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The method of Van Meurs et al. Ill for hydrogenation of 

ferrocene has been extended to include a variety of bridged 

ferrocenes. Singly bridged and dibridged ferrocenes containing 

tri-, tetra-, or pentamethylene bridges were hydrogenated to the 

corresponding polycyclic hydrocarbons. Conditions required were 

consistent with a mechanism that involves an initial protonation 

of the iron atom. Bridge opening to a propylferrocene derivative 

was observed for the compound with three not-all-adjacent 
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trimethylene bridges, and no hydrogenation reaction was observed 

for the corresponding derivative with tetramethylene bridges. 

Without catalyst or hydrogen, trifluoroacetylation and a 

rearrangement of a bridge were observed in the tris(trimethylene) 

compound. In the presence of catalyst but no hydrogen, an alpha 

alcohol and the corresponding diferrocenyl ether were obtained. 

Possible mechanisms are suggested for these reactions. 

Introduction 

The first successful hydrogenation of the cyclopentadienyl 

rings of ferrocene [7] used a Raney Nickel catalyst and hexane as 

solvent at 340' C and 280 atmospheres_ Conditions under which 

benzene is hydrogenated with ease, such as with rhodium as 

catalyst and methanol as solvent, were markedly unsuccessful 

12-61. Recently, Van Meurs and coworkers 111 reported that 

ferrocene was hydrogenated in a few minutes at room temperature 

and under one atmosphere of hydrogen using palladium on carbon as 

catalyst and a number of acids as solvents. Their explanation of 

these remarkably simple hydrogenation conditions was that the 

iron species formed during the hydrogenation poisoned the 

catalyst, but under acid conditions the solvent removed the iron 

from the catalyst surface allowing the hydrogenation to continue. 

While their explanation appears reasonable, it does not tell why, 

according to our own observations, the hydrogenation could not be 

effected under similar conditions using platinum, rhodium or 

ruthenium as catalysts. They also reported results on 

hydrogenation of some derivatives of ferrocene and suggested that 

there were both steric and electronic effects on the rates. In 

this paper we report an investigation of this method. The 

results elaborate further on the steric effects, and a mechanism 

is proposed. 
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Results 

The results of the hydrogenation of (see Figs. 1 and 2 for 

the structures) Ia,b,c, IIa,b, and IIIa,b are listed in Table 1. 

The yields listed are the percents of the introduced ferrocene 

that were isolated as hydrocarbons. The conditions investigated 

that affect the rate of hydrogenation are temperature, nature of 

solvent and the amount of catalyst. All of the compounds listed 

have fewer than three bridges and were successfully hydrogenated 

to some extent under the conditions given. Except for Ib, the 

relative ease of hydrogenation of these compounds is 

Ferrocene > Ia > Ic > IIb > IIIb > IIa > IIIa 

I0 n=3 

b n=4 

c n=5 

IIan=3 

bn=4 

man=3 

bn=4 

- e(CHz)na 

IV0 n=3 

b n=4 

c n=5 

Va n=3 

b n=4 

Fig. 1. Reactions investigated. The black circles represent the 

iron atoms. 
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Fig. 2. Ferrocene derivatives and reactions. In each case the 

rectangles represent the cyclopentadienyl rings, the 

small solid circles the carbon atoms of the ring, the 

larger circles the iron atoms, and the arcs the bridges. 

The values in the arcs are the numbers of methylene 

groups in the bridges. The unlabeled arcs are 

trimethylene bridges. 

The justification for this ordering follows: Ferrocene, Ia, Ib, 

and Ic could be hydrogenated at room temperature in acetic acid, 

the mildest conditions studied. For three of these compounds the 

relative pseudo zero order rate constants in Torr min -1 are: 

ferrocene, 1.7; Ia, 0.26; Ic, 0.12. Though probably near Ia and 
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Table 1. The Conditions and Yields of the Hydrogenation Reactions 

Comp. Solvent OC Hours Toria Pd/Cb Yield= 

Ia A room 18 1250 1.18 96 

Ib A room 18 1250 1.04 96 

IC A 

IIa P 

T 

T 

T 

IIb A 

A 

IIIa A 

T 

IIIb A 

A 

iOOm 

141 

room 

70 

70 

room 

100 

100 

70 

room 

100 

17 1250 1.02 98 

20 1250 1.03 8 

20 1250 1.03 4 

23 1250 1.02 13 

19 1250 2.12 72 

18 1250 1.00 5 

18 1250 1.00 92 

19 977 1.08 0 

19 1250 2.00 8 

18 1250 1.40 0 

18 1250 l-00 55 

a) hydrogen pressure 
b) mg catalyst per mg compound 
c) mole percent of initial ferrocene obtained as hydrocarbon 
A = acetic acid 
P = propionic acid 
T = trifluoroacetic acid 

Ic, the proper position of Ib is not known and is not indicated. 

IIb gave a much lower yield than Ia,b,c at room temperature in 

acetic acid but a higher yield than IIIb in acetic acid at 

loo0 c. IIa gave a lower yield in propionic acid at 141° C than 

IIIb in acetic acid at 100° C. Finally, the yield of IIIa in 

refluxing trifluoroacetic acid with twofold the usual amount of 

catalyst was lower than the yield of IIa under the same 

conditions. 

The products of the hydrogenation reactions of Ia, Ib, and 

Ic were identified as the pure e,w-biscyclopentylalkanes, IVa, 
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IVb, and IVc, respectively by means of CC/KS, IR and 13C-MMR 

spectrometry. The products expected from IIa,b and IIIa,b are 

the tricycloalkanes, Va,b and VIa,b. The l3 C-NElR spectrum of Va, 

Vb and VIb indicated that mixtures of isomeric products had been 

formed with properties consistent with those expected. 

MO l3 C-MMR spectrum of Via was obtained because of the small 

amount of material available. GC/MS of the isomers of Va, Vb and 

VIb indicated that all but one of the components had the correct 

masses for the expected products (Fig. 3). Further analysis was 

not attempted. 

,i 

0 

: L E 
N 

Time Time 

PO 

Time 

Pb 

Fig. 3. The results of the GC/MS analysis. The numbers above the 

peaks are the parent peaks from the mass spectra. 
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Hydrogenation of tribridged ferrocenes presented a different 

problem. No reaction was observed for VII in acetic acid at 

loo0 C at pressures up to 2000 psi. No hydrocarbon was obtained 

from VII in refluxing trifluoroacetic acid at one atmosphere. 

Instead, a single significant product was isolated which was 

identified by means of 13C-NMR as IX. This product was also 

isolated from hydrogenations in acetic acid at high temperatures 

and pressures (150° C, 2000 psi and 200° C, 150 psi). Indepen- 

dent synthesis of IX starting with IIa through X confirmed this 

identification. It is apparent that the scission of a bond of a 

trimethylene bridge to a ring had taken place in VII. In 

trast to VII, VIII appears to be inert in trifluoroacetic 

Discus- 

con- 

acid. 

Catalytic hydrogenation of arenes on surfaces involves the 

absorption of and dissociation of hydrogen on the surface, 

absorption of the arene (probably through the ?r-orbitals) on the 

surface and transfer of the hydrogen to the arene. Homogeneous 

catalysis of hydrogenation of arenes involves a similar mechanism 

where the arene is complexed to the metal atom and hydrogen is 

transferred to the arene from the metal. Hydrogenation of 

ferrocene by this mechanism is inhibited since the r-orbitals are 

partially occupied and are not as available for reaction with the 

catalyst. We had found that ferrocene could not be hydrogenated 

with the homogeneous Muetterties [8] catalyst. Analogous to the 

mechanism of homogeneous hydrogenation, it would seem plausible 

that if hydrogen atoms would attach to the iron atom of 

ferrocene, then transfer to the cyclopentadienyl rings could 

occur. An attempt to demonstrate such autocatalysis succeeded 

for cobaltocene and nickelocene but not for ferrocene [9]. 

The difficulty in hydrogenation of ferrocene compared to 

benzene is, therefore, reasonable. That palladium on charcoal in 
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acid solvents can catalyze hydrogenation of ferrocene implies 

that a different mechanism is involved. We propose at this time 

that the mechanism for hydrogenation of ferrocene involves a 

reaction with the iron atom. The evidence is that the 

hydrogenation becomes more difficult with an increased number of 

bridges, which sterically makes the iron less available. Indeed, 

the hydrogenation of the rings of VII and VIII could not be 

effected. Furthermore, the isomers with the adjacent bridges are 

more easily hydrogenated than the isomers with the non-adjacent 

bridges in concordance with the greater space available for 

reaction with the iron atom in the derivatives with the adjacent 

bridges. Since the hydrogenation of the tetramethylene bridged 

derivatives is more easily effected than the hydrogenation of the 

derivatives with trimethylene bridges, the possibility that the 

decrease of the rate of hydrogenation from ferrocene to 

polybridged ferrocenes is due simply to alkyl substitution on the 

rings is ruled out. The tetramethylene bridges are potentially 

more flexible than the trimethylene bridges and can be arranged 

to allow greater availability of the iron. 

Van Meurs et al. 111 suggested that the role of the acid was 

to remove iron-containing poisons from the surface of the 

catalyst. This role is not the rate determining step since the 

rate of hydrogenation depends on the ferrocene derivative. 

Furthermore, this cannot be the sole role of the acid since the 

rate of hydrogenation depends on the acid strength. We propose 

without further evidence that the role of the acid involves 

protonation of the iron followed by or concerted with a reaction 

with the catalyst. Protonation of the iron in ferrocene 

derivatives has been previously reported [lo], and, of all of the 

bridged ferrocenes examined in this hydrogenation study, VII 

would not undergo protonation in HBFSOH [lob] nor hydrogenation 

of the rings in trifluoroacetic acid. 
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There are two reaction sites on the ferrocene molecule for 

the catalyst. One is coordination with a ring carbon. 

Palladation of a ring carbon atom of some ferrocene derivatives 

has been observed 111,121. Alternatively, the reaction of the 

catalyst may be through the iron. There is a vast literature in 

ferrocene chemistry concerning the participation of the iron atom 

in reactions, especially in the stabilization of carbonium 

ions [13], and coordination of the metal atoms in other 

metallocenes has been reported for intercalation with tantalum 

sulfide [la]. 

The failure of the hydrogenation o f the rings of VII and 

VIII may be attributed to the failure of protonation, proper 

complexation with the catalyst, or both. To elucidate the 

possible mechanism of the bridge scission of VII, the stage at 

which the reaction occurred was investigated. One possibility 

was that the opening of the bridge to form the propyl group was 

instigated by the trifluoroacetic acid. The reaction of VII with 

trifluoroacetic acid without the addition of the Pd/C catalyst or 

of the hydrogen resulted in the formation of small amounts of two 

products, identified by x-ray crystallography as XI (Fig. 4) and 

XII (Fig. 5). XII is a Friedel-Crafts acylation product, and XI 

is the result of an acid catalyzed rearrangement of a bridge. 

The fact that the products have no apparent connection with the 

formation of IX and the fact that the yields of these two 

products were much lower than the yield of IX requires the 

conclusion that the formation of IX was not caused directly by 

the trifluoroacetic acid. 

The mechanism of the bridge rearrangement may be similar to 

that observed in Ref. 15. In that work, it was suggested that 

the acylium ion attacks the ring carbon of the 4,4' bridge, as in 

XV, causing rearrangement of the 4,4' bridge to form the homo- 

annular 4,5 trimethylene group in compound XVI. It was also 
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h I43 .G- 

Fig. 4. The molecular structure of XI with the atoms represented 

by their 50% probability ellipsoids for thermal motion. 

The numbers are the bond lengths in pm 20.5-0.6 pm for 

distances between ordered atoms and +0.8-1.5 pm for 

distances including disordered atoms. Hydrogen atoms 

were omitted. 

suggested that in a small fraction of the cases the attack was at 

the 2‘2’ bridge. In this case apparently the predominant if not 

all of the attack of the proton is at the ring carbon of the 2,2' 

bridge. 

In the presence of Pd/C and trifluoroacetic acid, but 

without the hydrogen, two other products were isolated and iden- 



GO, 153 
yl56,158 

Fig. 5. The molecular structure of XII with the atoms represented 

by their 50% probability ellipsoids for thermal motion. 

The numbers are the bond lengths in pm ~1-2 pm. 

tified as the ether, XIII, by x-ray crystallography (Fig. 61, and 

an alcohol, XIV, by its IR spectrum. By virtue of the fact that 

the alcohol was autoconverted to the ether, XIII, in the solid 

state at room temperature, the structure was assigned as XIV. 

XIV must have been the primary product of this reaction, although 

it in turn may have formed from the hydrolysis of an ester. 

That the formation of the alcohol in the absence of hydrogen 

and-the bridge scission in the presence of hydrogen involve the 

same bridge leads to the assumption that the mechanisms of the 



Fig. 6. The molecular structure of XIII with the atoms 

represented by their 50% probability ellipsoids for 

thermal motion. The numbers are the bond lengths in 

pm 21-2 pm. The atoms designated only with numbers are 

carbon atoms. 

two reactions are similar. A schematic diagram of a possible 

mechanism is illustrated in Fig. 7. The palladium coordinates 

with an appropriate ring carbon. In the presence of hydrogen, 

the hydrogen absorbed on the palladium transfers to the ring 

carbon and the alpha carbon of the bridge. In the absence of 

hydrogen, beta elimination transfers a hydride from the bridge to 

the palladium, and the trifluoroacetic acid reacts with the 

resulting carbonium ion. 

The observation of bridge opening and the formation of the 

alpha hydroxyl derivative in VII are not merely the consequences 

of the absence of hydrogenation of the cyclopentadienyl rings 

since this situation does not obtain in VIII. These reactions 

are apparently caused by the effect introduced by the three short 
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Fig. 7. Possible mechanism for the reaction of palladium with VII 

in the presence and absence of hydrogen. 

* 
bridges. Evidence has been offered that there is a direct 

inductive effect by the iron atom on all of the methylene groups 

of the bridges particularly in the stabilization of carbonium 

ions 113,191. The squeezing of the iron atom in VII increases 

the electron density and changes the electron gradient on the 

iron [20] and consequently increases the inductive effect. 

The autoconversion in the solid state of the alcohol, XIV, 

* The iron to ring distance of VII 1161, is 7 pm shorter than 
the iron to ring distance of VIII 1171 which in turn is 2 pm 
less than the iron to ring distance of ferrocene i181. 



Table 2. Crystal Data 

XI 

Molecular Formula 
C19H22Fe 

Molecular Weight 
Space Group 

a (pm) 
b (pm) 

; is;) 
3 (0) 

y (O) 

V (nm3) 
z 

zcalc(g/cm3) 
Crystal 
Dimensionsa (mm) 

306.232 
c2/c 

1673.0(2) 
843.8(l) 

2250.7(2) 

402.239 
pi 

822.8(2) 
1381.0(3) 
1539-l(3) 
99.43(l) 
99.10(2) 
90.29(2) 

C38H40Fe20 
624.431 

p21 
1540.2(l) 
789.5(l) 
1239.8(l) 

Abs. Coeff. (cm -l) 

28 range (O) 
Reflections 
Collected 
Reflections Used 
(Unique and 1>3a) 

114.513(7) 108.56(2) 

2.8908 1.7027 1.4291 
8 4 2 

1.408 1.574 1,452 

d(Oi1)=0.166 
d(li1)=0.156 
d(lii)=o.l99 --- 
d(lll)=0.148 
d(10&)=0.038 
d(&01)=0.102 
d(lOO)=O.O99 
d(i01)=0.096 
d(010)=0.230 
d(OOl}=O.O39 

d(001)=0.281 
d(010)=0.142 
d(oii)=0.320 
dili0)=0.018 
d(Oli)=O.llQ 

d(0&0)=0.300 
d(120)=0.234 
d(~01)=0.020 
d{100:=0.119 

82.6 

2-140 

7329b 

2052= 

74.8 80.0 

2-140 l-140 

5906' 7178b 

2623b 2389= 

Scan Width = A f B x tanE 

A 1.05 
B 0.14 

R 0.039 
R 

W 
0.053 

Maximum Shift/Error 0.5 
Residual Electron 

Density (e nm -3) 200d 

1.20 1.05 
0.14 0.14 

0.086 0,063 
0.094 0.081 

0.5 0.2 

500e 880d 

b" 
distances of crystal planes from center of crystal 
hemisphere 

: 
quadrant 
near an iron atom 

e compared to 3000 e nm -3 for a typical carbon atom 
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to the ether, XIII, is another example of this type of 

activation. The hydroxyls of both XIV and XVII have strong 

intermolecular hydrogen bond interactions according to the IR 

spectra, but the alcohol, XVII, does not autoconvert to an ether. 

The enhanced reactivity of the hydroxyl of XIV is absent in XVII 

where the iron atom is not squeezed. 

Compounds Ia,b,c, IIa,b, IIIa,b, VII, and VIII were prepared 

according to procedures in the literature [21-261. All bridged 

ferrocenes used in the experiment had been purified by chroma- 

tography and by recrystallization, checked by IR and by 

TLC. 13C-NIIIR spectra were obtained on a Bruker TiH-360 

spectr.ometer. All chemical shifts of decoupled spectra are given 

in 6 as ppm with coupled multiplicities in parentheses. Hass 

spectra and GLC separations were obtained on a computer 

controlled Hewlett Packard 5985A GC/MS using a column packed with 

3% OV-17 supported on 120/140 GAS-CHROM Q (Applied Science 

Laboratories, Inc.). Where GC did not accompany MS, the sample 

was injected directly into the mass spectrometer through a heated 

inlet. 

For the crystal structures, unit cell parameters and 

orientation matrices were automatically determined on an 

Enraf-Nonius CAD-4 diffractometer equipped with a graphite 

monochromator using Cu Ka 1 radiation (X=154.05 pm). Intensity 

data were collected using 6-26 scans and Cu KG radiation. The 

intensities were corrected for Lorentz, polarization and 

absorption effects 1271. Computations were performed using 

standard programs (ORFLS, ORFFE, FORDAP and ORTEPII) modified 

locally 1271. The scattering factors were taken from Doyle and 

Turner's tabulation [28] for all atoms except hydrogen. The 

scattering factors for iron were corrected for the real and 
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imaginary anomalous dispersion components using dispersicn 

factors given by Cromer and Liberman 1291. Scattering factors 

for hydrogen were taken from values given by Stewart, Davidson 

and Simpson [301. The agreement factors and least squares 

refinement are described in Ref. 16. 

The structures were solved by the heavy atom method plus a 

full matrix least squares refinement. For compounds XII and XIII 

two blocks were used. Positions of the hydrogen atoms were 

calculated only for XI. Except for XIII, there were no unusual 

features encountered during the structural determination. For 

XIII, the space group P21 was initially assumed to explain 

several high peaks in the Patterson map and was subsequently 

confirmed by successful refinexrent. Since the compound 

crystallized in either the D or L optically active form, 

refinement with the coordinates (x,y,z) transformed to (-x,-y,-z) 

was also carried out. The latter refinement was more successful 

than with the original coordinates, the R factor reduced, and 

peculiar iron to ring distances eliminated. (In the (x,y,z) 

refinement, the iron atoms were placed along the y axis Ii pm 

from the middle of the two cyclopentadienyl rings.) Final 

nonhydrogen atomic positional and thermal parameters for these 

compounds are given in Tables 3, 4, and 5. Hydrogen position 

coordinates for XI and tabulations of the final observed and 

calculated structure factors, interatomic distances, bond angles 

and least squares planes of the cyclopentadienyl rings were 

deposited in NAPS. 
* 

A summary of the crystallographic data is 

given in Table 2. 

* These tables have been deposited as NAPS Document No. 03635 
(52 pages). Order from ASIS/NAPS, c/o Microfiche Publications, 
P-0. Box 3513, Grand Central Station, New York, N.Y. 10017. A 
copy may be secured by citing the document number, remitting 
$ 13.25 for photocopies or $ 3.00 for microfiche. There is an 
additional $ 3.00 mailing charge for persons outside of the 
U.S. Advance payment is required. 
Microfiche Publications. 

Make checks payable to 
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reactions were run using 100 mg of each of the bridged ferrocene 

compounds, 10% Pd/C catalyst, and 20 ml of solvent, either 

glacial acetic acid, propionic acid or trifluoroacetic acid. The 

reaction flask was placed in an oil bath sitting atop a hot 

plate-magnetic stirrer combination. A temperature controller 

allowed the oil bath to be held within +2O C of the desired 

temperature. The entire system contained a 40 liter ballast tank 

which was pressured to about 1250 Torr with hydrogen, and the 

reaction was allowed to proceed overnight. After cooling, the 

reaction mixture was centrifuged, decanted, and the catalyst was 

washed with benzene. The solution was added to 40 ml of water. 

When acetic or propionic acid was the solvent, the solution was 

buffered with sodium acetate to bring the pH into the range where 

ascorbic acid would reduce any ferrocenium derivative that may 

have formed. When trifluoroacetic acid was the solvent, an 

excess of sodium acetate was required. After addition of 

ascorbic acid, the solution was extracted twice with benzene, and 

all benzene solutions were combined. After washing with water 

and 5% sodium bicarbonate solution, the benzene was dried over 

anhydrous sodium sulfate. 

of 1a.b.c. 1Ia.b. and IIIa-b. The product 

mixtures were separated on a silica gel column with hexane. The 

colorless fractions eluted before the yellow starting material 

were evaporated to yield the hydrogenation product as a colorless 

liquid. Blank yields were about 2 mg, and yields equal to or 

below that were considered as zero. The yellow material eluted 

subsequently from the column was identified as starting material 

by means of TLC and the IR spectra. The products, IVa,b,c, .Va,b, 

and VIa,b were identified as follows: IVa, m/e 180, single 

component in GC, IR identical to that in the literature 

1311, 13C-NMR, 40.7(d) [CH of cyclopentyl rings], 37.0;t), 



33.2(t), 28.4(t), 25.7(t) KHZ, two fourfold carbons of 

cyclopentyl rings, one twofold carbon of propano group, and 

central carbon of propano group]: IVb, m/e 194, single component 

in GC, IR identical to that in literature 1311, 13C-NMR, 40.9(d) 

[CH of cyclopentyl rings], 37.0(t), 33.4(t), 29.8(t), 25.9(t) 

KH2, two fourfold carbons of cyclopentyl rings, two twofold 

carbons of butano group]: IVc, m/e 194, single component in GC, 

IR identical to that in literature 1311: Va, m/e (see Fig. 31, IR 

of saturated hydrocarbon, 
13 C-NMR, major peaks - 40.6(d) [CHI, 

34.1(t), 32.9(t), 32.8(t), 32.2(t), 22.9(t), 21.9(t) ICH21, 22 

peaks with intensities .l < I < .3 of average of the major peaks, 

12 peaks with intensities -05 < I < .l of average of the major 

peaks: Vb, m/e (see Fig. 31, IR of saturated hydrocarbon: Via, IR 

of saturated hydrocarbon: VIb, m/e (see Fig. 31, IR of saturated 

hydrocarbon, 13C-NMR, (coupled spectrum too complex to determine 

multiplicities)= 42.4, 41.6, 41.4, 40.4, 40.2, 39.8, 39.5, 39.0, 

37.8, 36.8, 36.5, 36.4, 35.7, 35.6, 35.4, 35.1, 34.9, 34.6, 32.8, 

32.0, 31.0, 30.3, 30.2, 28.8, 28.1, 26.7, 26.5, 24.9, 23.8. 

Qtion _ - . For these 

experiments, the sample and acetic acid were flushed with 

nitrogen and hydrogen while k‘ept in a dropping funnel. The flask 

containing the catalyst was also flushed and pressured with one 

atmosphere of hydrogen. The solution was then added at once and 

the stirrer started. The temperature was controlled to 

2422O C. The ballast tank was not used, and the total volume 

was thus kept small, but large enough that the hydrogen pressure 

change measured was less than 10% of the total hydrogen pressure. 

uyon of VII at H ? oerat;ures and Press- . 

An Autoclave Engineers Inc. WP-5000 high pressure apparatus was 

used. 100 mg of VII, 100 mg of Pd/C catalyst and 50 ml of acetic 

acid were pressured with hydrogen under these different 

conditions: 1) 2000 psi, 100° C, 2.5 days: 94 mg of VII was 
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recovered; 2) 350 psi, 200° C, overnight: 74 mg of a yellow oil 

was obtained which, after chromatography, had an IR spectrum 

identical to IX. No VII was recovered. 3) 2000 psi, 150° C, 

overnight; 85 mg of IX was obtained. No VII was recovered. 

Hydrogenat&.B of Vu. To 100 mg of VII and 200 mg of 10% 

Pd/C catalyst in 20 ml of trifluoroacetic acid, pressured to 

about 1250 Torr of hydrogen were refluxed overnight with 

stirring. The reaction mixture was treated as above, and the 

residue was chromatographed on a silica gel column. Elution with 

hexane gave about a 50% yield of IX as an oil, f.p. above 

o" c: 13C-MMR, 89.4(s), 85.3(s), 85.1(s) [1,1',2,2', and 4 ring 

carbons], 69.9(d), 68.8(d) [3,3', and 4' ring carbons], 38.4(t) 

10. bridge carbons], 34.0(t), 28.1(t) [cx and 8 propyl carbons], 

24.5-(t) and 24,3(t) 16 bridge carbons], 18.2(q) [y propyl carbon 

(methyl group)]. Further elution with hexane and benzene gave a 

22% recovery of VII. In this and most other experiments with VII 

and VIII below, subsequent elution with ethyl acetate gave vary- 

ing amounts of a material that appeared to have carbonyl groups 

according to the IR spectra and to consist of several components 

according to TLC. These were not investigated further. 

Prooionv&&ion of I& . 99.7 mg of IIa were treated with 

propionic anhydride and BF3 '(C2H5J20 in methylene chloride 

according to the procedure of Vigo 1221 for the acetylation of 

IIa. The product mixture was chromatographed on silica gel. The 

first component, eluted with benzene was 45.2 mg of IIa. The 

second component eluted with benzene was 21.8 mg of the 

3-propionyl derivative of IIa, and the last component, eluted 

with 5% ethyl acetate in benzene, was 25.8 mg of X, the 

4-propionyl derivative of IIa. Further purification or 

identification was not attempted. 

Reduction of X to IX . The entire product above, X, was 

placed in a flask with 190 mg of Pt02 catalyst and 20 ml of 



252 

glacial acetic acid. It was stirred overnight under 1250 Torr of 

hydrogen at room temperature. The acetic acid solution was 

diluted with 40 ml of water and buffered with sodium acetate. 

The sodium acetate solution was extracted with benzene, and the 

benzene solution was combined with benzene washings of the cata- 

lyst. The product was chromatographed on silica gel and eluted 

with hexane to give an oil with an IR spectrum identical to IX. 

Reaction of VII with Trifluoroacetic Acid. The procedure 

was the same as in the hydrogenation reaction above except that 

the catalyst was omitted and the mixture was pressured with 

nitrogen instead of hydrogen. 96.6 mg of VII was used in the 

reaction. The crude product was chromatographed on a silica gel 

column. Elution with hexane gave at first 3.4 mg of a ferrocene 

colored solid, m-p. 164-165O C, identified as XI (lit. m-p. 

160.0-162.5° C 1321) by x-ray crystallography* (Fig. 4) of a 

crystal of XI grown from hexane at -15O C. Continued elution of 

the column with hexane gave recovered VII. Subsequent elution 

with benzene gave 11.6 mg of a red compound, m-p. 53-55O C, 

identified as XII by x-ray crystallography 
** 

(Fig. 5) of a 

crystal grown by vapor diffusion of water into a solution of XII 

in ethanol. 

* The middle carbons of the 1,l' and the 3,3' trimethylene 
bridges were found to be disordered and to occur as partial 
atoms, C7A and C7B of the 1,l' bridge and ClOA and ClOB of the 
3,3' bridge with independent occupancy factors of 0.56(l) and 
0.46(l) for C7, and 0.67(l) and 0.32(l) for Cl0 rather than 
the 0.5 ordinarily expected. The carbon-distances including 
disordered atoms appear to be too short, This may be due to 
the difficulty of the refinement for disordered atoms. The 
cyclopentadienyl rings are slightly nonplanar. It is of 
interest to note that the middle carbon atom of the 
homoannular ring is approximately 38 pm toward the iron atom 
from the plane of the cyclopentadienyl ring. 

** Although the structural features are similar to those of VII, 
in XII the slightly shorter distance of the iron to the ring 
with the trifluoroacetyl substituent (156.4(31 pm) than of the 
iron to the ring without the substituent (159-O(2) pm) may be 
due to the electronic effect of the substituent. 
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Reaction of VII with Pd/C . The procedure was the same as 

in the hydrogenation reaction above except that the mixture was 

pressured with nitrogen instead of hydrogen. 303.8 mg of VII and 

609.0 mg of Pd/C was used in the reaction. The crude product was 

chromatographed on a silica gel column. Elution with benzene 

gave VII followed by 137 mg of a pale yellow solid, 

m-p. 259-260° C after recrystallization from xylene, m/e 626, 

-1 with an ether band in the IR at 1050 cm . This compound was 

identified as XIII by means of x-ray crystallography* (Fig. 6) of 

a crystal grown by vapor diffusion of pentane into a solution of 

XIII in xylene. 

Further elution with 10% of ethyl acetate in benzene gave 

131 mg of a pale yellow solid, XIV, m-p. 223-226' C, m/e 322 and 

626. In some runs this solid could not be crystallized and 

appeared as an oil. (It is possible that the solid reported here 

had already partially converted to XIII.) The IR of this solid 

in CC14 as well as of the oil contained a hydroxyl peak at 

3600 cm-1 
-1 

and a broad hydrogen-bonded hydroxyl band at 3380 cm . 

The IR of the solid as a KBr pellet exhibited the broad 

hydrogen-bonded hydroxyl band, but no hydroxyl peak. After 3.5 

days the IR spectrum of the oil, now solid, was the same as the 

IR spectrum of XIII, (It should be noted that the above yields 

were not easily reproduced from experiment to experiment probably 

because of the conversion of XIV to XIII during workup.) 

J-Ivdrogen&ion of VIIT. The conditions were the same as 

the hydrogenation of VII above. The reaction was run with 100 mg 

of VIII and with either 200 mg of Pd/C or with 400 mg of Pd/C. 

* XIII apparently crystallized in either D or L crystals. The 
absolute configuration obtained for XIII is for the particular 
crystal selected from the bulk sample. The two ferrocenyl 
units are roughly related by C2 symmetry and are rotated about 
90° perpendicular to the C2 axis. 
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No colorless hydrocarbon was isolated. 78-91 mg of VIII was 

recovered on elution of the chromatogram with hexane, and 7-13 mg 

of oxygenated products were obtained on elution with ethyl 

acetate. 

We are indebted to Drs. G.J.B. Williams and John J. Eisch 

for valuable discussions. We are also indebted to Dr. A. 

McLaughlin for the use of his NMR spectrometer and to Mr. D. 

Lawler for his help in obtaining the spectra. This work was 

supported by the Division of Chemical Sciences, U. S. Department 

of EnergyF Washington, D. C., under contract No. EY76-C-02-0016. 
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