protons

appear as expected in the aliphatic region of 1-3 ppm and their carbons ín

the range of 20-30 ppm. The addition of the hydride anion induces a loss of
aromaticity to the complexed ring, thus generating a 1-6.s ppm range in

which the ring protons appear. The exo and endo protons are not equívalent,

and thus difter in chemical shift and interaction with the other protons on the
ring' There are two methods to identify one from the other: either based on

chemical shift because exo protons are always found upfield from the endo
proton, or by the splitting pattern, which will differ because the endo proton
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couples to adjacent protons, whereas the exo proton only couples with the
endo hydrogen. A final clue to determine endo/exo chemical shifts is to
measure coupling constants, since they have distinct J values of g-1 3 Hz.

These last two criteria are effective when the number of isomers is small.

The exo protons are found in the range of 1.5g-2.16 ppm and the chemical

shifts of the endo protons appear from 2.i4-2.7g ppm. The carbon chemical

shíft of the endo/exo carbon is in the aliphatic range at 27.5g-36.g6 ppm,

depending on the position of the substituents on the ring. ln general, the
protons adjacent to the site of addition are aliphatic and appear in the range

of 1'83-2.62 ppm and the corresponding aliphatic carbon range extends from

16'25-29.07 ppm. The chemical shifts for proton and carbon depend on the

position of the substituent, but exist in the alíphatic regions of the spectrum.

Quaternary carbon chemical shifts range in the spectrum from 20-g7 ppm;

where the chemical shift is dependent on the aromaticity of the ring. The C-O

carbon is found in the range of 31-97 ppm. lf the site of addition is ortho to

this phenoxy substituent then it will appear in the aliphatic region, but if the

position of attack is meta to the phenoxy group, where the ring is aromatic,

then the chemical shift of this quaternary carbon will be around g5 ppm. This

is also the case for c-Me quaternary carbons where the position of

nucleophilic attack is the primary influence on chemical shift. lf addition was

ortho to a methyl group, then the carbon peak would appear in the aliphatic

carbon range around 24 ppm, whereas if the methyl group was meta to the

site of addition, the carbon would appear around 7s ppm. The aromatic

protons of the ring in the c4 and c5 or c3 positions generally appear in the

complexed aromatic range of 3.89-6.23 ppm for proton NMR and 70-g0 ppm

for the carbon NMR. These are the protons furthest away from the site of

addition; therefore this part of the ring relates to the original complex with
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slightly less aromatic character. The general trend indicates definite

chemical shift characteristics which can aid in the structure determination of
other addition products, involving other nucleophiles. we have also
established that the two rings on a bimetallic complex do not interact, and
therefore do not influence reactions at the other ring. Figures 11 and 12
illustrate the HH COSY and 

ttO 
NMR of adduct (12).
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Figure 1z: 
r3C 

NMR of adduct (12).
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þÞþ 3: 1H NMR data for the adducts 12, 14 and 1S.
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Table 4: "C NMR of the adducts 12,14 and i6.

samples were run in cDcls (ppm from solvent peak at77.00 ppm)

Uncomplexed aromatic peaks are in the 120 - 140 ppm region.

Adduct cHg c (1) c (z\ c (3) c (4) c (s) c (6) co

12a

12b

14a

14b

14c

16a

16b

21.74

24.87

31.67

33.10

35.92

18.30

70.12

93.85

73.89

68.98

74.96

75.10

29.06

20.79

74.65

74.53

25.49

21.85

24.81

36.89

27.60

31.36

36.4Íl

24.51

26.61

71.39

89.92

73.U

70.æ

72.21

89.99

70.00

76.22

72.82

25.62

20.97

17.39

74.90

74.41

74.78

19.96,

16.41

19.45

34.94 æ.74 97.37 89.45 78.17 16.95 75.35

27.63 19.45 94.45 æ.42 19.45 75.88
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The structure in which addition occurred at the position ortho to the ether link
and para to the methyl group was present in trace amounts; therefore not all
the peaks could be identified. The structures (14a-t) represent the
symmetrical and asymmetrical products possible. The detailed NMR
analyses are listed in Tables g and 4.
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As part of this study, we blocked the two positions ortho to the etheric
bridges by two methyl groups in order to enhance addition to the meta
position. Hydride addition to 1,4-bÍs[(n6-12,6-dímethyf)phenoxy_qS_

cyclopentadienyl)ironl-benzene hexafruorophosphate, (15), resulted in the
formation of three major isomers, as well as traces of a few minor isomers, as
shown in Scheme 21.

NaBH4

THF/DMF

15

j

+

t.dzttt'$:
tdrtt3 H3c.

R;æ{Fecp H3c' 
f"cp

16c

+

Traces of ortho adducts

Scheme 21
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Using the same strategy as descríbed above, the predomÍnant isomer was

determined to be the meta adducts (s1%); para (4r"/o) and traces of ortho
adducts (8%) were also present. The spectral analyses for these adducts are
given in Tables 3 and 4. Figures 13 demonstrates the 1H 

NMR of the

adducts (1G).
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Hydride addition to the bimetallic complexes resulted in the formation of
isomers in which the site meta to the ether linkage was the preferred position
of attack' The results are identical to those found with the analogous
monoiron structures; thus the monometall¡c complexes serve as good models
for larger systems. This is consistent for each case studied above. lt was
difficult to determine which uncomplexed aromatic peaks belonged to each
isomer; therefore the data was summarized within the aromatic region for
both 1H 

and ttc 
NMR. The position of hydride addition was found to be

dependent on the substituents on the ring. ln the case of the 4-methyl
complexes (1 and 4), the primary position of addition was meta, illustrating
the ortho directing effect of the methyl group and the meta directing ability of
the phenoxy or thiophenoxy substituents.
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2.2 Cyanide addition

2.2.1 lsomeric 1,4-bis(¡6-methyl phenoxy-r.¡5-cyclopentadienyliron)

benzene dihexafl uorophosphate.

Nitrile groups are unique in their ease of transformation to other
functional groups such as acids, esters, amines and amides [23-76]. This
versatility is valuable in the investigation of synthetic routes for the
functionalization of organic and polymeric compounds. This versatility has

been incorporated into the research of optically pure biological drugs such as

antíulcer agents [76]; as well, this group can easily undergo cyclization

reactions to extend ring systems [73]. ln the past few years, we have been

involved in the synthesis and characterization of polyaromatic ethers with or
without pendent metallic moieties [1o,6T,To,z1]. ln the present work, we

report the cyanide addition to a number of cpFeo polyaromatic ether

complexes.

Schemes 22, 23 and 24 show the relative distribution of adducts

obtained from cyanide addition to isomeric bis(q6-r.thylphenoxy_nS_

cyclopentadienyl)ironbenzene hexafluorophosphate (11, 13,15, and 1g). ln
the case of complexes (11), (lg), and (15), single pure products (12), (1g),

and (20) were obtained. cyanide attack on (ll) and (1g) took place meta to

the etheric bridge and ortho to the methyl group (scheme 22).

I

Fe.Cp

NaCN
--l>

DMF

Scheme 22
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Figures 14 and 1s iilustrate the tH 
and ttc 

NMR of the adduct (12).

Reference to the hydride addition reactions shows that the most aromatíc
proton adjacent to the etheric linkage will appear at appro x. 6.2 ppm whereas
if a methyl group was adjacent to this same proton the chemical shift would
be approx. 5.7 ppm. This ínformatíon was used to solve the structure of the
adduct atter cyanide addition. The most aromatíc proton appears as a
doublet at 6.3 ppm (J=5.4H2). The next peak atong the spectrum is a doubtet
at 5' 1 ppm (J=5.4 Hz), which would be the proton adjacent to the most
aromatic proton. The cp peak is a strong singlet at 4.7 ppm, and the methyl
group is a singlet at 1.g ppm. The last two peaks appear as two doublets; B.S

Ppm (J=5.5 Hz) and B.o ppm (J=s.5 Hz). Ail of the doubret peaks have an
area of 2H, the cp is 10H and the methyl peak 6H. There are only two
possible products that could be formed: addition meta to the etheric
substituent or meta to the methyl group. The only structure is the former due
to the low field position where the most aromatic proton appears; as well, the
methyl group is in the range of an ortho position, considering that the
nucleophile ís now cyanide, which witl cause a downfield shift of all peaks.
The 13c 

spectral data illustrates similar trends to the di-iron hydride adducts

in that the methyl groups appear at approx. 22 ppm and the cp peaks are
found at approx.77 ppm. lf we consider the most aromatic carbons on each
ring, these display chemicar shifts in the area of zs-g4 ppm. The carbon
which is the site of cN attack appears in the range of 2g-31ppm. The proton

coupled tp the endo proton is slightly upfield from C1 at approx. 24 ppm.
Quaternary carbons are dependent on the aromaticity of the ring at the
position they are bonded to, and thus vary accordingly. usually, the c-o
carbon is found at approx. g6 ppm and the quaternary carbon (c-o) for the
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uncomplexed ring is approx. 12s ppm. The cN carbon appears in the range
of 1 16-1 19 ppm and the final quaternary carbon bonded to the methyl group
is approx. 28 ppm assuming it is ortho to the site of addition. The
uncomplexed aromatic carbons appear in the range of 126-130 ppm. There
is no evidence that one ríng influences the other, as determined from the
hydride experiments. lt is difficult to observe the uncomplexed phenyl peaks
in the smaller bimetall¡c systems. This is a result of different relaxation times,
but as will be shown, the peaks grow as the size of the complexes increase
with exact integration. Figure 16 illustrates the 'H NMR of (1g).
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ln contrast, the 2,6-dimethyr ether comprex gave serective addition
ortho to the etheric bridge which is ipso to a methyr group (20) (scheme 2B).
This is easiry be verified with the recognition of a doubret at 6.gs ppm and a
triplet at 4.79 ppm. These correspond to the aromatic protons on the
structure illustrated in schem e 23. There is no other possible structure that
would produce this spectrum or spritting pattern. A símifar resurt was
obtained for the reaction of a monometallic comptex substituted by an
electron-withdrawing group and hindered at the ortho positions by methyr
groups [29]' Steric effects have little relevance on site preference [2g]. lt
should be noted that the only difference between the hydride and cyanide
experiments is the nucleophile. The nature of the nucleophile seems to be a
strong factor in the choice of the position of nucreophiric attack. The
comparison of various nucleophiles with similar systems would be necessary
before any further conclusions are made. Figure 17 illustrates the tH 

NMR
spectrum of (20).

-tCHt 
HsC.

@>-@"Õ
I -t*. Hrct J".cpFe'Cp

1s 2,6-(CFþ)2

DMF

Scheme 23

20 2,6-(CFþ)2
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The meta

(Scheme 24).

isomer (13) gave rise to three possible adducts (21a-c)

*'" t- 
-rc*s@-"-o*@t,

Fe.Cp 
13 

Fe*Cp

Nacrv I

o", I

t

Scheme 24

As ín the case of the hydride addition reactions, it is difficult to ascertain if

addition occurs in the same site on each ring; thus we can only conclude that

symmetrical or asymmetrical products are produced. Therefore

characterization of the products was based on the occurrence of a specific

site of attack on one ring rather than both rings. These isomers displayed

addition ortho with respect to both etheric and methyl substituents (2la) and

'iö;Jfr¡5"
4ls e I

FeCp FeCP

21a 21b

Hgc.
\.4-J I.*":€)do-

-r'- oH_--1.CN 9
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addition ortho to the etheric bridge and para to the methyl group (21b). As

well, the asymmetrical isomer displayed addition ortho to one complexed

arene ring with respect to both substituents and ortho to the etheric bridge,

para to the methyl substituent for the second complexed arene (21c).

For the previous systems, we were able to conctude that both the rings

dísplayed identical adduct formation but once mixtures of products appear we

can no longer distinguish between the symmetrical products (addition the

same on both rings) or asymmetrical products (addition different on both

rings). Spectral data was assigned based on the total ortho addition detected

(65%) for the adduct ortho to both substituents and the total ortho to the

etheríc bridge and para to the methyl group (3s%) as in the hydride

experiments wíth diiron systems. Statistícally, there must be symmetrical

products present but it is impossible to determine this quantity. The rH and
t3C NMR of the bimetallic adducts are listed in Tables 5 and 6. Figure 1g

illustrates the 
1H 

NMR spectrum of adduct (21).
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Table 5: 1H NMR data for the adducts 17, 1g, 20 and 21.

1.93

s

3.52 3.03

(d,5.5, en-2) (d, S.S, p-en)

2.19

s

3.54

(d, 5.6, en-6)

1.97,2.24

s

1.71

s

2.58

s

6.33

(d,5.4)

3.51

s

3.46

(d,6.4, en-6)

All samples run in CDCI3 (ppm from solvent peak at7.26ppm).

Coupling constants (Hz) are of adjacent protons unless otherwise indicated.

5.11

(dd,5.4)

6.33

(d,5.6)

4.79

(t,5.6)

6.35

(d,5.7)

s.08

(d, 5.4)

5.03

s

2.96

(t,5.6, 6-en;

t,5.6)

4.45 6.8-7.3

Sm

4.78

(t,5.8)

6.2s

ß,5.4)

4.44 6.8-7.3

sm

2.97

(d,5.8)

4.57

(d,5.4)

4.77

(d,6.4)

4.44

s

2.98

(t,6.4,6-en,

6.8-7.3

m

4.47

s

4.49

s

t.6.4

6.8-7.3

m

6.8-7.3



Table 6: 13C NMR of the adducts 17, 19,20 and 21.

17 19_ Z0 21a Z1b

CH.

c (1)

c (2)

c (3)

c (4)

c (5)

c (6)

c (7)

c (8)

c (e)

CN

22.08

28.66

23.83

96.66

83.77

79.00

28.68

123.4

130.8

128.8

1 16.9

77.41

20.47

28.59

28.25

94.49

83.82

80.02

23.30

122.8

130.2

126.2

117.0

77.17

24.94,20.65

32.21

32.66

96.03

84.09

79.86

30.80

121.2

128.9

127.8

1 19.9

76.67

20.93

33.62

38.54

81.14

81.55

78.36

24.90

123.6

132"5

129.2

116.1

77.50

28.19

23.39

36.37

81.76

98.66

80.16

23.45

123.4

133.6

129.0

117.0

77.46

samples were run in cDOls (ppm from solvent peak at7z.0s ppm).
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Figure 18: 
rH 

NMR of adduct (21).
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2.2.2 Polyether complexes

The higher selectivity of cyanide addition was intriguing and prompted

us to examine the polyiron systems. Polyaromatic ether complexes with
pendent cyclopentadienyliron moieties (22-271were treated with an excess of
NaCN as described in Scheme 25.

Complex
22
23
24
25
26
27

n
1

2
3
4
5
6

p-.,.,
) n Fe*Cp

NC

Ìd)1")n Fecp

NC

ffir

| *".*
I on¡r

+

CN

¡11,ll-z
unJ \
"3" 6\L/3 1

514
FeCp(1)

Complex
28
29
30
3l
32
33

,ao

n
1

2
3
4
5
6

Scheme 25
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Selective addition meta to the etheric bridges was obtained ín all of these
compfexes leading to the formation of the neutral (cyclohexadienyl)FeCp

systems (28'33) in yíelds of 72-81% (based on the recovered starting

catíonic complexes). Separation of these adducts from their starting cationic
complexes was carried out simply by extracting the adducts from the mixture
with chloroform. These results are consistent with those obtained for the
analogous diiron complexes. We were able to assign inner and outer arene
ring protons and carbons through the comparison between the diiron
complex and the polyiron complexes; the inner peaks increase in intensity
and integration as the units of the molecule grow. The most aromatic protons

of the outer rings appear slightly upfield from those of the inner rings but
exhibit similar J values and splitting patterns. ln general, the chemical shift of
the most aromatic proton is approx. 6.s ppm for the inner ring and 6.3 ppm

for the outer ring. These carbons appear at approx. g4 ppm. The protons

adjacent to the most aromatic posítion, labelfed H5 and H1l in scheme 2g,

appear at approx. 5.1 and 5.2 ppm. The CH at the síte of addition on both
rings appears at approx. 3.5 and 3.6 ppm for the outer and inner rings
respectively. The last protons (adjacent to the site of addition) are located at

ca. 3.2 and 3.0 ppm for the inner and outer rings. The cp rings show the
same trend with the inner cp at 4.6 ppm and the outer cp at 4.4 ppm. t.c

NMR results in almost tle same chemical shift values for the inner and the
outer complexed rings. The uncomplexed aromatic peaks are difficult to
assign as the number of metals increase, thus they are summarized as

multiplets. in the aromatic region. As an example, figures 1g-2g illustrate the
1H 

and 
ttc 

NMR of adducts (2g, 29, gzand 3s) respectively. The detaíled

NMR data for adducts (29-gg) are given in Tables 7 and g.
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Figure 22:13C NMR of adduct (28).



Figure 23: 
ltG 

NMR of adduct (2g).



Table 7: rH NMR of the polymetallic series Following cyanide Addition.

28

n

30

31

32

33

1.93

s

3.53 3.01

(d,6.6) (d,6.6)

1.93

s

3.55 3.02

(d,6.4) (d,6.4)

1.94

s

6.31

(d,5.4)

3.56 3.04

(d,6.8) (d,6.8)

5.10 3.24

(d,5.4) m

1.94

s

6.31

(d,5.5)

3.54 2.99

(d,6.7) (d,6.7)

5.12

(d,5.5)

1.94

s

6.33

(d,5.5)

3.61

(d,6.4)

3.2s

(d,6.3)

Chemical shifts were established based on the solvent peak (CDCls aTT.26 ppm).
coupling constants (Hz) are of adjacent aromatic protons unless otherwise indicated.

3.52 3.01

(d,5.8) (d,5.8)

5.13

(d,5.5)

1.93

s

6.33

(d,6.5)

5.21

(d,6.1)

3.63

(d,6.3)

3.27

m

3.54

5.12

(d,6.5)

6.54 4.ß

(d, 6.1) s

6.31

(d,5.7)

5.25

(d,5.8)

6.

3.64

(d,5.9)

3.01

m

3.26

m

5.11

(d,5.7)

6.55 4.ß

(d,5.8) s

5.26

(d,5.8)

6.31

3.63

(d,6.8)

4.60 6.8-7.4

sfn

6.5

3.24

m

6.57

(d,5.8)

5.09

5.26

(d,6.9)

'd,6.5

3.62

(d,6.8)

4.62 6.8-7.4

sm

3.25

t,6.9

4.49

s

6.56 4.49

(d,6.8) s

5.24

(d,5.6)

3.62

4.59 7.0-7.3

sfn

6.s6 4.48

(d,5.6) s

6.9

5.24

d.6.7

4.æ 6.7-7.4

srn

6.55

6.7

4.M 6.8-7.2

srn

co
o)

4.47

s

4.63

s

6.9-7.3

m



Table 8: ''c NMR of the polymetallic series Following cyanide Addition.

28 29 30 31 g2 33

cN(A)

cN(B)

CH.

cp(A)

cp(B)

c(1)

c(2)

c(3)

c(4)

c(5)

c(6)

c(7)

c(8)

c(e)

c(10)

c(11)

c(12)

c(13)

c(14)

c(15)

c(16)

c(17)

1 16.93

1 16.33

22.09

77.37

78.18

28.69

26.06

96.63

83.74

78.94

29.55

96.63

26.00

29.88

33.03

80.1 2

83.67

123.35

130.27

1 16.96

116.39

22.04

77.35

78.17

28.61

26.00

96.63

83.72

78.39

28.88

96.63

25.99

29.87

29.65

78.93

83.64

122.67

130.27

129.01

122.67

120.12

1 19.59

1 16.34

1 16.38

22.07

77.38

78.19

28.88

25.21

96.60

83.68

78.27

28.55

96.60

26.08

29.87

29.78

78.96

83.74

123.35

130.18

129.80

123.35

119.79

119.73

1 15.95

1 16.35

22.02

77.36

78.18

28.34

26.06

96.62

83.59

78.40

28.76

96.62

26.04

36.43

29.86

78.96

83.72

122.86

130.13

129.67

122.86

1 19.87

1 19.28

116.30

116.34

20.51

77.38

78.19

28.64

.25.98

97.21

83.57

78.51

28.57

97.21

26.12

29.90

29.78

78.98

83.72

123.78

130.21

128.75

123.78

119.81

1 19.23

1 15.91

116.27

20.52

77.41

78.16

29.71

25.95

96.86

83.58

78.38

28.74

96.86

26.39

29.95

29.83

78.99

83.74

122.52

130.76

128.80

122.52

119.73

119.24

129.95

123.35

119.26

1 19.58

Chemical shifts from CDClratZ7.00 ppm.
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overall, the meta positíon ís ínfruenced by both the etheríc and methyr

substituents. lnfrared spectroscopy was used to confírm the presence of the
cyano groups. The v"* for all cyano adducts studied were in the range of
2228-2229 cm''.

2.2.3 s u bstituted 1,4-bis(qe-aryrsu rf oxide-qs-cycropentadienyriron)

alkyl dihexaf luorophosphate

Once selectivity of addition was established with the etheric complexes
we were interested in discovering other systems that would exhibit these
selective properties. Previous studies with cyanide addition reactions
indicate selective ortho addition to monoiron complexes with one electron
withdrawing group on the ring t2gl. our group has recenfly found an
innovative approach to the synthesis of aromatic and aliphatic sulfides and
their corresponding sulfones [77]. lf addition is selective to the bimetailic

series of these ariphatic surfones, then it may arso be applied to rarger

organic and polymeric systems. Scheme 15 illustrates the synthesis of a
series of substituted al¡phatic diiron complexes with sulfone linkages. The
reaction of these complexes is depicted in scheme 26.
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Fe.Q

NaCN

-.>

DMF
I

Fe.Cp
I

FeCp

Rn
43 Me, 2
44 Me, 4
45 Mê, 6
46 Cl, 2
47 Cl, 4
48 Cl, 6
49 SPh 2
s0 sPh 4
51 SPh 6

Rn
34 Me, 2
35 Me, 4
36 Me, 6
37 Cl, 2
38 Cl, 4
39 Cl, 6
40 sPh 2
41 SPh 4
42 SPh 6

Scheme 26

As can be seen, the adducts formed are selectively ortho to the sulfone and
meta to the methyl group. Suffonyf substituents are extremely strong
wíthdrawing groups, thus site activation is influenced primarily by thís group.

Cyanide is as selective with these complexes regardless of the nature of the
second substituent. Complexes (34- 36) have identical arene rings and differ
only in the length of the aliphatíc chain; we see the same ortho adduct form ín all
cases' Therefore the length of the chain does not influence site activation, and
the arene rings act independently. The position of attack is as expected, due to
the inductive effect of the sulfonyl group. NMR assignments were based on the
comparison of the addition products to those with etheric bridges. The most

aromatic proton displays a downfield shift when adjacent to the sulfonyl group;

we would. also see a downfield shift of the endo proton if it is adjacent to the
sulfonyl substituent. The chemical shift of the most aromatíc proton did not differ
greatly but the endo proton demonstrated a downfield shift from that of the
etheric adducts from 3.S ppm to 3.g ppm; therefore, the site of nucleophilic
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attack was ortho to the sulfonyl group. These results were compared to previous

studies, and in fact a correlation was found [29]. A spectral example of the
adduct (45) is listed in figures 24-25. 1H 

and 
ttc 

NMR of these products (4g-4s)

was given in Tables g and 10.
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Flgure 25: 
13c 

NMR of adduct (45).



M

1.98 2.83 3.84 5.13 6.25 3.00 4.s6

s m (d,6.1) (d, 5.5) (d,5.3) (d, 6.0) s

1.94 1 .85, 2.84 3.80 5.09 6.24 2.95 4.53

s m (d, S.A) (d, S.S) (d, S.S) (d, S.g) s

1.98 1.43,1.72, 3.92 5.11 6.26 2.gg 4.57

2.89

s m, m, (t, (d,5.7) (d, S.S) (d, S.S) (d, S.g) s

7.1)

2.85 3.91 5.20 6.62 3.42 4.72

(t, 7.2) (d,5.9) (d,5.5) (d,5.5) (d, 6.0)

2.86, 1.86 3.92 5.21 6.63 3.42 4.72

(t, 7.0), m m (d, 5.5) (d,5.6) (d,5.9) s

2.82, 1.71 , 3.92 5.18 6.63 3.42 4.79

1.38

m (d, 6.0) (d, 5.5) (d, S.S) (d, 6.1) s

3.18 3.87 5.21 6.57 3.24 4.75 7.21_7.42

m (d,6.0) (d,5.4) (d,5.4) (d,6.1) s m

2.94,1.92 3.89 5.21 6.56 3.33 4.74 7.gO_7.40

m (d,6.1) (d,5.6) (d,5.6) (d,6.1) s rn

------'-- 1.41, 1.68, 3.87 5.19 6.59 3.29 4.74 7.25_7.44

2.85

m (d,6.01 (d,5.7t (d,5.7) (d,6.1) s m
lhemical Shifts were established based oñ
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Table 10: 
13C 

of the adducts 51-59 following cyanide addition to complexes which contain electron withdrawing

Complex

CH,

CH,

rvulJg.

43

22.38

52.35

c(1)

c(2)

c(3)

c(4)

c(5)

c(6)

CN

Cp

ArH

44

21.35

52.77,

21.85

28.94

41.21

79.28

84.06

96.96

26.30

117.3

77.70

45

22.47

53.95,

28.26,

22.79

27.00

39.87

77.89

83.41

96.69

26.20

1 17.6

77.39

26.37

38.96

77.28

82.92

96.25

25.66

117.0

76.87

46

53.64

47

52.77,

21.26

27.78

39.78

77.15

83.22

104.6

25.71

1 16.1

79.05

48

Chemical Shifts were established based on the solvent (7.26 ppm CDCI.).

53.32,

27.44,

22.04

27.82

40.04

77.09

82.89

104.5

25.61

116.1

79.04

27.80

39.94

77.10

83.01

104.6

25.66

116.1

79.09

49

54.21

50

52.94,

21.47

28.05

40.21

78.34

87.33

95.47

28.09

1 16.6

79.10

13'1.2,

129.9,

127.4,

137.7

51

53.45,

28.31,

21.98

28.14

39.62

78.60

87.33

95.15

30.13

116.7

79.02

130.5,

129.6,

129.2,

137.8

27.63

39.97

78.97

86.80

94.66

29.60

1 16.2

78.50

129.3,

128.8,

128.7,

137.2
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Complexes (37-39) contain a terminal chloro group, whose influence on

the charge distribution of the arene with respect to the sulfonyl group was
unknown. When these complexes were reacted with NaCN only one product

was obtained; the ortho adduct formed (Scheme 26). There was a downfield

shift of the most aromatic protons due to the presence of the chloro group.

Figures 26-27 present the proton and carbon spectra of the adduct (4g). The
detailed analysis for adducts (46-4g) are listed in Tables 9 and 10.
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The final counter substituent employed was a thiophenol group in the para
posítion to the sulfonyl bridge (scheme 26). complexe s (40-42) are prepared
through the substitution of a terminal chloro group (as in comptexes 37-3g) by
thiophenol in the presence of a weak base [80]. once prepared, they undenvent
reaction with NaCN yielding a single product with addition ortho to the sutfonyl
group (49'51). The thioether group directs meta, as we have seen before, and
the sulfonyl group directs ortho; thus these two groups complement each other.
This result can be confirmed by the significant downfield shift of the aromatÍc
protons due to the presence of the thiophenol group. The size of the aliphatic
chain did not seem to cause any change in the site of addition. Figures 2g-2g
illustrate the f 

H and 
ttc 

NMR of the adduct (50). Full spectral data is listed in
Tables 9 and 10.
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Figure 29: 
r3C 

NMR of adduct (50).



The final experiment that was completed with cyanide addition is the
reaction with comprexes (s2) and (53) as shown in scheme 27 respectivery.

""-q"_o-p-.'.
CNH".r-L-? 8 e

tri r'cQ)*(Oo
sl 4 I s

Fe€p

54 X=S

CN
z-I!,H

',fur}*r.¿T's
Fe,CpFe€p Fe€p

52 X=S

'..@*O- cHe

I

Fe*,Cp

53 X=SQ 55 X=SQ

Scheme 27

It seems that the cyanide anion was selective with respect to each individual
ring' The adduct (55) consisted of addition meta to the oxygen link, as well
as ortho to the sulfonyl substituent. There is no possibility that addítion
occurred contrary to thís or we would see a variety of peaks w1h different
chemical shifts. Adduct (54) follows meta addition on both ríngs, which was
expected based on the directing influence of the sulfur as established in the
hydride addition experiment. Table 11 lists the spectral data of the adducts
(54 and s5 ). Figures go-91 represent the 

1H 
and 

ttc 
NMR spectra.

Nac[ 
H3c

DMF
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Table 11: 1H and þfqr¡n data for the adducts formed in 62 and 63.

29.17 26.il 123.87 U.25

All samples run in cDCls (ppm from solvent peak atl.26 and 77.00 ppm).

97.14 123.87

B) C(s) cN

123.35 129.64, 121 .47,

128.70 120.38

117.48 77.89

.t

1 16.96 77.37
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Floure 30: 
lH 

NMR ol adduct (54).
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Figure 31: 
tsG 

NMR of adduct (54).



2.2.4 Demetallation reactions of cyanide adducts

The free functionalized organic product can be obtained through a

simple oxidative demetallation step using 2,3-dichloro-s,6-dicyano-1,4-

benzoquinone (DDQ). The adducts (17, 1g, 2g-33) underwent reaction in

acetonitrile with DDQ for 30 minutes leading to the free organic compounds

(3441) in75% yietd (Scheme 28 and 29).

NC CHe Hel\L,/ - 14 '.v

ä'@*Oo54

Scheme 28

15

56
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"-o-Hgcã

Complex
17
28
29
30
31
32
33

n
0
I
2
3
4
5
6

I ooo

I cuectr

t

Figures g2-96 illustrate

54 15

Complex n
570
58 I
592
603
61 4
625
636

Seheme 29

the tH and ttO 
NMR for products (s6-s9).

9,'H

12111
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Figure 33: 
rH 

NMR of adduct (57).
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Figure 34: 
r3c 

NMR of adduct (57).
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Figure 36: 
tH 

NMR of adduct (59).
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The chemical shift trend found in the polyiron series was approx. 1.96 ppm

lttct et ppm). The cH on the aromatic rings containing cN are at sl¡ghtly

higher field than the rinking aromatic rings in the region of z-g ppm. The
corresponding carbon peaks appear at approx. 117-130 ppm for the rings
containing cN and approx. 133-135 ppm for the bridging aromat¡c r¡ng. As
the size of the iron complex increases, we see a proportional increase in
these areas on the NMR spectra. euaternary carbons appear approx.144
ppm for the c-o carbon, cN at approx. 116 ppm, c-cN at ca. 11s ppm, and
finally aT 112 ppm for the C-Me carbon peak. Detailed NMR data was listed
in Tables 12 and 13. Anaryticar data for these compounds (57) and (62) are
listed in Table 14.

124



Table 12: rH NMR of the Functionalized Organic Compound in the polymeric Series.

52

53

il

55

56

57

58

59

2.53

s

2.50

s

2.33

s

2.50

s

2.37

s

2.49

s

2.49

s

2.50

7.63

s

7.58

s

7.62

s

7.69

s

7.69

s

7.æ

s

7.75

s

7.59

m

7.71

(d,7.7)

7.70

(d,8.2)

7.70

(d,9.t)

7.74

m

7.78

m

7.76

(d,8.t)

7.76

7.62

m

7.54

(d,7.7)

7.52

(d,8.2)

7.53

(d,9.t)

7.58

m

7.54

m

7.æ

(d, g.l)

7.72

7.63

m

6.89

m

7.11

(d,8.6)

7.62

s

7.62

s

7.69

s

7.æ

s

7.63

s

7.63

s

6.87

m

6.90

(d,8.6)

Chemical Shifts were established with reference to the solvent peak (CDC|3 at7.Z6ppm).

7.55

(d,8.9)

7.53

(d,8.5)

7.s9

m

7.72

m

7.57

(d,8.2)

7.55

L

7.73

(d,8.9)

7.70

(d,8.6)

7.74

m

7.82

m

8.t

6.81-7.03

m

7.01-7.23

m

6.84-7.25

m

6.86-7.20

m

7.73 6.77-7j3

(d,8.1) m

7.68 6.85-7.36

'd,8.4

tt)
C\¡

8.3) m



Tanle 13: "C NMR of the Functionalteo Organic compouno.

Comolex

CN

cH3

c(1)

c(2)

c(3)

c(4)

c(5)

c(6)

c(7)

c(8)

c(e)

c(10)

c(1 1)

c(12)

c(13)

c(14)

c(15)

c(16)

52

116.15

21.03

1 15.95

1 12.30

144.17

1 19.36

1 18.38

127.17

144.17

1 12.30

1 15,95

127,17

1 18.38

1 19.36

144.14

129.68

130.57

53

1 15.81

nù
o)

21.66

115.52

130,04

144.67

120.46

117.74

112.90

144.67

130.04

1 15.52

1 12.90

117.74

120.46

144.67

133.88

133.38

54

1 15.82,

1 15.50

21.58

1 15,35

130.48

144.63

121.93

119.77

1 13.00

144.63

130,22

1 1s.42

144,63

119.42

121.11

144.63

133.88

133.40

134.08

55

1 15.53,

1 15.85

21.83

1 15.38

128.79

144.63

121.92

119.75

112.97

144.63

128,93

115.44

144.63

1 19.40

121,07

144.63

133,85

133.38

134.06

56

115.89,

115,47

21.32

1 15.28

130.90

144.40

122.06

1 19.91

1 12.56

144.40

130,18

1 15.46

144.40

120.34

121 .93

144.40

134.15

134,08

135.38

57

115.11,

1 15.23

21.70

114,88

130.90

144.97

122.08

1 19.83

112.18

144.97

129.95

114.88

144.97

120.37

122,04

144,97

134.12

134.04

134.26

58

1 15.23,

1 15.40

21.73

115.22

130.53

144.31

121 .90

119.42

112.57

144.31

130.53

1 15.30

144.31

1 19.82

122,71

144.31

134.02

133.87

134.23
shli ts from CDCI, at 77,00 ppm

59

115.77,

1 16.06

21.69

1 15,26

130.50

145.05

121.17

1 19.33

112,20

145.05

130,92

1 15,26

145.05

119.79

122,77

145.05

133.90

133.43

134.11



Table 14: Yields and lR data.

Complex
6
7
I
I

10
12
14
16
17
19
20
21

28
29
30
31

32
33
43
M
45
46
47
48
49
50
51

54
55
56
57
58
59
60
61

62
63

Yield(%)
76
72
65
88
85
88
92
85
72
69
65
71

68
73
67
81
73
79
82
80
83
7B
74
81

83
77
79
74
76
B1

82
70
78
75
79
76
6B

'*::..':'''

;ó;
2228
2229
2228
2230
2228
2228
2228
2229
2229
2229
2228
2240
2239
2245
2245
2250
2245
2245
2250
2245
2245
2250
2236
2234
2240
2235
2234
2234
2232
2230
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3.0 Conclusions

ln conclusion, spectral data for the hydride reactions of mono- and di-
iron arene complexes show that the etheric substituent has a targer overall

effect on the charge distribution on the ring in comparison to the methyl
substituent(s). The proportions of the isomers for the bimetallic complexes
were in agreement with their analogous monoiron species. tn contrast, the
reactions of cyanide anion with di- and poly-iron arenes were selective, w1h

addition at the meta posítion to the etheríc brídges. The onfy isomer that
gave a mixture of adducts was the bÍs[(q6-3-methylphenoxy-r15-

cyclopentadienyl)ironlbenzene hexafluorophosphate (13). ln this case, the
addition was ortho and para to the methyl group and ortho to the ether¡c

bridges. Oxidative demetallation proved to be successful, allowing for the
liberation of the functionalized nitrile compounds from their corresponding
iron moieties. The selectivity of the cyanide additíon to the poly-iron system
provides a unique route to the functionalization of polyaromatic ethers. The
selective cyaníde product that was found with the sulfur and sulfonyl

bimetallic complexes also proves that this is a useful route in the
functionalization of polymeric systems that contain electron withdrawing
groups. Finally, the bridging groups, aliphatic or aromatic, do not effect

addition, nor do they facilitate communication between the complexed rings.
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4.0 Experimental

Measurements

1H and 13c ruun spectra were recorded at 200 and s0 MHz (Gemini

200), respectively, while HH cosy and cH cosy were recorded on a
Bruker 500 NMR Spectrometer, with chemical shifts calculated from CDCI,

(7 .26 for proton and 77.00 for carbon). Coupling constants were measured in

Hz. lR spectra were recorded with an FT-IR Bomem M8102 spectrometer.

Reagents

Starting complexes (1-5, 11, 13, lS, 1g, 22-22, g4-42,52, and 53)

were prepared by established procedures [10, 67,70-721. sodium

borohydride (Alfa), DDQ and sodium cyanide (Aldrich) are commercially

available and were used without further purification. All solvents (reagent

grade) were used without further purification, with the exception of THF,

which was freshly distilled. silica gel, 60-100 mesh, was used ín the column

chromatographic purification of the liberated arenes.

Ligand Exchange

The followíng procedure outlines a general synthesis of the

chloroarene complexes. In a 500 ml 3-necked round bottom flask were

placed 100 mmol of ferrocene, 200 mmol of aluminum trichloride (AlClr) and

100 mmol of aluminum powder (Al). To this 60 ml of decalin was added and

finally 250 mmol of p-dichlorobenzene or p-chlorotoluene was stirred at
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135oC for 5 hours under a nitrogen atmosphere. Once the mixture was

cooled to 50oC it was slowly poured into 200 ml of ice water to render the

AlOls inactive. This mixture was then filtered through sand to remove the

Al(s). Washing with petroleum ether (2x50 ml) then with diethyl ether (1 x

50 ml) to remove any unreacted ferrocene and excess benzene compound.

Aqueous NH4PF6 (75 mmol) was added slowly to the aqueous layer inducing

a partial precipitation of a green solid. To this solution CH2C|2 was added (3

x 70 ml) and all the product was dissolved. This organic layer was dried over

MgSO, and filtered. The solution was concentrated via rotary evaporation

and the product was precipitated with a small amount of diethyl ether.

Filtration and washing with diethyl ether yielded the green solid. After drying

under vacuum the product was characterized by 
tH 

and 
t'c 

NMR Is-gl.

Monoiron Complexes

The formation of the monometallic complexes that contain etheric or

thioetheric linkages are described in the following routes [20, 6s, 66]: ln a 50

ml round bottom flask, a mixture of 1 mmol of the chloroarene complex and

1.2 mmol of phenol were added followed by 2.s mmol of Çco. to this

mixture of 5 ml of THF and 5 ml of DMF. The solution was left to stir for S

hours at 65 
oC. 

The reaction mixture was filtered into 10 ml of 10% HCI to

which an aqueous solution of NH4PF6 was added inducing a yellow

precipitate. The purified solid was recovered by filtration, washed with water

and rinsed with diethyl ether.

The reaction with thiophenol followed the same ratio of 1:1.2 complex

to nucleophile in the presence of a weak base and placed in a 50 ml round

bottom flask containing the solvent mixture of a 1:1 DMF to THF. The
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reaction was left to stír for l8 hours under nitrogen. The work-up consisted

of fíltration into 10% Hcl, followed by the addition of the aqueous NH4PF6

solution which caused partial precipitation of the product. To achieve the

highest yields, extraction with CHrCl, and washing this organic layer with

water. The organic layer was dried over MgSOo and filtered. The solvent

was concentrated and the solid product was precipitated out upon addition of

diethyl ether. The solid was collected by filtration, washed with ether and

dríed under vacuum. This was the method foilowed to prepare complexes (1-

5).

Diiron Complexes

The synthesis of the dicyclopentadienylíron arene complexes with

etheric bridges (11, 13, 15 and 18) was carried out according to published

procedures [10, 67, 70-72]. To a mixture of 1 mmol of chloroarene

cyclopentadienyliron complex, 0.5 mmol of the aliphatic or aromatic oxygen

dinucleophile and 2.5 mmol of ÇCo. in 10 ml of DMF. The mixture was

stirred for 15 hours under nitrogen. The brown/green solutions were then

filtered through a sintered glass crucible into 1 0% (vlv) HCI solution resulting

in a yellow precipitate. This solution was then washed with water and rinsed

with diethyl ether. After drying under vacuum the yellow products were

characterized by 
tH 

and 
t'c 

NMR [10,67, 7o-zzj.

131



Polyiron Complexes

The trimetall¡c complex (22) was prepared from the reaction of the p-

dichloroarene complex with the monometallic complex consisting of a free

hydroxyl group in the presence of lgOo. in DMF. The reaction was left to

stir for 16 hours under a nitrogen atmosphere. The procedure for product

isolation was an initial filtration into 10% HCI and then the addition of a
concentrated aqueous solution of ammonium hexafluorophosphate yielded a

yellow precipitate. The product was purified by filtration, washed with water

and rinsed with ether. Characterization was accomplished after drying under

vacuum [77].

The even polyiron series such as the tetrametallic (23), hexametallic

(25), and octametallic (27) complexes were prepared from the reaction of the

corresponding complex with one terminal chloro group in a 2:1 ratio to the

desired dinucleophilic complex. ln the presence of ÇCo. and DMF the

reaction was left to stir for 16 hours under nitrogen. The solution was filtered

into 10% HCI and then an aqueous NH.PF. mixture was added which caused

a yellow precipitate to form. The product was isolated by filtration and

purified by washing with water and rinsing with diethyl ether. Once dried

under vacuum the yellow solid product could be characterized by NMR [77].

The odd polyiron series that were used in this work such as the

pentametallic (24) and heptametallic (26) complexes were prepared using a

2:1 ratio of the terminal chlorinated complex with the dihydroxy nucleophile.

These were added to a 50 ml round bottom flask containing base and DMF.

Under nitrogen, the reaction was left to stir at room temperature for 16 hours.

The solution was filtered into 10% HCI and then an aqueous ammonium

hexafluorophosphate solution was added to precipitate the product. The
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yellow solid was isolated by filtration and purified by washing with water and

rinsing with diethyl ether. After drying under vacuum the product could be

characterized by NMR [77].

Hydride Addition Reactions

Monoiron system:

ln a 25 ml flask, 0.5 mmol of a monoiron arene complex and 1.2s

mmol of NaBH. in 10 ml of THF and 1.0 ml of DMF were stirred for S hours4

under nitrogen. The bright orange product was then filtered through sintered
glass, washed with 10 ml of water and extracted with CHCI. (3 x 20 ml). The

bright orange extract was washed with water, dried over MgSoo and the

solvent was removed by rotary evaporation yielding a red/orange oil. This

methodology was used in the preparation of the adducts (6-10). The yields

are listed in Table 14.

Diiron system:

when 0.5 mmol of the bimetallíc comprexes was employed 2.s mmol

of NaBHo was used for complete reaction to occur in a 25 ml round bottom

flask that contained 10 ml of THF and 1 ml of DMF. The reaction was left to

stir for 3 hours under an nitrogen atmosphere. The product was isolated by

extraction with chloroform (3 x 20 ml) and purified with water washings. The
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organ¡c layer was dried over MgSOo and filtered. The solvent was removed

via rotary evaporation, resultíng in a red/orange oil. This procedure was

followed in order to obtain the adducts (12-16). The yields are listed in Table

14.

Cyanide Addition Beactions

Diiron systems:

An example of the cyanide addition reactions for the bimetallic series

is as follows. ln a 25 ml flask, 0.S mmol of 1,4-bis[(n6-+-methylphenoxy-q5-

cyclopentadíenyl)ironlbenzene hexafluorophosphate and 3.0 mmol of NaCN

in 5 ml of DMF and 1 drop of water were stirred for 3 hours. The red solution

was extracted with CHCI3 Q x 20 ml), washed with water to remove the

DMF, and dried over MgSo4. The solvent was evaporated off, yielding a red

oily product. ln the case of the complex where both ortho positions were

hindered with methyl groups, the reaction time was 12 hours. This may be

due to the steric position at which nucleophilic attack occurs. Reaction times

of 3,.5, and 8 hours were attempted but only starting mater¡al was recovered.

This procedure led to the production of adducts (17, lg, 20 and 21).

Recoveries are listed in Table 14.
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Polyiron systems:

Reaction ratios varied according to complex size; 0.1 mmol of the

tr¡metallic complex (22) with 0.9 mmol of NaCN immediately turned orange

when introduced to 5 ml of DMF in a 25 ml round bottom flask. The water is

introduced to the reaction mixture last to aid in the solubility of the NaCN.

Tlre product was isolated by extraction with CHCI' Q x 20 ml) and the highly

interacting solvent (DMF) was removed by washing with water. The organic

solution was dried over MgSoo and filtered. The red product (29) was

obtained once the chloroform was removed by rotary evaporation. The yields

and u.* are listed in Table 14.

The isolation techniques for the remaining cyanide addition products

follow the procedure outlined above. The ratio of 1:3 of complexed arene

ring to nucleophile was found to be the ideal ratio. An increase in the amount

of NaCN resulted in the identical products obtained with the 1:3 ratio with no

change in yields. However if the amount of NaCN was used was lower, the

yields decreased and there was some unreacted products detected.

The tetrametallic complex (23) (0.1 mmol) was reacted with 1.2 mmol

of NaCN which initially gave a yellow/orange solution only later to become

orange/red in color. The work-up consisted of separating the unreacted

starting material from the adduct. This was completed using chloroform to

extract the adduct then purification through water washings. The unreacted

complex in each case was recovered by the extraction of the aqueous layer

with dichloromethane and all DMF was removed by the washing with water.

The organic layer was dried over MgSOo and filtered. Once the solvent was

removed by rotary evaporation the final yellow solid was recovered upon

precipitation with diethyl ether. Never was there 1OO% reactivity occurring
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even if the reaction time was extended to a maximum of 12 hours. The

highest yield and most pure samples were obtained when the reaction time

was 3 hours. Longer reaction times resulted in lower yields due to the

increased amount of decomposition therefore uncharacterizable products

present so once cleaned the yields based on recovery decreased. This was

the method used in order to determine the yields based on full recovery. The

yields and u.* of adduct (29) are listed in Table 14.

The following oligomeric species follow the same reaction pattern as

outlined above where 0.1 mmol of the pentametallic complex ea) reacted

with 1.5 mmol of NacN in s ml of DMF and 1 drop of water. The adduct

formed selectively (30) and the unreacted starting complex was isolated and

purified as described above. As the length of these oligomeric complexes

increase the more they interact with the DMF therefore an increased number

of water washings is required. The increased number of washings can also

greatly effect the yield if the product becomes slightly soluble. lf for some

reason the sample was not DMF free as shown by 
tH 

NMR, dissolution of the

product in ether and transfer to a new flask then removal of the solvent

proved to be a suffícient method of purification. The cyanide adducts are

more stable than the hydride products but will decompose within two days at

room temperature.

For the remaining oligomeric complexes the rat¡o used is as follows,

0.1 mmol of the hexametallic complex (2s) was reacted with 1.g mmol of

NaCN, 0.1 mmol of heptametallic complex (26) was reacted with 2.1 mmol of

NaCN, and finally 0.1 mmol of the octametallic complex (27) with 2.4 mmol of

NaCN. These were the best ratios giving the h¡ghest yields and the highest

quality of the product. The yields and u.* of the adducts (91,92 and 33) are

listed in Table 14.
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Aliphatic sulfonyl systems:

ln the case of the aliphatic sulfonyl bimetallic complexes, the reaction

ratios were found to be ideal in a 1:3 ratio. An example of the reaction

between the alíphatic complex and sodium cyanide is as foilows. ln a 25 mt

round bottom flask, 0.5 mmol of the substituted aliphatic sulfonyl diiron

complex (3442) was dissolved in 5 ml of DMF. To this solution 3.0 mmol of

NaCN and a drop of water were added. The dark red solution was left to stir

for 30 minutes under nitrogen. The reaction mixture was then extracted with

chloroform (3 x 20 ml) and washed well with water. The organic layer was

dried over MgSo4 and filtered to remove the drying agent. The product was

recovered after the solvent was removed by rotary evaporation as a red oil.

The reaction time was an important factor for the complexes that consisted of

electron withdrawing groups. lf time was increased to 3 hours all that could

be recovered were decomposition products that were soluble in water and

could not be recovered. Therefore reactivity is increased when electron

withdrawing groups are present. This method was used to prepare the

adducts (€-5f ). The yields and uç¡ are listed in Table 14.

Mixed ether and thioether systems:

The reaction of NaCN with the mixed ether/thioether bimetallic

complex (52) followed the above procedure in which the ratio of complex to

nucleophile was 1:3. The reaction was carried out in DMF with one drop of

water and was allowed to stir for 3 hours under nitrogen. The product was

recovered using CHCI3 (3 x 20 ml) and purified by washing with water. Once
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the product had been dried over MgSO4 and filtered the red oil product was

recovered after rotary evaporation. The yields and uç¡r¡ of the adduct (54) are

listed in Table 14.

The final system that underwent cyanide functionalization was the

aromatic ether/sulfonyl diiron complex (53). The reaction ratios were l:3
complexed arene ring to NaCN. The reactions were carried out at room

temperature for t hour under nitrogen. The dark red sotution was extracted

with CHCI3 (3 x 20 ml) and washed with water. The organic layer was dried

over MgSO4 and then filtered. The pure product was isolated by removal of

the solvent via rotary evaporation. Decomposition occurred if the reaction

time was extended past one hour. The unreacted complex was recovered by

extraction of the water layer with díchloromethane and the DMF was removed

with water. The resulting organic layer was dried over MgSO4 and filtered.

The solvent was removed by rotary evaporation and the yellow product was

recovered on precipitation with diethyl ether. The yields and uç¡,¡ of adduct

(55) are listed in Table 14.

De metal I ati o n Reacti o ns

Diiron systems:

To a solution of the bimetallic adduct (17 and r9) (0.2 mmol) in l0 ml

of acetonitrile was added 0.4 mmol of DDe (2,3-dichloro-s,6-dicyano-1,4-

benzoquinone), and the resulting mixture was left to stir for 30 minutes at

room temperature. The ratio of oxidant to adduct or complexed

cyclohexadienyl ring always followed a 1:1 reaction ratio. The black solution
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was then filtered through sintered glass and evaporated to dryness. The
product was dissolved in cï2cl2, placed on a short silica gel column and

eluted with CHCI3 and CH2C|2; the resulting solutions were dried over

MgSOa and evaporated to dryness to give the free functionalized aromatic

ether. This procedure was used in the production of the compounds (56 and

57). Yields are listed in Table 14.

Polyiron systems:

ln the case of the trimetallic cyclohexadienyl product (28), the ratio of
complex to oxidant was 1:3 and the work up procedure follows as described

above. For the tetrametallic (29) and pentametallic (30) adducts the ratio of
complex to DDQ was 1:4 and 1:5 respectively and the organic product was

recovered via column chromatography in the chloroform and dichloromethane

layers. The remaining reactions of the hexametallic (31), heptametallic (32)

and octametallic (33) adducts followed the same trend in ratio of adduct to

oxidant. For the hexametallic adduct the ration was 1:6 adduct to DDe. tn

the case of the heptametallic and octametallíc adducts the ratios of adduct to

oxidant were 1:7 and 1:B respectivery. The methodology of recovery of these

products followed the same procedure as outlined for the smaller systems.

The difference that was encountered with these latter systems is their

position of elution, all were present in only the dichloromethane layer. The

recovery of compounds (56-63), was effective with the use of DDe. The
yields and uç¡1 are listed in Table 14.

Photolysis of these adducts was carried out in 30 ml of CH2C¡2 and 10

ml of CH3CN and left to purge for 30 minutes under nitrogen. The photolytíc

tube was left under a xenon lamp for s hours then evaporated to dryness.
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The product was dissolved in 4 ml of CH2C!2 and put on a silica gel column

prepared in hexane. The ferrocene was eluted in the hexane layer and the
product was recovered in both the cHCl3 and cï2cl2 fractions. The

yellow/white solid was recovered once the solvent was removed folowing

rotary evaporation. This technique gave lower product yield and was more

difficult to separate from the ferrocene than in the DDQ reaction. ln addition,

the reaction time and work-up time for the DDQ reaction was far more

efficient.

The aliphatic sulfonyl adducts produced confusing results when

demetallated with DDQ. Photolytic degradation of these addition products

was also attempted in 30 ml of c12cr2 and 10 ml of cH3cN which were

purged for 30 minutes under nitrogen then placed under a xenon lamp for S

hours. The free organic compound was not recovered. ln both instances,

either the CN group or the aliphatic bridge was not present spectroscopically.

Further work is necessary in this area in order to establish conditions.

NMR parameters

All samples were run in CDCI3 and this was the reference point of 7.26

ppm for proton and 77.00 ppm for carbon NMR. For the cH cosy
experiments, the system at equilibrium is subjected to a g0o pulse, which is

then allowed to evolve for a variable períod t1. The end of the evolution

period is marked by a second g0o pulse, after which the data is acquired over

t2. The relaxation delay was set to 0.2 sec and 11.5 psec after the first pulse

and 17 psec as the second delay during acquisition. The acquisition time to

complete one scan was set to 0.56527 sec. The incremented delay in the

second dimension was set to 0.0000030 psec and the sweep width covered
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was 3623.19 Hz (152.898 ppm). The number of dummy scans was 32 which

allows for steady state to be reached before the acquisition and processing of

64 actual scans. The time domain data size which defines the number of
points to be sampled and digitized before processing occurs was 40g6 points.

The composite pulse decoupling is the program used to process the data and

this program is referred to as the Garp program. The HH cosy experiments

follow the same general route of acquisitíon but the parameters are sligh¡y

different. The resolution delay was set to 3 sec and the acquisition time was

set to 0.113684 sec. The sweep width covered 4so4.so Hz (g.007 ppm).

The number of dummy scans was 4 and the number of actuat scans was 16.

The time domain data set included 1024 points. The delays were the same

as outlined for the CH COSY. The delay employed for the evolution of long

range couplings was 0.20000 sec.

waltzl6 is the composite purse decoupling program used in data

processing for the one dimensíonal experiments. Carbon NMR spectra were

obtained with a relaxation delay of 3.0 sec after the g0o pulse with delay of

70.0 ¡rsec. The number of dummy scans was 2 with 5000 processed scans.

The sweep width was29411.77 Hz and the time domain data set included

65536 points. The acquisition time was set to 1.114132 sec. proton NMR

had a relaxation delay of 5.0 sec after the g0o pulse with a delay of 12.5

F.sec. The time domaín data set included 32768 points and the sweep width

encompassed 7575.78 Hz. The number of dummy scans used was 2 and the

actual number of scans was 32.
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