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From the Pauson-Khand products 2-ferrocenylcyclopentenone (2) and 2-ferrocenyl-3-
methylcyclopentenone (10) as starting materials, substituted ferrocene complexes (C5H5-
η5-C5H4)Fe(C5H5) (4), (CH3C5H4-η5-C5H4)Fe(C5H5) (12), and (Me2C5H3-η5-C5H4)Fe(C5H5) (16)
were prepared. Metalation of 4, 12, and 16 with Mn(CO)5Br, Cr(CO)3(CH3CN)3, FeCl2(THF)n,
and the deprotonated form of [CpFe(fluorene)]+ resulted in good yields of fulvalenyl-bridged
heterobi- and polymetallic compounds. The molecular structures of [1-{(C5H4)Fe(C5H5)}-2-
CH3C5H4]Mn(CO)3 (13), [2-{(C5H4)Fe(C5H5)}-1,3-Me2C5H2] Mn(CO)3 (17), [2-{(C5H4)Fe-
(C5H5)}-1,3-Me2C5H2]Fe(C5H5) (18), and [1-{(C5H4)Fe(C5H5)}-2,3,4,5-Me4C5]Fe(C5H5) (23) are
reported.

Introduction

Recently, bimetallic complexes linked by pairs of
cyclopentadienyl moieties, as in fulvalene,1 fluorene,2
indenyl,3 pentalene, and indacene,4 have been reported.
Ligands of this type have the ability to hold several
metals in close proximity, thereby allowing for the
possibility of cooperative effects which can enhance or
modify chemical reactivity. Potential uses include new
multimetal catalysts,5 organometallic polymers,6 het-
eropolymetallics,7 redox active compounds,8 and energy
storage devices.9

Many examples of fulvalene ligand (Fv)-bridged het-
erobimetallics are metallocene-based with the formulas
[(C5H5)Fe(µ-η5:η5-Fv)M(C5R′5)]10 and [(C5H5)Fe(µ-η5:η5-

Fv)MLx]11 where MLx is not a metallocene. There are
also many examples of fulvalene-bridged heterobime-
tallics [M′L′yM(µ-η5:η5-Fv)M′Lx]12 which are not based
on metallocenes. Fulvalene ligands bound to a CpFe
moiety have been synthesized by the use of ferrocenyl-
substituted alkali-metal cyclopentadienides, with sub-
sequent conversion to fulvalene-bridged heterobimetal-
lics.11 This methodology is limited by the difficulty of
generating ferrocenyl-substituted alkali-metal cyclopen-
tadienides. Herein we report the facile synthesis of
ferrocenylcyclopentadiene systems, which provide a
general route to multinuclear fulvalene complexes.

One of the strategies used to synthesize cyclopenta-
dienylmetal compounds involves the use of cyclopen-
tenone as a starting material.13 An effective method for
the preparation of cyclopentenones is based on the
Pauson-Khand reaction.14 Recently, we reported the
preparation and utilization of substituted cyclopenta-

(1) (a) Boese, R.; Cammack, J. K.; Matzger, A. J.; Pflung, K.; Tolman,
W. B.; Vollhardt, K. P. C.; Weidman, T. W. J. Am. Chem. Soc. 1997,
119, 6757. (b) Lacoste, M.; Delville-Desbois, M.-H.; Ardoin, N.; Astruc,
D. Organometallics 1997, 16, 2343. (c) Tilset, M.; Vollhardt, K. P. C.;
Boese, R. Organometallics 1994, 13, 3146. (d) Amouri, H. E.; Vaisser-
mann, J.; Besace, Y.; Vollhardt, K. P. C.; Ball, G. E. Organometallics
1993, 12, 605. (e) Jutzi, P.; Schnittger, J.; Neumann, B.; Stammler,
H.-G. J. Organomet. Chem. 1991, 410, C13. (f) Härter, P.; Bogoth, G.;
Herdtweck E.; Riede, J. Angew. Chem., Int. Ed. Engl. 1989, 28, 1008.
(g) Lynch, T. J.; Helvenston, M. C.; Rheingold, A. L.; Stanley, D. L.
Organometallics 1989, 8, 1959. (h) Desbois, M.-H.; Astruc, D.; Guillin,
J.; Varret, F.; Trautwein, A. X.; Villeneuve, G. J. Am. Chem. Soc. 1989,
111, 5800. (i) Bell, W. L.; Curtis, C. J.; Miedaner, A. Organometallics
1988, 7, 691.

(2) Ceccon, A.; Gambaro, A.; Venzo, A.; Lucchini, V.; Bitterwolf, T.
E.; Shade, J. J. Organomet. Chem. 1988, 349, 315.

(3) (a) Ceccon, A.; Gambaro, A.; Santi, S.; Venzo, A. J. Mol. Catal.
1991, 69, L1. (b) Bonnifaci, C.; Ceccon, A.; Gambaro, A.; Ganis, P.;
Santi, S.; Valle, G.; Venzo, A. Organometallics 1993, 12, 4211.

(4) (a) Reiff, W. M.; Manriquez, J. M.; Ward, M. D.; Miller, J. S.
Mol. Cryst. Liq. Cryst. 1989, 176, 423. (b) Reiff, W. M.; Manriquez, J.
M.; Miller, J. S. Hyperfine Interact. 1990, 53, 397. (c) Manriquez, J.
M.; Ward, M. D.; Reiff, W. M.; Calabrese, J. C.; Jones, N. L.; Carroll,
P. J.; Bunel, E. E.; Miller, J. S. J. Am. Chem. Soc. 1995, 117, 6182. (d)
Cary, D. R.; Webster, C. G.; Drewitt, M. J.; Barlow, S.; Green, J. C.;
O’Hare, D. Chem. Commun. 1997, 953.

(5) Gates, B. C.; Guczi, L.; Knozinger, H. Metal Clusters in Catalysis;
Elsevier: Amsterdam, 1986.

(6) Sheats, J. E.; Carraher, C. E., Jr.; Pittman, C. U., Jr. Metal-
Containing Polymeric Systems; Plenum Press: New York, 1985

(7) Bullock, R. M.; Casey, C. P. Acc. Chem. Res. 1987, 20, 167.
(8) (a) Lokovic, I. M.; Wrighton, M. S.; Davis, W. M. J. Am. Chem.

Soc. 1994, 116, 6220. (b) Allgeier, A. M.; Mirkin, C. A. Angew. Chem.,
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1981, 6, 260. (c) Schwarzhans, K. E.; Schottenberger, H. Z. Naturfor-
sch., Teil B 1984, 38, 1438. (d) Schottenberger, H. Z., K. E.; Stolz, W.
Monatsh. Chem. 1987, 118, 875. (e) Obendorf, D.; Schottenberger, H.;
Rieker, C. Organometallics 1991, 10, 1293. (f) Lacoste, M.; Delville-
Desbois, M.-H.; Ardoin, N.; Astruc, D. Organometallics 1997, 16, 2343.

(11) (a) Begley, M. J.; Mountford, P.; Stewart, P. J.; Swallow, D.;
Wan, S. J. Chem. Soc., Dalton Trans. 1996, 1323. (b) Moulton, R. D.;
Bard, A. J. Organometallics 1988, 7, 351. (c) Rieker, C.; Ingram, G.;
Jaitner, P.; Schottenberger, H.; Schwarzhans, K. E. J. Organomet.
Chem. 1990, 381, 127. (d) Plenio, H. Organometallics 1992, 11, 1856.

(12) (a) Moreno, C.; Marcos, J. L.; Macazaga, M. J.; Medina, R. M.;
Farrar, D. H.; González-Velasco, J.; Delgado, S. Organometallics 1998,
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dienyl ligands obtained from products of Pauson-Khand
reactions.15 Herein we describe the intermolecular Pau-
son-Khand reaction between ethynylferrocene or fer-
rocenylpropyne as the alkyne substrate and ethylene
or propylene as the alkene substrate, and the use of the
products to synthesize some fulvalene-bridged heterobi-
and polymetallic compounds containing ferrocenyl groups.
To our knowledge, there have been no reports of the use
of ethynylferrocene and ferrocenylpropyne as an alkyne
substrate in the Pauson-Khand reaction.

Results and Discussion

Syntheses. To synthesize the required ferrocenyl-
substituted cyclopentadienyl ligands, we utilized the
high-yield synthesis of cyclopentenones via the inter-
molecular Pauson-Khand reaction between ethynyl-

ferrocene, 1,16 and ethylene in the presence of DMSO
as a promoter15b (Scheme 1). After workup, 1-ferrocen-
ylcyclopentenone, 2,17 was obtained as an orange solid
in 93% yield. Subsequent reduction with NaBH4 in the
presence of cerium chloride afforded the corresponding
alcohol, 3, as an orange solid in quantitative yield.
Refluxing a hexane solution of the known17 3 with
MgSO4 gave the cyclopentadiene 418 in quantitative
yield. We found that treatment of a hexane solution of
4 with thallous ethoxide gave its corresponding thallium
salt, 5, as an orange solid in 68% yield. Using 5 as a
precursor, cymantrenylferrocene, 6,19 was prepared in
52% yield.

Treatment of 4 with BuLi followed by reaction with
Cr(CO)3(CH3CN)3 afforded 7 as a yellow-orange solid

(13) (a) Fendrick, C. M.; Mintz, E. A.; Schertz, L. D.; Marks, T. J.;
Day, V. W. Organometallics 1984, 3, 819. (b) Halterman, R. L.;
Vollhardt, K. P. C. Tetrahedron Lett. 1986, 27, 1461. (c) Halterman,
R. L.; Vollhardt, K. P. C. Organometallics 1988, 7, 883. (d) Bunel, E.
E.; Valle, L.; Jones, N. L.; Carroll, P. J.; Gonzalez, M.; Munoz, N.;
Manriquez, J. M. Organometallics 1988, 7, 789. (e) Gibson, C. P.; Bem,
D. S.; Falloon, S. B.; Hitchens, T. K.; Cortopassi, J. E. Organometallics
1992, 11, 1742. (f) McGovern, P. A.; Vollhardt, K. P. C. Synlett 1990,
493. (g) Halterman, R. L. Chem. Rev. 1992, 92, 965, and references
therein.

(14) (a) Khand, I. U.; Knox, G. R.; Pauson, P. L.; Watts, W. E. J.
Chem. Soc., Chem. Commun. 1971, 36. (b) Pauson, P. L. Tetrahedron
1985, 41, 5855. (c) Schore, N. E. Chem. Rev. 1988, 88, 1085. (d) Schore,
N. E. Organic Reactions; John Wiley & Sons Inc.: New York, 1991;
Vol. 40, pp 1-90.

(15) (a) Lee, B. Y.; Moon, H.; Chung, Y. K.; Jeong, N. J. Am. Chem.
Soc. 1994, 116, 2163. (b) Lee, B. Y.; Moon, H.; Chung, Y. K.; Jeong,
N.; Carpenter, G. B. Organometallics 1993, 12, 3879. (c) Kang, Y. K.;
Lee, H.-K.; Lee, S. S.; Chung, Y. K.; Carpenter, G. B. Inorg. Chim.
Acta 1997, 261, 37.

(16) (a) Rosenblum, M.; Brawn, N.; Papenmeier, J.; Applebaum, M.
J. Organomet. Chem. 1966, 6, 173. (b) Doisneau, G.; Balavoine, G.;
Fillebeen-Khan, T. J. Organomet. Chem. 1992, 425, 113. (c) Rodriguez,
J.-G.; Onate, A.; Martin-Villamil, R. M.; Fonseca, I. J. Organomet.
Chem. 1996, 513, 71. (d) Fink, H.; Long, N. J.; Martin, A. J.; Opromolla,
G.; White, A. J. P.; Williams, D. J.; Zanello, P. Organometallics 1997,
16, 2646.

(17) Goldberg et al. reported the formation of 2 by the allylic
oxidation of 1-ferrocenycyclopenetene, which was derived from the
reaction of ferrocene with anhydrous hydrogen fluoride; no yield was
reported. See: Goldberg, S. I.; Matteson, R. L. J. Org. Chem. 1968,
33, 2926.

(18) Schottenberg reported the synthesis of 4 by the lithiation of
1-(7-chlorobicyclo[2.2.1.]-hept-ene-7-yl)ferrocene. See: (a) Rieker, C.;
Ingram, G.; Jaitner, P.; Schottenberg, H.; Schwarzhans, K. E. J.
Organomet. Chem. 1990, 381, 127. (b) Schottenberg, H.; Ingram, G.;
Obendorf, D.; Tessadri, R. Synlett 1991, 905. (c) Jaitner, P.; Schotten-
berg, H.; Gamper, S.; Obendorf, D. J. Organomet. Chem. 1994, 475,
113.

(19) Kovar and Rausch reported the formation of 6 in 39% yield by
the pyrolysis of a mixture of diferrocenylmercury and dicymantren-
ylmercury in the presence of silver powder. See: Kovar, R. F.; Rausch,
M. D. J. Org. Chem. 1973, 38, 1918.

Scheme 1
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in 68% yield. When 4 was treated with BuLi and
subsequently with FeCl2(THF)n, terferrocene 8 was
obtained in 37% yield. The preparation and oxidation
state properties of terferrocene have been reported by
several groups.10d,17c,19 Schottenberger et al.18 reported
the formation and some physical properties of hetero-
termetallocenes.

To demonstrate the versatility of our methodology, a
substituted fulvalene ring system was prepared from
ferrocenylpropyne, 9,16b as an alkyne substrate in the
intermolecular Pauson-Khand reaction. The reaction
between 9 and ethylene in the presence of DMSO gave
10 in 59% yield (Scheme 2). Reduction of 10 was
accomplished by addition of NaBH4 in ethanol. Reflux-
ing 11 with MgSO4 in hexane afforded 12 in 62% yield.
Treatment of the thallium salt of 12 with Mn(CO)5Br
gave 13 in 40% yield. The structure of 13 was verified
by an X-ray study (Figure 1). To make a biferrocene
derivative from 12, a CpFe transfer reaction20 was
utilized. Treatment of 12 with BuLi followed by the
addition of the deprotonated form of [(fluorene)FeCp)]-
PF6 (generated in situ by the reaction of [(fluorene)-
FeCp)]PF6 with KtOBu) gave 14 in 78% yield. To
introduce another methyl group on the cyclopentadienyl
ring, 10 was treated with MeLi (Scheme 3). After
reaction, 15 was obtained in 75% yield. In the same way,
16 and 17 were obtained in 33 and 37% yields, respec-
tively, from 15. The molecular structure of 17 (Figure
2) was verified by an X-ray diffraction study. A bifer-
rocene derivative 18 was obtained in 66.6% yield from
16 by the same procedure used to synthesize 14.

To synthesize a biferrocene containing three methyl
groups on a cyclopentadienyl ring, the intermolecular
Pauson-Khand reaction between 9 and propylene was
carried out at 160 °C (Scheme 4). After reaction, the
Pauson-Khand product 19 was obtained in 40% yield
and converted to 20 and 21 in 71 and 53% yields,
respectively.

To generate biferrocene derivatives with a systematic
variation of methyl substituents, complex 23, having
four methyl groups on a cyclopentadienyl ring, was
synthesized from the known compound 2221 in 65% yield
(Scheme 5).

X-ray Structures of 13, 17, 18, and 23. The molec-
ular structures of 13, 17, 18, and 23 were determined
by X-ray diffraction. X-ray crystal structures of 13 and
17 are quite similar to each other. Thus, the X-ray
crystal structure of 13 is presented in Figure 1. In the
same way, the X-ray crystal structure of 23 is presented
in Figure 2. ORTEP drawings of 17 and 18 are available
from the Supporting Information. Crystal data and
refinement are given in Table 1, and selected bond
distances and angles are in Table 2.

The two metal centers in 13 and 17 are coordinated
to the fulvalenide ligand in a trans manner. In 13, the
fulvalenide ligand is twisted with the dihedral angle

(20) Lee, S.-G.; Lee, H. K.; Chung, Y. K. Organometallics 1997, 16,
304.

Scheme 2

Figure 1. ORTEP drawing and labeling scheme of 13.
Ellipsoids are drawn at 40% probability.
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between two Cp rings being 36.9(2)°. For 17, there are
two molecules in the asymmetric unit, with the dihedral
angles between the two Cp rings being 28.1(1)° and
31.4(2)°. The Mn atom in 13 and 17 has the usual piano-
stool coordination characteristic of the cyclopentadienyl
complexes.22 The Mn atom in 13 is located 1.776(2) Å
below the plane of the cyclopentadienyl ring; in 17 the
distances are 1.777(1) and 1.772(1) Å.

Compounds 18 and 23 exist in a trans conformation,
with the two ions on opposite sides of the fulvalenide
moiety, as observed for most biferrocenes. In each
ferrocenyl fragment, the cyclopentadienyl rings are
eclipsed and nearly parallel (tilt angle: 0.7(2)-3.4(2)°).
The dihedral angles between the two Cp rings in the
fulvalenide moiety for 18 and 23 are 35.8(1)° and
27.9(2)°, respectively. The importance of the dihedral
angle in the rate of electron transfer in biferrocenium
salts was pointed out by Dong et al.23 We are currently
studying the oxidation of 14, 18, 21, and 23 to the

corresponding biferrocenium cations with respect to
electronic structure and rate of intramolecular electron
transfer in the biferrocenium cations.

For 18, the average distance from the iron atom to
the two Cp rings is 1.652(2) Å, and the average distances
from two iron atoms to fulvalenide are 1.646(1) and
1.649(1) Å. For 23, the average distances from the iron
atom to the two Cp rings are 1.653(2) and 1.654(2) Å,
and those from the iron atom to fulvalenide are 1.643(2)
Å (to the plane C1-C5) and 1.648(2) Å (to the plane
C11-C15). The average Fe-Cp distances in 18 and 23
are similar to the values found for other biferrocenes.24

Electrochemistry for 14, 18, 21, and 23. To evalu-
ate the influence of methyl groups on the oxidation
potential of biferrocenes, the electrochemical properties
of derivatives 14, 18, 21, and 23 were examined (Table
3). All the complexes show two successive reversible one-
electron oxidations. As the number of methyl group
increases, the first half-wave potential (E1

1/2) shifts
negatively while the second half-wave potential (E2

1/2)
is almost constant, with the separation between E1

1/2
and E2

1/2 decreasing in the order 23 > 21 > 18 > 14.
This is an anticipated result since methylation results
in easier oxidation. This order is entirely predictable
since the methylated cyclopentadienyl ring should be
the easier to oxidize.

Conclusion

We have demonstrated that by using Pauson-Khand
reaction products as starting materials, fulvalenyl
bimetallic and trimetallic complexes can be synthesized
in good yield. We expect that this methodology can be
expanded to include generalized fulvalenyl and cyclo-
pentadienyl ligands.

Experimental Section

General Procedures. All reactions were conducted under
nitrogen using standard Schlenk type flasks. Workup proce-
dures were done in air. THF was freshly distilled from sodium

(21) Threlkel, R. S.; Bercaw, J. E. J. Organomet. Chem. 1977, 136,
1.

(22) (a) Berndt, A. F.; Marsh, R. E. Acta Crystallogr. 1963, 16, 118.
(b) Fortier, S.; Baird, M. C.; Preston, K. F.; Morton, J. R.; Ziegler, T.;
Jaeger, T. J.; Watkins, W. C.; MacNeil, J. H.; Watson, K. A.; Hensel,
K.; Page Y. L.; Charland, J.-P.; Williams, A. J. J. Am. Chem. Soc. 1991,
113, 542.

(23) (a) Dong, T.-Y.; Chang, C. K.; Huang, C. H.; Wen, Y. S.; Lee, S.
L.; Chen, J. A.; Yeh, W. Y.; Yeh, A. J. Chem. Soc., Chem. Commun.
1992, 526. (b) Dong, T.-Y.; Huang, C. H.; Chang, C. K.; Wen, Y. S.;
Lee, S. L.; Chen, J. A.; Yeh, W. Y.; Yeh, A. J. Am. Chem. Soc. 1993,
115, 6357.

(24) (a) Seiler, P.; Dunitz, J. D. Acta Crystallogr., Sect B 1979, 35,
1068. Dong, T.-Y.; Huang, C.-H.; Chang, C.-K.; Hsieh, H.-C.; Peng, S.-
M.; Lee, G.-H. Organometallics 1995, 14, 1776. Dong, T.-Y.; Chang,
C.-K.; Lee, S.-H.; Lee, S.-H.; Lai, L.-L.; Chiang, M. Y.-N.; Lin, K.-J.
Organometallics 1997, 16, 5816.

Scheme 3

Figure 2. ORTEP drawing and labeling scheme of 23.
Ellipsoids are drawn at 40% probability.
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benzophenone ketyl prior to use. Most organic compounds were
purchased from Aldrich Chemical Co. and were used as
received. 1H NMR spectra were obtained with a Bruker-300
or Bruker AMX-500 instrument. IR spectra were recorded on
a Shimadzu IR-470 spectrophotometer (spectra measured as
films on NaCl by evaporation of the solvent). Elemental
analyses were done at the Chemical Analytic Center, College
of Engineering, Seoul National University. Mass spectra were
recorded on a JEOL JMS AX 505 WA double-focusing mass
spectrometer. Melting points were measured on a Thomas-
Hoover capillary melting point apparatus and not corrected.
Complexes 1-6, 8-9, and 22 have been reported previ-
ously.16-19,21 Formation of known compounds is confirmed by
comparing their 1H NMR spectra to the reported values.
Compounds 1, 9, and 22 were prepared by the known proce-
dures.16,21

Synthesis of 2. In a 100 mL steel autoclave were placed
ethynyl ferrocene (0.63 g, 3.0 mmol), Co2(CO)8 (1.0 g, 3.0

mmol), and 30 mL of benzene. After stirring for 1 h at room
temperature, TLC indicated the complete consumption of the
starting acetylene. DMSO (1 mL, 15 mmol) was added to the
steel bomb, and the vessel was closed. After introducing of 30
atm of ethylene, the reaction mixture was stirred at 40 °C for
3 days. After cooling to room temperature and releasing
ethylene, the vessel was opened and the solution was filtered
on a Celite pad. The filtrate was washed with saturated brine
and dried over anhydrous MgSO4. After addition of silica gel
(3 g) to the dried solution, the solvent was removed. Flash
column chromatography on silica gel eluting with Et2O and
hexane (v/v, 10:1) gave an orange crystalline solid (0.75 g,
93%).1H NMR (CDCl3): δ 7.54 (t, 2.6 Hz, 1 H), 4.76 (t, 1.7 Hz,
2 H), 4.27 (t, 1.7 Hz, 2 H), 4.07 (s, 5 H), 2.59-2.49 (m, 4 H)
ppm. Anal. Calcd for C15H14FeO: C, 67.70; H, 5.30. Found:
C, 67.74; H, 5.26.

Synthesis of 3. To a solution of 2 (0.80 g, 3.0 mmol) in 25
mL of MeOH was added CeCl3‚7H2O (1.10 g, 3.0 mmol). After
stirring for 1 h, NaBH4 (0.22 g, 6.0 mmol) was added slowly
to the solution. The reaction mixture was stirred for 20 min
until the clear solution turned to a slurry. To quench excess
NaBH4 5 mL of aqueous saturated NH4Cl solution was poured
into the reaction mixture. Excess Et2O was added to extract a
soluble product. The ether extract was dried over MgSO4 and
concentrated. An orange solid (0.80 g, 99%) was obtained. 1H
NMR (CDCl3): δ 5.91 (s, 1 H), 4.97 (s, 1 H, OH), 4.50 (s, 1 H),
4.43 (s, 1 H), 4.23 (s, 2 H), 4.10 (s, 5 H), 2.56-2.24 (m, 3 H),
1.96-1.83 (m, 2 H) ppm. Anal. Calcd for C15H16FeO: C, 67.19;
H, 6.01. Found: C, 66.97; H, 5.69.

Synthesis of 4. To a stirred solution of 3 in 200 mL of
hexane was added MgSO4 (4 g). The resulting solution was
heated at reflux for 5 h. After cooling to room temperature,
any solids were filtered off. The filtrate was concentrated to
ca. 20 mL and chromatographed on a silica gel column eluting
with hexane. An orange solid (0.75 g, 100%) was obtained in
quantitative yield. 1H NMR (CDCl3) (major isomer): δ 6.49-
6.44 (m, 2 H), 6.33-6.27 (m, 1 H), 4.44 (t, 1.8 Hz, 2 H), 4.23 (t,
1.8 Hz, 2 H), 4.06 (s, 5 H), 3.20 (dd, 1.4, 2.0 Hz, 2 H) ppm;
(minor isomer): δ 6.75-6.68 (m, 1 H), 6.46-0.42 (m, 1 H),
6.29-6.26 (m, 1 H), 4.46 (t, 1.7 Hz, 2 H), 4.23 (t, 1.7 Hz, 2 H),
4.08 (s, 5 H), 3.06 (dd, 1.4, 3.1 Hz, 2 H) ppm.

Synthesis of 6. To a stirred solution of 4 (0.55 g, 2.2 mmol)
in 30 mL of hexane thallous ethoxide was added dropwise (0.16
mL, 2.2 mmol) under vigorous purging of argon. Orange
precipitates formed immediately. After stirring for 20 min, the
precipitate 5 was collected and dried (0.70 g, 1.5 mmol, 68%).
To a stirred solution of 5 (0.50 g, 1.1 mmol) in 30 mL of benzene
was added Mn(CO)5Br (0.30 g, 1.1 mmol). The solution was
heated at reflux for 12 h and cooled to room temperature. Any
solids were filtered off, and the filtrate was concentrated to
ca. 5 mL and chromatographed on a basic alumina column
eluting with hexane and then with Et2O and hexane (v/v, 1:5).
Evaporation of the solvent gave the product 6 in 52% yield.

Scheme 4

Scheme 5

Table 1. Crystal Data and Structure Refinement
for 13, 17, 18, and 23

13 17 18 23

formula C19H15FeMnO3 C40H34Fe2MnO6 C22H22Fe2 C24H26Fe2
fw 402.10 832.25 398.10 426.15
cryst syst monoclinic monoclinic monoclinic triclinic
space

group
P21/n P21/c P21/c P1h

a, Å 10.1192(14) 17.329(2) 8.2325(7) 7.3158(6)
b, Å 10.591(2) 11.447(2) 10.2288(11) 8.0753(7)
c, Å 15.469(2) 18.549(2) 20.603(2) 17.998(2)
R, deg 90 90 90 81.146(8)
â, deg 96.685(11) 109.79(1) 91.387(6) 82.895(8)
γ, deg 90 90 90 65.308(6)
V, Å3 1646.7(4) 3462.0(7) 1734.4(3) 952.4(2)
Z 4 4 4 2
d(calcd),

Mg/m3
1.622 1.597 1.525 1.486

total no.
observns

3065 6312 3279 3639

no. of unique
data

2880 6054 3050 3326

2θ range/
deg

4.5-50 4.3-50 4-50 4.6-50.4

no. params
refined

217 485 305 235

R1 0.0405 0.0308 0.0288 0.0695
wR2 0.1010 0.0689 0.0720 0.1893
GOF on F2 1.046 1.037 1.092 1.081
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IR ν(CO): 2012, 1930 cm-1. 1H NMR (CDCl3): δ 4.92 (br s, 2
H), 4.72 (br s, 2 H), 4.38 (br s, 2 H), 4.22 (br s, 2 H), 4.08 (s, 5
H) ppm.

Synthesis of 7. To a stirred solution of 4 (0.33 g, 1.32 mmol)
in 30 mL of THF was added n-BuLi (1.45 mmol, 0.58 mL of a
2.5 M solution in hexane) at 0 °C. After stirring for 1 h, a THF
solution of Cr(CO)3(CH3CN)3 (generated in situ by the reaction
of Cr(CO)6 (0.58 g, 2.64 mmol) with CH3CN at reflux overnight)
was transferred into the reaction mixture. The resulting
solution was heated at reflux for 12 h and then cooled to room
temperature. To the solution was added Diazald (0.28 g, 1.3
mmol). The resulting solution was heated at reflux for 2 h,
and the solvent was removed. The residue was extracted with
diethyl ether (50 mL × 3). To the ether extract was added silica
gel (2 g) in 10 mL of hexane. After evaporation of the solvent,
chromatography of the crude product on a silica gel column
eluting with Et2O/hexane (v/v, 1:20) gave an orange solid in
68% yield (0.347 g). Mp: 105-106 °C. IR ν(CO): 2008, 1966,
1938, 1879 cm-1; ν(NO) 1678 cm-1. 1H NMR (CDCl3): δ 5.23
(t, 2.3 Hz, 2 H), 5.02 (t, 2.3 Hz, 2 H), 4.36 (t, 1.9 Hz, 2 H), 4.23
(t, 1.9 Hz, 2 H), 4.10 (s, 5 H) ppm. Anal. Calcd for C17H13-
CrFeNO3: C, 52.74; H, 3.38; N, 3.62. Found: C, 52.59; H, 3.03;
N, 3.56.

Synthesis of 8. Compound 4 (0.222 g, 0.888 mmol) was
dissolved in 20 mL of THF and cooled to 0 °C. To the solution
was added n-BuLi (0.4 mL of 2.5 M solution, 1.0 mmol) at 0
°C. The resulting solution was stirred for 1 h and transferred
to the THF solution of FeCl2(THF)n, which was generated by
the reaction of FeCl2 (0.05 g, 0.39 mmol) with THF. The
reaction mixture was heated at reflux for 12 h. After removal
of the solvent, the residue was chromatographed on a silica
gel column eluting with hexane. Removal of the solvent gave
the product 8 (0.08 g, 37%). 1H NMR (CDCl3): δ 4.17 (t, 1.8
Hz, 4 H), 4.06 (t, 1.8 Hz, 4 H), 4.02 (t, 1.8 Hz, 4 H), 3.95 (t, 1.8
Hz, 4 H), 3.86 (s, 10 H) ppm.

Synthesis of 10. In a 100 mL steel autoclave were placed
9 (1.12 g, 5.0 mmol), Co2(CO)8 (1.71 g, 5.0 mmol), and 30 mL
of benzene. After stirring for 1 h at room temperature, DMSO
(1 mL, 15 mmol) was added to the steel bomb and the vessel
was closed. After introducing 50 atm of ethylene, the reaction
mixture was stirred at 120 °C for 1 day. After cooling to room
temperature and releasing ethylene, the vessel was opened
and the solution was filtered on a Celite pad. The filtrate was
washed with saturated brine and dried. After addition of silica
gel (3 g) to the dried solution, the solvent was removed. Flash
column chromatography on a silica gel gave an orange crystal-
line solid (0.83 g, 59%). Mp: 64-65 °C. 1H NMR (CDCl3): δ
4.69 (s, 2 H), 4.28 (s, 2 H), 4.09 (s, 5 H), 2.54-2.46 (m, 4 H),

2.25 (s, 3 H) ppm. Anal. Calcd for C16H16FeO: C, 68.60; H,
5.76. Found: C, 68.63; H, 5.43.

Synthesis of 11. To a solution of 10 (0.99 g, 3.5 mmol) in
30 mL of EtOH was added CeCl3 (0.96 g, 3.9 mmol). After
stirring for 1 h, NaBH4 (0.27 g, 7.0 mmol) was added slowly
to the solution. The reaction mixture was stirred for 30 min
until the clear solution turned to a slurry. To quench excess
NaBH4, 5 mL of aqueous saturated NH4Cl solution was poured
into the reaction mixture. Excess Et2O (50 mL × 3)was added
to extract a soluble product. The organic layer was washed by
water (50 mL × 2). The ether extract was dried over MgSO4

and concentrated. An orange solid (0.92 g, 92%) was obtained.
Mp: 73-75 °C. 1H NMR (CDCl3): δ 4.99 (br s, 1 H), 4.51 (d,
1.6 Hz, 1 H), 4.47 (d, 1.6 Hz, 1 H), 4.25 (t, 1.6 Hz, 2 H), 4.12
(s, 5 H), 2.56 (dt, 7.2, 10.3 Hz, 1 H), 2.33-2.19 (m, 2 H), 1.89
(s, 3 H, CH3), 1.93-1.77 (m, 2 H) ppm. Anal. Calcd for C16H18-
FeO: C, 68.11; H, 6.43. Found: C, 68.29; H, 6.34.

Synthesis of 12. To a stirred solution of 11 (0.83 g, 3.0
mmol) in 200 mL of hexane was added MgSO4 (4 g). The
resulting solution was refluxed for 5 h. After filtration of solids,
the filtrate was concentrated to ca. 20 mL and chromato-
graphed on a silica gel column eluting with hexane. Removal
of the solvent gave the product as an orange solid (0.49 g, 62%
yield). According to the 1H NMR spectrum, there were two
isomers in the ratio of 9:2. 1H NMR of major isomer (CDCl3):
δ 6.64-6.61 (m, 1 H), 6.26-6.23 (m, 1 H), 4.43 (t, 1.9 Hz, 2
H), 4.23 (t, 1.9 Hz, 2 H), 4.11 (s, 5 H), 3.03 (t, 1.4 Hz, 2 H),
2.10 (s, 3 H) ppm. 1H NMR of minor isomer (CDCl3): δ 6.34-
6.31 (m, 1 H), 6.28-6.25 (m, 1 H), 4.44 (t, 1.9 Hz, 2 H), 4.22 (t,
1.9 Hz, 2 H), 4.08 (s, 5 H), 3.25-3.23 (m, 2 H), 2.09 (t, 1.7 Hz,
3 H) ppm. Mp: 64-65 °C. Anal. Calcd for C16H16Fe: C, 72.75;
H, 6.11. Found: C, 72.59; H, 6.34.

Synthesis of 13. In a 100 mL of Schlenk flask, 12 (0.17 g,
0.65 mmol) and 50 mL of hexane were placed under Ar.
Thallous ethoxide (0.05 mL, 0.65 mmol) was added dropwise
to the solution under Ar. Orange precipitates formed im-
mediately. After stirring for 20 min, the precipitates (0.17 g,
59%) were collected in a frit and dried in vacuo. To a stirred
solution of thallium salt (0.17 g, 0.36 mmol) in 20 mL of
benzene was added Mn(CO)5Br (0.10 g, 0.36 mmol). The
solution was heated at reflux for 12 h and cooled to room
temperature. Any solids were filtered off, and the filtrate was
concentrated to ca. 5 mL and chromatographed on a basic
alumina column eluting with hexane and then with Et2O and
hexane (v/v, 1:5). Evaporation of the solvent gave an orange
solid 13 in 40% yield (97 mg). Mp: 81-84 °C. IR ν(CO): 2008,
1934 cm-1. 1H NMR (CDCl3): δ 4.91 (dd, 2.1, 2.5 Hz, 1 H),
4.57 (dd, 2.1, 2.5 Hz, 1 H), 4.60 (t, 2.7 Hz, 1 H), 4.44 (d, 1.7
Hz, 1 H), 4.40 (d, 1.7 Hz, 1 H), 4.26 (t, 1.7 Hz, 2 H), 4.13 (s, 5
H), 2.16 (s, 3 H) ppm. Anal. Calcd for C19H15FeMnO3: C, 56.75;
H, 3.76. Found: C, 56.88; H, 3.47.

Synthesis of 14. Compound 12 (0.15 g, 0.568 mmol) was
dissolved in 10 mL of THF and cooled to -78 °C. n-BuLi (0.23
mL, 2.5 M in pentane) was added slowly to the solution and
stirred at - 78 °C for 1 h. The deprotonated species of
[(fluorene)FeCp]PF6 (generated in situ by the reaction of 0.245
g of [(fluorene)FeCp]PF6 with 0.57 mL of KOt-Bu (1.0 M in

Table 2. Selected Bond Lengths (Å) and Angles (deg) for 13 and 23
13

Mn-C(01) 1.786(5) C(01)-O(01) 1.147(5) Mn-C(11) 2.171(3)
Mn-C(13) 2.134(4) C(11)-C(12) 1.416(5) C(12)-C(16) 1.500(5)
C(1)-C(11) 1.472(5) Fe-C(1) 2.056(3) Fe-C(10) 2.043(5)
Mn-C(01)-O(01) 179.2(4) C(11)-C(12)-C(13) 108.1(3) C(2)-C(1)-C(11) 126.3(3)
C(2)-C(1)-C(5) 106.8(3) C(11)-C(12)-C(16) 127.2(4) C(6)-C(7)-C(8) 107.3(4)

23
Fe(1)-C(1) 2.056(4) Fe(1)-C(3) 2.041(4) Fe(1)-C(6) 2.044(5)
C(2)-C(21) 1.498(6) C(1)-C(11) 1.461(6) Fe(2)-C(11) 2.072(4)
Fe(2)-C(13) 2.033(5) Fe(2)-C(19) 2.042(5) C(1)-C(2) 1.433(6)
C(1)-C(2)-C(3) 107.8(4) C(1)-C(2)-C(21) 127.9(4) C(2)-C(1)-C(5) 107.5(4)
C(2)-C(1)-C(11) 124.8(4) C(12)-C(11)-C(15) 105.4(4) C(6)-C(7)-C(8) 108.5(5)

Table 3. Cyclic Voltammetry Data
compound E1

1/2 (V)a E2
1/2 (V)a ∆E1/2(V)b

[Fe(C5H4)(C5H4)]2 -0.12 0.26 0.38
14 -0.13 0.27 0.40
18 -0.16 0.27 0.43
21 -0.19 0.26 0.45
23 -0.26 0.23 0.49
a Versus Cp2Fe/Cp2Fe+. b Peak separation between waves.
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THF) in 10 mL of THF at 0 °C) was added via cannula to the
above solution at -78 °C. The resulting solution was stirred,
allowed to warm to room temperature over 1 h, and heated at
60 °C for 24 h. After the solution was cooled under N2, the
solution was filtered and the filtrate was evaporated and
chromatographed on a flash silica gel column eluting with
hexane and diethyl ether (v/v, 20:1). After removal of the
solvent, an orange solid was obtained in 78% yield (0.17 g).
Mp: 129-130 °C. 1H NMR (CDCl3): δ 4.42 (m, 2 H), 4.31 (m,
1 H), 4.19 (m, 2 H), 4.05 (s, 5 H), 4.03 (m, 1 H), 4.01 (m, 1 H),
3.95 (s, 5 H), 2.16 (s, 3 H) ppm; Anal. Calcd for C21H20Fe2: C,
65.67; H, 5.25. Found: C, 65.76; H, 4.98.

Synthesis of 15. To a solution of 10 (0.62 g, 2.2 mmol) in
30 mL of THF was added CeCl3 (0.60 g, 2.42 mmol). The
reaction mixture was heated at reflux for 1 h and cooled to 0
°C. MeLi (1.9 mL of 1.4 M in diethyl ether, 2.66 mmol) was
added to the solution at 0 °C. The resulting solution was stirred
for at 0 °C for 1 h, allowed to warm to room temperature,
quenched by 5 mL of saturated aqueous NH4Cl, and extracted
by addition of excess diethyl ether (50 mL × 3). The separated
ether layer was washed by water (50 mL × 2). The ether layer
was dried over anhydrous MgSO4 and evaporated. Yield: 0.48
g (75%), orange solid; mp 118-120 °C. 1H NMR (CDCl3): δ
1.55 (s, 3 H), 1.95 (s, 3 H), 1.88-2.08 (m, 2 H), 2.16-2.39 (m,
2 H), 4.12 (s, 5 H), 4.24 (m, 1 H), 4.26 (m, 1 H), 4.48 (t, 1.2 Hz,
1 H), 4.61 (t, 1.2 Hz, 1 H) ppm. Anal. Calcd for C17H20FeO:
C,68.94; H, 6.81. Found: C, 68.77; H, 6.42.

Synthesis of 16. To a solution of 15 (0.89 g, 3 mmol) in
200 mL of hexane was added MgSO4 (4.0 g). The resulting
solution was heated at reflux for 5 h. After filtration of solids,
the filtrate was concentrated to ca. 20 mL and chromato-
graphed on a silica gel column eluting with hexane. Removal
of the solvent gave the product as an orange solid. Mp: 63 °C
(dec). Yield: 0.284 g (33%). 1H NMR (CDCl3): δ 2.16 (s, 3 H),
2.22 (q, 1.1 Hz, 3 H), 2.83 (q, 1.1 Hz, 2 H), 4.12 (s, 5 H), 4.24
(t, 1.1 Hz, 2 H), 4.40 (t, 1.1 Hz, 2 H), 5.89 (q, 1.0 Hz, 1 H)
ppm. Anal. Calcd for C17H18Fe: C, 73.40; H, 6.52. Found: C,
73.45; H, 6.56.

Synthesis of 17. In a 100 mL Schlenk flask, compound 14
(0.29 g, 1. mmol) and 50 mL of hexane were placed under Ar.
Thallous ethoxide (0.08 mL, 1.13 mmol) was added dropwise
to the hexane solution of 14 under Ar. Orange precipitates
formed immediately. After stirring for 20 min, the precipitates
were collected in a frit and dried in a vacuum. To a solution of
thallium salt (0.315 g, 0.655 mmol) obtained in the above was
added Mn(CO)5Br (0.18 g, 0.655 mmol). The resulting solution
was heated at reflux for 12 h and cooled to room temperature.
Any solids were filtered off, and the filtrate was concentrated
to ca. 5 mL and chromatographed on basic alumina eluting
with hexane and then with diethyl ether and hexane (v/v, 1:5).
Evaporation of the solvent gave an orange solid in 37% yield
(0.10 g). Mp: 95-96 °C. IR ν(CO): 2004, 1934 cm-1. 1H NMR
(CDCl3): δ 2.19 (s, 6 H), 4.19 (s, 5 H), 4.29 (t, 1.7 Hz, 2 H),
4.42 (t, 1.7 Hz, 2 H), 4.46 (s, 2 H) ppm. Anal. Calcd for C20H17-
FeMnO3: C, 57.73; H, 4.12. Found: C, 57.44; H, 4.11.

Synthesis of 18. The same procedure as the synthesis of
14 was employed except 16 was used instead of 12. The
product was obtained as an orange solid. Yield: 66.6%. Mp:
141-142 °C. 1H NMR (CDCl3): δ 2.20 (s, 6 H), 3.87 (s, 5 H),
4.00 (s, 2 H), 4.09 (s, 5 H), 4.24 (t, 1.7 Hz, 2 H), 4.45 (t, 1.7 Hz,
2 H) ppm. Anal. Calcd for C22H22Fe2: C, 66.37; H, 5.57.
Found: C, 66.43; H, 5.27.

Synthesis of 19. The same procedure as the synthesis of
10 was employed except propylene was used instead of
ethylene. An orange solid was produced. Mp: 42-43 °C.
Yield: 40%. 1H NMR (CDCl3): δ 1.24 (d, 7.53 Hz, 3 H), 2.09

(d, 18.67 Hz, 1 H), 2.79 (dd, 6.9, 18.51 Hz, 1 H), 2.22 (s, 3 H),
2.45 (m, 1 H), 4.08 (s, 5 H), 4.27 (m, 2 H), 4.68 (m, 2 H) ppm.
13C NMR (CDCl3): δ 16.78, 18.85, 39.95, 41.38, 68.27, 69.16,
135.18, 166.65, 209.89 ppm. HRMS m/z: (M+) calcd 294.0707,
obsd 294.0702.

Synthesis of 20. The same procedure as the synthesis of
15 was employed except 19 was used instead of 10, producing
an orange solid. Mp: 118-120 °C. Yield: 71%. 1H NMR
(CDCl3): δ 1.04 (d, 6.84 Hz, 3 H), 1.41 (s, 3 H), 1.93 (s, 3 H),
1.92-2.04 (m, 2 H), 2.38 (m, 1 H), 4.13 (s, 5 H), 4.25 (m, 2 H),
4.42 (m, 1 H), 4.57 (m, 1 H) ppm. Anal. Calcd for C22H22Fe2:
C, 69.69; H, 7.15. Found: C, 69.77; H, 6.80.

Synthesis of 21. The same procedure as the synthesis of
18 was employed except 20 was used instead of 15, producing
an orange solid. Mp: 88-91 °C. Yield: 53%. 1H NMR
(CDCl3): δ 1.91 (s, 3 H), 2.12 (s, 3 H), 2.16 (s, 3 H), 3.79 (s, 5
H), 4.05 (s, 1 H), 4.10 (s, 5 H), 4.22 (m, 2 H), 4.40 (m, 2 H)
ppm. Anal. Calcd for C23H24Fe2: C,67.03; H, 5.87. Found: C,
67.15; H, 6.08.

Syntheses of 23. The same procedure as the synthesis of
18 was employed except 22 was used instead of 15 producing
an orange solid. Mp: 129-130 °C. Yield: 65.4%. 1H NMR
(CDCl3): δ 4.37 (d, 1.6 Hz, 2 H), 4.22 (t, 1.5 Hz, 2 H), 4.11 (s,
5 H), 3.67 (s, 5 H), 2.16 (s, 6 H), 1.95 (s, 6 H) ppm. Anal. Calcd
for C24H26Fe2: C, 67.64; H, 6.15. Found: C, 67.46; H, 5.88.

X-ray Crystal Structure Determinations of 13, 17, 18,
and 23. Crystals of 13 and 17 were grown by slow evaporation
of a pentane solution of 13 and 17, respectively. Crystals of
18 and 23 were grown by slow evaporation of a diethyl ether
and pentane solution of 18 and 23, respectively. Diffraction
was measured by an Enraf-Nonius CAD4 diffractometer with
a ω-2θ scan method. Unit cells were determined by centering
25 reflections in the approximate 2θ range. Other relevant
experimental details are in the Supporting Information. The
structure was solved by direct methods using SHELXS-86 and
refined by full-matrix least-squares with SHELXL-93. All non-
hydrogen atoms were refined with anisotropic temperature
factors; hydrogen atoms were refined isotropically using the
riding model with 1.2 times the equivalent isotropic temper-
ature factors of the atoms to which they are attached.

Electrochemical Studies. Cyclic voltammograms were
obtained with a BAS CV-50W voltametric analyzer. The
working electrode was platinum, with a Ag/AgCl reference
electrode separated from the test solution by a salt-bridge
containing the solvent and supporting electrolyte. The auxil-
iary electrode was a platinum wire. Solutions studied were 1
mM in solute and 0.1 M in tetrabutylammonium hexafluoro-
phosphate as supporting electrolyte. HPLC grade dichlo-
romethane was used. A dinitrogen atmosphere was maintained
over the solution during the experiment. The system was
calibrated against ferrocene.
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