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ABSTRACT 

Reactions of [(arene) 2Fe]
2+ dications with carbanion 

sources A1R3, RLi, and RMgX have been investigated. In 

reactions with A1R3 (R = Me, Et) in CH2X2 (X = CI, Br) , 

monocationic [(arene)(cyclohexadienyl)Fe]+ complexes are 

produced where the cyclohexadienyl ligand is derived from 

single net Et" (AlEt3) or CH2X" (AlMe3) addition to an arene 

ring. Reactions with alkyllithium or Grignard reagents 

yield [(cyclohexadienyl)2Fe] complexes for arene = benzene, 

p-xylene, or mesitylene; and [ (arene)(cyclohexadienyl)Fe] + 

complexes for arene = pentamethylbenzene or 

hexamethylbenzene. 

Mixed-arene iron dications of the general formula 

[(arene)(arene')Fe]2+ have been synthesized and their 

reactivity towards carbanions and borohydride has been 

investigated. This investigation has revealed that there is 

a preference for addition at the less substituted arene 

ligand. These results are rationalized as occuring via a 

single electron transfer process rather than a nucleophilic 

mechanism. 

Finally, X-ray crystallographic characterization of a 

number of the aforementioned compounds with previously 

reported structures has allowed an analysis of Fe(II) 

sandwich complexes containing cyclopentadienyl, 

cyclohexadienyl, pentadienyl, and arene ligands. This 

analysis ranks the four ligands with respect to their 

ability to 7r-bond to iron as: arene > cyclohexadienyl = 

pentadienyl > cyclopentadienyl. 
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"One should not be deterred from doing an experiment 
because somebody says it won't work.,11 

t 

Professor Sir Geoffrey Wilkinson 

1 



Chapter 1 

Introduct ion 

2 



3 

It is believed that as early as 1919 Hein synthesized a 

compound in which an aromatic hydrocarbon was bonded to a 

transition metal centre1. It was not until 1954, however, 

that the true nature of this, the first example of a 

transition metal arene complex, was fully realized. In 1955 

E.O. Fischer prepared2 the prototypical arene sandwich 

complex Cr(C6H6)2 and in 1973 he shared the Nobel Prize in 

Chemistry with G. Wilkinson for his pioneering work in this 

field. The chemistry of complexed aromatic hydrocarbons has 

subsequently received considerable attention from 

organometallic chemists3"10 and, as a result, there are arene 

complexes known and structurally characterized for almost 

all of the transition metals3,11,12 as well as some 

lanthanide13'14, actinide15'18, and main group19"24 elements. 

Several experimental techniques have proven successful 

in the preparation of transition metal arene complexes, 

including the "Fischer-Hafner" synthesis, carbonyl 

replacement, metal vapour synthesis, and cyclic 

condensation. The most widely used synthetic method is the 

"Fischer-Hafner" synthesis which involves activation of a 

transition metal halide substrate, normally by A1C13
2. In 

the presence of the arene and 'uminum metal the following 

reaction occurs (equation 1.1). 

arene 
3 Md 3 + 2 Al + AlC^ =»— 3 [(arene)2M]AlCl4 



4 

If reduction of the transition metal salt is not required, 

aluminum metal is not used (equation 1.2): 

arene 
M d 2 + 2 AICI3 » - [(arene)2M][AlCl4]2 ( e q > ± 2 ) 

This technique is most effective in the preparation of 

bis(arene) and (arene)(cyclopentadienyl) sandwich complexes 

although mono (arene) dimers such as [ (C6Me6)NbCl2]2
25 and 

[ (C6H6)Pd(AlCl4) ] 2
2 6 have also been synthesized by this route. 

A similar method, carbonyl replacement, involves halide 

abstraction by A1C13 and/or substitution of CO by the arene 

in a metal carbonyl halide (equation 1.3) or metal carbonyl. 

arene LnM(CO)2a + A1C13 > - [LnM(arene)]Aia4 + 2 CO 

This technique has been most successful in the preparation 

of "piano-stool" arene complexes such as [(arene)M(CO)3]
n* 

where M = Mn, n = l27"29 and M = Cr30"33, Mo34, W35; n = 0. The 

other two methods, metal vapour synthesis36"38 and cyclic 

condensation39'41, have been used successfully where the 

other methods have failed. 

In these and related compounds, arene ligands act as ti-

electron donor ligands when bonded to the transition metal. 

The most common mode of coordination is symmetric hexahapto 

(T;6) and the ligand is treated as a formal 6-electron 
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neutral donor for effective atomic number (EAN) counting 

purposes. In recent years aromatics have also been observed 

to bond in i,2,42"46 ,,\41'47-51 M2-»?y,52-54 M3-t?W,55 and 

M2-JJV
 58"58 fashions; the delocalized nature of the ring is 

greatly reduced in such complexes and they are less common 

than 7)6 bonded arene moieties. 

A molecular orbital treatment of the bonding in 

transition metal arene complexes yields a meaningful 

description of the electronic framework of these molecules6. 

In the prototypical bis(arene) complex, [(C6H6)2Cr], there 

are components of a, n, and S symmetry in the bonding of the 

ligand to the metal. The most important bonding 

interactions are: a bonds between the 7r-orbitals of the 

ligand and metal s and pz orbitals, and 7T-bonds between the 

7T-orbitals of the ligand and dxz, J metal orbitals. There 

is a smaller component of S symmetry between ligand n*-

orbitals and metal dv2 u2, dvu orbitals. These interactions 
x y xy 

constitute the six bonding molecular orbitals of the complex 

and are fully occupied. In addition, six electrons are 

housed in three non-bonding orbitals that are primarily 

metal d in character, completing the 18-electron 

configuration. It is a combination of electron donation to 

the metal and 7r-backbonding from the metal which act to 

reinforce each other synergically, lend stability to the 

complexes, and, most importantly, profoundly affect the 

reactivity of the ligand. 
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In terms of reactivity, the transition metal 

effectively acts as an electron-sink, withdrawing electron 

density from the delocalized 7T-system of the arene. The 

electron deficiency of the ring renders it susceptible to 

reduction and nucleophilic attack as well as making ring and 

a-substituont protons relatively acidic (Figure 1.1), i.e. 

the arene ring reactivity is reversed when compared with 

uncomplexed aromatics5. 

Figure 1.1 Arene Reactivity upon Complexation to a 

Transition Metal. 

One class of compounds that fits into this category of 

altered arene reactivity is [ (arene)2Fe]
2+ dications, 1. The 

[ (arene) 2Fe]
2+ dications also fall into tb-* larger grouping 

of organoiron sandwich complexes, which contain the 

prototypical sandwich complex ferrocene, 

[(cyclopentadienyl)2Fe]
59, 2. Other analogues include the 



recently characterized [(pentadienyl)2Fe] systems (sometimes 

referred to as "open ferrocenes")60"64, 3; the relatively 

unexplored [(cyclohexadienyl)2Fe] complexes (sometimes 

referred to as "pseudoferrocenes")65"68, 4; and mixed-

sandwich complexes derived from combinations of the four 

ligands (eg. [(arene)(cyclopentadienyl)Fe]+ cations). 

The similarities that these complexes share are mainly 

in terms of structure and bonding in that they are 

isoelectronic 7r-ligand sandwich complexes. Whereas an arene 

is formally a 67T-electron neutral donor ligand, the 

cyclopentadienyl, pentadienyl, and cyclohexadienyl ligands 

are formally monoanionic. [(arene)2Fe]
2+ complexes are 

therefore dicationic, [(arene)(cyclopentadienyl)Fe]+ and 

[(arene)(cyclohexadienyl)Fe]+ complexes are monocationic, 

and [(cyclopentadienyl)2Fe] , [ (pentadienyl) 2Fe], and 

[(cyclohexadienyl)2Fe], compounds are neutral. 

Iron-arene complexes exhibit four general aspects of 
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organotransition metal arene chemistry: susceptibility to 

reduction, acidity of ring and a-substituent hydrogen atoms, 

conformational effects upon flexible substituents, and 

reactivity towards nucleophiles. 

The first of these effects, susceptibility of the arene 

moiety towards reduction, has been extensively studied by 

Astruc et al. Chemical or electrochemical reduction of 

highly substituted [ (arene) 2Fe]
2+ dications and 

[(arene)(cyclopentadienyl)Fe]+ cations has yielded 

relatively stable 19- and 20-electron complexes69"72. The 

stability of these so called "electron reservoirs" has been 

attributed to a combination of the 7r-ligand's ability to 

delocalize electron density and a high degree of steric 

crowding kinetically preventing decomposition pathways. 

Indeed, 19e" [(arene)(cyclopentadienyl)Fe] complexes are the 

most electron-rich molecules known to date70. The 19th 

electron in the [ (C6Me6)2Fe]
+ radical cation is predominantly 

metal-based (80%)71. 

A number of workers have also taken advantage of the 

acidity of substituent protons on the arene rings of 

[(arene)(cyclopentadienyl)Fe]+ cations. Helling first 

used73 the enhanced acidity of -XH (X = N,0,S) substituted 

aromatics to prepare the methylated analogues (-XMe) via 

reaction with base and methyl iodide. Sutherland has 

shown74'79 that substituent C-H protons also undergo 

deprotonation with a suitable base and has used this 



methodology in the preparation of novel heterocyclic 

complexes. Astruc has recently found80 that reaction of 

[(arene)(cyclopentadienyl)Fe]+ cations with excess base 

(such as ̂ uO'K*) and primary organic halides (RX, where R 

= -CH3, -CH2C6H5, for example) is a useful and facile means 

of converting methylated aromatics to higher substituted 

aromatics, according to scheme 1.1. Alternately, under 

milder conditions (KOH, DME), functionalities such as -

CH2CH=CH2, and -(CH2)6OMe have been introduced cleanly and in 

high yield81. 

+ 20 ̂ O K + 10 RX 

Scheme 1.1 One-pot Successive Functionalization of the 

Methyl Substituents of [ (C6Me6) (C5H5)Fe]
+ via 

Reaction with tBuOK and RX. 

The effect on conformation of coordinated arene ligands 

with flexible substituents (eg. hexaethylbenzene) in 

transition metal sandwich and half-sandwich complexes has 

been investigated by a number of workers80,82"96. The steric 

strain caused by the proximity of ancillary ligands tends, 
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in general, to force flexible substituents into a distal 

(away from the metal) arrangement. As a result, 

crystallographic characterizations of such complexes reveal 

conformations of the coordinated arene that would normally 

be unexpected m the uncomplexed arene. It has even been 

shown that the solid state conformation of C6Et6 in the 

[ (C6Et6) (C5H5)Fe]
+ cation is affected by choice of counterion, 

exhibiting 4 distal ethyl groups (2 proximal) when 

hexafluorophosphate is the counterion80, and 5 distal ethyl 

groups (1 proximal) when tetraphenylborate is the 

counterion95. In the absence of any unusual interionic 

contacts, this example illustrates the low energy 

differences between such conformations, which has been borne 

out by calculations on uncomplexed hexaethylbenzene82. 

Perhaps the most widely studied aspect of transition 

metal arene chemistry is the reactivity of the arene towards 

net nucleophilic addition. Numerous examples of single net 

addition of nucleophiles to transition metal arene 

complexes, from neutral phosphines (eg. PBu3) to carbanions 

(eg. tBu") , have been reported4,5,8,68,97"109 for a wide range of 

substrates. The net addition of carbanions occurs 

invariably at the exo face of the arene, yielding a metal-

cyclohexadienyl species, as depicted in Figure 1.2. 

Unlike free cyclohexadienyl anions, metal-

cyclohexadienyl complexes are often stable, isolable 

species. Reactions of organometallic arene compounds with 
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nucleophiles do not always yield these derivatives, however. 

Depending on the choice of reagent, solvent, and 

temperature, competing reactions such as single electron 

R 
H 

C=LJ ^ R-

MLn
+ MLn 

Figure 1.2 Single Carbanion Addition to a Coordinated 

Arene to Yield a Transition Metal 

Cyclohexadienyl Complex. 

transfer (SET) to generate 19-electron complexes110,111, 

reaction at ancillary ligands112'114, and deprotonation115 

have been observed. 

Facilitated by the ease of synthesis and isolation, 

workers have focused attention on cyclohexadienyl moieties 

as key intermediates in the conversion of aromatics to 

substituted aromatics or stereospecifically difunctionalized 

cyclohexadienes. Decomplexation of the cyclohexadienyl 

ligand using oxidizing reagents has resulted in 

functionalized arene molecules65,100,103, l14,116'120. It is thus 

apparent that complexation of an arene to a transition metal 

followed by the addition of nucleophiles and subsequent 
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decomplexation offers a viable alternative to electrophilic 

substitution of uncomplexed aromatics. 

A second addition of a nucleophile to a coordinated 

cyclohexadienyl ring may result in cyclohexadiene formation. 

Several elegant multi-step routes to complexed 

cyclohexadienes have been reported104"108,110,111,121,122 but 

attempts at developing a widely applicable, facile process 

have been thwarted by the unavailability of a convenient 

route to the required cyclohexadienyl intermediate or 

deactivation of the complex towards further carbanion 

addition. This is, in part, due to the observation that 

traditional alkylating reagents, such as alkyllithium and 

Grignard reagents, often fail to react in the desired 

fashion111,120. Additionally, substituted ring carbon atoms 

are typically inert to attack by nucleophiles other than 

hydride, so, for example, alkylated cyclohexadienyl 

complexes derived from hexamethylbenzene have only been 

prepared indirectly via multi-step processes107,111. 

One such case in which traditional alkylating reagents 

have hitherto failed to produce desired products is with 

[(arene)2Fe]
2+ dications. This is unfortunate since the 

combination of a high degree of arene activation8, 2+ 

charge, and ease of synthesis make the [(arene)2Fe]
2+ 

dications appear to be ideal substrates for conversion of 

aromatics to cyclohexadienes. It has been reported that 

these dications (other than arene = mesitylene) fail to 
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react with R" sources under standard conditions (RMgX or 

RLi, -78°C, THF) to give carbon-carbon bond formation111. 

A class of alkylating reagent that has been overlooked 

by organotransition metal chemists for the purpose of 

carbanion addition to complexed arenes are the 

trialkylaluminums, A1R3, although they have been used 

effectively for alkyl metathesis of metal halides123"129, and 

as alkylating reagents by organic chemists130. Recently 

Zaworotko et al. have demonstrated that anionic 

trialkylaluminum reagents are effective for the alkylation 

of [(arene)Mn(CO)3]
+ cations99. The parent trialkylaluminum 

compounds A1R3 (R = Me, Et) eire extremely air and moisture 

sensitive liquids that react violently or even explosively 

with water or oxygen. However, they are very soluble in 

hydrocarbon solvents, are comparatively mild alkylating 

reagents because the Al-C bond polarity is relatively low, 

and are air stable in their anionic form (eg. (AlR3)nX") . 

In light of this previous work, the primary goal of 

this thesis is to extend the reaction chemistry of the 

[(arene)2Fe]
2+ and [(arene)(cyclopentadienyl)Fe]+ systems in 

terms of functionalization of the arene ring, with the aim 

of converting arene complexes to functionalized or 

sterically crowded aromatics or cyclohexadienes. 
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Chapter 2 

Reactions of [ (arene) 2Fe]
2 + and 

[(arene)(cyclopentadienyl)Fe]+ Cations with 

Trialkylaluminum Compounds 

;k 
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2.1 Characterization of Starting Materials 

The dications [(arene)2Fe]
2+ (arene = benzene, la, para-

xylene, lb, mesitylene, lc, pentamethylbenzene, Id, and 

hexamethylbenzene, le) were prepared according to the method 

of Helling et al.131 and subsequently isolated as the 

hexafluorophosphate salts, la-e were characterized by 1H 

and 13C NMR spectroscopy and infrared spectrophotometry, 

details of which are presented in full in the experimental 

section. 

A well known feature of the 1H NMR spectroscopy of 

aromatic hydrocarbons is that the chemical shifts of the 

ring hydrogen atoms resonate downfield (at higher S values) 

of those in comparable olefins132. This trait is due to the 

anisotropy of the local magnetic field of the molecule as 

electrons circle the 7r-cloud of the aromatic ring. This 

ring current is manifested as a conical region of shielding 

(associated with upfield shifts) above and below the ring 

plane, and deshielding (associated with downfield shifts) on 

the exterior of the ring plane. Upon complexation of the 

arene to a metal moiety, electron density is withdrawn from 

this rr-cloud. The net result is to reduce both shielding 

and deshielding effects in transition metal arene complexes, 

causing 1H (as well as 13C) NMR resonances to come, in 

general, upfield of the free aromatics. This characteristic 

is exemplified by the NMR data of la-e and the corresponding 
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free arene molecules presented in Table 2.1. For all of the 

[ (arene) 2Fe]
2+ dications listed, the 1H and 13C NMR chemical 

shifts of the aromatic hydrogen and carbon atoms come at 

lower S values than in the corresponding uncomplexed 

aromatics. 

In addition to spectroscopic characterization, lc was 

also characterized by single crystal X-ray diffraction*. 

Crystallographic data collection and refinement parameters 

are given in Table Al and final fractional coordinates and 

bond distances and angles are presented in Tables A2 and A3. 

A perspective view of the dicationic portion of the salt is 

presented in Figure 2.1 (hydrogen atoms and iron-carbon 

bonds are omitted, in this and other crystallographic 

figures, for clarity). 

lc was observed to adopt a solid state conformation in 

which the two mesitylene rings are eclipsed with the 

substituent methyl carbon atoms staggered. The 

ec> _psed/staggered disposition of the arene rings and methyl 

substituents is expected6 from electronic and steric 

considerations, respectively. Average Fe-C and ring C-C 

bond distance are 2.12(2) and 1.35(6) A, and the 

perpendicular distance from the metal to the ring planes is 

1.594(1) A. 

The X-ray crystal structure of la was solved by Drs. 
Stanley Cameron and Anthony Linden at Dalhousie University 
using data collected on an Enraf-Nonius CAD-4 
diffractometer. 
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Table k.l Comparison of 1H and 13C NMR Chemical Shifts (ppm) 

of [(arene) 2Fe]
2+ Dications and the Corresponding 

Free Aromatics*. 

Compound Arene 

benzene* 

[(C6H6)2Fe](PF6)2* 

para-xylene 

[(l,4-C6H4Me2)2Fe](PF6)2 

mesitylene 

[(l,3,5-C6H3Me3)2Fe](PF6)2 

pentamethylbenzene 

[(C6HMe5)2Fe](PF6)2 

hexamethylbenzene 

[(C6Me6)2Fe](PF6)2 

Chemical 
1H 

7.54 

6.93 

7.04 

7.01 

6.76 

6.50 

6.75 

6.36 

-

— 

Shift(s) 
13c 

129.3 

95.2 

135.3, 

112.0, 

138.3, 

113.3, 

133.5, 

107.7, 

92.5 

138.1 

104.6 

129.7 

94.0 

127.8 

92.0 

132.6, 

106.8, 

129.7 

105.3, 

* Acetone-d6. 

Acetonitrile-d3. 
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Figure 2.1 ORTEP133 Perspective View of the Dicationic 

Portion of [ (l,3,5-C6H3Me3)2Fe] (PF6)2, la. 



2.2 Reaction of [ (arene)2Fe]
2+ Dications with 

Triethylaluminum 

la-e were reacted with a 4-fold excess of AlEt3 in 

dichloromethane producing the monocationic mixed arene-

cyclohexadienyl complexes, [(arene)(cyclohexadienyl)Fe]PF6, 

2a-e, derived from net Et" addition 

Fe2+ (PF6")2 

Me, 

Me n 

Fe 

Et 

R 

PF, 

l . ( a ) 

(b) 

(c) 

(<3) 

(e ) 

a r e n e = C6H6 

a r e n e = l ,4-C6H4Me2 

a r e n e = 1 , 3 , 5-C6H3Me3 

a r e n e = C6HMe5 

a r e n e = C6Me6 

2, . ( a ) 

(b) 

( c ) 

(d) 

(e ) 

n = 0 , R = H 

n = 1 ,4 -Me 2 , R = H 

n = 1 , 3 , 5 - M e 3 , R = H 

n = 5 , R = H 

n = 6 , R = Me 

to a sinjle arene ring. Et" addition was shown via X-ray 

crystallography to occur in the expected4 exo fashion for 2c 

and 2e. In complexes possessing both substituted and 

unsubstituted ring carbon atoms (lb-d), ethylation occurred 

exclusively at the sterically favoured unsubstituted 

position. The isolated yields of 2a-e unexpectedly (based 
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on steric considerations) increased with the degree of 

substitution of the arene ring, giving 2e in greater than 

90% yield. The high yield of 2e is particularly unexpected 

as addition necessarily occurs at a substituted ring carbon 

atom, a reaction hitherto disfavoured in nucleophilic 

addition reactions to transition metal complexes4. 

2a-e were characterized by 1H and 13C NMR spectroscopy 

and IR spectrophotometry. The 1H NMR spectrum of 2c is 

presented in Figure 2.2. There are several features of this 

spectrum that are typical of [(arene)(cyclohexadienyl)Fe]+ 

cations: the peak labelled HA corresponds to the dienyl ring 

protons which are shifted to lower field with respect to the 

mesitylene aromatic C-H; HB and HE correspond to the 

hydrogen atoms of the one and two equivalent methyl groups 

of the cyclohexadienyl ligand, respectively, and have 

chemical shifts which reflect the decreased deshielding of 

the cyclohexadienyl ligand towards the sp3 hybridized carbon 

atom of the ring; Hc corresponds to the endo hydrogen atom 

of the cyclohexadienyl ligand and appears as a triplet due 

to coupling with the two methylene hydrogen atoms of the 

ethyl group; the HF and HG resonances of -0.6 and -0.4 ppm 

are assigned to the methylene and methyl fragments of the 

ethyl moiety, respectively, and are typical of exo R groups; 

and the aromatic ring hydrogen atoms of the complexed 

mesitylene ligand (HAr) resonate, as expected, at lower 

field than in the free molecule. 



21 

O 
CM 

en 
0) 

K •o 
U 
I 

in 

CO 
tat 

H 

0) 

m 

u 
i 

in 

I 
•P 

O 

I 
4J 
0 
<D 
& 

us 

CM 

CM 

0) 

3 
& 

•H 



T a b l e 2 . 2 'H NMR Chemica l S h i f t s (ppm) of t h e Ring Hydrogen Atoms of 

[ ( E t - c y c l o h e x a d i e n y l ) ( a r e n e ) F e ] + M o n o c a t i o n s . * 

Complex 

[(Et-C6H6) (C6H6)Fe]PF6 

[ (Et-C6H4Me2) (C6H4Me2)Fe]PF6 

[ (Et-C6H3Me3) (C,H3Me3)Fe]PF6 

[ (Et-C6HMe5) (C6Hlfe5) Fe ] PF6 

* A c e t o n e - d 6 . 

Complex # 

2a 

2b 

2c 

2d 

H Ar-

6 . 4 6 s 

6 .32d 

5 .39d 

5 . 8 6 s 

5 . 2 2 s 

H H, H, H, 

6 . 9 8 t 4 . 9 4 t 3 , 9 4 t 2 . 6 0 t 

6 .59d 4 .56d 3 .38d ? 

4 . 3 7 s 2 . 6 1 t 
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The 1H NMR chemical shifts of the ring hydrogen atoms 

of 2a-d and 13C NMR chemical shifts of the ring carbon atoms 

of 2a-e are given in Tables 2.2 and 2.3, respectively. The 

trends in chemical shifts and multiplicity patterns 

exemplified by the spectrum of 2c are observed for the other 

monocations in Table 2.2 and are consistent with the 

proposed structures. The spectrum of 2b is somewhat unusual 

and will be discussed in section 3.2. The 13C NMR chemical 

shifts of 2a-e emphasize the reduction in magnetic 

anisotropy experienced by the carbon atoms of the 

cyclohexadienyl ligand towards the sp3 carbon atom of the 

ring and are characteristic of the coordinated 

cyclohexadienyl ligand99,100,102,103,134"138. 

The infrared spectra of 2a-e exhibit strong absorptions 

centered at approximately 840 cm"1 which have been assigned 

to a P-F stretching frequency, confirming the presence of 

hexafluorophosphate as the counterion. Additionally, the 

absence of any absorption bands centered near 2800 cm'1, 

indicative of metal-cyclohexadienyl complexes containing an 

exo C-H fragment139, suggest that net Et" addition occurs in 

the proposed exo fashion. 

In order to confirm the stereochemistry, 2c and 2e were 

also characterized by single crystal X-ray diffraction*. 

The X-ray crystal structures of 2c and 2e were solved by 
Drs. Stanley Cameron and Anthony Linden at Dalhousie 
University using data collected on an Enraf-Nonius CAD-4 
diffractometer. 
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The structure of 2c represents, to our knowledge, the first 

example of an X-ray crystallographically characterized 

[(arene)(cyclohexadienylFe]+ sandwich complex. A view of 

the cation is presented in Figure 2.3, and data collection 

and refinement parameters, final fractional coordinates, 

bond distances and angles, and least squares best planes 

calculations are given in Tables A4, A5, A6, and A7 

respectively. The cation again displays the expected 

eclipsed/staggered conformation of the rf- and TJ6- rings and 

methyl carbon atoms. The arene ring and the dienyl portion 

of the cyclohexadienyl ring are essentially planar, with 

maximum deviations from planarity of 0.01(1) A and 0.02(1) 

A, respectively. The average Fe-C bond distances to the rf-

and rj5-rings are 2.11(2) A and 2.10(5) A, respectively. 

Average C-C bond distances in the arene ring and dienyl 

portion of the cyclohexadienyl ring are 1.41(1) A and 

1.42(2) A, respectively. The perpendicular distances from 

the ring plane to the iron atom are 1.570(4) A for the arene 

ligand and 1.586(4) A for the cyclohexadienyl ligand. The 

sp3 carbon atom of the cyclohexadienyl ring resides 0.66(1) 

A above the dienyl plane. 

An overhead view of the cation of 2e is shown in Figure 

2.4 and data collection and refinement parameters are given 

in Table A8. Final fractional coordinates, bond distances 

and angles, and least squares best planes calculations are 

presented in Tables A9, A10, and All. The average Fe-C bond 
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CIO 

C20 

C19 

F i g u r e 2 . 3 ORTEP133 P e r s p e c t i v e View of t h e C a t i o n i c 

P o r t i o n of [ (Et-1,3,5-C6H3Me3) ( 1 , 3 , 5 -

C6H3Me3)Fe]PF6, 2 c . 
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Figure 2.4 ORTEP133 Overhead View of t h e 

[(Et-C6Me6) (C6Me6)Fe]+ Cation, 2e. 
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length is 2.16(1) A and the perpendicular distance from the 

iron atom to the arene ring plane is 1.631(3) A. The carbon 

atoms of C6Me6 ring deviate from planarity by a maximum of 

only 0.01(1) A, with an average C-C bond length of 1.41(2) 

A. The dienyl portion of the cyclohexadienyl ring has a 

maximum deviation from planarity of 0.03(1) A, Fe-ring plane 

distance of 1.616(4) A, and has average Fe-C and C-C bond 

lengths of 2.12(4) and 1.41(2) A, respectively. The sp3 

carbon atom of the cyclohexadienyl ring is 0.60(1) A above 

the dienyl plane. The cation exhibits two manifestations of 

steric strain: the methyl carbon atoms of the 

hexamethylbenzene ligand all point away from the metal at an 

average distance of 0.13(2) A from the C6 plane; and the 

ring carbons atoms of the arene and cyclohexadienyl rings 

are staggered. 

The reaction of lc with AlEt3, in addition to producing 

2c, afforded a chloromethylated major product (60%) 3c, and 

when conducted in 1,2-dichloroethane gave a minor product 

(20%) identified by 1H NMR as the chloroethylated analogue 

3c'. The reaction of Id with AlEt3 also gave an additional 

chloromethylated product (20%), 3d, but gave only 2d in 1,2-

dichloroethane . 

It is conventionally accepted that addition of R' to 

transition metal arene complexes results from nucleophilic 

attack upon the coordinated arene, facilitated by the 

reduced electron density in the arene upon complexation4,5,8. 

I 
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CH2CH2CI 
H 

?C 3 c ' 

The experimental results presented in this thesis, however, 

suggest that a single electron transfer (SET) mechanism is 

more likely to be occurring in the reaction of la-e with 

AlEt3. A process can be envisioned whereby AlEt3, or more 

likely an (AlEt3)nPF6" complex anion (which have been 

reported99 to result from the interaction of 

[(arene)Mn(CO)3]PF6 salts with trialkylaluminum compounds), 

reduces the organometallic dication. Subsequent couplirg of 

the 19-electron [(arene)2Fe]
+ cation and either an ethyl 

radical or e^hyl-containing species would therefore yield 

the observed reaction products (see Scheme 2.1). It is 

important to note that cyclohexadienyl formation is 

consistent with either a SET or nucleophilic mechanism and 

that reactions previously assumed to be a result of 

nucleophilic addition could therefore also result from SET 

processes. 

The following observations support such a SET 

mechanism: (i) the purple solutions that form upon the 
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Scheme 2.1 Suggested Mechanism for the Reaction of AlEt3 

with [ (arene)2Fe]
2+ Dications. 

addition of AlEt3 to the reaction mixtures are indicative of 

the 19-electron [ (arene)2Fe]
+ cations reported69"71 by Astruc 

et al. 

(ii) The observation that no double addition occurs can 

be attributed to an increase in reduction potential between 

[(arene)2Fe]
2+ and [(arene)(cyclohexadienyl)Fe]+ species. 

The reduction potential for le has been measured140 as -

0.48v vs. SCE (in DMF) and the other complexes la-d should 

be approximately equal. However, the reduction potential of 

[(H-C6Me6) (C6Me6)Fe]
+ has been measured110 as -1.45v vs. SCE 

(in DMF) and since simple alkyl substituted 

[(arene)(cyclopentadienyl)Fe]+ cations are typically in the 

same range (-1.30 to -1.55v vs. SCE in acetone, [n-

Bu4N]BF4
141) , it is reasonable to assume that 2a-e also have 

values of approximately -1.5v. Since none of the reduction 

potentials of these complexes have been measured in 

dichloromethane we cannot make a direct comparison, although 
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it is important to note the relatively large difference in 

reduction potentials (approximately lv) between the 

dicationic and monocationic complexes. To our knowledge, 

the oxidation potentials of AlEt3 complexes have not been 

reported, but if they fall in the lv range between the 

reduction potentials of the dications and monocations they 

would be capable of transferring an electron to la-e (making 

Et- addition favourable) but not to 

[(arene)(cyclohexadienyl)Fe]+ cations, precluding further 

reaction. 

(iii) The observation that product yields increase with 

the degree of substitution of the complexed arene is 

consistent with a SET process since increased stability of 

the orgar metallic radical cation comes with higher arene 

substitu .ion69,70,80. Therefore the lifetime of the 

[ (C6Me6)2Fe]
+ radical would be expected to be longer than 

that of [(C6H6)2Fe]
+ and would likely react more completely 

with Et'. This observation is contrary to what one would 

expect for a nucleophilic attack of Et", based on steric 

considerations. 

(iv) Formation of the chloroalkyl products 3c, 3 C , and 

3d can be attributed to reaction of the 19e" cation with 

solvent molecules (discussed in the following section). 

In addition to these experimental observations there is 

precedent in the scientific literature for trialkylaluminum 

compounds undergoing SET reactions, not only in transition 
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metal systems, but reactions of organic substrates as well. 

Zaworotko et al. have shown99 that the interaction of A1R3 

(R = Me, Et) with [(arene)Mn(CO)3]
+ cations affords 

reduction products and have confirmed the existence of 

radical species in solution via ESR spectroscopy. Ashby has 

also confirmed142, via ESR, the existence of paramagnetic 

species in reactions of trialkylaluminums with diaryl 

ketones, and more importantly has correlated the rate of 

product formation with the decay of the radical 

intermediates. 

To our knowledge the ethylation of le represents the 

first example of direct high-yield carbanionic alkylation at 

an alkylated arene ring position, and the ethylation of la, 

lb, Id, and le are the first reported98 examples of direct 

R' addition to these species. Astruc has shown that it is 

possible to add a variety of carbanions to both iai°0.iO8,iii 

and ie107,111, however the synthesis requires three steps: (1) 

hydride addition to form [(arene)(cyclohexadienyl)Fe]+, (2) 

R" addition to either the complexed cyclohexadienyl (la) or 

arene (le), (3) removal of H" by Ph3C
+. Reaction of la-e 

with AlEt3 therefore offers a convenient, facile route to 

alkylated [(arene)(cyclohexadienyl)Fe]+ complexes. 
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2.3 Reaction of [ (arene)2Fo]
2+ Dications with 

Trimethylaluminum 

To investigate further the interaction of 

trialkylaluminum compounds with [(arene)2Fe]
2+ dications, la-

e were reacted with AlMe3 using benzene, dichloromethane, 

and dibromomethane as solvents. Monocationic 

[(arene)(cyclopentadienyl)Fe]+ complexes were again 

isolated, with R" addition being dependent upon the solvent 

used. Only lc gave an isolable product from reaction with 

AlMe3 in benzene. The expected methylation product [(Me-

l,3,5-C6H3Me3) (l,3,5-C6H3Me3)Fe]PF6 (9c) was isolated but the 

yield was small (20%). Reaction of lc and le in CH2C12 and 

CH2Br2 gave [(arene)(cyclohexadienyl)Fe]PF6 complexes in 

which cyclohexadienyl formation occurred as the result of 

net addition of CH2C1" (3c and 3e) , and CH2Br" (4c and 4e) . 

3C. n=l,3,5-Me3, R'=CE2C1, R=H 

3e. n=6, R'=CH2C1, R=Me 

4c. n=l,3,5-Me3, R'-=CH2Br, R=H 

4e. n=6, R'=CH2Br, R=Me 

9c. n=l,3,5-Me3, R'=Me, R=H 

The resulting compounds have been characterized by 1H and 13C 

NMR spectroscopy which reveal that 3c and 4c contain minor 

impurities of 9c. The NMR chemical shifts of the ring 

Me, 

Fe + 

R 

Me 
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hydrogen atoms and ring carbon atoms, summarized in Tables 

2.4 and 2.5 reveal chemical shift and multiplicity patterns 

similar to 2a-e. The 1H NMR spectrum of 3c is shown in 

Figure 2.5 in which the resonances associated with 3c are 

denoted by °. The spectrum is, as expected, similar to that 

given by 2c with the exception that there is a doublet at 

2.60 ppm that is assigned to the two equivalent hydrogen 

atoms of the chloromethyl group (which couple with the endo 

hydrogen atom). The spectrum also reveals the minor product 

(9c), denoted by *. Missing from the figure (although 

present in the spectrum) is a doublet at 0.3 ppm which is 

assigned to the exo methyl group of 9c. 

The 1H decoupled 13C NMR spectrum of 3c is shown in 

Figure 2.6. Similar to that observed in the 1H NMR 

spectrum, there is a pattern of decreasing chemical shifts 

of the cyclohexadienyl ring carbon atoms (B, D, E, F) 

towards the sp3 hybridized carbon atom of the ring. In 

addition, resonances due to the impurity 9c (denoted by *) 

can be seen. 

Infrared spectra of the halomethyl complexes reveal the 

P-F stretcning frequency at ~840 cm"1 associated with the 

hexafluorophosphate anion and, in the case of 3c and 4c, 

show no absorptions near 2800 cm'1, suggesting that the -CH2X 

fragment adds in an exo fashion. 

In addition to spectroscopic characterization, 3c and 
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T a b l e 2 . 4 1H NMR C h e m i c a l S h i f t s (ppm) o f t h e R i n g a n d H a l o m e t h y l F r a g m e n t H y d r o g e n Atoms 

o f [ (CH 2 X-1,3 ,5-C 6 H 3 Me 3 ) ( 1 , 3 , 5 - C 6 H 3 M e 3 ) F e ] P F 6 (X = C I , B r ) . * 

C o m p l e x 

[ (CH2Cl-C6H3Me3) (C6H3Me3) F e ] PF 6 

[ (CH2Br-C6H3Me3) (C6H3Me3)Fe]PF6 

Complex # 

3C 

4c 

HA, 

5.87s 

5.88s 

»1 

-

_ 

H2 

4.45s 

4.46s 

H, 

-

_ 

H* 

3.03t 

3.05t 

R 

2.60d 

2.09d 

* A c e t o n e - d 6 . 

U) 
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3e have been characterized by X-ray crystallography*. Data 

collection and refinement parameters, final fractional 

coordinates, bond distances and angles, and least squares 

best planes calculations for 3c and 3e are given in Tables 

A12, A13, A14 and A15; and A16, A17, A18, and A19; 

respectively. 

The structure of 3c, shown in Figure 2.7, is similar to 

2c. The two vr-bonded ligands again show the 

eclipsed/staggered disposition of the ring and substituent 

carbon atoms. The mesitylene C6 ring deviates a maximum of 

0.06(1) A from planarity with an average C-C bond length of 

1.40(3) A. The average Fe-C and Fe-C6 plane distances are 

2.11(2) and 1.555(4) A, respectively. The dienyl portion of 

the cyclohexadienyl ring has a maximum deviation from 

planarity of 0.04(1) A and an average C-C bond distance of 

1.42(1) A. The average Fe-C bond length is 2.09(5) A and 

the dienyl plane is 1.570(4) A from the metal center. The 

sp3 carbon atom of the cyclohexadienyl ring is 0.66(1) A 

from the dienyl plane and exo CH2C1" addition is confirmed 

from the crystallographic characterization. 

3e is isostructural with 2e and displays the same 

manifestations of steric strain. A perspective view of the 

The crystal structure of 3c was solved by Drs. Stanley 
Cameron and Anthony Linden at Dalhousie University using 
data collected on an Enraf-Nonius CAD-4 diffractometer, and 
the crystal structure of 3e was solved by Dr. Peter White at 
the University of New Brunswick using data collected on an 
Enraf-Nonius CAD-4 diffractometer. 
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C18 

F i g u r e 2 .7 ORTEP133 P e r s p e c t i v e View of t h e C a t i o n i c 

P o r t i o n of [ (CH2Cl-l,3,5-C6H3Me3) ( 1 , 3 , 5 -

C6H3Me3)Fe]PF6, 3 c . 
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cation is given in Figure 2.8. The average C-C bond length 

of the hexamethylbenzene ring is 1.41(1) A, which deviates 

by only 0.01(1) A from planarity. Average Fe-C and Fe-C6 

plane distances are 2.155(9) and 1.627(4) A, respectively. 

The dienyl portion of the ij5-ring has a maximum deviation 

from planarity of 0.02(1) A and an average C-C bond length 

of 1.41(1) A. The cyclohexadienyl plane is 1.608(4) A away 

from the iron atom with an average Fe-C bond length of 

2.12(3) A. The sp3 carbon atom of the cyclohexadienyl ring 

resides 0.60(1) A above the dienyl plane, and the structure 

confirms exo addition of CH2Cl". 

Reactions of lb with AlMe3 gave products with 

complicated NMR spectra that indicated the presence of two 

or more products in approximately equal proportions. 1H NMR 

revealed that one of the p-xylene rings had reacted and IR 

analysis showed intense bands centered near 840 cm"1 

indicative of the PF6" anion. It is therefore likely that 

the products are the methylated and chloromethylated 

[(arene)(cyclohexadienyl)Fe]+ complexes. Attempts to grow 

crystals suitable for X-ray crystallography were 

unsuccessful. The reactions of la and Id with AlMe3 gave 

NMR spectra revealing complex mixtures of products that were 

not investigated further. 

The isolation of 9c and the halomethylated complexes is 

consistent with, a SET mechanism. Formation of 9c could 

occur in a manner essentially the same as for formation of 
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CHI 

C161 

C211 

r&^-Q 

£iaiire_^L8 ORTEP133 Perspective View of the 

[(CH2Cl-c6Me6)(c6Me6)Fe]+ Cation, 3e. 
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2c, the only difference being that radical coupling involves 

a methyl-containing (rather than ethyl-containing) radical. 

Generation of the halomethylated moieties involves a more 

active role on the part of the solvent. A plausible 

mechanism for their formation is that (AlMe3)nPF6" reduces 

the [(arene) 2Fe]
2+ dication to the 19-electron radical cation 

[(arene)2Fe]
+ which subsequently reacts with solvent 

molecules as indicated by scheme 2.2. 

CH2X 

Scheme 2.2 Suggested Mechanism for the Reaction of AlMe3 

with [ (arene) 2Fe]
2+ Dications in CH2X2. 

Addition of -CH2Cl to reduced organometallic species 

via reaction with CH2C12 and RX has already been 

documented69,143, and most notably, Vol'kenau has reported144 

that the 19e" (C6H6) (C5H5)Fe radical reacts with CC14 to give 

the [(cyclohexadienyl)(cyclopentadienyl)Fe] complex [(CCl3-

C6H6) (C5H5)Fe], further supporting the proposed SET 

mechanism. 

In summary, it is apparent from the present study that 
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R" addition to [ (arene)2Fe]
2+ dications to yield 

[(arene)(cyclohexadienyl)Fe]+ complexes is not limited to 

[ (l,3,5-C6H3Me3)2Fe]
2+ and can be achieved in a facile, one-

step, high yield process. The synthesis of 3c, 3e, 4c, and 

4e is also significant as further functionalization of 

[(arene)(cyclohexadienyl)Fe]+ cations is feasible via the -

CH2X moiety. For example, metathesis of X" in these 

complexes could provide a route to functionalized 

cyclohexadienyl complexes that would not otherwise be 

possible due to the unavailability of suitable carbanionic 

reagents. Another potential mode of reactivity of the 

halomethylated complexes is via formation of the 

corresponding Grignard reagents from these cations. This 

would allow reaction with electrophiles. 

2.4 Reaction of [(arene)(cyclopentadienyl)Fe]+ Cations 

with Trialkylaluminum Compounds 

[ (l,3,5-C6H3Me3) (C5H5)Fe]PF6 was prepared according to 

the procedure described by Nesmeyanov145 and reacted with 

AlEt3 in benzene, and AlMe3 in dichloromethane. In both 

cases the reactions failed to produce net addition products. 

This observation is in keeping with the idea of SET 

mechanisms occurring for the reactions involving 

trialkylaluminum reagents. The (AlR3)nPF6" anions are 

presumably not capable of transferring an electron to 
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[(arene)(cyclopentadienyl)Fe]+ complexes due to the 

relatively unfavourable reduction potentials141 (eg. -1.30 

to -1.55v vs SCE) of [(arene)(cyclopentadienyl)Fe]+ cations. 

When [ (l,3,5-C6H3Me3) (C5H5)Fe]PF6 was suspended in 

benzene and 4 equivalents of AlEt3 added, a two-phase system 

was produced consisting of a dark brown salt-rich lower 

phase, and a pale yellow upper phase containing mostly 

aromatic solvent. This phenomenon, dubbed a "liquid 

clathrate" by Atwood, is well documented146"156 for the 

interaction of trialkylaluminums with salts, including 

transitic metal arene salts". 



Chapter 3 

Reaction of [(arene)2Fe]
2+ and [(arene)(cyclohexadienyl)Fe]+ 

Cations with Borohydride, Alkyllithium, and Grignard 

Reagents 

46 



3 . 1 Reac t i on of [ ( a r e n e ) 2 F e ] 2 + D i c a t i o n s w i th NaBH4 

47 

The net addition of hydride to [(arene)2Fe]
2+ dications 

is not a novel idea. Astruc has used hydride addition to 

[(C6H6)2Fe]
2+ and [ (C6Me6)2Fe]

2+ successfully as the key first 

step in conversion of these arene complexes to 

cyclohexadienes106,107,111 (Figure 3.1). The systematic 

Figure 3.1 Use of Hydride as a Protecting Group in the 

Conversion of C6Me6 to a Difunctionalized 

Cyclohexadiene via Temporary Coordination to 

Iron. 

synthesis and characterization of hydride addition products 

for a range of [(arene)2Fe]
2+ dications, however, has not 

been investigated. It is in this context that the following 

work was completed. 
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The [ (arene)2Fe]
2+ dications la-e were reacted with a 

10-fold excess of aqueous NaBH4 in dichloromethane (since 

CH2C12 proved to be a better solvent than tetrahydrofuran 

for reactions of [ (arene) 2Fe]
2+ dications with 

trialkylaluminum compounds) . In contrast to Astruc's work 

employing THF as solvent in which he isolated 

[(arene)(eyelob' .adiene)Fe] complexes108, only monocationic 

[(arene)(cyclohexadienyl)Fe]+ complexes were formed. 

Furthermore, in addition to the expected monohydride adducts 

5a-e expected, 1H NMR spectroscopy revealed that the -CH2Cl 

adducts 3a-e were obtained as minor products (up to 30%) in 

these reactions. 

CH2C1 

(a) 

(b) 

(c) 

(d) 

(e) 

n = 0, R = H 

n = 1 ,4-Me 2 , R = H 

n = 1 , 3 , 5 - M e 3 , R = H 

n = 5 , R = H 

n = 6, R = Me 

3. (a) n= 0, R = H 

(b) n = 1,4-Me2, R = H 

(c) n = 1,3,5-Me3, R = H 

(d) n = 5, R = H 

(e) n = 6, R = Me 

The 1H NMR chemical shifts of the ring hydrogen atoms 

and 13C NMR chemical shifts of the ring carbon atoms of 5a-e 



T a b l e 3 . 1 1H NMR Chemical S h i f t s (ppm) of t h e Ring Hydrogen Atoms of 

[ ( H - c y c l o h e x a d i e n y l ) ( a r e n e ) F e ] + M o n o c a t i o n s . * 

Complex 

[(H-C6H6)(C6H6)Fe]PF6 

[ (H-C6H4Me2) (C6H4Me2)Fe]PF6 

[ (H-C6H3Me3) (C6H3Me3)Fe]PF6 

[(H-C6HMe5) (C6HMe5)Fe]PF6 

[(H-C6Me6) (C6Me6)Fe]PF6 

Complex 

5a 

5b 

5c 

5d 

5e 

# HA, 

6.44s 

6.38dd, 

5.34dd 

5.78s 

5.21s 

— 

H ! 

7.14t 

6.76d 

-

-

-

— 

H2 

4.98t 

4.59d 

-

4.39s 

-

— 

H3 

3.58t 

3.13d 

-

-

-

— 

—B* 
2.85dt 

? 

-

2.59d 

? 

— 

R 

l.lOd 

1.39d 

-

? 

1.23d 

0-95q 

+ A c e t o n e - d 6 . 

VO 



Table 3.2 13C NMR Chemical Sh i f t s (ppm) of t he Ring Carbon Atoms of 

[ (H-cyclohexadienyl)(arene)Fe]+ Monocations.* 

Complex Complex # CAr C, C 2 Cj C4 

[ (H-C6H6) (C6H6)Fe]PF6 5a 91.7a 86.5d 85.Od 40.5d 24.8t 

[ (H-C6H4Me2) (C6H4Me2)Fe]PF6 5b 105.9s, 93.5d 85.3d 82.9d 43.2d 32.Ot 

89.6d - 102.7s 60.8s 

[ (H-C6H3Me3) (C6H3Me3)Fe]PF6 5c 103.1s, 93.4d 96.0s 86.5d 58.9s 37.8t 

[ (H-C6HMe5) (C6HMe5)Fe]PF6 5d 102.9s, 101.5s, 86.5s 94.4s 52.2s 41.5t 

100.2s, 91.5d 

[ (H-C6Me6) (C6Me6)Fe]PF6 5e 100.8s 91.6s 95.0s 50.3s 39. Id 

* Acetone-d6 . 

°2 

c*<cg 
Fe 

R 

+ 

zf>>-

en 
o 
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are given in Tables 3.1 and 3.2, respectively. The 1H NMR 

spectrum of 5a is shown in Figure 3.2 (denoted by °) . The 

characteristic pattern of decreasing chemical shifts 

associated with the cyclohexadienyl ligand are exemplified 

by the triplets centered at 7.14, 4.98, and 3.58 ppm and 

correspond to H v H2, and H3, respectively. The observation 

that H2 and H3 are triplets instead of doublets of doublets 

reveals that the coupling constants of adjacent ring 

hydrogen atoms (H1 and H3 for H2, H2 and H4 for H3) are 

approximately equal. The singlet at 6.44 ppm is assigned to 

the benzene ring hydrogen atoms. The doublet of triplets 

pattern (distorted by H20 resonance) is assigned to the endo 

hydrogen atom of the cyclohexadienyl ring (H4) and is a 

result of couplings with H3 and the exo hydrogen atom. The 

most shielded resonance, at 1.10 ppm, corresponds to the exo 

hydrogen atom and appears as a doublet due to coupling with 

H4. 

Also present in the spectrum of 5a are peaks associated 

with [ (CH2C1-C6H6) (C6H6)Fe]
 + , a minor product, denoted by x. 

The resonances between 7.1 and 3.8 ppm correspond to the 

arene and dienyl portion of the cyclohexadienyl ring (H,, 

H2, and H3) and are, as expected, similar to 5a in both 

chemical shift and multiplicity. The other resonances, a 

quintet at ~3.1 ppm and a doublet at ~2.4 ppm, are assigned 

to the endo cyclohexadienyl and chloromethyl hydrogen atoms, 

respectively. 



53 

One possible explanation for the formation of the 

-CH2C1 adducts is activation of solvent molecules by 

borohydride to produce the CH2C1" anion with subsequent 

nucleophilic addition to an arene ring of [(arene)2Fe]
2+. We 

have, however, not found any experimental evidence to 

suggest that such a mechanism is occurring. A more 

plausible mechanism is a SET mechanism similar to that 

suggested in Scheme 2.2, with the exception that borohydride 

reduces the transition metal moiety. 

There is both experimental evidence as well as 

precedent in the literature to support such a claim. 

Intense purple or black solutions are formed upon addition 

of NaBH4(aq) to the reaction mixture, suggestive of the 19e* 

organometallic complexes. Additionally, yields of 5a-e 

increased with degree of substitution of the arene ring. 

These observations are more consistent with SET than with a 

nucleophilic attack, for reasons discussed in Section 2.1. 

In the case of 5a, a shiny metallic coating is deposited 

upon the walls of the reaction vessel suggesting that Fe(II) 

is reduced to Fe(0) in the reaction. Furthermore, Astruc 

has shown110 that the reaction of 

[(arene)(cyclopentadienyl)Fe]+ with NaBH4 and LiAlH4 at -60°C 

in THF yield 19e" intermediates which were characterized by 

ESR and Mossbauer spectroscopy. When these solutions are 

allowed to warm to room temperature the net hydride addition 

products result. 
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There are, however, important inconsistencies in this 

evaluation. First, Astruc has claimed that reactions of 

NaBH4 and LiAlH4 with [ (C6Me6)2Fe]
2+ in THF (which yield the 

arene-diene complex [ (C6H2Me6) (C6Me6)Fe]) do not proceed by a 

SET mechanism but rather via hydride transfer, although he 

has stated that the reactions are highly solvent dependent. 

It is possible that by changing the solvent to CH2C12 a SET 

mechanism is favoured. Second, double net addition of 

hydride to give neutral products was not observed. While 

the formation of only monocationic products from the 

reaction of [(arene)2Fe]
2+ with trialkylaluminum reagents 

(Chapter 2) is consistent with a SET mechanism, double 

addition products might be expected from the reaction of 

[ (arene)2Fe]
2+ with NaBH4 (and indeed have been shown to 

occur under different conditions110) since NaBH4 is known
110 

to reduce a variety of monocationic organoiron complexes 

with reduction potentials in the range -1.4 to -1.8 V vs. 

SCE. That the [(arene)(cyclohexadienyl)Fe] + cations that 

are formed do get reduced to the 19e" complexes cannot be 

ruled out, however. The instability of these radicals or 

the conditions under which the experiment is conducted (room 

temperature, CH2C12, aqueous NaBH4) presumably precludes 

further net addition of either hydride or CH2C1". 
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3.2 1H and 13C NMR Spectroscopy of [(R-l,4-C6H4Me2) (1,4-

C6H4Me2) Fe]
+ Monocations 

The 1H and 13C NMR spectra of the [ (R-l,4-CfiH4Me2) (1,4-

C6H4Me2)Fe]
+ (R = H, Et) deserve additional attention due the 

unusual number of non-equivalent peaks and multiplicity 

patterns. Figure 3.3 shows the 1H NMR spectrum of [(H-1,4-

C6H4Me2) (l,4-C6H4Me2)Fe]PF6 in the region 3.6 - 7.2 ppm. In 

this region we might expect to see two doublets 

corresponding to the ring hydrogen atoms of the 

cyclohexadienyl ligand (with integrations of l proton each) 

and a singlet corresponding to the four "equivalent" 

hydrogen atoms of the p-xylene ring. However, the p-xylene 

ring hydrogen atoms appear as two doublets integrated to two 

protons each. 

The source of this unexpected multiplicity lies with 

the asymmetry in the cyclohexadienyl ring, which renders the 

complex asymmetric. The NMR spectrum of the monocation 

arises as a result of its intrinsic symmetry. A cl'-se 

analogy would be diasterotopism. In this example, the iron 

atom acts as a chiral center and the p-xylene ring hydrogen 

atoms are diastereotopic, as is shown below. It should be 

emphasized that this does not imply a restricted rotation 

about the iron-ring centroid bond, but merely reflects the 

different chemical environments experienced by H, and H2 as 

the p-xylene ligand rotates freely about this bond. The 13C 
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H 

NMR spectra of these complexes are in agreement with this 

interpretation. 

3.3a Double Carbanion Addition to [(arene)2Fe]
2+ Dications 

The reaction of carbanions (organolithium and Grignard 

reagents) with [(arene)2Fe]
2+ has been investigated by 

Helling65,120, Astruc104,111, and Zaworotko67,68. Helling et al. 

shov/ed that reaction of [ (l,3,5-C6H3Me3)2Fe] (PF6)2 with one or 

two molar equivalents of RLi (R = phenyl, tert-butyl, vinyl) 

gives the corresponding [(arene)(cyclohexadienyl)Fe]+ 

cations and [(cyclohexadienyl)2Fe] complexes, respectively. 

However, Astruc has stated111 that reactions of carbanions 

with [ (arene) 2Fe]
2+ dications (arene ^mesitylene) fail to 

yield addition products, but rather give intractable 
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reduction products. Upon reinvestigation of these reactions 

employing dichloromethane as solvent, we find carbanions 

will add cleanly to [ (arene) 2Fe]
2+ to give either 

[(arene)(cyclohexadienyl)Fe]+ or [(cyclohexadienyl)2Fe] 

complexes depending upon the degree of substitution of the 

arene ring. For reaction of phenyllithium (PhLi), 

benzylmagnesium bromide (BzMgBr), and tert-butyllithium 

(lBuLi) with [ (arene)2Fe]
2+, where arene = benzene, para-

xylene, or mesitylene, the corresponding 

[ (cyclohexadienyl)2Fe] complexes [ (Ph-C6H6)2Fe], 6a; [ (Bz-

C6H6)2Fe], 7a; [ ̂ Bu-C^^Fe] , 8a; [ (Bz-l,4-C6H4Me2)2Fe] , 7b; 

[(tBu-l,4-C6H4Me2)2Fe], 8b; and [ (R-l,3,5-C6H3Me3)2Fe]
65'67 are 

6a: R = Ph 

7 a : R = Bz 

7 b : R = Bz 

8 b : R = *Bu 

8a: R = rBu 

R = Ph, *Bu, Bz 

formed. F~r more completely alkylated [(arene)2Fe]
2+ 

dications (arene = pentamethylbenzene and hexamethylbenzene) 

the corresponding [(arene)(cyclohexadienyl)Fe]+ cations are 
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isolated and will be discussed further in the following section. 

The [ (cyclohexadienyl) 2Fe] complexes have been 

characterized by *H and 13C NMR spectroscopy and resonances 

are tabulated in Tables 3.3 and 3.4. The chemical shifts 

and multiplicity patterns are typical of transition metal 

cyclohexadienyl complexes. The 1H NMR spectrum of 8a is 

shown in Figure 3.4. The spectrum reveals the 1:2:2:1 

sequence of triplets (A, B, C, D), characteristic of 

cyclohexadienyl complexes derived from benzene. In addition 

the singlet (E) at -0.6 ppm is assigned to the lBu moiety. 

7b and 8b are diastereomeric and exhibit temperature 

dependent NMR spectra that have been assigned to restricted 

rotation models of the complexes in solution157. Restricted 

rotation of pseudoferrocenes will be discussed in more 

detail in Section 3.5. 

To confirm the structure and conformation of the 

[(cyclohexadienyl)2Fe] complexes, 8a was characterized via 

single crystal X-ray diffraction*. A perspective view of 

the crystal structure of 8a is presented in Figure 3.5, and 

data collection and refinement parameters, final fractional 

coordinates, bond distances and angles, and least squares 

best planes calculations are presented in Tables A20, A21, 

A22, and A23, respectively. 

The X-ray crystal structure of 8a was solved by Dr. 
Michael Zaworotko at Saint Mary's University using data 
collected on an Enraf-Nonius CAD-4 diffractometer at the 
University of Victoria by Ms. Kathy Beveridge. 



Table 3.3 1H NMR Chemical Shifts (ppm) of the Ring Hydrogen Atoms of 

[ (cyclohexadienyl) 2Fe] Complexes.* 

Complex 

(Ph-C6H6)2Fe 

(Bz-C6H6)2Fe 

CBVL-C6H6)ZF& 

(E t -C 6 H 6 ) (Me-C 6 H 6 )Fe 

( tBu-C6H4Me2)2Fe 

(Et-C6H3Me3) (Me-C6H3Me3)Fe 

Complex # 

6 a 

7 a 

8 a 

13a 

8 b 

1 3 c 

H, H, JL H, R 

4 . 5 9 t 4 . l O t 3 . 1 2 t 3 . 8 1 t 

4 . 6 7 t 3 . 9 5 t 2 . 7 1 t 2 . 5 1 q n t 

4 . 5 3 t 4 . 1 4 t 2 . 8 5 t 2 . 5 0 t 

4 . 6 0 m 3 . 9 2 t 2 . 8 3 t 1.27m 

4 . 1 7 t 3 . 8 2 d 2 . 3 1 d 1 . 2 7 d 

3 . 2 5 s - 2 . 1 5 m 

7 .20m 

7 . 2 0 t , 7 . l O t , 

7 . 0 2 d , 1 . 7 6 d 

0 . 6 3 s 

0 . 5 1 m , 0 . 2 4 d 

0 . 6 6 s 

0 . 6 6 m , 0 . 3 0 d 

* B e n z e n e - d , 

o 

• «w *r J.M- jfj^ii, . d T K o * * * . I** " * • • 



T a b l e 3 .4 13C NMR Chemica l S h i f t s (ppm) of t h e R ing Carbon Atoms of [ ( c y c l o h e x a d i e n y l ) 2Fe] 

Complexes .* 

Complex 

(Ph-C6H6)2Fe 

(Bz-C6H6) 2Fe 

CBu-C6E6)2Fe 

(tBu-C6H4Me2)2Fe 

( E t - C ^ M e , ) (Me-CfiH5Me,) Fe 
6 x i 3 x ^ 3 ; 

Complex # 

6 a 

7 a 

8 a 

8 b 

1 3 c 

C ! 

8 4 . 8d 

8 3 . 7 d 

8 5 . 6d 

8 7 . 6d 

-

-

-

8 4 . 5 s 

-

C 2 

7 7 . 9 d 

7 7 . 9 d 

7 5 . 9 d 

8 0 . I d 

7 5 . 5 s 

-

-

8 7 . 9 d , b r 

— 

C 3 

4 3 . 2d 

4 2 . 3 d 

4 8 . Od 

5 4 . 1 s 

5 3 . 5 s 

5 2 . 3 d 

4 3 . 7d 

5 2 . 0 S , 

5 0 . 8 s , 

b r 

b r 

c, 
4 1 . 2 d 

3 8 . 8 d 

4 2 . 8 d 

3 8 . 7 d 

3 6 . 9 d 

-

-

4 9 . 7d 

4 2 . 8d 

* Benzene-d^ 

Ox 
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8a crystallizes in the triclinic space group PI with 

two independent molecules in the asymmetric unit. The 

average Fe-C and Fe-dienyl plane distances are 2.06(3) A and 

1.556(3) A, respectively. An interesting feature of this 

molecule is the gauche-eclipsed conformation adopted by the 

two cyclohexadienyl ligands. The twist angle between the 

rings is 59.5° and 57.5° for the two molecules, based on a 

syn-eclipsed conformation = 0° and an anti-eclipsed 

conformation = 180° (Figure 3.6). Since steric effects are 

Figure 3.6 Syn-eclipsed, Anti-eclipsed, and Gauche-eclipsed 

Conformations of Pseudoferrocenes. 

minimized with the absence of dienyl methyl groups, the 

energetically preferred conformation of the pseudoferrocene 

appears to be gauche-eclipsed rather than anti-eclipsed in 

which the two tBu groups would be as far apart as possible. 

This result is in agreement with X-ray structural 

observations and EHMO calculations which predict energy 

minima at -60° (Figure 3.7) on the related 
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[(pentadienyl) 2Fe] complexes investigated by Ernst 158 

I 
< 

40 80 120 160 

Twist Angle (o) 

Figure 3.7 Calculated Rotational Barrier of 

Dipentadienyliron(II). 

Astruc has shown that carbanions add to the 

cyclohexadienyl ring of [(arene)(cyclohexadienyl)Fe]+ 

cations to yield [(arene)(cyclohexadiene)Fe] complexes106 

(Figure 3.7). In doing so, the rules for nucleophilic 
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addition to coordinated polyenes set down by Davies, Green, 

and Mingos4 are violated. Astruc has attributed the 

formation of the pseudoferrocene complexes synthesized by 

Helling to the 1,3,5- disposition of the methyl groups in 

the starting arene complex. In addition, he has 

explained108 the reaction of hydride with [ (C6H6)2Fe]
2+ to 

give [ (C6H8) (C6H6)Fe] and not [(C6H7)2Fe] as being a result of 

frontier orbital control rather than charge control 

(necessary to invoke the Davies, Green, and Mingos rules). 

We find, however, that under different conditions in one-

step reactions, only [(cyclohexadienyl)2Fe] products are 

isolated. 

Astruc has recently claimed104 that the reaction 

between [ (l,4-C6H4Me2)2Fe]
2+ and PhLi in THF yields the arene-

diene complex, based on a 60 MHz 1H NMR spectrum of a 

decomposing solution. Our own investigation of this 

reaction in CH2C12 suggests from NMR data that at least two 

products are formed and at least one of the products is 

unstable, decomposing in solution. We have been unable to 

identify the products, however, it is possible that both the 

[(cyclohexadienyl)2Fe] and [(arene)(cyclohexadiene)Fe] 

complexes are produced. 

In teras of conversion of a coordinated arene to a 

stereospecifically difunctionalized cyclohexadiene, the 

formation of [ (cyclohexadienyl) 2Fe] complexes from the 

reactions of carbanions with [(arene)2Fe]
2+ dications is 
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discouraging. However, this should not lessen the 

significance of the pseudoferrocene molecules. 

Pseudoferrocenes are a relatively new and unexplored area of 

organometallic chemistry and, as the name implies, analogues 

of one of the most widely recognized and studied 

organometallic compounds, ferrocene. It is possible that 

the diverse chemistry of ferrocene can be applied to 

pseudoferrocenes. 

In addition, [ (cyclohexadienyl) 2Fe] complexes have the 

potential to be the key intermediates in functionalization 

of aromatic hydrocarbons. For example, decomplexation of 

the cyclohexadienyl ligand with endo hydride removal could 

yield the substituted aromatic (a procedure that has been 

accomplished for other metal-cyclohexadienyl 

complexes65'100,103,114,116"120) . Decomplexation of 

cyclohexadienyl moieties will be discussed in Section 3.4. 

Alternatively, endo hydride removal without 

decomplexation could yield [(arene)2Fe]
2+ dications that are 

not accessible by conventional routes. We can envision a 

procedure whereby with successive net carbanion addition and 

endo hydride removal steps we could synthesize a target 

molecule by choosing desired carbanions. When we also 

consider the conformational effect of complexation to a 

metal there is the potential to control, not only the choice 

of functionalities, but also the three dimensional shape of 

the molecule; an approach that is becoming more and more 
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important in chemistry with respect to molecular recognition 

and "unnatural" product syntheses. 

3.3b Single Carbanion Addition to [ (arene)2Fe]
2+ Dications 

Reaction of excess MeLi, BzMgBr, and *BuLi with 

[(C6HMe5)2Fe] (PF6)2 and [ (C6Me6)2Fe] (PF6)2 were conducted 

employing the same conditions utilized for reaction of the 

[ (C6H6.nMen)2Fe]
2+ (n - 0,2,3) dications discussed in the 

previous section. Single net addition of R" occurred 

yielding [ (R-C6HMe5) (C6HMe5)Fe]PF6 (R = Me, 9d; Bz, lOd;
 cBu, 

lid) and [ (R-C6Me6) (C6Me6)Fe]PF6 (R = Me, 9e; Bz, lOe) . The 

products were characterized by 1H and 13C NMR spectroscopy 

and infrared spectrophotometry and spectra are in agreement 

with the proposed structures. No double addition products 

were isolated. Minor products were observed via NMR 

spectroscopy and are believed to be complexes derived from 

net CH2C1" addition. In the reaction of ^uLi with 

[ (C6Me6)2Fe] (PF6)2,
 1H NMR revealed a complex mixture of 

products in which at least two major products were formed in 

approximately equal ratios. One set of resonances was 

identified as 3e, and the other is consistent with what one 

would expect for [ (tBu-C6Me6) (C6Me6)Fe]
 + . The spectrum, 

however, could not be fully assigned and the reaction was 

not investigated further. 

The observation that only monocationic products are 
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produced from the reaction of lithium and Grignard reagents 

with higher substituted [(arene)2Fe]
2+ dications (arene = 

C6HMe5, C6Me6) reas neutral [ (cyclohexadienyl)2Fe] 

complexes are formed with less substituted [(arene)2Fe]
2+ 

dications (arene = C6H6' 1/4~C6H4Me2' 1/3,5-C6H3Me3) is 

attributed to steric effects. The three pseudoferrocene 

complexes that have been crystallographically characterized, 

8a, [ (^-1,3,5-0^^63)2Fe]
159, and [ (Ph-l,3,5-C6H3Me3j2Fe]

67, 

adopt a gauche-eclipsed conformation in which the twist 

angle of the cyclohexadienyl rings is -60°. In this 

conformation the steric pressure between the staggered 

methyl groups on opposing rings (except 8a) is minimized. 

This is particularly relevant since methyl substituents in 

the 1- and 5-position of a cyclohexadienyl ring point out of 

the dienyl plane toward the iron atom in direct proportion 

to the upward angle of the sp3 carbon atom of the ring, 

thereby increasing steric repulsion between methyl groups67. 

Pseudoferrocenes derived from Id or le would have their 1-

or 5-Me groups pointing toward methyl groups on the opposing 

ring (instead of hydrogen atoms) in a gauche-eclipsed 

conformation. Presumably this unfavourable steric 

interaction preclu^s their formation. 

Finally, the formation of minor products derived from 

net CH2C1" addition to a single arene ring of Id and le in 

reactions with Grignard and lithium reagents suggests that a 

SET transfer mechanism plays a role in product formation or 
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is a competing reaction. As was discussed in Chapter 2, 

these products would likely be formed if the 19e" 

organometallic radical is present in solution. 

3.4 Decomplexation of Cyclohexadienyl Complexes 

As was discussed in Chapter 1 an important synthetic 

application of net carbanion addition to transition metal 

arene complexes is decomplexation and conversion of the 

cyclohexadienyl moieties to functionalized aromatics. A 

number of workers have successfully converted metal-

cyclohexadienyl complexes to substituted aromatics using 

oxidizing regents such as: I2
114, Jones7 reagent (Cr03, H2S04, 

H20)
103,119, CeIV 65.100,114,120̂  KMno4esf a n d 2,3-dichloro-5,6-

dicyanoquinone (DDQ)79,136,138, as well as subjecting the 

cyclohexadienyl complexes to pyrolysis. 

Particularly relevant in this context are 

[(cyclohexadienyl)2Fe] compounds for a number of reasons: 

they are inexpensive to prepare; they can be synthesized in 

high yield; and they possess two cyclohexadienyl ligands. 

We have therefore investigated the reactions of two of the 

pseudoferrocenes discussed in Section 3.3a with various 

oxidizing reagents and pyrolysis. 

7a and 7b were reacted with the following oxidizing 

reagents: Br2, Ce
IV, DDQ, I2, KMn04, Jones' reagent, and 

HCl(g); as well as being subjected to pyrolysis. In 
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reactions with CeIV and KMn04 the starting materials were 

recovered unchanged and were not investigated further. This 

result is surprising since Helling has reported85 that 

reactions of [ (R-l,3,5-C6H3Me3)2Fe] (R = Ph, ^u, and vinyl) 

with CeIV and KMn04 result in phenylmesitylene, 

tbutylmesitylene, and vinylmesitylene. They give few 

details of the reaction procedure and workup, however. In 

reactions of 7b with Br2 and I2 decomposition of the 

pseudoferrocene gave mixtures of p-xylene and C6H5CH2X (X = 

Br, I) and were not investigated further. 

Reaction with HC1, DDQ, and pyrolysis, however, after 

workup yielded oils or liquids identified as 

diphenylmethane, C6H5-CH2-C6H5, 12a (from 7a) ; and 1-benzyl-

2,5-dimethylbenzene, C6H3Me2-CH2-C6H5, 12b (from 7b); based 

upon their 1H NMR spectra. Reaction of 7a and 7b with HC1 

gave the highest crude yields of 12a (83%) and 12b (60%). 

Yields from reaction with DDQ were reduced (55% of 12a and 

43% of 12b) but gave the highest purity of decomplexation 

products. Results from pyrolysis gave intermediate yields 

and purity. 

Unfortunately, NMR revealed that 12a and 12b contained 

significant amounts of impurities that were not identified 

and attempts at purifying the compounds were only moderately 

successful. This may be in part due to the fact that 

reaction conditions were not optimized. Nevertheless, the 

high yields of products that were obtained are encouraging 
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and serve to emphasize the synthetic potential of 

pseudoferrocenes. 

3.5 Reaction of [(arene)(cyclohexadienyl)Fe]+ Monocations 

with Methyllithium 

Reactions of the [(Et-cyclohexadienyl)(arene)Fe]+ 

complexes 2a, 2c, and 2e with methyllithium were 

investigated. Two classes of reaction were observed: (1) 

net addition of Me" to the complexed arene ring of 2a and 2c 

to give the [ (cyclohexadienyl)2Fe] complexes 13a and 13c, 

respectively; (2) proton abstraction from a methyl group at 

carbon 1- or 5- of the cyclohexadienyl ring of 2e to yield a 

triene complex 14e, which contains an exocyclic double bond. 

Me Me 

13a 13c I4e 

The exocyclic double bond is reactive and 14e slowly reverts 

to ad in air, presumably via reaction with water vapour. 

13a and 13c were characterized by 1H and 13C NMR 

spectroscopy and the ring carbon and hydrogen atom 
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resonances are presented in Tables 3.4 and 3.5. The room 

temperature 13C NMR spectrum of 12c warrants additional 

discussion due to the fluxional behaviour of the complex. 

Helling and Braitsch first demonstrated66 that the 1H NMR 

spectra of [ (R-l, 3,5-C6H3Me3)2Fe] (R = Ph, *Bu) exhibit 

temperature dependence. They suggested that their results 

in no way implied a restricted rotation about the iron-

cyclohexadienyl ring axis, because the molecule could not 

adopt an orientation that would account for the low 

temperature spectra. However, the validity of this 

conclusion must be questioned in light of the crystal 

structure of [ (*Bu-1,3,5-C6H3Me3)2Fe] published
159 two years 

later. The molecule adopts a solid state conformation 

(Figure 3.8) in which the two rings are gauche-eclipsed. If 

Figure 3 .8 Perspective View of Bis(ij5-exo-6-tert-butyl-

1,3,5-trimethylcyclohexadienyl)iron(II). 
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there was indeed restricted rotation, the substituent 

protons of carbon atoms 2, 4, 7, and 9 would be expected to 

be influenced by fluxionality. This is exactly what is 

observed in the low temperature spectrum of the molecule. 

In light of this assessment we can presume that the 

unexpected room temperature 13C NMR of 13c (Figure 3.9) is a 

result of fluxionality. The peaks labelled A, B, and C have 

been assigned to the correspondingly labelled atoms in the 

figure. The 13C NMR chemical shifts of these carbon atoms 

would be expected to be affected by a "freezing out" of the 

molecule since the atoms would be chemically non-equivalent 

in a gauche-eclipsed conformation. Therefore, the broadness 

of these peaks can likely be attributed to the beginning of 

coalescence of the peaks predicted by a restricted rotation 

model. This assessment is borne out by the variable 

temperature spectra of analogous pseudoferrocenes67,157 and 

solid state conformation of 8a. 

The formation of 13c is not unexpected since it has 

been shown65,67 that reaction of lc with 2 equivalents of 

alkyllithium reagents yield [(cyclohexadienyl) 2Fe] 

complexes. The net addition of Me" to the arene ring of 2a 

is also expected as it obeys the Davies, Green and Mingos 

rules. 

14e was characterized by 1H and 13C NMR spectroscopy 

which showed resonances and multiplet patterns in agreement 

with the proposed structure. Additionally, crystals of the 
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complex were obtained and submitted for X-ray 

crystallographic analysis but the structure could not be 

determined accurately due to crystal disorder. This 

disorder is attributed to two enanticmers being present in 

the crystal, however, the gross structure and conformation 

of 14e was confirmed. 

Although nucleophiles have been documented107,111 to 

react with [ (H-C6Me6) (C6Me6)Fe]
+ producing [ (R-C6Me6) (H-

C6Me6)Fe], the formation of molecules such as 14e is not 

entirely without precedent. In fact, in the same report it 

was demonstrated that tBuO" may be used to abstract H+ from 

the methyl group attached to carbon atoms 1- or 5- of the R-

cyclohexadienyl moiety. In generation of 14e, Me" acts as 

base. The exocyclic double bonds of similar compounds are 

reactive towards electrophiles forming C-C, C-Si, C-P, C-Mn, 

C-Fe, C-Cr, C-Mo, and C-halogen bonds160, thus it should 

prove possible to add electrophiles to the double bond of 

the triene complex. Successive proton abstraction and 

electrophilic addition steps -ould therefore provide a means 

of selectively functionalizing the C6 ring. 

f 



Chapter 4 

Synthesis of [(arene)(arene')Fe]2+ Dications and Reaction 

with Borohydride, Triethylborohydride, and Carbanions 

77 
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4.1 Synthesis of [(arene)(arene')Fe]2+ Dications 

As was demonstrated in Chapter 3, net addition of R" to 

[(arene)2Fe]
2+ dications (arene = benzene, p-xylene, 

mesitylene) produces [(cyclohexadienyl) 2Fe] complexes 

according to the rules of Davies, Green, and Mingos rather 

than [(arene)(cyclohexadiene)Fe] complexes (Figure 4.1). 

Fe 2+ + XS R" 

Figure 4.1 Reactior of [ (arene)2Fe]
2+ Dications with Excess 

Carbanion. 

In an attempt to control the regioselectivity of the second 

net R" addition, mixed-arene salts with the general formula 

x I 
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[(arene)(arene')Fe](PF6)2 were synthesized, in which one of 

the aromatic ligands is fully substituted and the other is 

less substituted. It was anticipated that the fully 

substituted arene would act as a steric block or deterrent 

to R" addition at that site, forcing double addition to the 

less substituted ring. 

Mixed-arene ruthenium dications ([(arene)(arene')Ru]2+) 

have been prepared161"163 by treatment of [ (arene) RuCl2]2 

dimers164,165 with acid in the presence of arene'. The iron 

analogue of this dimer has not been reported, and as a 

result only one [(arene)(arene')Fe]2+ dication has appeared 

in the literature. [ (C6H6) (C6Me6) Fe] (PF6)2 was synthesized
104 

via a multi-step procedure involving the 20e" [(CfiMe6)2Fe] 

and cyclohexadiene as the precursor to the benzene ligand. 

This complex, however, has not been crystallographically 

characterized. 

An approach based on the method described by Helling131 

was adopted to synthesize the mixed-arene dications, in 

which the higher substituted aromatic was used in a 1:1 

molar ratio with FeCl, in an excess of the other aromatic as 

solvent, as shown in Equation 4.1. 

Fed3 + C6Me6 + 3 AICI3 ~ — «-" (eq* 4*1] 

In this way the [ (arene) (arene')Fe]2+ dications [(1,3-
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C6H4Me2)(C6Me6)Fe]
2+, 15, and [ (l,4-C6H4Me2) (CfiMe6) Fe]

2', 16, 

were synthesized and precipitated from aqueous solution as 

their hexafluorophosphate salts. A slightly different 

procedure was used to synthesize [ (l,4-C6H4Me2) (C6Et6) Fe]
2+, 

17, in that an approximately 2:1 ratio of C6Et6 to FeCl3 was 

employed. The reactions afforded mixtures of the 

[ (arene) (arene')Fc] (PF6)2 and [ (arone)2Fe] (PF6)2 complexes. 

Fortunately, the mixed-arene salts are the less soluble of 

the products and could be isolated by fractional 

recrystallization from acetone/water in yields of 26-51%. 

It should be pointed out that this synthesis is not general 

since it only works for certain combinations of arene 

molecules. For example, attempts to synthesize 

[(arene)(arene')Fe]2+ in which benzene was one of the 

ligands failed. Reasons for this discrimination are unclear 

and a thorough investigation of different combinations of 

aromatic ligands was not undertaken. 

15 16 17 

The mixed-arene salts were characterized by 1H and 13C 

NMR spectroscopy and infrared spectrophotometry. The 

'i « 
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infraiad spectra showed strong absorption bands centered 

near 840 cm"1 indicative of the PF6" anion. The 1H NMR 

spectrum of 17 is presented in Figure 4.2. The singlets 

labelled A and C (with integrations of 4 and 6 hydrogen 

atoms, respectively) are assigned to the ring and methyl 

hydrogen atoms of the p-xylene ring, respectively. The 

quartet labelled B and the triplet labelled D (with 

integrations of 12 and 18 hydrogen atoms) are assigned to 

the hydrogen atoms of the six equivalent e=thyl substituents 

of the C6Et6 ligand. Resonances due to a minor impurity 

(design ted by °) are attributed to the presence of either 

[ (l,4-C6H4Me2)2Fe]
2+ or uncomplexed p-xylene. 

1H and 13C NMR data for the [ (arene) (arene')Fe]2+ 

complexes are presented in Tables 4.1 and 4.2. An 

interesting example of the way in which the electron density 

of the arene rings is delocalized over the whole 

[(arene)2Fe]
2+ dication can be seen when the chemical shifts 

of lb and le are compared with 16. lb has 13C NMR chemical 

shifts of 112.0 and 94.0 ppm for the ring carbon atoms, 

whereas the shifts corresponding to the same carbon atoms in 

16 are 111.2 and 93.6 ppm. Both resonances are shifted 

upfield in 16 corresponding to the increased electron 

density in the p-xylene ring imparted to it by the electron-

rich hexanethylbenzer ligand. In comparing the 13C NMR 

shifts of the C6Me6 ring in le (104.6 ppm) with that of 16 

(107.1 ppm), a downfield shift is observed corresponding to 

i 
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T a b l e 4 . 1 1H NMR Chemical S h i f t s (ppm) of [ ( a r e n e ) ( a r e n e ' ) F e ] 2 * D i c a t i o n s . * 

Complex 

[ (l,3-C6H4Me2) (C6Me6)Fe] (PF6)2 

[(l ,4-C6H4Me2) (C6Me6)Fe] (PF6)2 

[ (l,4-C6H4Me2) (C 6Et 6)Fe] (PF6)2 

* Ace tone -d , 

oo 

Complex F 

15 

16 

17 

C 6H 4Me 2 

HAI 

7.10t, 

6.98d, 

6.79s 

6.89S 

6.83s 

ligand 

CH, 

2.65s 

2.60S 

2.60S 

^6^6 

CH, 

2.79S 

2.75S 

1.43t 

ligand 

CH, 

-

3.46q 



Table 4.2 13C NMR Chemical Shifts (ppm) of the Ring Carbon Atoms of [ (arene) (arene') Fe]2* 

Dications.* 

Complex 

[ ( 1 , 3-C6H4Me2) (C6Me6) F e ] (PF6) 2 

[ ( l , 4 - C 6 H 4 M e 2 ) (C 6Me 6)Fe] ( P F 6 ) 2 

[ ( l , 4 -C 6 H 4 Me 2 ) ( C 5 E t 6 ) F e ] ( P F 6 ) 2 

Compxex # 

15 

16 

17 

C6H4Me2 l i g a n d 

• SA, 

1 1 2 . 7 s , 9 6 . 2 d , 

9 2 . 4 d , 9 2 . I d 

1 1 1 . 2 s , 9 3 . 6 d 

1 1 2 . 5 s , 9 3 . 4 d 

C6R6 l i g a n d 

-Ar-

1 0 7 . 2 s 

1 0 7 . 1 s 

1 1 1 . 7 S 

* A c e t o n e - d 6 . 
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the decreased electron density in the hexamethylbenzene ring 

o£ the [(arene)(arene')Fe]2+ dication. A similar trend is 

ohserved with the 'H NMR chemical shifts of the methyl 

substituents of lb (2.70 ppm), le (2.52 ppm), and 

16 (2.60, 2.75 ppm). 

15 and 16 are the second and third reported 

[(arene)(arene')Fe]2+ dications and the first to be 

characterized crystallographically*. Perspective views of 

the dicationic portions of these salts are shown in Figures 

4.3 and 4.4. Data collection and refinement parameters, 

final fractional coordinates, bond distances and angles and 

least squares best planes calculations for 15 and 16 are 

given in Tables A24, A25, A26 and A27; and A28, A29, A30, 

and A31; respectively. 

15 adopts a solid state conformation in which the ring 

carbon atoms are staggered with Fe-C and Fe-ring plane 

distances to the hexamethylbenzene and m-xylene rings of 

2.131(8) A and 1.594(4) A, and 2.12(3) A and 1.587(5) A, 

respectively. The arene ligands are essentially planar 

(maximum deviation of 0.03 A from planarity) and parallel 

(torsion angle = 1.9°). With one exception, the methyl 

carbon atoms of the hexamethylbenzene ring point away from 

The X-ray crystal structure of 15 was solved by Dr. 
Michael Zaworotko at Saint Mary's University using data 
collected at the University of Victoria by Ms. Kathy 
Beveridge on an Enraf-Nonius CAD-4 diffractometer, and the 
X-ray crystal structure of 16 was solved by Dr. Robin Rogers 
at Northern Illinois University using data collected on an 
Enraf-Nonius CAD-4 diffractometer. 
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C27 C28 

C22 

Figure 4.3 ORTEP133 Perspective View of the Dicationic 

Portion of [(l,3-C6H4Me2)(C6Me6)Fe](PF6)2, 15. 

I 



C8 ^ 

Figure 4.4 ORTEP133 Perspective View of the Dicationic 

Portion of [ (l,4-C6H4Me2) (C6Me6)Fe] (PF6)2, 16. 
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the metal at an average distance of 0.05 * fro;.i t're C6 

plane. 

The two arene rings of 16 are essentially planar 

(maximum deviation = 0.03 A) and parallel (torsion angle = 

0.5°) in the solid state and adopt a conformation in which 

the ring carbon atoms of the arene ligands are staggered. 

Average Fe-C and Fe-ring plane dis'iancr s to the 

hexamethylbenzene and p-xylene rings are 2.13(1) A and 1.60 

A, and 2.13(4) A and 1.59 A, respectively. 

4.2 Ring Regioselectivity in the Addition of Anions to 

[(l,4-CgH4Me2) (C6Me6)Fe]
2+ and [ (l,4-C6H4Me.,) (C6Et6)Fe]

2+ 

Dications 

Reactions of excess NaBH4, MeLi, AlEt3, and
 lBuLi with 

16 were conducted in dichloromethane at -95°C in the hope 

that double addition to the p-xylene ligand would result to 

yield the corresponding [(arene)(cyclohexadiene)Fe] 

complexes. Unfortunately, no double addition occurred; only 

single net addition of H", Me", Et", and *Bu" yielding 

[(arene)(cyclohexadienyl)Fe]PF6 salts was observed. The 

anions added, as expected, to the unsubstituted position of 

the p-xylene ring to give [ (R-l,4-C6H4Me2) (C6Me6)Fe]
+ cations 

as the major products (18A - 18D for R = H, Me, Et, lBu, 

respectively). No addition to the substituted position of 

p-xylene was observed, but 1H NMR revealed that minor 

I n \ 
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18A R = H 

18B R = Me 

18C R = Et 

18D R = *Bu 

products resulted from addition to the hexamethylbenzene 

ring yielding [ (R-C6Me6) (l,4-C6H4Me2)Fe]
+ monocations (Figure 

4.5) . 

R R 

major minor 

Figure 4.5 Major id Minor Products from the Reactions of 

NaBH4, leLi, AlEt3, and *BuLi with [(1,4-

C6H4Me2)(C6Me6)Fe](PF6)2. 

The 1H KMR spectrum of the aromatic region of a typical 

reaction mixture is shown in Figure 4.6. The two doublets 

labelled A correspond to the 2- and 3- hydrogen atoms of the 

R 
H 

Fe PF* 



6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 

6 Partial 1H NMR Spectrum of the Products Obtained from Reaction of 

[(l,4-C6H4Me ) (C6Me6)Fe](PF6)2 with NaBHJaq) . 
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cyclohexadienyl ligand in the [ (R-l,4-C6H4Me2) (CfiMe6)Fe]
 + 

cation and the singlet labelled B corresponds to the 4 

equivalent p-xylene ring hydrogen atoms in the [(R-

C6Me6) (l,4-C6H4Me2)Fe]
+ cation. Integration of these signals 

reveal that net anion addition to the hexamethylbenzene ring 

occurred as 7-17% of the product mixture. 

To see if the regioselectivity of the addition could be 

controlled by increasing the steric bulk of the ancillary 

ligand, the reactivity towards the same anions was 

investigated with 17. Again, only 

[(arene)(cyclohexadienyl)Fe]* cations were isolated. 1H NMR 

showed, however, that addition to the C6Et6 ligand, with one 

exception, did not occur. Table 4.3 shows the percentage of 

products derived from R" addition to the p-xylene ring of 

the [(arene)(arene')Fe]2+ dications. Net carbanion addition 

to the C6Et6 ring is now effectively deterred. This is 

presumably a result of the increased steric bulk of the 

ethyl substituents (expected to be predominantly distally 

arranged due to the proximity of the ancillary ligand). The 

significance of these results is that they show that it is 

possible to control the regioselectivity of net anion 

addition to [ (arene)2Fe]
2+ dications via introduction of a 

sterically crowded ligand. 

[ ̂ Bu-l^-C^Mej) (C6Et6)Fe]PF6 was characterized 

crystallographically but unfortunately the structure 

contained disorder that led to a high conventional R factor. 



~w*--

T a b l e 4 . 3 P e r c e n t a g e o f P r o d u c t D e r i v e d f rom N e t R" A d d i t i o n t o t h e p - x y l e n e L i g a n d o f 

[ ( l ,4 -C 6 H 4 Me 2 ) (C 6 R 6 )Fe] ( P F 6 ) 2 (R = Me, E t ) . 

S u b s t r a t e Complex # 

[ ( C6H4Me2 ) (C6Me6) F e ] 2+ 16 

[(C6H4Me2) ( C 6 E t 6 ) F e ] 2 + 17 

a 10 e q v . iTaBH 4 (aq) , CH2C12 , 25°C, 90 m i n . 

b 4 e q v . R L i , CH2Cl2 , - 9 5 ° C , 60 m i n . 

c 4 e q v . A l E t 3 , C1CH2CH2C1, 25°C, 24 h r . 

m a 

92 

99 

Me" b 

87 

>99.9 

Et" c 

83 

>99.9 

tBu" b 

93 

>99.9 

NO 
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Nonetheless, the gross solid state structure and 

conformation was discernable and revealed that tBu" had 

added to the unsubstituted position of the p-xylene ring. 

The nature of the disorder was with the ethyl substituent 

lying directly bNilow the sp3 hybridized carbon atom of the 

cyclohexadienyl ring and the PF-" anion. The crystal 

contained two cations; one in which this ethyl substituent 

was distally arranged and one in which it was proximally 

arranged. It is reasonable to assume that the apparent low 

energy difference between the distal and proximal 

conformations is a result of the degree to which the sp3 

hybridized carbon atom of the cyclohexadienyl ring is forced 

(by steric pressure) away from the iron atom67. 

4.3 Reaction of [ (l,4-c6H4Me2) (CgMe6)Fe]
2+ and [(1,4-

C6H4Me2) (C6Et6)Fe]
2+ Dications with NaBEt3H 

As was addressed in the previous section, reactions of 

the [(arene)(arene')Fe]2* dications 16 and 17 with aqueous 

NaBH4 and alkyllithium reagents fail to give double net 

anion addition. It is therefore unclear whether a second 

net anion addition to 18A-D or 19A-D would result in the 

formation of diene-arene or pseudoferrocene products. In an 

attempt to force a second addition, reactions of 16 and 17 

were conducted using BEt3H" as a hydride source under the 

conditions utilized for reactions with carbanions. 
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After workup of the reaction mixtures deep orange 

hexanes solutions were obtained suggesting the presence of 

neutral organoiron species. Unfortunately, the products 

proved to be too air- and solution-sensitive to obtain 

interpretable NMR spectra, and thus their identity remains 

unknown. Possible products include the corresponding 

pseudoferrocenes, [(arene)(cyclohexadiene)Fe], or proton-

abstraction products as shown in Figure 4.7. 

Figure 4.7 Possible Products in the Reaction of [(1,4-

C6H4Me2) (C6Me6)Fe] (PF6)2 with Excess BEt3H". 

Interestingly, Sweigart has recently shown97 that reactions 
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of carbanions with [ (C6H6) (arene)Ru]
2* dications (arene = 

1,3,5-C6H3Me3, l,3,5-C6H3'*Pr3, C6Me6) yield 

[(cyclohexadienyl)2Ru] complexes rather than the arene-diene 

complexes. 

4.4 Regioselectivity in the Addition of Anions to the 

meta-xylene Ligand of the [ (l,3-C6H4Me2) (CQMe6)Fe]
2+ 

Dication 

MeLi, AlEt3, PhLi, and ^uLi were reacted with 15 in 

CH2C12. In all cases monocationic salts were formed from 

single net carbanion addition to either the l,3-C6H4Me2 

(major product) or C6Me6 (minor product) rings. If we 

ignore addition to the C6Me6 ring, this series oi reactions 

also provides an opportunity to evaluate the 

regioselectivity of carbanion addition to the m-xylene ring; 

an opportunity not available in the case of p-xylene. 

There are 3 possible ring positions (2, 4, and 5) as 

unsubstituted sites for carbanion addition to the 

coordinated m-xylene, shown in Figure 4.8. Reactions with 

Me", Et", and Ph" were shown by 1H and 13C NMR spectroscopy to 

yield mixtures of addition products. Due to the complexity 

of overlapping multiplets in the NMR spectra, the positions 

of addition could not be determined. However, when tBuLi 

was employed as the carbanion source only one isomer was 

observed; addition at the 4-carbon atom, 20D. 
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Figure 4.8 Unsubstituted Ring Positions in m-xylene. 

The regioselectivity observed for net lBu" addition to 

15 has important mechanistic implications with respect to 

nucleophilic attack of the carbanion versus SET/radical 

coupling. First let us consider the reaction of 15 with 

*BuLi proceeding via nucleophilic attack of tBu" to the 

complexed m-xylene. Since methyl substituents are ortho-

para directing in electrophilic aromatic substitution, the 

distribution of electron density around the m-xylene ring 

would be expected to be as shown in Figure 4.9. The ring 

Figure 4.9 Expected Electron Density Distribution in 

m-xylene. 
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carbon atom with the least amount of electron density is 5-, 

meta to the methyl groups. Therefore, if ^u" adds as a 

nucleophile, one would predict that the cyclohexadienyl 

formed would be the position 5- addition isomer. Indeed 

nucleophilic attack of carbanions meta to methyl 

substituents has been shown5 to occur for the more electron-

rich [ (arene)Cr(CO)3] systems, however this is not what is 

observed for [(arene)(arene')Fe]2* dications. 

Should the reaction take place via SET transfer we 

must consider the distribution of electron density in the m-

xylene ring of the 19e" complex. As a first approximation, 

we might view the m-xylene ring in the organometallic 

radical adopting the quinone-like structure (expected166 for 

the m-xylene radical anion) shown in Figure 4.10, with the 

0 
• • 

Figure 4.10 Possible Quinone-like Structure of the m-xylene 

Ring in the I9e" [ (l,3-C6H4Me2) (C6Me6)Fe]
 + 

Radical. 
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radical centered on the carbon atom meta to the two methyl 

substituents. If this were the case then the expected 

coupling product would again be *Bu addition to the 5-

position. 

This interpretation, however, probably does not 

accurately represent the true distribution of electron 

density in the 19e* radical cation, When we consider that 

in the one electron reduction of the [(arene) 2Fe]
2* dication 

to the 19e" [ (arene)2Fe]* complex the 19
th electron resides, 

for the most part, on the metal71; and that the arene 

ligands are symmetrically bound to the metal; the net effect 

of the electron transfer is likely to be an increase in the 

magnitude of the electron density on the m-xylene ring and 

not a redistribution of this electron density. The 

distribution of the electron density in the m-xylene ring of 

the 18e" and 19e" complexes, therefore, would probably be 

bv tter represented as in Figure 4.11. 

Coupling of R" with the organometallic radical would be 

expected to result in a new carbon-carbon bond formed where 

the electron density in the arene is greatest; namely ortho 

or para to the methyl groups (positions 2- and 4-). When we 

then consider tne steric constraints that would be expected 

to be in effect for the reaction of the *Bu moiety, addition 

at the 4-position should predominate. This is exactly what 

is observed, thereby lending support to the argument that 

carbanions add to [(arene)2Fe]
2* dications via a SET process. 
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Fc(C6Me6) 
2+ <8+ Fe(C6Me6)' 

F i g u r e 4 . 1 1 P r o p o s e d E l e c t r o n D e n s i t y D i s t r i b u t i o n i n t h e 

18e" [ ( l , 3 -C 6 H 4 Me 2 ) (C 6 Me 6 )Fe] 2 + a n d 19e" [ ( 1 , 3 -

C6H4Me2) (C 6Me 6 )Fe]+ C a t i o n s . 



Chapter 5 

Net Addition of carbanions and Electrophiles to 

[(arene)(cyclopentadienyl)Fe]+ Cations 

100 
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5.1 Net Phenide Addition to the [ (l,3,5-C6H3Me3) (c5H5)Fe]
 + 

cation 

The net addition of nucleophiles to the arene ring of 

[(arene)(cyclopentadienyl)Fe]+ cations is a well established 

facet of organometallic chemistry covering a wide range of 

both arene c /mplexes and nucleophiles. However, the number 

of the resulting [(cyclohexadienyl)(cyclopentadienyl)Fe] 

complexes that have been X-ray crystallographically 

characterized is at best modest. To our knowledge, the only 

crystallographically characterized 

[ (cyclohexadienyl) (cyclopentadienyl) Fe] moiety is (rf-exo-l-

Acetyl-2,4,6-tris(trifluoromethyl)cyclohexadienyl) 

(cyclopentadienyl) iron(II)167. This, ..owever, is not a 

representative example of a 

[(cyclohexadienyl)(cyclopentadienyl)Fe] complex since the 

complex contains three strongly electron-withdrawing CF3 

groups. 

In order to investigate the relative u-bonding 

abilities of the arene, cyclopentadienyl, cyclohexadienyl, 

and pentadienyl ligands the synthesis and structural 

characterization* of a 

[(cyclohexadienyl)(cyclopentad nyl)Fe] complex containing 

The X-ray crystal structure of 21c was solved by Dr. 
Peter White at the University of New Brunswick using data 
collected on an Enraf-Nonius CAD-4 diffractometer. 
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only hydrocarbon ligands, namely; (q5-l,3,5-trimethyl-6-ex-o-

phenylcyclohexadienyl) (^-cyclopentadienyl) iron(II), 21c, 

was undertaken. The results of this investigation are 

discussed in Chapter 6. 

21c has a melting point that agrees with a previous 

report112. No NMR results were originally reported for this 

complex, however, our data are consistent with what one 

would expect for metal-cyclohexadienyl complexes and similar 

to that reported167 for [ (CH3CO-C6H3(CF3)3) (C5H5)Fe]. 

Crystallographic refinement and data collection 

parameters, final fractional coordinates, bond distances and 

angles, and least squares best planes calculations for 21c 

are presented in Tables A32, A33, A34, and A35, 

respectively. A perspective view of the complex, depicted 

in Figure 5.1, shows that the two 7j5-rings are essentially 

parallel making a dihedral angle of only 2.4(2)°, and 

addition of the phenyl moiety has occurred in the expected4 

exo fashion. The cyclopentadienyl and Ph rings are close to 

planarity with deviations of less than 0.01 A, while the 

dienyl portion of cyclohexadienyl ring deviates from 

planarity by a maximum of 0.016 A. The three methyl carbon 

atoms point significantly towards the iron atom; 0.195, 

0.193, and 0.069 A from the C5 plane for carbon atoms C27, 

C29, and C28, respectively. The phenyl moiety is twisted 

with respect to the mirror plane of cyclohexadienyl ring by 

40° (based on the torsional angle between C36:C31 and 
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C12 
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ORTEP133 P e r s p e c t i v e View of [ ( P h - 1 , 3 , 5 -

C6H3Me3) (C5H5)Fe], 2 1 c . 



C21:C23). 

Comparison of the results of this study with those 

obtained for the acetyl-tris(trifluoromethyl) analogue 

reveal surprisingly little structural differences between 

the two. Indeed, the net effect of replacing 1,3,5-metnyl 

groups with 1,3,5-trifluoromethyl substituents is 

statistically non existent as the solid state structural 

parameters of [ (CH3CO-C6H3(CF3)3) (C5H5)Fe] (see Table 6.1) and 

21c are almost identical. 

5.2 Base Assisted Electrophilic Addition of CH2C6H5
+ to the 

[ (CgMe6) (C5H5)Fe]
 + Monocation and Decomplexation of 

CQ(CH2CH2C6H5)e. Solution and Solid State Behaviour of 

the Complex and Free Ligand 

In Chapter 1 the four main aspects of altered arene 

reactivity and conformation upon complexation to a 

transition metal were discussed. For the most part this 

thesis has dealt with the susceptibility of the coordinated 

arene to reduction and attack by nucleophiles. However, 

acidity of ring and substituent protons, as well as 

conformation of flexible arene substituents are important 

and well documented. The following section considers the 

latter two effects of metal complexation upon aromatic, 

hydrocarbons. 

The effect that ancillary ligands have ur>on the 
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conformation of coordinated aromatics was demonstrated82"84,87 

by Mislow using the "piano-stool" complexes [(C6Et6)M(CO)2L] 

(M = Cr, Mo) , In his investigatic -», C6Et6 was observed to 

adopt four of the eight possible conformations in the solid 

state (Figure 5.2) depending upon the size of L. In 

addition, these complexes exhibited dynamic behaviour in 

solution. This dynamic behaviour is a topic of ongoing 

controversy as the low temperature spectra may be 

interpreted either via invoking restricted rotation about 

the arene-metal tripod bond or arene-Et bonds. 

distal —o proximal 

Figure 5.2 Observed Solid State Conformations of C6Et6 when 

Complexed to a Transition Metal Moiety. 

A number of workers have shown73"81 that it is possible 

to functionalize the methyl groups on the arene ring of 

[(arene)(cyclopentadienyl)Fe]* cations by abstraction of a 

proton by a suitable base followed by reaction of the 
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intermediate with electrophiles (Figure 5.3). In 

particular, addition of a large excess of both base and 

electrophile can produce, in a one-pot reaction, the fully 

substituted aromatic (see Scheme 1.1). It is then possible 

to chemically, photochemically, or thermally decomplex the 

aromatic molecule in good yields. 

An example of this reaction is the conversion of 

[(C6Me6)(C5H5)Fe]PF6 to [ (C6(CH2CH2Ph)6) (C5H5) Fe]PF6
80. In order 

to determine the relative importance of intraligand versus 

ligand-metal steric repulsions, discussed above, we have 

Br 

CH2* 

RX 

Figure 5.3 Functionalization of the Methyl Group 

of [(arene)(cyclopentadienyl)Fe]* Cations. 
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repeated this reaction and structurally characterized* the 

reaction product, [ (C6(CH2CH2C6H5)6) (C5H5)Fe]PF6, 22, and 

decomplexation product C6(CH2CH2C6H5)6, 23. Crystallographic 

refinement and data collection parameters for 22 and 23 are 

given in Tables A36 and A40, respectively. Final fractional 

coordinates, bond distances and angles, and least squares 

best planes calculations for 22 and 23 are presented in 

Tables A37, A38, and A39, and A41, A42, and A43, 

respectively. Perspective views of 23, and the cation of 

22, are shown in Figures 5.4 and 5.5. 

23 adopts the alternating up-down arrangement of 

phenylethyl groups which would be expected to predominate on 

the basis of steric repulsions between the phenylethyl 

substituents. Such a conformation was also adopted by C6Et6 

in the solid state, for which it was predicted to be 

approximately 3.5 kcal mol"1 more stable than any of the 

other seven up-down isomers82. The 360 MHz 1H NMR spectrum 

of 22 (Figure 5.6) exhibits two complex but symmetrical 

patterns in the ethylene region and is similar to that 

observed for the free ligand. The similarity between the 

two spectra might be anticipated since, assuming fast 

rotation around the CH2-Ph, CH,-CH2 and Fe-arene bonds, the 

six phenylethylene moieties are equivalent if the 

The X-ray crystal structures of 22 and 23 were solved ! 
by Dr. Robin Rogers at Northern Illinois University using 
data collected on an Enraf-Nonius CAD-4 diffractometer. 

i 
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F i g u r e 5 .4 ORTEP133 P e r s p e c t i v e View of C6(CH2CH2C6H5)6, 23, 
o 
03 
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5 ORTEP133 Perspective View of the Cationic Portion of 

[(C6(CH2CH2C6HS)6) (C5H5)Fe]PF6, 22. 
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conformations adopted in the solid state predominate in 

solution (effective D3d or S6 symmetry for 23, C6v for 22) . 

Neither 22 nor 23 exhioit temperature dependence in 

their NMR spectra between room temperature and -92°C. 

However, 23 appears to be approaching decoalescence at -92°C 

as the ethylene multiplets broaden considerably relative to 

the rest of the spectrum (Figure 5.7). The spectrum of 22 

also broadens at lower temperatures but this is presumably a 

solubility effect as all peaks in the spectrum are affected. 

It is therefore not possible to unambiguously determine 

whether 22 and 23 are undergoing rapid interconversion of 

conformers on the NMR time scale (the observed solid state 

conformations predominating) or whether they are rigid, 

however the data are consistent with the former for 23 and 

the latter for 22. 

The conformation adopted by hexa(phenylethyl)benzene 

when complexed to [Fe(C5H5)]
+ is quite different from that 

seen in the free molecule. Figure 5.5 illustrates how all 

six ethylene moieties are distal to the iron atom, making 22 

the first compound to exclusively adopt conformation D 

(Figure 5.2) for a C6R6 ligand in the solid state. A six 

distal conformation was also observed for 

[ (C6Et6)Cr(CO)2(PPh3) J
82. One of the ethyl groups, however, 

was seen to be disordered and occupying a proximal site in 

approximately one third of the molecules. The closest X-ray 

crystallographically characterized analogues to 22 are 
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perhaps [ (C6Et6)Fe(C5H5) ]PF6
80 and [ (C6Et6)Fe(C5H5) ]BPh4

95, which 

were observed to adopt conformations B and C, respectively, 

in the solid state. The effect of increasing the size of the 

R group is therefore, at least in this instance, adoption of 

the conformation which is least energetically favoured in 

the free ligand. 

Steric strain might be expected to manifest itself, 

particularly in the Fe-C bond distances, the Fe-plane 

distances and the angles around the ethylene groups109. 

Unfortunately, the quality and amount of data and high 

thermal motion in the Ph moieties precludes close 

examination of individual bond lengths and angles. However, 

there are two apparent manifestations of steric strain: the 

average angle subtended at the ethylene carbon atoms bonded 

to the coordinated C6 ring (115(3)°); the Fe-C5 and Fe-C6 

plane distances, which, at 1.54 A and 1.64 A, are relatively 

short and long, respectively, of a range of Fe(II)-plane 

distances109. The coordinated rings are planar to 0.02 A 

and, surprisingly, four of the ethylene carbon atoms bonded 

to the coordinated C6 ring point towards the Fe atom (by 

0.05 to 0.24 A). Bending of ring substituents towards the 

metal has been predicted in [ (arene)M(CO)n] complexes
168. 

The conformations adopted by the Ph groups are markedly 

different from those adopted in 23. As might be expected, 

the Ph groups are now unable to orient themselves parallel 

to the coordinated C6 ring, and the result is random 
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disposition of the Ph groups. The observed orientations are 

presumably strongly influenced by a combination of 

intraligand and packing effects. 



Chapter 6 

X-ray Crystallographic Comparison of the ir-Bonding Abilities 

of Arene, Cyclopentadienyl, Cyclohexadienyl, and Pentadienyl 

Ligands in Iron(II) Sandwich Complexes 

1 

115 
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Ferrocene, [ (cyclopentadienyl)2Fe], 2, is the 

prototypical59,169 and perhaps the most generally recognized 

example of a full-sandwich iron(II) complex. Subsequent 

work spanning three decades has resulted in synthesis and 

characterization of several isoelectronic analogues, 

including the following: [ (arene)2Fe]
z* 170, 1; 

i 60 65-68 [(pentadienyl)-^]00, 3; and [ (cyclohexadienyl)2Fe]
00"00, 4 

A number of mixed ligand sandwiches have also been prepared 

and, as for the symmetric sandwiches, several have been 

characterized via X-ray crystallography. Thepe include 

[(pentadienyl)(cyclopentadienyl)Fe]60, 5, 

[(arene) (cyclopentadienyl)Fe]*,80,95 6, 

[ (arene) (cyclohexadienyl) Fe]*,98,171 7, and 

[(cyclohexadienyl) (cyclopentadienyl) Fe]109,167, 8.. 

An important question that can be asked with respect to 

these complexes is: which of four ligands is best able to n-

bond to the metal, and why? Comparing the structures 
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described in this thesis with relevant literature compounds 

allows us to extend the comparisons already drawn between 

cyclopentadienyl and pentadienyl60 to arene and 

cyclohexadienyl ligands. 

Structural parameters for a range of symmetrical and 

mixed iron(II) full-sandwich complexes obtad ->ed via single 

crystal X-ray crystallography are presented in Table 6.1 and 

form the basis for the following discussion. Table 6.1 

permits estimates of the relative interaction of the arene, 

cyclopentadienyl, pentadienyl, and cyclohexadienyl ligands 

with the iron atom by facilitating comparison of the 

structural parameters for the mixed complexes with those for 

the bis(ligand) complexes. Three parameters may be 

considered as measures of the iron-ligand interaction: (i) 

average Fe-C distance, (ii) Fe-ligand plane distance, (iii) 

average C-C ring distance. 

One might initially expect Fe-C bond distance to be the 

most effective measure of Fe-ligand interaction. However 

this does not necessarily appear to be the case for this 

study. Comparison of the iron-carbon distances in 

[ (pentadienyl) 2Fe], [ (cyclopentadienyl) 2Fe], and 

[(pentadienyl)(cyclopentadienyl)Fe] complexes indicates that 

in the mixed ligand complex the pentadienyl ligand is 0.027 

to 0.029 A closer to the iron atom than it is in 

[(pentadienyl)2Fe] whereas the cyclopentadienyl ligand is 

the same distance as in ferrocene. Therefore, there is a 



Table 6.1 Crystallographic Comparison of the Metal-Ligand Interactions in Iron(II) 

Sandwich Complexes. 

Complex Typea Average M-C Average C-C 
distance (A) distance (A) 

M-C plane Reference 
distance (A) 

[(C5H5)2Fe] 

[(C6H3Me3)2Fe](PF6)2 

[ ^ B u - C ^ j j F e ] 

[( tBu-C6H3Me3)2Fe] 

[(Ph-C6H3Me3)2Fe] 

[ (2 ,3 ,4 -C a H 1 3 ) 2 Fe] 

[ (2 ,4-C 7 H 1 1 ) 2 Fe] 

A 

B 

C 

C 

C 

D 

D 

2.05(2) 

2.12(1) 

2.06(3) 

2.09(4) 

2.07(4) 

2.087(1) 

2.089(1) 

1.40(4) 

1.400(1) 

1.39(1) 

1.409(6) 

1.41(1) 

1.412(2) 

1.411(8) 

1.66 

1.594(1) 

1.556(3) 

1.571(3) 

1.55 

1.46(1) 

1.458(8) 

172 

173 

68 

159 

67 

174 

175 

a A = [ (cyclopentadienyl) 2Fe] , B = [ (arene) 2Fe]
2+, C = [ (cyclohexadienyl) 2Fe], D = 

[ (pentadienyl) 2Fe] , E = [ (arene) (cyclopentadienyl) Fe]*, F = 19e" 

[(arene)(cyclopentadienyl)Fe], G = [(cyclohexadienyl)(cyclopentadienyl)Fe], H = 

[(pentadienyl)(cyclopentadienyl)Fe], I = [(arene)(cyclohexadienyl)Fe]*. b Not available.£ 



T a b l e 6 . 1 f c o n ' t ) C r y s t a l l o g r a p h i c Comparison of t h e M e t a l - L i g a n d I n t e r a c t i o n s i n 

I r o n ( I I ) Sandwich Complexes. 

r? 5 - l igand 

Complex Type3 Avg. M-C 
D i s t . (A) 

Avg. C-C 
D i s t . (A) 

M-C5 P l a n e 
D i s t . (A) 

Ref . 

[ ( C 5 H 5 ) ( C 6 E t 6 ) F e ] P F 6 

[(C5H5) ( C 6 E t 6 ) F e ] B P h 4 

[(C5H5) (C6Me6)Fe] 

[(CgH5) [C 6 H 3 (CF 3 ) 3 C(0)CH 3 ]Fe] 

[(C5H5) (Ph-C6H3Me3)Fe] 

[(C5H5) ( 2 , 4 - C 7 H l 1 ) F e ] 

[ (Et-C6H3Me3) (C6H3Me3)Fe]PF6 

[ ( CH2Cl-C6H3Me3) (C6H3Me3) F e ] PF 6 I 

E 

E 

F 

G 

iZ 

H 

I 

I 

2.05(1) 

2.05(1) 

2.144(2) 

2.06(1) 
2.05(2) 

2.059(3) 
2.06(3) 

2.05(1) 
2.06(2) 

2.09(5) 

2.09(5) 

1.38(1) 

1.40(1) 

b 

1.40(1) 
1.415(5) 

1.405(9) 
1.418(6) 

1.37(6) 
1.43(1) 

1.41(2) 

1.42(1) 

1.683(1) 

1.68 

1.79(1) 

1.68 
1.52 

1.677(2) 
1.526(1) 

1.69 
1.42 

1.586(4) 

1.570(4) 

80 

95 

176 

167 

109 

177 

98 

171 

VD 



T a b l e 6 . 1 f c o n ' t ) C r y s t a l l o g r a p h i c Compar i son of t h e M e t a l - L i g a n d I n t e r a c t i o n s i n 

I r o n ( I I ) Sandwich Complexes . 

q 6 - l i g a n d 

Complex Type3 Avg. M-C 
D i s t . (A) 

Avg. C-C 
D i s t . (A) 

M-C6 P l a n e 
D i s t . (A) 

Ref. 

[ (C 5 H 5 ) (C 6 Et 6 )Fe]PF 6 E 

[(CgH,) (C6Et6)Fe]BPh4 E 

[(C5H5) (C6Me6)Fe] F 

[ (Et-C6H3Me3) (C6H3Me3) Fe ] PF6 I 

[ (CH2Cl-C6H3Me3) (C6H3Me3) Fe ] PF6 I 

2 . 1 1 ( 2 ) 

2 . 1 0 ( 1 ) 

2 . 1 0 0 ( 7 ) 

2 . 1 1 ( 2 ) 

2 . 1 1 ( 2 ) 

1 . 4 3 ( 1 ) 

1 . 4 2 3 ( 9 ) 

b 

1 . 4 1 ( 1 ) 

1 . 4 0 ( 1 ) 

1 . 5 5 ( 1 ) 

1 .54 

1 . 5 8 ( 1 ) 

1 . 5 7 0 ( 4 ) 

1 . 5 5 5 ( 4 ) 

8 0 

9 5 

1 7 6 

9 8 

1 7 1 

W 
O 
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suggestion that pentadienyl interacts more favourably with 

iron(II) than cyclopentadienyl; the conclusion reached 

earlier by Ernst et. al. from their investigation of 

[(pentadienyl)(cyclopentadienyl)Fe]. 

An observation that must be considered, however, is 

that as the ligand plane approaches the Fe atom the C-C bond 

distances in the C6 ring increase (as one would expect if 

increased ?r-back bonding from the metal to a 

ligandantibonding orbital occurs) thereby partially 

offsetting the decrease in the M-C bond distance. 

It might therefore be anticipated that the metal-ligand 

plane distance would be a more effective measure of metal-

ligand interaction as it should be less influenced by 

changes in C-C bond distance. The Fe-cyclopentadienyl plane 

distance for [ (Ph-l,3,5-C6H3Me3) (C5H5) Fe] is 0.02 A greater 

than that observed for ferrocene whereas the Fe-

cyclohexadienyl plane distance is 0.02 - 0.04 A less than 

that seen for the [ (cyclohexadienyl)2Fe] complexes. The Fe-

C bond distances exhibit a similar trend but it is not as 

extreme. Similarly, in mixed complexes containing the 

cyclopentadienyl and arene ligands the cyclopentadienyl 

ligand plane moves away from the metal vs. ferrocene (by as 

much as 0.13 A in the 19-electron complex [ (C5H5) (C6Me6)Fe]) 

while the M-arene plane distance contracts by as much as 

0.05 A vs. [ (arene)2Fe]
2*. Finally, in 

[(arene)(cyclohexadienyl)Fe]* complexes the Fe-
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cyclohexadienyl plane distance increases by an average of 

0.02 A vs. [ (cyclohexadienyl)2Fe], while the Fe-arene plane 

distance decreases on average 0.031 A from that of the 

[(arene)2Fe]
2+ complexes. Similar trends are observed for 

[(pentadienyl)(cyclopentadienyl)Fe] vs. ferrocene and 

[(pentadienyl) 2Fe], with the Fe-plane distances showing a 

greater change than the Fe-C bond distances. The metal 

plane distance therefore does indeed appear to be the most 

sensitive measure of Fe-ligand interaction. 

Evaluation of these solid-state X-ray structural 

results therefore leads us to rank the ligands in following 

order of metal-ligand interaction: arene > cyclohexadienyl -

pentadienyl > cyclopentadienyl. Although the steric 

differences between the four ligands are not considered, 

particularly the effects of 1,5 substituents in the 

cyclohexadienyl complexes, it should be noted that the order 

suggested above corresponds to the relative susceptibility 

of the [(ligand)2Fe] complexes to undergo reduction and/or 

nucleophilic addition. In this context [(arene)2Fe]
2* 

complexes are known to be quite reactive (E° = - -0.48v), 

[(arene)(cyclohexadienyl)Fe]* and 

[(arene)(cyclopentadienyl)Fe]* complexes undergo attack at 

the arene ring (E° = ~ -1.55v), and [ (cyclopentadienyl)2Fe] 

is relatively unreactive4. However, Table 6.1 is incomplete 

since there are no reported [(arene)(pentadienyl)Fe]* and 

[(pentadienyl)(cyclohexadienyl)Fe] complexes. 
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From the work presented in this thesis it has been 

shown that net addition of carbanions to [ (arene) 2Fe]
2* 

dications is facile, not only with alkylaluminum reagents, 

but with traditional R" sources such as Grignard and lithium 

reagents, when dichloromethane is employed as solvent. The 

[(arene)(cyclohexadienyl)Fe]* cations reported herein 

represent the first crystallographically characterized mixed 

arene-cyclohexadienyl complexes of iron and syntheses of 

[ (R-C6Mefi) (C6Me6)Fe]
+ cations are the first examples of direct 

high-yield net carbanion addition at an alkylated arene ring 

position. Furthermore, when double net carbanion addition 

to [(arene)2Fe]
2* dications occurs under these conditions, 

[(cyclohexadienyl) 2Fe] complexes are formed in preference to 

[(cyclohexadiene)(arene)Fe] molecules. It has also been 

established that the use of AlMe3 and dihalomethane solvents 

provide a novel means for introducing the -CH2X 

functionality (cleanly in one case) onto coordinated 

aromatics. The bulk of experimental evidence suggests that 

the above reactions proceed via single electron transfer 

mechanisms rather than nucleophilic addition. 

We have demonstrated that decomplexation cf the 

cyclohexadienyl ligands of pseudoferrocenes via reaction 

with HC1, DDQ, or pyrolysis yield functionalized aromatic 

molecules. 
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This work has also provided a synthetic route to 

several new mixed-arene iron(II) sandwich complexes and has 

contributed the first crystallographic characterizations of 

these compounds. Reactions of the [(arene)(arene')Fe]2+ 

dications with borohydride and carbanion sources has shown 

that there is a preference for carbon-carbon bond formation 

at the least sterically hindered arene ring, and that by 

employing C6Et6 as one of the ligands the regioselectivity 

of the reaction could be effectively controlled. 

It has also been demonstrated that the previously 

synthesized [ (C6(CH2CH2C6H5)6) (C5H5)Fe]
+ cation adopts a six 

distal conformation of the arene ligands in the solid state. 

To our knowledge, this is the first example of an arene 

exclusively adopting such a conformation. Variable 

temperature 1H NMR spectra of this complex suggest that the 

six distal conformation is preserved in solution. 

A crystallographic analysis of mixed iron(II) sandwich 

complexes containing the arene, cyclopentadienyl, 

cyclohexadienyl, and pentadienyl ligands has led us to 

conclude that the ability of the these ligands to 7r-bond to 

iron has the order arene > cyclohexadienyl ~ pentadienyl > 

cyclopentadienyl. 

7.2 Suggestions for Future Research 

While we have shown that the reaction of [(arene)2Fe] 
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dications with trialkylaluminum reagents is more consistent 

with a SET mechanism than a nucleophilic attack of R", we 

have not undertaken a mechanistic study of these reactions. 

As a result, the nature of the species involved in the 

electron transfer and coupling steps is unclear. A more 

detailed mechanistic study would therefore be a worthwhile 

undertaking and could shed some light on the reaction 

pathway. 

The [ (cyclohexadienyl) 2Fe] and 

[(arene)(cyclohexadienyl)Fe]* complexes that have been 

synthesized as part of this work have considerable potential 

for decomplexation of the cyclohexadienyl moiety to yield 

functionalized aromatics. However, problems still exist in 

the decomplexation reactions and isolation of pure aromatics 

and, as a result, more work needs to done in this area. It 

is also possible that the range of R groups could be 

extended to include carbanions containing other 

functionalities (eg. CH2COCH3", CC13") as well as other non-

metal and transition metal moieties. 

While it is disappointing that [(arene)(arene')Fe]2+ 

dications did not react with anions to produce 

[(cyclohexadiene)(arene)Fe] complexes, it is possible that 

further investigations will prove fruitful, for example, in 

the reaction of [ (l,4-C6H4Me2) (C6Et6)Fe]
2+ with NaBEt3H. 

Another prospect for future research lies with the 

synthesis and X-ray crystallographic characterization of, as 
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yet unreported, [(arene)(pentadienyl)Fe]* and 

[(cyclohexadienyl)(pentadienyl)Fe] complexes. Such 

complexes would provide a further opportunity to examine the 

relative 7r-bonding abilities of the arene, cyclohexadienyl, 

and pentadienyl ligands. 

In more general terms, we believe [(arene)2Fe]
2*, 

[(arene)(cyclohexadienyl)Fe]*, and [(cyclohexadienyl)2Fe] 

complexes have the potential to be used as templates for the 

design and assembly of unnatural molecules. When we 

consider such factors as ease and cost of synthesis, the 

range of charges of the complexes (0, 1+, 2+), altered 

reactivity of ligands, the steric influence upon ligands as 

a result of complexation, and susceptibility to reduction 

the potential uses of such complexes should be apparent. It 

is hoped that by extending the chemistry of these compounds 

we have laid the groundwork for others to make advances in 

this area of chemistry. 
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8.1a Chemicals and Apparatus 

The following chemicals were purchased from the Aldrich 

Chemical Company, Inc. and were used as supplied: 

chloroform-d, acetone-d6, aoetonitrile-d3, benzene-d6, 

hexamethylbenzene, ammonium hexafluorophosphate, 

methyllithium phenyllithium, tert-butyllithium, 

benzylmagnesium bromide, tert-butylmagnesium bromide, sodium 

borohydride, sodium triethylborohydride, ferrocene, benzyl 

bromide, anhydrous magnesium sulphate, decahydronaphthalene 

potassium metal, phosphorus pentoxide, pentamethylbenzene, 

and 2,3-dichloro-5,6-dicyanoquinone. Dibromomethane, which 

was distilled over phosphorus pentoxide under a nitrogen 

atmosphere prior to use, para-xylene, mesitylene, and 1,2-

dichloroethane which were distilled over CaH2 under a 

nitrogen atmosphere prior to use were also purchased from 

the Aldrich Chemical Company. Dichloromethane, hexanes, and 

tetrahydrofuran, purchased from BDH Chemicals, were 

distilled over calcium hydride under a nitrogen atmosphere 

prior to use. Anhydrous calcium chloride, diethyl ether, 

and acetone were also purchased from BDH and used as 

supplied. Benzene, which was distilled over CaH2 under 

nitrogen, and acetonitrile, used as supplied, were purchased 

from Anachemia Chemicals Ltd. Anhydrous iron(III) chloride, 
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aluminum metal, and aluminum chloride, purchased from 

Johnson-Matthey Inc.; calcium hydride and hexaethylbenzene 

purchased from the Eastman Kodak Company; and 

trimethylaluminum and triethylaluminum, purchased from Texas 

Alkyls, were used as supplied. Meta-xylene, also purchased 

from the Eastman Kodak Company, was distilled over CaK2 

under N2 prior to use. Nitrogen and argon gases were 

purchased from Atlantic Oxygen and hydrogen chloride gas was 

purchased from Matheson Gas Products Canada. 

Glassware was thoroughly cleaned by soaking in 

alcoholic KOH, chromic acid, aqua regia, or a hydrogen 

peroxide solution of KOH, and oven-dried at 100°C. All 

manipulations involving neat trialkylaluminum reagents were 

conducted in a Vacuum Atmospheres' glove box under an 

atmosphere of argon. All other handling of air sensitive 

materials was conducted either in the glove box or with 

Schlenk glassware using standard vacuum line techniques. 

Nitrogen gas was passed through a tube containing anhydrous 

calcium chloride to ensure removal of water vapour. 

8.lb Spectroscopy 

Routine 60 MHz 1H NMR spectra were obtained on a Varian 

EM-360 spectrometer, while 360 MHz 1H and 13C NMR spectra 

were recorded by the staff of the Atlantic Regional Magnetic 

Resonance Centre using a Nicolet 360NB spectrometer. 



131 

Infrared spectra were obtained on a Perkin Elmer 1600 

Fourier Transform Infrared Spectrophotometer. Samples for 

NMR spectroscopy were dissolved in an appropriate deuterated 

solvent and IR samples were prepared as 5% mixtures of the 

compounds in KBr and recorded using a diffuse reflectance 

accessory. 

8.1c Analysis 

Elemental analyses were performed by the Canadian 

Microanalytical Service Ltd., Vancouver. 

8.2 Synthetic Procedures and Product Characterization 

8.2a Synthesis of Starting Materials 

The following procedures are base on those reported by 

Helling et al.131 The complexes listed below were 

synthesized as follows: 5.00g (30.8 mmol) of anhydrous FeCl3 

and I2.33g (92.5 mmol) of A1C13 were refluxed in 100 ml of 

benzene (la), or stirred at room temperature in para-xylene 

(lb) or mesitylene (lc) for 24 hours. The reaction flask 

was then cooled to 0°C and the contents extracted with 150 

ml of H20. After filtration the aqueous phase was washed 

with hexanes, separated, and the complex precipitated as an 

orange solid with aqueous NH4*PF6". The solids were washed 
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with hexanes or ether and dried under vacuum or, in the case 

of lb, recrystallized from acetone/H20, washed with hexanes 

or ether, and dried under vacuum. 

(la) Bis (i}6 -benzene) ironfll) hexaf luorophosphate -

Yield: 7.43g (14.8 mmol, 48%). 1H NMR (CD3CN) : S 6.93(s); 

13C NMR (CD3CN) : 6" 95.2d. IR (cm"1): 3099s, 1455s, 1029m, 

843s. 

(lb) Bis (^6-para-xylene)ironfll) hexafluorophosphate -

Yield: 10.10g (18.1 mmol, 59%). 1H NMR ((CD3)2C0): S 

7.01(s,4H), 2.70(s,6H); 13C NMR ((CD3)2CO): <S 112.0s, 94.Od, 

19.4q. IR (cm"1): 3089m, 3026W, 2998W, 2939m, 1558m, 1490m, 

1450m, 1122m, 1031m, 843s. 

(lc) Bis fry6 -mesitylene) ironfll) hexaf luorophosphate -

Yield: 9.58g (16.3 mmol, 53%). 1H NMR ((CD3)2CO): S 

2.64(s,9H), 6.50(s,3H); 13C NMR ((CD3)2CO): c7 113.3s, 92.0d, 

19.7q. IR (cm'1): 3117m, 3076m, 2930w, 1548m, 1459s, 1388m, 

1036m, 1016m, 842s. 

The following complexes were synthesized by stirring 

5.00g (30.8 mmol) of anhydrous FeCl3, 12.33g (92.5 mmol) of 

A1C13, and 61.6 mmol of pentamethylbenzene (Id) or 

hexamethylbenzene (le) in 3 00 ml of decalin at 90°C for 24 

hours. The reaction flask was then cooled to 0°C and the 
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contents extracted with 200 ml of H20. After filtration the 

aqueous phase was washed with hexanes, separated, and 

precipitated as orange solids with aqueous NH4*PF6". The 

solids were subsequently recrystallized from 

acetonitrile/water or acetone/water, washed with hexanes, 

and dried under vacuum. 

(Id) Bis(t)6-pentamethylbenzene) ironfll) 

hexafluorophosphate - Yield: 14.25g (22.2 mmol, 72%). 1H 

NMR ((CD3)2CO): S 6.36(s,lH), 2.36(s,9H), 2.26(s,6H); 13C NMR 

((CD3)2CO): S 107.7c. 106.8s, 105.3s, 92.5d, 18.Oq, 15.4q, 

14.9q. IR (cm"1): 3107m, 3061m, 3006m, 2942m, 1466s, 1441s, 

1393s, 1294m, 1081m, 1026m, 842s. 

(le) Bis(T?6-hexamethylbenzene) ironfll) 

hexafluorophosphate - Yield: 16.04g (23.9 mmol, 81%). 1H 

NMR ((CD3)2CO): S 2.52(s); 13C NMR ((CD3)2CO): S 104.6s, 

15.9q. IR (cm"1): 3020W, 2923W, 1448m, 1394m, 1073m, 1019m, 

1002m, 844s. 

8.2b Synthesis of Ethylation Products 

2a-e were prepared as follows: 2.00g of la (3.98 mmol), 

lb (3.58 mmol), lc (3.41 mmol), Id (3.11 mmol), or le (2.98 

mmol) were stirred in 100 ml of CH2C12 (or 1,2-

dichloroethane in the case of lc) to which was added a four-
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fold excess of AlEt3. A black (2a-b) or purple (2c-e) 

suspension formed within one minute and the mixture was 

stirred for 24 hours. The reaction vessel was then cooled 

to 0°C and the solution was quenched with ice water. After 

filtration the halocarbon phase was concentrated under 

reduced pressure to afford orange (2a-b) or red (2c-e) 

solids which were recrystallized from acetone/H20. 

(2a) (i?5-e.xc—Ethylcyclohexadienvl) (rj6-benzene) ironfll) 

hexafluorophosphate - Yield: 0.43g (1.1 mmol, 28%). The 

recrystallized product was shown via NMR spectroscopy to 

contain an impurity which could not be separated from the 

organometallic complex. 1H NMR ((CD3)2CO): <S 6.98(t,lH), 

6.46(S,6H), 4.94(t,2H), 3.94(t,2H), 2.60(t,lH), 0.46(t,3H), 

0.37(q,2H); 13C NMR ((CD3)2CO): S 91.8d, 91.5d, 85.7d, 84.6d, 

48.9d, 11.8dt, 6.2q. IR (cm"1): 3097m, 2958m, 2931m, 2874m, 

1455m, 1379W, 920m, 842s, 668m. 

(2b) (r?5-exo-5-Ethyl-l,4-dimethvlcyclohexadienyl) (n6-

para-xylene)ironfll) hexafluorophosphate - Yield: 0.40g 

(0.92 mmol, 23%). The recrystallized product was shown via 

NMR spectroscopy to contain minor impurities which could not 

be separated from the organometallic species. 1H NMR 

((CD3)2CO): 6 6.59(d,lH), 6.32(d,2H), 5.39(d,2H), 

4.56(d,lH), 3.38(d,lH), 2.65(s,6H), 2.00(s,3H), 1.72(s,3H), 

0.47(m,5H), (the endo-H could not be located due to 
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overlapping resonances); 13C NMR (CDC13) : S 104.4s, 99.4s, 

92.Id, 89.6d, 83.2d, 81.9d, 68.2s, 47.9d, 43.9d, 31.6t, 

23.5q, 20.4q, 19.6q, 9.1q. IR (cm"1): 3004m, 2890W, 1480m, 

1458m, 1390m, 1184m, 1032m, 840s, 789m. 

(2c) f T}5 -ex-o-6-Ethvl-l .3.5-

trimethylcyclohexadienyl) fry6-mesitylene) ironfll) 

hexafluorophosphate - 1.26g (78%) of a mixture of products 

were revealed through NMR spectroscopy: [(Et-1,3,5-

C6H3Me3) (1,3,5-C6H3Me3)Fe]PF6 (2.16 mmol, 80%) and [ (CH2CH2C1-

l,3,5-C6H3Me3) (l,3,5-C6H3Me3)Fe]PF6 (0.50 mmol, 20%). [ (Et-

1,3 , 5-C6H3Me3) (1, 3,5-C6H3Me3) Fe]PF6 -
 1H NMR ((CD3)2CO): S 

5.86(s,3H), 4.37(S,2H), 2.76(s,3H), 2.61(t,lH), 2.47(s,9H), 

1.70(s,6H), 0.56(q,2H), 0.46(t,3H); 13C NMR ((CD3)2CO): S 

102.0s, 94.8s, 92.5d, 84.Od, 63.0s, 49.Od, 29.8t, 23.3q, 

18.7q, 11.3q, 5.3q. IR (cm"1): 3056W, 2975m, 2929m, 1540m, 

1452m, 1383m, 1037m, 1012m, 875m, 840s. 

(2d) f T?5-e>ro-6-Ethvl-l .2.3,4.5-

pentamethvlcyclohexadienyl) fry6-pentamethylbenzene) ironfll) 

hexafluorophosphate - Yield: 1.33g (2.53 mmol, 81%). 1H NMR 

((CD3)2CO): S 5.22(S,1H), 2.53(s,3H), 2.46(s,6H), 

2.35(s,6H), 1.95(s,3H), 1.85(s,6H), 1.53(s,6H), 0.46(dq,2H), 

0.33(t,3H), (the endo-H could not be located due to 

overlapping resonances); 13C NMR ((CD3)2CO): S 102.8s, 

101.7s, 100.3s, 98.5s, 92.6s, 91.4d, 57.0s, 53.5d, 29.9t, 
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20.7q, 19.7q, 18.2q, 15.6q, 14.4q, 13.9q, 11.2q. IR (cm"1): 

2964m, 2914m, 1468m, 1442m, 1388m, 1294m, 1074m, 1022m, 

839s. 

(2e) (Ty6-exo-Ethvlhexamethylcyclohexadienyl) (ry6-

hexamethylbenzene)ironfll) hexafluorophosphate - Yield: 

1.52g (2.74 mmol, 92%). 1H NMR ((CD3)2CO): 5 2.51(s,3H), 

2.30(s,18H), 1.88(s,6H), 1.37(s,3H), 1.32(s,6H), 0.26(m,5H); 

13C NMR ((CD3)2CO): S 100.8s, 92.7s, 91.8s, 56.8s, 45.3s, 

37.9t, 21.9q, 16.Oq, 15.6q, 14.5q, 14.2q, 9.0q. IR (cm"1): 

2988m, 2957m, 2914m, 1458m, 1438m, 1390m, 1065m, 1024m, 

1004m, 876m, 842s. 

8.2c Synthesis of Halomethylation Products 

Halomethyl addition products were synthesized by 

stirring 2.00g of lc (3.41 mmol) or le (2.98 mmol) in 100 ml 

of CH2C12 (3c, 3e) or CH2Br2 (4c, 4e) to which was added 4 

molar equivalents of AlMe3. Within one minute purple 

solutions had formed with unreacted starting material still 

present. The mixtures were then stirred for 24 hours at 

which point the reaction vessels were cooled to 0°C and 

quenched with ice water. After filtration, the halocarbon 

phases were concentrated under reduced pressure to yield red 

solids which were recrystallized from acetone/H20. 
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(3c) fry5-exo-6-Chloromethyl-l .3,5-

trimethvlcyclohexadienyl) fry6-mesitylene) ironfll) 

hexafluorophosphate - 0.42g (25%) of a mixture of products 

were revealed through NMR spectroscopy that consisted of 

[(CH2Cl-l,3,5-C6H3Me3) (l,3,5-C6H3Me3)Fe]PF6 (0.77 mmol, 90%) 

and [(Me-l,3,5-C6H3Me3) (l,3,5-C6H3Me3)Fe]PF6 (0.09 mmol, 10%). 

[(CH2Cl-l,3,5-C6H3Me3) (l,3,5-C6H3Me3)Fe]PF6 -
 1H NMR ((CD3)2CO): 

<S 5.87(S,3H) , 4.45(S,2H), 3.03(t,lH), 2.76(s,3H), 

2.60(d,2H), 2.50(s,9H), 1.80(s,6H); 13C NMR ((CD3)2CO): S 

103.8s, 97.0s, 94.0d, 85.4d, 59.7s, 49.Id, 45.7t, 23.3q, 

19.8q, 19.0q. IR (cm"1): 3056w, 2970m, 2917m, 1540m, 1455m, 

1381m, 1038m, 841s, 737m. 

(3e) fTy5-exo-Chloromethvlhexamethylcyclohexadienyl) fry6-

hexamethvlbenzene)ironfll) hexafluorophosphate - Yield: 

0.86g (1.5 mmol, 50%). 1H NMR ((CD3)2CO): 6 2.53(s,3H), 

2.32(s,18H), 2.20(s,2H), 1.92(s,6H), 1.51(s,3H), 1.4l(s,6H); 

13C NMR ((CD3)2CO): S 101.5s, 93.4s, 92.3s, 53.3s, 52.6t, 

45.5s, 20.8q, 16.Oq, 15.5q, 14.5q, 14.2q. IR (cm"1): 2992s, 

2922s, 1440s, 1390s, 1063s, 1009m, 876m, 841s, 708m. Anal. 

Calcd for C25H38ClF6FeP: C, 52.24; H, 6.66%. Found: C, 52.01; 

H, 6.74. 

(4c) (775-exo-6-Bromomethvl-l ,3.5-

trimethylcyclohexadienvl) fry6-mesitylene) ironfll) 

hexafluorophosphate - 0.62g (34%) of a mixture of products 
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was obtained containing [ (CH2Br-l,3,5-C6H3Me3) (1,3,5-

C6H3Me3)Fe]PF6 (0.93 mmol, 80%) and [ (Me-l,3,5-C6H3Me3) (1,3,5-

C6H3Me3)Fe]PF6 (0.27 mmol, 20%). [ (CH2Br-l, 3,5-C6H3Me3) (1, 3 ,5-

C6H3Me3)Fe]PF6 -
 1H NMR ((CD3)2C0): 6 5.88(s,3H), 4.46(s,2H), 

3.05(t,lH), 2.75(S,3H), 2.50(s,9H), 2.09(d,2H), 1.83(s,6H); 

13C NMR ((CD3)2CO): S 103.8s, 97.5s, 93.9d, 85.Id, 60.2s, 

48.7d, 33.2t, 23.3q, 19.8q, 19.Oq. IR (cm"1): 3001W, 2983m, 

1538m, 1454m, 1384m, 1037m, 842s. 

(4e) fry6-exo-Bromomethvlhexamethylcyclohexadienvl) (n6-

hexamethylbenzene)ironfII) hexafluorophosphate - Yield: 

1.29g (2.08 mmol, 70%). 1H NMR ((CD3)2CO): S 2.52(s,3H), 

2.33(s,18H), 2.14(s,2H), 1.93(s,6H), 1.51(s,3H), 1.46(s,6H); 

13C NMR ((CD3)2CO): S 101.6s, 93.3s, 92.4s, 52.8s, 44.7s, 

42.4t, 21.8q, 16.Oq, 15.4q, 14.5q, 14.3q. Anal. Calcd for 

C20H29FFeP6: C, 48.49%; H, 6.18%. Found: C, 48.94%; H, 6.22%. 

IR (cm"1): 3008m, 2914m, 1438m, 1390m, 1066m, 1009m, 876m, 

843s. 

8.2d Synthesis of Hydride Addition Products 

The net hydride addition products 

[ (H-C6HnMe6.n) (C6HnMe6.n)Fe]PF6 (n = 0 , 1), 5a-e, were prepared 

by stirring l.OOg of la (1.99 mmol), lb (1.79 mmol), lc 

(1.71 mmol), Id (1.56 mmol), or le (1.49 mmol) in 50 ml of 

dichloromethane to which were added 10 molar equivalents of 
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NaBH4 as a 20 ml aqueous solution. After stirring for 90 

minutes the reaction mixtures were filtered and the filtrate 

concentrated under reduced pressure. The resulting solids 

were washed with H20 and ether and recrystallized from 

acetone/H20. 

(5a) fry5-eyo-Hydridocyclohexadienvl) (ry6-

benzene)iron(II) hexafluorophosphate - 0.04g (0.1 mmol, 6%) 

of a mixture of [ (H-C6H6) (C6H6)Fe]PF6 and [ (CH2C1-

C6H6) (C6H6)Fe]PF6 was obtained in the ratio 70/30, 

respectively. [ (H-C6H6) (C6H6)Fe]PF6 -
 1H NMR ((CD3)2C0): S 

7.14(t,lH), 6.44(S,6H), 4.98(t,2H), 3.58(t,2H), 2.85(dt,lH), 

1.10(d,lH); 13C NMR ((CD3)2C0): 91.7d, 86.5d, 85.Od, 40.5d, 

24.8t. IR (cm"1): 3096m, 2833m, 1450m, 1299m, 839s. 

(5b) (ry5-exo-5-Hydrido-l,4-dimethvlcyclohexadienyl) (ri6-

para-xylene)ironfll) hexafluorophosphate - Yield: 0.27g 

(0.65 mmol, 36%) with a minor impurity (< 5%) of [(CH2C1-

l,4-C6H4Me2) (l,4-C6H4Me2)Fe]PF6. [ (H-l,4-C6H4Me2) (1,4-

C6H4Me2)Fe]PF6 -
 1H NMR ((CD3)2CO): S 6.76(d,lH)f 6.38(dd,2H), 

5.34(dd,2H), 4.59(d,lH), 3.13(d,lH), 2.66(s,6H), 1.99(s,3H), 

1.61(s,3H), 1.39 (br d,lH), (the encio-H could not be located 

due to overlapping resonances); 13C NMR ((CD3)2CO): 6" 105.9s, 

102.7s, 93.5d, 89.6d, 85.3d, 82.9d, 60.8s, 43.2d, 32.Ct, 

24.4q, 20.4q, 19.8q. IR(cm"1) : 3074m, 2922m, 2744w, 1489m, 

1449m, 1385m, 1031s, 838s. 
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(5c) fry5 -exo-6-Hydr ido-1,3.5-

trimethvlcyclohexadienvl) fry6-mesitylene) ironfll) 

hexafluorophosphate - Yield: 0.40g (0.90 mmol, 53%) with a 

minor impurity (< 5%) of 3c. [ (H-l,3,5-C6H3Me3) (1,3,5-

C6H3Me3)Fe]PF6 -
 1H NMR ((CD3)2CO): S 5.78(s,3H), 4.39(s,2H), 

2.80(S,3H), 2.59(d,lH), 2.45(s,9H), 1.56(s,6H), (theendo-H 

could not be located due to overlapping resonances); 13C NMR 

((CD3)2CO): S 103.1s, 96.0S, 93.4d, 86.5d, 58.9s, 37.8t, 

24.Oq, 20.lq, 18.9q. IR (cm"1): 3058m, 2977m, 2815m, 2449w, 

1536m, 1449m, 1381m, 1039m, 920w, 838s. 

(5d) (ns -exo-6-Hvdrido-l.2,3.4.5-

pentamethylcvclohexadienyl) fry6-pentamethylbenzene^ ironfll) 

hexafluorophosphate - Yield: 0.55g (1.1 mmol, 71%) with a 

minor impurity (< 5%) of [ (CH2Cl-C6HMe5) (C6HMe5)Fe]PF6. [ (H-

C6HMe5) (C6HMe5)Fe]PF6 -
 1H NMR ((CD3)2CO): 6 5.21(s,lH), 

2.59(S,3H), 2.46(s,6H), 2.30(s,6H), 1.96(s,3H), 1.86(s,6H), 

1.40(s,6H), 1.23(d,lH), (the endo-H could not be located due 

to overlapping resonances); 13C NMR ((CD3)2CO): S 102.9s, 

101.5S, 100.2S, 94.4s, 91.5d, 86.5s, 52.2s, 41.5t, 21.lq, 

18.4q, 15.8q, 14.7q, 14.6q, 13.9q. IR (cm"1): 3000m, 2916m, 

2873m, 2790m, 1468m, 1441m, 1390m, 1324m, 1073m, 1025m, 

838s. 
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(5e) (if5 -exo-Hydridohexamethylcyclohexadienyl) fry6-

hexamethylbenzene)ironfll) hexafluorophosphate - Yield: 

0.31g (0.59 mmol, 39%) with a minor impurity (< 5%) of 3e. 

[(H-C6Me6) (C6Me6)Fe]PF6 -
 1H NMR ((CD3)2CO): S 2.55(s,3H), 

2.31(s,18H), 1.86(S,6H), 1.27(d,3H), 1.20(s,6H), 0.95(q,lH); 

13C NMR ((CD3)2CO): S 100.8s, 95.0s, 91.6s, 50.3s, 39.Id, 

20.7q, 16.5q, 16.Oq, 15.Oq, 13.9q. IR(cm"1) : 2986m, 2918m, 

2790W, 1459m, 1389m, 1067m, 1011m, 841s. 

8.2e Synthesis of Pseudoferrocenes 

The [(cyclohexadienyl) 2Fe] complexes 6a-8b were 

synthesized by the following procedure. 2.00g of la (3.98 

mmol) or lb (3.58 mmol) were suspended in 30 ml of CH2C12 

and the reaction flask was degassed with nitrogen and cooled 

to -95°C. Under a positive pressure of N2, 4 molar 

equivalents of the appropriate lithium (6a, 8a-b) or 

Grignard (7a-b) reagent were added via syringe. The 

reaction mixture was allowed to slowly warm to room 

temperature with stirring at which point 5 ml of H2o were 

added to the flask. The contents were filtered and the 

filtrate was concentrated to a red oil which was extracted 

with hexanes, stirred over anhydrous MgS04 and decolourizing 

carbon, and filtered. The orange filtrate was then 

concentrated to a red-orange oily solid under reduced 

pressure and dried under vacuum. The pseudoferrocene 
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complexes formed from double net carbanion addition to lb 

yield four isomers (two of which are enantiomers) giving a 

total of three diasteromers. NMR spectra were recorded on 

the first diastereomers of 7b and 8b to crystallize upon 

cooling a hexanes solution to -20°C. Crystals of 8a were 

obtained by cooling a hexanes solution to -20°C. 

(6a) Bisfry5-exo-phenylcyclohexadienyl) ironfll) - Yield: 

0.91g (1.7 mmol, 63%). 1H NMR (C6D6) : S 7.20(m,5H), 

4.59(t,lH), 4.10(t,2H), 3.81(t,lH), 3.12(t,2H); 13C NMR 

(C6D6) : S 129.Od, 127.4d, 126.2s, 84.8d, 77.9d, 43.2d, 

41.2d. m.p 140-150 °C. 

(7a) Bis(ry5-ex,o-benzylcyclohexadienyl) ironfll) - Yield: 

1.18g (2.99 mmol, 75%). 1H NMR (C6D6) : S 7.20(t,2H), 

7.10(t,lH), 7.02(d,2H), 4.67(t,lH), 3.95(t,2H), 2.71(t,2H), 

2.51 (quint, 1H) , 1.76(d,2H); 13C NMR (C6D6) : S 139.5s, 129.5d, 

128.6d, 125.7d, 83.7d, 77.9d, 47.7t, 42.3d, 38.8d. Anal. 

Calcd for C26H26Fe: C, 50.92%; H, 4.27%. Found: C, 51.37%; H, 

4.33%. m.p. 100-103°C. 

(7b) Bis fry5 -exo-5-Benzyl-l, 4-

dimethylcyclohexadienyl)iron(II)* - Yield: 1.30g (2.89 mmol, 

80%). 1H NMR (C6D5CD3) : (40°C) S 7.12(t,2H), 7.02(t,lH), 

6.91(d,2H), 4.33(dd,lH), 3.70(d,lH), 2.49(dt,lH), 

2.12(m,lH), 1.98(dd,lH), 1.57(s,3H), 1.53(dd,lH), 1.45(br 
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s,3H); 13C NMR (C6H6) : S 140.1s, 129.4d, 128.3d, 125.6d, 

95.0s, 85.3d, 76.4d, 52.2s, 45.3d, 44.5t, 43.9d, 22.8q, 

22.Oq. m.p. 111-113°C. ,v least soluble diastereomer. 

(8a) Bis(ry5-exo-tert-butvlcyclohexadienyl) ironfll) -

Yield: 1.22g (3.73 mmol, 94%). 1H NMR (CfiD6) : S 4.53(t,lH), 

4.14(t,2H), 2.85(t,2H), 2.50(t,lH), 0.63(s,9H); 13C NMR 

(C6D6) : 6 85.6d, 75.9d, 48.Od, 42.8d, 37.2s, 25.9q. m.p. 

90-91°C. 

(8b) Bis fry5 -exo-5-tert-butyl-l, 4-

dimethylcyclohexadienyl)ironfII)* - Yield: 1.14g (2.98 mmol, 

82%). 1H NMR (C6D6) : <S 4 .17 (d, 1H) , 3.82(d,lH), 2.31(d,lH), 

2.20(S,3H), 1.66(S,3H), 1.27(d,lH), 0.66(s,9H); 13C NMR 

(C6D6) : 6 87.6d, 80.Id, 75.5s, 54.1s, 53.5s, 52.3d, 43.7d, 

38.7s, 36.9d, 29.4q, 27.6q, 26.4q, 22.lq. * least soluble 

diastereomer. 

(13a) (ry5-exo-Ethylcyclohexadienyl) (rf-exo-

methylcvclohexadienyl)ironfll) - 0.30g (0.78 mmol) of [(Et-

C6H6) (C6H6)Fe]PF6 were partially dissolved in 20 ml of THF and 

the reaction flask was cooled to 0°C. 2.23 ml (3.12 mmol) 

of a 1.4 M MeLi solution in diethyl ether were then added 

under a stream of N2(g) and the solution turned black. 

After stirring for 5 minutes the solution was allowed to 

warm to room temperature and the solvent was removed under 
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vacuum. The solid residue was extracted with hexanes and 

filtered. The filtrate was concentrated yielding 0.08g (0.3 

mmol, 40%) of a yellow-orange solid. 1H NMR (C6H6) : S 

4.60(m,2H), 3.92(t,4H), 2.83(t,4H), 1.27(br m,2H), 

0.51(m,5H), 0.24(d,3H). 

(13c) f r?5-exo-6-Ethvl-l ,3.5-

trimethvlcyclohexadienyl) fry5-exo-6-Methvl-l r 3 .5-

trimethylcyclohexadienyl)ironfII) - 0.50g (1.06 mmol) of 

[(Et-l,3,5-C6H3Me3) (l,3,5-C6H3Me3)Fe]PF6 were partially 

dissolved in 50 ml of THF and the reaction flask was cooled 

to 0°C. Under a stream of N2(g', 3.04 ml (4.25 mmol) of a 

1.4 M MeLi solution in diethyl ether were added and a dark 

red solution formed immediately. After stirring for 40 

minutes 10 ml of H20 were added to remove excess MeLi. The 

reaction mixture was then filtered and the filtrate 

concentrated to an orange aqueous suspension under reduced 

pressure. Extraction with hexanes gave an orange solution 

which was passed through a column of activated alumina 

yielding a single orange fraction. This solution was 

concentrated under reduced pressure to give an orange oil 

which crystallized upon cooling yielding 0.20g (0.59 mmol, 

55%) of the pseudoferrocene. 1H NMR (C6D6) : 6 3.25(s,4H), 

2.15(m,2H), 1.92(S,3H), 1.89(s,3H), 1.51(s,6H), 1.44(s,6H), 

0.66(m,5H), 0.30(d,3H); 13C NMR (C6D6) : S 87.9d,br, 84.5s, 

52.0br s, 50.8br s, 49.7d, 42.8d, 29.6t, 22.6q, 21.2q, 
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19.9q, 19.3q, 12.4q. IR (cm"1): 2963S, 2926s, 2875m, 1544m, 

1451m, 1377m, 1260W, 1022m, 848m. m.p. 69-70 °C. 

8.2f Synthesis of Monoaddition Products 

[ (R-C6HnMe6.n) (C6HnMe6.n)Fe]PF6 (n = 0, 1) complexes were 

synthesized via the following procedure. 2.00g of Id (3.11 

mmol) or le (2.98 mmol) were suspended in 30 ml of 

dich .uromethane and the reaction vessel was degassed with 

N2. Under a positive pressure of N2, 4 molar equivalents of 

the appropriate lithium (9d-e, lld-e) or Grignard (lOd-e) 

reagent were added via syringe. The reaction mixture was 

allowed to slowly warm to room temperature with stirring at 

which point 5 ml of H20 were added and the mixture was 

stirred for a further 5 minutes. The resulting slurry was 

filtered and the filtrate was concentrated to a red aqueous 

suspension. The solid was filtered, washed with H20 and 

ether, and recrystallized from acetone/H20. 

(9d) fry3 -exo-6-Methvl-l ,2,3,4,5-

pentamethylcyclohexadienyl) fry6-pentamethylbenzene) ironfll) 

hexafluorophosphate - Yield: 0.78g (1.5 mmol, 49%). 1H NMR 

((CD3)2C0): S 5.23(s,lH), 2.57(s,3H), 2.45(s,6H), 

2.30(S,6H), 1.97(S,3H), 1.85(s,6H), 1.49(s,6H), 0.03(d,3H) 

(the e^io-H could not be located due to overlapping 

resonances); 13C NMR ((CD3)2C0): S 102.8s, 101.6s, 100.2s, 
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92.3s, 91.7s, 91.4d, 58.4s, 47.2d, 20.8q, 19.4q, 18.5q, 

18.3q, 15.8q, 14.5q, 14.2q. IR (cm"1): 2967m, 2909m, 1469m, 

1441m, 1389m, 1047W, 1017m, 840s. 

(9e) fry5-ex-o-6-Methylhexamethylcyclohexadienyl) (ry6-

hexamethylbenzene)ironfll) hexafluorophosphate - Yield: 

0.84g (1.56 mmol, 52%). 1H NMR ((CD3)2CO): S 2.53(s,3H), 

2.33(s,18H), 2.31(s,3H), 1.92(s,6H), 1.41(s,6H), 1.28(s,3H); 

13C NMR ((CD3)2CO): S 101.6s, 93.3s, 92.3s, 53.4s, 45.7s, 

20.9q, 16.9q, 16.4q, 16.lq, 15.6q, 14.3q. IR (cm"1): 3003m, 

1450m, 1393m, 1064w, 1015m, 840s. 

(lOd) fry5 -exo-6-Benzvl-l ,2,3.4,5-

pentamethylcyclohexadienvl) fry6-pentamethylbenzene) ironfll) 

hexaf luorophosphate - Yield: 1.28g (2.18 mmol, 70%). 1H NMR 

((CD3)2CO): S 7.20(m,5H) , 5.13(s,lH), 3.10(d,2H), 

2.38(s,6H), 2.28(S,6H), 2.02(s,3H), 1.89(s,3H), 1.69(s,6H), 

1.46(s,6H) (the endo-E could not be located due to 

overlapping resonances); 13C NMR ((CD3)2CO): S 138.8s, 

130.3d, 128.4d, 126.7d, 102.8s, 101.6s, 100.0s, 93.0s, 

91.3s, 91.Id, 56.4s, 54.Ot, 39.9d, 20.lq, 19.4q, 18.3q, 

15.7q, 14.5q, 13.9q. IR (cm"1): 3023m, 2916m, 1452m, 1392m, 

1017m, 840s. 
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(10e) fry5-exo-6-Benzylhexamethylcyclohexadienyl) fry6-

hexamethylbenzene)ironfII) hexafluorophosphate - Yield: 

1.58g (2.56 mmol, 86%). ]H NMR ((CD3)2C0): S 7.19(m,5H), 

2.38(S,2H), 2.25(S,18H), 2.16(s,3H), 1.80(s,6H), 1.58(s,3H), 

1.20(s,6H); 13C NMR ((CD3)2CO): cS 131.5s, 130.8d, 128.5d, 

126.8d, 100.5s, 93.8s, 92.0s, 56.5s, 48.Ot, 47.8s, 25.2q, 

15.9q, 15.4q, 14.7q, 14.5q. IR (cm"1): 2990m, 1452m, 1391m, 

1070W, 1016m, 840s. 

(lid) (v5 -exo-6-tert-Butvl-l.2.3.4,5-

pentamethylcvclohexadienyl) fry6-pentamethylbenzene) ironfll) 

hexafluorophosphate - Yield: 1.28g (2.30 mmol, 74%). 1H NMR 

((CD3)2CO): <S 5.21(S,1H), 2.48(S,6H), 2.43(s,3H), 

2.36(S,6H), 1.95(0,3H), 1.88(s,6H), 1.63(s,6H), 0.36(s,9H) 

(the endo-H could not be located due to overlapping 

resonances); 13C NMR ((CD3)2CO): S 103.8s, 102.6s, 101.1s, 

92.9d, 92.5s, 91.9s, 61.3d, 55.2s, 39.8s, 24.9q, 18.6q, 

18.5q, 18.4q, 15.9q, 14.7q, 13.7q. IR (cm"1): 2965m, 2907m, 

1471m, 1442m, 1389m, r.OVlm, 1017m, 843s. 

8.2g Decomplexation of Cyclohexadienyl Complexes 

(12a) Diphenylmethane -

Reaction of [(Bz-C6He)2Fe] with HC1 - 3.36g (8.52 mmol) of 

[(Bz-C6H6)2Fe] was dissolved in 60 ml of dichloromethane and 

cooled to -95°C. A stream of HCl(g) was passed through the 
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solution for 5 minutes and the mixture was stirred as it was 

allowed to warm to room temperature. The resulting wine red 

solution was filtered through Celite and filtrate was 

concentrated under reduced pressure to a red oil. This oil 

was passed through a short column of alumina with CH2C12 and 

the red colour remained on the column. The eluent was 

concentrated and dried under vacuum yielding 2.39g (14.2 

mmol, 83%) of a colourless liquid. 

Reaction of [ (Bz-CgH6)2Fe] with DDQ - 1.08g (2.74 mmol) of 

[(Bz-C6H6)2Fe] was partially dissolved in 50 ml of 

acetonitrile followed by addition of 1.24g (5.48 mmol) of 

2,3-dichloro-5,6-dicyanoquinone (DDQ). Tl - resulting black 

solution was stirred for 30 minutes, filtered through 

Celite, and the filtrate was concentrated under reduced 

pressure to yield a brown oil which was chromatographed and 

dried as above (with the brown colour remaining on the 

column) to yield 0.51g (3.03 mmol, 55%) of a light yellow 

liquid. 

Pyrolysis of [(Bz-C6K6)2Fe] - 1.39g (3.52 mmol) of [(Bz-

C6H6)2Fe] was heated to 145°C in a sealed tube for 52 hours. 

After cooling to room temperature the contents of the 

reaction flask were extracted with 40 ml of diethyl ether, 

filtered though Celite, and concentrated to a yellow oil 

under reduced pressure. Chromatography of the oil, as 
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above, and drying under vacuum yielded 0.74g (4.40 mmol, 

62%) of a colourless liquid. 

'H NMR (CDC13) : S 7.3(S,5H), 4.0(s,lH). 

(12b) l-Benzyl-2,5-dimethylbenzene 

Reaction of [(Bz-l,4-C6H4Me2)2Fe] with HCl - 0.19g (0.42 

mmol) of [ (Bz-l,4-C6H4Me2)2Fe] was dissolved in 50 ml of 

dichloromethane and cooled to -95°C. A stream of HCl(g) was 

passed through the solution for 5 minutes and the mixture 

was stirred as it was allowed to warm to room temperature. 

The resulting wine red solution was filtered through Celite 

and filtrate was concentrated under reduced pressure to a 

red oil. This oil was passed through a short column of 

alumina with CH2C12 and the red colour remained on the 

column. The eluent was concentrated and dried under vacuum 

yielding 0.10g (0.51 mmol, 60%) of a light yellow liquid. 

Reaction of [(Bz-l,4-CgH4Me2)2Fe] with DDQ - 1.36g (3.02 

mmol) of [(Bz-l,4-C6H4Me2)2Fe] was partially dissolved in 25 

ml of acetonitrile followed by addition of 1.37g (6.05 mmol) 

of 2,3-dichloro-5,6-dicyanoquinone (DDQ). The resulting 

black solution was stirred for 30 minutes, filtered through 

Celite, and the filtrate was concentrated under reduced 

pressure to yield an oily purple solid which was 

chromatographed (with the purple colour remaining on the 
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column) and dried as above to yield 0.51g (2.6 mmol, 43%) of 

a light yellow liquid. 

Pyrolysis of [(Bz-l,4-CgH4Me2)2Fe] - l.02g (2.26 mmol) of 

[ (Bz-l,4-C6H4Me2)2Fe] was heated to 140°C in a sealed tube for 

24 hours. After cooling to room temperature the contents of 

the reaction flask were extracted with 40 ml of diethyl 

ether, filtered though Celite, and concentrat 1 to a brown 

oil under reduced pressure. Chromatography of the oil as 

above (with the brown colour remaining on the column) and 

drying under vacuum yielded 0.41g (2.1 mmol, 46%) of a light 

yellow liquid. 

1H NMR (CDC13) : 6 7.2(m,8H), 3.93(s,2H), 2.27(s,3H), 

2.18(s,3H). 

8.2h Synthesis of (rj4-5-Methylene-exo-6-ethyl-l,2,3,4,6-

pentamethyl-1,3-cyclohexadiene) (176-

hexamethylbenzene)iron(0) 

(14e) fry4 -5-Methvlene-exo-6-ethvl-l .2.3.4.6-

pentamethy 1-1,3-cyclohexadiene) fry6-hexamethylbenzene) ironfO) 

- l.OOg (1.80 mmol) of [ (Et-C6Me6) (C6Me6)Fe]PF6 was partially 

dissolved in 30 ml of THF. The reaction flask was then 

cooled to 0°C and, under a stream of N2, 5.15 ml (7.21 mmol) 

of a 1.4 M MeLi solution in diethyl ether was added. A dark 
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red solution formed immediately and was stirred for 30 

minutes while the solution warmed to room temperature. At 

this point the solvent was removed under vacuum and the 

residue extracted with hexanes and filtered under N2. The 

hexanes solution was then concentrated under vacuum to yield 

a red solid in 89% yield (1.61 mmol, 0.66g) which was 

subsequently crystallized from hexanes at -60°C yielding 

dark red crystals. 1H NMR (CfiD6) : S 4.51(s,lH), 4.33(s,lH), 

2.34(s,2H), 2.08(S,3H), 1.87(s,18H), 1.72(3H), 1.58(s,3H), 

1.30(S,3H), 0.99(S,3H), 0.79(s,3H); 13CNMR (C6D6) : S 159.4s, 

92.Ot, 91.2s, 83.1s, 81.9s, 56.8s, 55.7s, 45.5s, 34.Ot, 

27.9q, 19.4q, 17.4q, 16.Oq, 14.7q, 14.4q, 10.9q. IR (cm"1): 

3091W, 2968m, 2903m, 1567m, 1453m, 1382m, 1328w, 1090W, 

1062m, 1016m, 840m, 804m. Decomposes above 150°C. 

8.2i Synthesis of [(arene)(arene')Fe]2T Dications 

(15) frj6-meta-xvlene) fry6-hexamethylbenzene) ironfll) 

hexafluorophosphate - 2.00g (12.3 mmol) of FeCl3, 2.00g 

(12.3 mmol) of C6Me6, and 4.93g (37.0 mmol) of A1C13 was 

stirred in 50 ml of m-xylene for 24 hours, under N2. The 

mixture was then cooled to 0°C and hydrolysed with 50 ml of 

H20. The aqueous phase was separated, washed with hexanes, 

and precipitated with NH4PF6(aq). The resulting orange 

solid, consisting of a mixture of [(1,3-

C6H4Me2)(C6Me6)Fe](PF6)2 and [ (1, 3-C6H4Me2) 2Fe] (PF6) 2, was 
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filtered off and fractionally recrystallized from 

acetone/water yielding 4.39g (7.15 mmol, 58%) of orange 

crystalline 15 as the first fraction. 1H NMR ((CD3)2CO): S 

7.10(t,lH), 6.89(d,2H), 6.79(s,lH), 2.79(s,18H), 2.65(s,6H); 

13C NMR ((CD3)2CO): S 112.7s, 107.2s, 96.2d, 92.4d, 92.Id, 

18.3q, 17.4q. Anal. Calcd for C20H28F2FeP12: C, 39.11%; H, 

4.59%. Found: C, 39.18%; H, 4.33%. IR (cm"1): 3095m, 2929m, 

1458m, 1389m, 1035m, 841s. 

(16) fry6-para-xylene) fry6-hexamethylbenzene) ironfll) 

hexafluorophosphate - 2.08g (12.8 mmol) of FeCl3, 2.08g 

(12.8 mmol) of C6Me6, and 5.13g (38.4 mmol) of A1C13 was 

stirred in 50 ml of p-xylene for 24 hours, under N2. The 

reaction was worked up as in 15 yielding 4.01g (6.53 mmol, 

51%) Of 16. 1H NMR ((CD3)2CO): S 6.89(s,4H), 2.75(s,18H), 

2.60(s,6H); 13C NMR ((CD3)2CO): cS 111.2s, 107.1s, 93.6d, 

17.8q, 17.2q. Anal. Calcd for C20H28F12FeP2: C, 39.10; H, 

4.59%. Found: C, 38.90; H, 4.67%. IR (cm"1): 3094m, 2938w, 

1493m, 1450m, 1392m, 1074m, 1028m, 842s. 

(17) fr)6-para-xylene) (ry6-hexaethylbenzene) ironfll) 

hexafluorophosphate - 3.02g (12.3 mmol) of C6Et6, l.OOg (6.2 

mmol) of FeCl3, and 2.47g (18.5 mmol) of A1CI3 was stirred 

in 20 ml of p-xylene under N2 for 24 hours. Product 

isolation as for 15 yielded l.llg (1.59 mmol, 26%) of orange 

crystalline 17. 1H NMR ((CD3)2CO): S 6.83(s,4H), 
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3.46(q,12H), 2.60(s,6H), 1.43(t,18H); 13C NMR ((CD3)2CO): S 

112.5s, 111.7s, 93.4d, 23.9t, 18.2q, 15.Oq. Anal. Calcd for 

C26H40F12FeP2: C, 44.72; H, 5.77%. Found C, 44.52; H, 5.89%. 

IR (cm"1) : 3086m, 2991m, 2947m, 1497m, 1453m, 1386m, 1050m, 

841s. 

8.2j Synthesis of Products Derived from single Carbanion 

Addition to [(arene)(arene')Fe]2+ Dications 

Single net addition of H", Me" and *Bu", and Et" to 

[ (l,4-C6H4Me2) (C6Me6)Fe] (PF6)2 and [ (1, 4-C6H4Me2) (C6Et6)Fe] (PFfi)2 

were conductea according to the procedures in sections 8.2d, 

8.2f, and 8.2b, respectively. Me", Ph", and tBu"; and Et" 

additions to [ (l,3-C6H4Me2) (C6Me6)Fe] (PF6)2 were done 

according the procedures described in sections 8.2f and 

8.2b, respectively. 

(18A) f r?5 -exo-5-Hvdrido-l, 4-

dimethylcyclohexadienvl) fry6-hexamethylbenzene) ironfll) 

hexafluorophosphate - 0.58g (1.23 mmol, 76%) of product was 

obtained that contained 8% of the isomer derived from net H" 

addition to the hexamethylbenzene ring. [(H-1,4-

C6H4Me2) (C6Me6)Fe]PF6 - 'H NMR ((CD3)2CO): S 6.59(d,lH), 

4.30(d,lH), 2.64(m,lH), 2.42(s,18H), 1.81(s,3H), 1.50(d,lH), 

1.35(d,lH), 1.26(s,3H); 13C NMR ((CD3)2CO): S 101.4s, 101.2s, 

85.5d, 81.2d, 60.2s, 40.7d, 32.5t, 21.8q, 18.3q, 16.5q. 
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Anal. Calcd for C20H29FFeP6: C, 51.08%; H, 6.22%. Found: C, 

51.09%; H, 6.57% IR (cm"1): 2918W, 2358W, 2787m, 1445m, 

1389m, 1070m, 1021m, 841s. 

(18B) ,>y5-exo-5-Methyl-l. 4-dimethylcyclohexadienvl) fry6-

hexamethylbenzene)ironfll) hexafluorophosphate - 0.93g (1.92 

mmol, 59%) of product was obtained which contained 13% of 

the isomer derived from net Me" addition to the 

hexamethylbenzene ligand. [ (Me-l,4-C6H4Me2) (C6Me6)Fe]PF6 -
 1H 

NMR ((CD3)2CO): 5 6.46(dd,lH), 4.26(d,lH), 2.82(d,lH), 

2.43(s,18H), 1.81(s,3H), 1.38(s,3H), 0.06(d,3H), (theendo-H 

could not be located due to overlapping resonances); 13C NMR 

((CD3)2CO): S 101.7s, 101.0s, 83.7d, 81.Od, 67.6s, 47.3d, 

37.7d, 23.5q, 20.6q, 19.8q, 16.7q. Anal. Calcd for 

C27H43F6FeP: C, 57.05; H, 7.62%. Found: C, 56.73; H, 7.65%. 

IR (cm"1): 2964m, 2919m, 1448m, 1389m, 1068W, 1021m, 840s. 

(18C) fry5-exo-5-Ethyl-l,4-dimethylcyclohexadienvl) fry6-

hexamethylbenzene)ironfll) hexafluorophosphate - 0.73g (1.46 

mmol, 45%) of product was isolated that contained 17% of the 

isomer derived from net Et" addition ""o the 

hexamet rylbenzene ring. [ (Et-l,4-C6H4Me2) (C6Me6) Fe]PF6 -
 1H 

NMR ((CD3)2CO): cS 6.41(dd,lH), 4.28(d,lH), 2.84(dm,lH), 

0.42(S,18H), 1.82(s,3H), 1.39(s,3H), 0.75(m,2H), 0.40(t,3H), 

(the endo-H could not be located due to overlapping 

resonances); 13C NMR ((CD3)2CO): 5 101.3s, 101.0s, 84. Id, 
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81.Id, 68.9s, 45.3d, 44.Id, 31.3t, 20.5q, 18.5q, 16.4q, 

9.0q. IR(cm"1) : 2952m, 2923m, 1453m, 1392m, 1068m, 1012m, 

841s. 

(18D) fry5 -exo-5-tert-Butvl-l. 4-

dimethylcyclohexadienyl) fry6-hexamethylbenzene) ironfll) 

hexafluorophosphate - 1.56g (2.96 mmol, 91%) of product was 

obtained containing 7% of the isomer derived from net tBu" 

addition to the hexamethylbenzene ring. [(tBu-l,4-

C6H4Me2) (C6Me6)Fe]PF6 -
 1H NMR ((CD3)2CO): S 6.29(d,lH), 

4.40(d,lH), 2.81(d,lH), 2.53(d,lH), 2.42(s,18H), 1.85(s,3H), 

1.47(s,3H), 0.40(s,9H); 13CNMR ((CD3)2CO): S 101.3s, 99.3s, 

85.4d, 80.7d, 68.2s, 52.9s, 44.5d, 38.8s, 27.lq, 24.lq, 

18.lq, 16.4q. Anal. Calcd for C30H49F6FeP: C, 59.02; H, 

8.09%. Found: C, 58.97; H, 7.92%. IR (cm"1): 2955m, 1469m, 

1388m, 1221m, 1070w, 1019m, 840s. 

(19A) fr?5-exo-5-Hvdrido-1.4-

dimethylcyclohexadienyl) (ry6-hexaethylbenzene) ironfll) 

hexafluorophosphate - 0.31g (0.56 mmol, 39%) of product was 

isolated that contained 1% of the isomer derived from net H" 

addition to the hexaethylbenzene ring. [(H-1,4-

C6H4Me2) (C6Me6)Fe]PF6 -
 1H NMR ((CD3)2CO): S 6.63(d,lH), 

4.28(d,lH), 2.99(q,12H), 2.70(d,lH), 2.55(dd,lH), 

1.82(s,3H), 1.39(t,18H), 1.34(d,lH), 1.26(S,3H); 13CNMR 

((CD3)2CO): S 106.7s, 101.6s, 85.3d, 80.5d, 62.9s, 41.2d, 
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32.9t, 23.4t, 22.6q, 18.9q, 16.2q. IR (cm'1): 2978m, 2945m, 

2884m, 2782m, 1490m, 1455m, 1383m, 1051m, 1N24m, 838s. 

(19B) fry5-exo-5-Methyl-l,4-dimethylcyclohexadienyl) (if-

hexaethylbenzene)ironfll) hexafluorophosphate - Yield: 0.93g 

(1.64 mmol, 57%). 1H NMR ((CD3)2CO): S 6.33(d,lH), 

4.40(d,lH), 3.01(q,12H), 2.65(q,lH), 2.53(m,lH), 2.06(s,3H), 

1.81(s,3H), 1.39(t,18H), 0.07(d,3H); 13C NMR ((CD3)2CO): S 

106.5s, 99.0s, 83.5d, 80.4d, 70.3s, 47.7d, 38.0d, 23.7q, 

23.4t, 20.6q, 19.4q, 16.2q. Anal. Calcd for C27H43FFeP6: C, 

57.05%; H, 7.67%. Found: C, 56.65%; H, 7.42%. IR(cm"1) : 

2979m, 2883m, 1494m, 1449m, 1385m, 1054m, 1022m, 838s. 

(19C) (ry5-eyo-5-Ethyl-1.4-dimethylcyclohexadienyl) (n6-

hexaethylbenzene)ironfII) hexafluorophosphate - Yield: 0.33g 

(0.57 mmol, 20%). 1H NMR ((CD3)2CO): 6 6.45(d,lH), 

4.27(d,lH), 3.01(q,12H), 2.94(d,lH), 2.40(m,lH), 1.83(s,3H), 

1.40(s,3H), 1.38(t,18H), 0.39(t,3H), 0.39(dm,2H); 13CNMR 

((CD3)2CO): 6 106.6s, 99.4s, 83.9d, 80.4d, 69.9s, 45.8d, 

44.5d, 31.4t, 23.4t, 21.2q, 19.2q, 16.2q, 9.0q. IR (cm"1): 

2938m, 2879m, 1500m, 1452m, 1391m, 1052m, 1025m, 840s. 

(19D) fry5-eyo-5-tert-Butvl-l,4-

dimethylcyclohexadienyl) fry6-hexaethylbenzene) ironfll) 

hexafluorophosphate - Yield: 1.68g (2.75 mmol, 96%). 1H 

NMR ((CD3)2CO): cS 6.33(dd,lH), 4.39(dd,lH), 3.01(q,12H), 


