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BRIDGED FERROCENES-VII 
THE PREPARATION AND PROPERTIES OF [2]FERROCENOPHANESt 

H. L. LENTzNE& and W. E. WATTS 

School of Physical Sciences, New University of Ulster, Colerake, Northern Irefand 

AbaM---The preparation of [Zlferroccnophane and its ~~~~y~ derivative has been e&c&d by direct 
synthesis from 1,2dicyclo~~i~y~~~e dianions and ferrous chloride. Tbe chemical and spectroscopic 
properties of these ring-tilted compounds have been investigated and found to be different from those of 
related [mlferrocenophanes of longer bridge length. 

INTRODUCTION 

THE FNTER-RING sedation in ferrocene (cu. 3%3A) cannot be spanned by bridg~g 
chains of fewer than four carbon atoms without incurring ring-tilt distortion of the 
molecule. For example, crystal structure analyses of the (2)- (I ; R = Me),* (3)- (2),3 and 
I31 [ 3]-ferrocenophane (3)’ have established that the ~cl~~~ienyl rings are dis- 
placed by cu. 23O, 9O, and 9O respectively from the parallel-plane arrangement adopted 
by ferrocene and its simple non-bridge derivatives.s The chemical properties of bridged 
ferrocenes whose rings are only slightly tilted, e.g. I 3 lferrocenophanes, have been found 
to be little different from those of analogous non-bridged 1, I’-dialky1ferrocenes.d At the 
outset of this work the chemistry of the grossly distorted [ 2~fe~~enoph~e system f 1) 
was unexplored, in part due to the experimental difI&ulties associated with the synthesis 
of com~~ds of this type. Since it appeared possible that these molecules might possess 
unusual electronic properties8 and in connection with a general interest in the properties 
of [rnlfe~~noph~~ (see previous papers of this series), we have ~vestigat~ the 
properties of the parent compound and its tetramethyl derivative (I; R = H and Me 
respectively). Some prelimit results have been reported.’ 
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* Abstracted in part from the Ph.D. t&is of H.L.L., University of Stratbclyde f 1970) 
j: Present address: Cofltge Scientifique Univ~i~, Rue de F&es Lumike, Mulhouse. France. 
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Synthetic methods 
From cyclopentadienes. The in situ reaction of substituted cyclopentadienide salts 

with FeCl, has been used extensively for the preparation of substituted ferrocene 
derivatives.9 These salts are conveniently generated either by proton abstraction from 
substituted cyclopentadienesrO or 6alkylfulvenes”* l2 or by addition of nucleophiles to 
fulvenes r2* l3 or fulvene-like molecules 12* I4 and their conversion to 1,l’disubstituted 
ferrocenes usually proceeds efficiently (> 50% yield). The reaction of a,o- 
dicyclopentadienylalkane dianions [C,H,(CHJnC~H,lZ- (n= 3,4 and 5), however, pro- 
duces mainly oligomeric ferrocene derivatives. l5 Presumably the hydrocarbon chain 
adopts a preferred linear conformation in which the negatively charged termini are 
distant from each other. Accordingly, very poor yields (< 3%) of intramolecularly 
coupled products, i.e. [mlferrocenophanes (m=3,4 and 5), are isolated from these 
reactions.*5 Somewhat improved but still disappointing yields have similarly been 
encountered in the direct synthesis of [ 1.1 lferrocenophanes from dicyclopentadienyl- 
methane dianionr*16 or from ferrocene derivatives bearing heteroannular fulvene 
substituents. * 

In contrast, the relatively high yield (ca. 50%) of [ 2lferrocenophane (1; R = H) which 
we have obtained from the reaction of the dianion (4; R=H) with FeCl, probably 
reflects the close proximity in which the cyclopentadienyl rings are held such that 
intramolecular cyclisation is favoured. This synthetic route to ring-tilted ferrocenes is 
rendered less attractive, however, by the difficulties associated with the preparation of 
workable quantities of the hydrocarbon (5) from which the dianion (4; R= H) is derived 
by proton abstraction with BuLi. Following the method used successfully by Schalteg- 
ger et al. for the synthesis of dicyclopentadienylmethane,” this unstable (polymeriza- 
tion) hydrocarbon (5) is formed only in low yield from the reaction of 1,2- 
dibromoethane with sodium cyclopentadienide in THF and can be separated from 
spiro[2.4Ihepta-4,6diene, the principal product of the reaction,‘** l9 by fractional distil- 
lation. 

Fe Fe 

Me Me 

7 

8 
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From ji&enes. The conversion of alkylfulv~es to [2~fe~~~oph~es (I) was 
originally reported in patent literature by Pruett and Morehouse.zo The method involves 
reductive coupling of the fulvene with Nazi and reaction ofthe dicyclopentadienylalkane 
dianions (of the type 4) thus formed with FeCl,. We have reinvestigated the synthesis of 
the tetramethyl derivative (1; R= Me) from 6,6dimethylfulvene by this method but 
were unable to reproduce the reported yield of product (70%) although a variety of 
experimental conditions were employed (friend). In our hands, small amounts of 
the desired ferrocenophane were isolated but the main products of the reaction were 1, I’- 
diisopropylferrocene and the unstable bis(cyclopentadiene) derivative (6). The forma- 
tion of minor amounts of other compounds containing both isopropyl and cyclopenta- 
diene groups was indicated by ‘H NMR spectroscopy and the reaction also afforded a 
pale yellow solid of molecular formula C,,H,,Fe, (mass spectrum) to which the trimeric 
structure 7 is tentatively assigned on the basis of analytical and spectroscopic evidence. 

The reductive coupling of 6,6-dimethylfulvene probably involves initial electron 
transfer from Na to the fulvene giving the radical anion (8). This species may then 
dimerise and the reaction of the resulting d&ion (4; R = Me) with FeCI, accounts for 
the formation of the products 1 (R= Me), 6 by pro~nation during the work-up 
procedure, and 7. The formation of isopropylated compounds,22 however, indicates that 
the radical anion (8) may aitematively abstract a hydrogen atom, probably from the 
ether reaction solvent, giving the isopropylcyclo~~dienyl anion and thence isopropyl- 
substituted ferrocenes. 

Chemical reactivity 
The chemical properties of the [mlferrocenophanes (m = 3, 4, and 5) have been 

investigated previously and found to parallel those of non-bridged 1.1’- 
di~kylfe~~~~.6~e presence of a flexible ~ter~ul~ bridge in these compounds has 
little effect on the overall reactivity of the ferrocene residue compared with non-bridged 
analogues although differences in the steric and conformational constraints imposed by 
the bridges serve to modify the relative reactivities of the LT- and @-ring positions through 
the series.z3 

[2lFerrocenophanes, on the other hand, have been found to exhibit properties quite 
different from those of their homologues of longer bridge length. Thus, repeated attempts 
to carry out Friedel-Crafts acetylation of these compounds (1; R=H and Me) were 
unsuccessful although the other f m lferrocenophanes undergo facile substitution.23 Even 
under very mild conditions (AcCl-AlCl, Perrier complex in CH,Cl, at O”), extensive 
decomposition of the substrates was observed and only minute traces of unidentified 
products were isolated. A similar lack of success in the attempted acetylation of the 
tetrametbyl derivative (I ; R = Me) has been indicated in a patent20 Similarly, although 
~kylfe~ocen~ are readily lithiated on advent with BuLi,24 we were unable to effect a 
similar reaction with i 2Iferrocenophane (1; R = H). The relative intensities of the signals 
in the ‘H NMR spectrum of the compound before and after treatment with BuLi 
followed by D,O were unchanged and no evidence for the incorporation of deuterium at 
ring positions was obtained from mass spectroscopy. We were also unable to introduce a 
functional group in the bridge. Under conditions which effect smooth oxidation of the 
other [mlfe~o~noph~es to the ~rr~~nd~g [mlfe~~n~h~- l-ones (e.g. 2),6 
f 2 lferrocenophane f 1; R = H) underwent a rapid reaction with active MnO, to give a 
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very complex mixture of products (TLC) which were present in insufficient amounts 
for further investigation. 

The reaction of 12lferrocenophanes with protic acids has been studied by electronic 
spectroscopy (vi& influ) which indicated the formation of a metal-protonated cation. 
Repeated attempts to identify or isolate the species present were unsuccessful although 
protonated ferrocene has been characterized by IRZ5 and ‘H NMR spectrosc~py~~ and 
isolated as a tetrachloroaluminate salt. “9 “Thus, using the vacuum technique developed 
by LevenbergzB for the identification of protonated ferrocene, no metal-hydride reson- 
ance could be discerned by ‘H NMR spectroscopy and attempts to precipitate salts from 
acidified solutions of 12lferrocenophane with bulky anions (e.g. BF,) under a variety of 
conditions met with failure. 

It seems reasonable to suppose that the unique behaviour of the 12lferrocenophanes is 
related to the distortion imposed by the short two-carbon bridge upon the geometry of 
the ferrocene system. As mentioned previously, the cyclopentadienyl rings in the 
tetramethyl compound are displaced by cc. 23 ’ from parallel planes in the crystal * and it 
is unlikely that the geometry of the ferrocene residue in the parent compound (1; R = H) 
would dither appreciably. Gross distortion of this nature is not imposed upon the other 
[m lferrocenophanes although the rings in the 131-compound may be slightly tilted (cJ 
ref. 3). 

Clearly, the electronic distribution in ring-tilted ferrocenes will differ from that found 
for undistorted compounds. Ballhausen and Dahl have devised a bonding scheme for 
ring-tilted metallocenes and the results of their calculations* suggest that the metal-ring 
bond strength is only slightly weakened as the molecule is distorted by up to 30” from a 
regular sandwich geometry. In the case of ferrocene, however, the six electrons which are 
accommodated in essentially non-bonding aig (3d,z) and ezs (3d,,,z__,2) orbitals in the 
undistorted molecule are relocated in three new hybrid orbitals oriented in the equatorial 
plane in the direction of the sandwich opening of the ring-tilted form. Ballhausen and 
Dahl further speculated that, in protonated ferrocene, the proton is attached to the metal 
atom in a ring-tilted structure through coordination with the electrons in the central metal 
hybrid orbital.* 

X-Fe+ 

3 

9 

It appear plausible that electronic reorganization of this nature would lead to 
increase in the Lewis basicity of the metal atom and the facile reaction 

an 
of 

12lferrocenophanes with protic acids can be accounted for in these terms.’ Similarly, it 
can be envisaged that these molecules would react with the AcCl-AlCl, Perrier complex 
to give a species in which a pair of metal electrons is coordinated either with the AlCl, (9; 
X=Cl,Al-) or with the acetylium ion (9; X= MeCO). The inability to reverse the 
protonation process with added base (vi& ilrfra) and the decomposition observed in 
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FIG. 1. ‘H NMR spectra of ~Zlferrocenophancs @XXX, solutions) 

TABLE CHEMXCAL SHWT% 0~ ALKYL SUBS~U~S M ‘Ii NMR SPECTRA OF 
FERROCENE DERIVATWES~ 

Compound CH, resonanceb CMe, resonanceb 
7 7 

l,l’-Die~ylfe~~e 

l,l’-Diisopropylferrocene 
~,~‘-D~-t-boty~e~~oe 
I2fFerrccenopttane 
1,1,2,2-TetxanethyI~ Zlfmophane 
I3 lFerr~ophene= 
2,2-Dimethyll3 &rroccnophane~ 
I4IFerrocenopilanc~ 
[ 5lF~~op~e~ 

7-66 W 
- 
- 

6.99 fs) 
- 

8.05 is) 
8.25 (s) 

7.3-8.4 (m) 
74-8.4 (m) 

8.86 (d) 
8.80 (s) 

- 

8.68 (s) 
- 

8-75 (s) 
- 

a In CDCI, solution against TMS as intemal standard 
b Signal multiplicity indicated in brack&; (s) singlet, (4 ddkt, (9) quartet 
e Ref.31 
d Ref. 36 
c Ref. 35 
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attempted acetyhttion, however, indicate that cations of the type 9 (X=H, M&O, or 
CI,Al-), if formed, are thermodynamically unstable and decompose under the reaction 
conditions by ring-metal fission. In support of this conclusion, force-constant 
measurementsz5 have shown that protonation of the Fe atom in ferrocene itself is 
accompanied by a significant weakening of the ring-metal bonds. 

%r NMR specrra. The *H NMR spectra of the [ Zlferrocenophanes (1; R = H and Me) 
are reproduced in Fig. 1. The cyclopentadienyl protons give rise to an A,B, pattern 
comprising two asymmetries triplets separated by O-88 ppm (1; R = H) and 0.7Oppm 
(I ; R = Me). The spectrum of the tetramethyl compound was originally discussed by 
Rinehart et al.” The large chemical-shift difference between the a- and bprotons was 
attributed to the ring-tilted structure? which, it was argued, would cause the a-protons to 
be located closer to the metal atom and thereby preferentially shielded. In an earlier 
paper of this series,3‘ however, this interpretation was questioned in light of the close 
similarity found for the Fe-ring C distances in the crystaL2 

Alternatively, it was suggested that a differential shielding of the ring protons could 
arise as an outcome of the unsymmetrical distribution of electron density about the Fe 
ring centroid (vi& supra) in accord with the B~lhausen-D~i bonding scheme.# The 
~si~ment ” of the high-field triplet to the resonance of the cl-protons, therefore, rests on 
tenuous evidence. Unfortunately, we have so far been unable to prepare ring-substituted 
[ 2lferrocenophane derivatives whose spectra might allow unambiguous interpretation of 
the ring-proton patterns. 

The bridge protons of the [2lferrocenophanes give rise to sharp singlet resonances 
(Fig. 1). Comparison of the chemical shift values for the CH, and CMe, protons of these 
compounds with those for the same groups in undisto~ed analogues (see Table) shows 
clearly that the interannular bridges of these ring-tilted ferrocenes are located in a 
deshielding region associated with the structure. 

~iec~onic spectra. The electronic spectra of ferrocene and its alkyl derivatives 
contain two broad relatively weak absorptions around 325 and 440 nm. and there is 
general agreementJ3 that these bands represent symmetry-forbidden transitions of 
electrons from nonbonding e2* and alp levels respectively to the antibonding e,&* level, 
Right-tilt induced reordering of the nonbonding levels produces corresponding changes 
in absorption characteristics and we earlier showed that the 440 MI. band is particularly 
sensitive to molecular disto~ion of this nature.34 Thus, in the spectra of the 
[2fferrocenophanes (1; R = H and Me), the intensity of this band (e z 450) is increased 
over fourfold compared with that found for non-bridged analogues e.g. 1,1’- 

die~ylferro~ene (&,, =438 nm.; E = 105). Further, the absorption maximum is 
~~oc~orni~~ly shifted by cu. 30 nm., account~g for the characteristic red colour of 
these ferrocenophanes. 

The spectrum of [2]ferrocenophane (Fig. 2), in EtOH is immediately and dramati- 
cally changed upon addition to the solution of H,SO, in low concentration (< 0.1% 

+ Very little difference iu chemical shift is found betweeu the resonances of the a- and BprOtous of 
undistorted 1, l’~i~kylf~~es.~ Large choir-shy differeuces have been found for sulph~~i~ 
bridged analogues off Zfferrocenophanes. 30 In view of the electronic nature of the ring substituents in these 
compounds, however, it is difficult to assess the contribution of ring-tilting to the seperetion Ofthe FOtOD 

rsonances. 
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v/v). Under similar conditions, the spectra of ferrocene and its simple alkyl derivatives, 
including the [mlf~~noph~es (m = 3,4 and 51, are not silently altered by the 
presence of acid at much greater concentration ( > 100 times). The disappearance of the 
472 nm band upon acidification of the [2lferrocenophane solution is strongly suggestive 
of the occurrence of a metal-protonation process [e.g. to give 9; X = H I. However, upon 
basification of the solution with NaOH, the original spectrum was not reproduced and 
substrate d~om~sition was apparent. Reversible metal protonation, therefore, does not 
occur under these conditions. 

FIG. 2. Electronic spectra of [2jferrocenophane (1; R = H) in absolute EtOH (unbroken 
curve) and in absolute EtOH containing cu. 0.5 ml H$&/‘litre (broken curve) 

CONCLUSION 
The unique behaviour of the two carbon-bridged member of the [mlferrocenophane 

series may be attributed to an electronic reorganization of the ferrocene system occa- 
sioned by ring-tilt distortion of the molecule. 

EXPERIMENTAL 
For general remarks, see Part I.‘$ 
1,2-~~~lo~n~~~nyier~ (5). Freshly distilled cyclopentadiene (288 g; 044 mole) was added 

slowly to Na wire (9-2 g; O-4 g at) in dry THF (300 ml) at 0’. when the Na had been consumed, 1,2- 
dibromoethane (39.5 g;O-21 mole) was added dropwise to tbe stirrod solution of sodium cycIopentadienide, 
keeping at O”. The mixture was stirred and allowed to reach room temp. overnight. SufBcient ice was added 
to dissolve all the NaBr which had pptd and the aqueous solution extracted with ether, dried (Na#O,) and 
evaporated at low temp. The residual yellow oil was distilled using a Vigreux column. The first fraction 
consistad mainly of spire [ 2.41 hepta-4,6diene flit. re b.p. 45--47’/93 mm) and the crude product (5) was 
obtained as pale yellow oil (I -0 g; 3%), b.p. 4 1-4Y/O- 1 mm; n$’ l-5250, IR (liq) 3060,2900,1360,900, 
675 cm-‘. The compound po&merized on standing or in sobnion. Due to the smalf quantity available, 
further purifxation was not carried out and analytical data were not obtained. 
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l2~errocertophane (1; R=H). BuLi (2.2 g; O-034 mole) in hexane (10 ml) was added to a stirred 
solution of freshly prepared l,2-dicyclopentadienylethane (1 .O g; 6.4 mmole) in dry THF (1000 ml) at O*. 
The mixture was stirred for 1 hr, and then freshly prepared FeCI, (1.0 g; 8.0 mmole) was added. The 
mixture was stirred and allowed to reach room temp. overnight. MeOH was added to destroy excess BuLi 
and the mixture filtered through kieselguhr, evaporated to weas and the residue extracted with ligroin. The 
ligroin extract was evaporated to dryness and the residue sublimed affording 12lferrocenophane (0.68 g; 
SO%), a red solid, m.p. 104--107°. (Found: C, 67-56; H, 5.70; M.W. 212.0286. C,xH,*Fe requires C, 
67.95; H, 5+71%;M.W. 212.0288);PMR (CDC~,)T 5~12,6@) (2t;4H ~d4H;r~gproto~), ~6.99 (s; 
4H; bridge protons); I.,,(EtOH) 328 (s = lOO), 472 nut (s =450). 

1,1,2,2-Terr~~~yyn2~~~e~~~o~e (I; R=Me). A solution of 6,6diiethylfulvene (IO.6 g; O-1 
mole&t dry THF (50 ml) was added over 30 min to a vigorously stirred suspension of finely dispersed Na 
(2.5 g; O-11 g at) in THF (950 ml), below 10”. The mixture was stirred until most of the Na had been 
consumed (cu. 2 hr)and then freshly prepared FeCl, (cu. 12 g)addcd. The mixture was stirred overnight and 
filtered through kieselguhr, reduced to low bulk and chromatographed on alumina The following com- 
pounds were eluted by ligroin in the order given; unchanged 6,6dimethylfulvene (0.53 g; 5%); 1,1’- 
diisopropylferrocene (0.54 g; 4%), b.p. 100° (bath)/0.7 mm, identical with an authentic sample;i” the 
bis(qvclopentudiene) akrivative (6) (5.20 g; 43%). an unstable dark yellow liquid which decomposed upon 
distillation. (Found: C, 79.64; H, 9.25. CrrH,Fe requires C, 79.32; H, 9.15%); the PMR spectrum 
contained vinyl, cycIo~~i~y1, and Me resonances but the patterns were too complex to permit analysis; 
the I Zlferrocenoplrae (1; R = Me) (0.44 g; 3%), which crystallized from ligroin at O” in flaky orange-red 
le&ts,m.p. 138-143’ (lit.“m.p. 13?-145’); PMR (CDCI,)r S&34,6.04 (2t; 4H and4H;ringprotons),r 
8.68 (s; 12H; Me protons); &(EtOH) 326 (e= 105). 466 nm (~~460). In addition to the above 
compounds, ligroin also eluted fractions whose PMR spectra indicated the presence of vinyl (cyclopenta- 
diene) and isopropyl groups. These compounds were present in too small amounts to permit further 
examination. Finally, ligroinfetha (1 : 1) eluted a pale yellow compound (0.23 g) which crystallized from 
ligrom in small l&lets, m.p. 179-180’. (Found: C, 71.75; H, 7.50; M.W. 804.6. C,,H#e, requires C, 
71.65; H, 7.52%; M.W. 804.56); the PMR spectrum lacked viny1 resonances and contained only 
cyclopentadienyl and Me resonances in the intensity ratio 2 : 3 respectively. This compound is tentatively 
assigned the structure 7. 

Repetition of the reaction using diKerent ether solvents (e.g. 1,2~irne~oxy~~e~ different molar ratios 
of reactants, and different time and dilution factors did not result in an improv~~t of the yield of the 
i2lferrocenophane ( 1; R = Me). 

Attempted acetylution oJlf&etrocenophanes. A Perrier complex of AcCl was prepared by stirring a 
solution of the chloride in CH$l, with an excess of Rnely ground AICI, in a flask protected from 
atmosphere for 2 hr and then filtering to give a clear yellow-brow solution. A quantity of this solution 
(containing 0.32 g A&I; 4-O mmole) was added slowly with stirring to an ice-cold solution of either 
ferrocenophane (I; R = H or Me; 4.0 mmole) in CH,CI, (100 ml). The solution was stirred for 30 min., 
washed with water, dried (Na$O,), and evaporated to dryness. The brown residue appeared to consist 
mainly of polymeric material together with traces of unchanged starting material and other coloured 
compounds (TLC) which were present in insulTlcient quantities to permit characterixation. 

Repeated attempts to affect acetylation using a variety of experimental methods were similarly unsuccess- 
ful. 

Aitempted ~~th~at~n~d~te~~ion of I2 lferroeenophune. ! ZlFerrocenophane was allowed to react with an 
equimolar amount of BuLi in dry et&r for six br and the reaction quenched by addition of l&O. The product 
was isolated as described in a previous experiment. The relative intensities of the signals in the ‘H NMR 
spectra of the product and the starting material were identical. No evidence for the presence of deuteriated 
compounds was obtained from the mass spectrum of the product which was very similar to that of the 
starting material. 

Attempted ox&Won sf [ Zltkrocenophane. A solution of 1 Zlferrocenophane in dry C$lH, was retluxed 
with active MnO, for three hr. The mixture was filtered and the filtrate evaporated to dryness. The residue 
consisted mainly of decomposition (Polymeric?) material. TLC analysis of the ether-soluble product 
showed the presence of a large number of coloured compounds, formed only in trace amounts. 

Ae~ow~edg~ents-me authors thank Dr. P. Bladon for spectroscopic services, Mr. F. Daubney for 
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