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Abstract

2,10-Diferrocenyl- and 2,5,7,10-tetraferrocenyl-1,6-methano[10]Jannulenes, in which the ferrocene nuclei are held proximate and
cofacial, have been synthesized by using the palladium-catalyzed cross-coupling reaction of ferrocenylzinc chloride with
2,10-dibromo- and 2,5,7,10-tetrabromo-1,6-methano[10]Jannulenes. The structures of the face-to-face fixed ferrocene systems were
determined by X-ray analysis. Cyclic voltammetric measurements of diferrocenyl- and tetraferrocenyl-1,6-methano[10]annulenes
show two and three redox waves, respectively, reflecting the through-space and through-bond interactions of the ferrocene nuclei.
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1. Introduction

The face-to-face fixed metallocene system (1) has
received considerable attention from both theoretical
and experimental chemists [1,2], because the two metal-
locene moieties in this system may reveal either
through-space or through-bond interaction in the neu-
tral (1), mono-cation (2), and dication states (3) [3—6],
and because polymeric mixed-valence metallocene sys-
tems can be expected to show either ferromagnetic
properties based on 4 or interesting columnar
organometallic structures (5 and 6). On the basis of
these expectations, we studied the synthesis and proper-
ties of diferrocenyl- and tetraferrocenyl-1,6-
methano[l0]annulenes (7, 8 and 9) (Fig. 4).

* Corresponding author. Fax: + 81 426 772525.

2. Results and discussion
2.1. Synthesis

Recently, we developed a new synthetic method of
di-, tri- and tetraferrocenylarenes using a transition-
metal-catalyzed coupling reaction [7]. We applied this
convenient method for the synthesis of di- and tetrafer-
rocenyl-1,6-methano[10]annulenes (7, 8 and 9). As
shown in Scheme 1, the reaction of ferrocene (10) in
THF with ¢-butyllithium (1.34 equivalents) at 0°C for
30 min, followed by treatment with ZnCl, at 0°C to
room temperature produced ferrocenylzinc chloride
(11) in a good yield. The cross-coupling reaction of
2,10-dibromo-1,6-methano[10]annulene (12) [8] with 11
(3 equivalents) in the presence of PdCl,(PPh;), (10
mol%) in THF at room temperature for 1 h proceeded
smoothly to give 2,10-diferrocenyl-1,6-methano[10]-
annulene (7) in 49% yield. In a similar manner, the
reaction of 2,7-dibromo-1,6-methano[l10]annulene (13)
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[9] with 11 (3 equivalents) in the presence of
PdCl,(PPh;), (10 mol%) in THF produced the corre-
sponding cross-coupling product (8) in 47% yield. Inter-
estingly, this palladium-catalyzed cross-coupling
reaction can be satisfactorily applied to the synthesis of
2,5,7,10-tetraferrocenyl-1,6-methano[10]-annulene  (9).
Thus, the reaction of 2,5,7,10-tetrabromo-1,6-
methano[10]annulene (14) [10] with 11 (6 equivalents) in
the presence of PdCl,(PPh;), (20 mol%) in THF pro-
duced 9 in 29% yield. Although a similar palladium-cat-
alyzed cross-coupling of dihalogenoarenes with 11 (3
equivalents) afforded the corresponding diferroceny-
larenes in 60—80% yields, the yields of 7-9 were de-
creased to 47-49%, presumably due to the steric
hindrance between the peri-substituents at the second
coupling reaction. 2,5,7,10-Tetrasubstituted annulene
(9) was obtained in a reasonable yield by considering
the twofold steric effect between the peri-substituents.

2.2. Structures and properties

2.2.1. X-Ray analysis

In order to gain insight into the structures of 2,10-di-
ferrocenyl- and 2,5,7,10-tetraferrocenyl-1,6-
methano[10]annulenes (7 and 9), single crystal X-ray
analyses were carried out. Fig. 1 and Fig. 2 show
ORTEP representations, while Table 1, Table 2and
Table 3 give relevant structural data. As shown in Fig.
1, two cyclopentadienyl rings attached to the annulene
ring are fixed face-to-face and are rotated about 40°
from the least-squares plane of the annulene ring which
is comparable to the value (average 46°) of similar
distortion in 1,8-diferrocenylnaphthalene (15) ([2]a). Al-
though the two cyclopentadiene rings in 7 cause severe
steric strain on the annulene ring, the intramolecular
C(1)--C(6) distance is 2.29 A, slightly longer than the
corresponding 2.235 A found in the parent 1,6-
methano[l0]annulene (16) [11], i.e. the annulene part
has an aromatic 10 z-electronic character. The steric
strain in this molecule is relieved by using the bending
and distortion between the C(2)-C(12) and C(10)-
C(22) bonds. Thus, the intramolecular C(12)--C(22)
distance, which reflects the bending of these bonds, is
3.19 A, much longer than the corresponding 2.96 A
found in 15, although the C(2)---C(10) distance (2.57A)
is similar to the corresponding C(1)---C(8) distance
(2.56A) in 15. As shown in Fig. 1b, the two ferrocene
parts attached to the annulene ring indicate a distortion
of the C(2)-C(12) and C(10)-C(12) bonds, and the
dihedral angle between these bonds is 28° which relieves
the steric repulsion between the ferrocene moieties and
the annulene ring in 7 (Fig. 5).

As shown in Fig. 2a, 9 has a crystallographic mirror
plane through the central bridge carbon atom C(6) and
the midpoints of the C(1)-C(1*) and C(5)-C(5%)
bonds. Although 9 can be expected to suffer a large

steric strain like 1,4,5,8-tetraphenylnaphthalene (17)
[12], which suffers considerable strain than that of
1,8-diphenylnaphthalene (18) [13], the central annulene
ring retains a symmetrical structure. The C(1)---C(6)
distance in 9 is 2.27 A, indicating the cycloheptatriene
structure of the annulene ring. The two pairs of substi-
tuted cyclopentadienyl rings are positioned face-to-face
and rotated about 57° from the least-squares plane of
the annulene ring. In a similar manner as 7 and
2,5,7,10-tetrakis(trimethylsilyl)-1,6-methano[10]-
annulene (19) [14], the steric strain in 9 is relieved

(b)

Fig. 1. The molecular structure of 7. (a) Top view. (b) Side view.
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by the bending and distortion between the C(2)-C(7)
and C(4)-C(17) bonds. Interestingly, the intramolecu-
lar C(2)---C(4) distance is 3.09 A, slightly shorter than
that of 7, and the dihedral angle between C(2)-C(7)
and C(4)-C(17) is 20° in 9, slightly smaller than that of
7. Thus, the more severely strained molecule 9 shows a
smaller distortion of the four ferrocene moieties as
compared with 7. This conflict can be resolved by
considering the flexibility of the 1,6-methano[10]-
annulene system and the rotation of the cyclopentadi-
enyl rings. The steric strain in 9 is mainly relieved by
deformation of the annulene ring, i.e. the elongation of
the C(2)—C(3) and C(3)-C(4) bonds [1.43(2) A] and the
spread of the C(2)-C(3)-C(4) angle [128(1)°]. In addi-
tion, the cyclopentadienyl rings in 9 (ca. 57°) are ro-
tated much more than in 7 (ca. 40°) from the
least-squares plane of the annulene ring, which dimin-
ishes the strain energy.

2.2.2. Spectroscopic studies

The 'H-NMR spectra of di- and tetraferrocenyl-1,6-
methano[10]annulenes (7-9) give interesting structural
information in solution (Table 4). 1,6-
Methano[10]annulene is known to possess a stable 10
n-electron system, and the inner bridge protons shift
remarkably to upper field (6 —0.5) and the outer
olefinic protons shift to lower field (¢ 6.8—7.5) [15]. On

the other hand, ferrocene (10) is one of the most stable
organometallic compounds, and its cyclopentadienyl
ring shows a 6 w-aromatic character. Therefore, 7 and
9 can be regarded as a crowded biaryl system like
1,8-diphenyl and 1,4,5,8-tetraphenylnaphthalenes (18
and 17). As is distinct from a mobile phenyl group in 17
and 18 [16], however, the 'H-NMR spectra of 7—9 were
temperature-independent, and all protons in 7-9 were
observed as a simple first-order pattern (Fig. 6).

The 'H-NMR spectra of 7-9 show five ferrocene
protons, i.e. one singlet of unsubstituted cyclopentadi-
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Fig. 2. The molecular structure of 9. (a) Top view. (b) Side view.
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Fig. 3. The UV-vis spectra of 7-10 in CH,CL,.

enyl proton (H,) and four multiplets of protons (H.-H,)
attached to the annulene ring. The X-ray analyses of 7
and 9 show that the two cyclopentadienyl rings are
located face-to-face. Therefore, the protons (H.-Hy) re-
ceive a ring current effect of the faced cyclopentadienyl
ring to shift to upper field, whereas the cyclopentadi-
enyl ring is connected to the annulene ring which shifts
the protons (H.-Hy) to lower field and the proton (H,)
to upper field. The H_ -proton may be located under the
annulene ring and receives its shielding effect. On the
contrary, the protons (H-H;) in 8 are located at the
outer side of the annulene ring and hence receive its
deshielding effect. Thus, the H.-H; protons show lower
field shift at ¢ 4.33-5.05.

Interestingly, the chemical shifts of the methylene
protons (H,) in 7-9 reflect the ring strain for the
annulene framework. The H, proton in 8 shows the
resonance at 0 — 0.15, slightly lower than the corre-
sponding 4 —0.50 in the parent 1,6-methano[10]-
annulene (16). In contrast, the H, protons in 7 and 9
show fairly lower shift at 6 — 0.04 and 0.35, respec-
tively, presumably due to the deformation of the annu-
lene ring which diminishes the shielding effect with
smaller aromatic ring current.

The UV-vis spectra of 7-9 with ferrocene (10) show
long wavelength absorptions, reflecting their orange to
red colors. As shown in Fig. 3, the UV-vis spectra of 7
and 8 are similar to that of 9 but different from that of
10. Thus, the spectra of 7 and 8 are made up of a
combination of those of 1,6-methano[l0]Jannulene and
ferrocene. Since the spectrum of 9 shows a small
bathochromic shift as compared with those of 7 and 8,
the four ferrocene moieties interact only a little in the
excited state.

2.2.3. Redox properties
The cyclic voltammetric analysis of diferrocenyl- and
tetraferrocenyl-1,6-methano[10]annulene (7-9), 1,8-di-

ferrocenylnaphthalene (15), and ferrocene (10) are sum-
marized in Table 5. As has been reported previously, 15
shows two one-electron oxidations ([2]a). Similarly, 7
and 8 indicate two one-electron oxidations, reflecting
the interaction of the two ferrocenyl groups in 7 and 8.
Interestingly, 9 shows three oxidation potentials corre-
sponding to two one-clectron and one two-electron
oxidations. As shown in Table 5, the first oxidation
potentials of 7, 9 and 15 are much lower than that of

Table 1
Crystallographic data for diffraction studies of 2,10-diferrocenyl- and

2,5,7,10-tetraferrocenyl-1,6-methano[10]annulenes (7 and 9)

7 9
Crystal parameters
Empirical formula C;,H,¢Fe, Cs,Hy,Fe,
Molecular weight M =510.24 M =878.28
Color Red Red

Crystal size (mm)
Habit

Crystal system
Space group
a (A)

b (A)

¢ (A)

£

V (A3)

Z

Deae (g cm™?)
#(em™")
F(000)

Intensity data
Diffractometer

A (Mo-K, radiation)

Monochrometer

Reflections measured

20 range (°)
Temperature (°C)
Scan type

Scan speed (deg min—!)

Scan width (°)
bkgd measurement

Standard reflections
No. of reflections col-

lected

No. of reflections used
Acceptance criterion

Corrections

Structure solution
Method
Programs
Scattering factors
R

R,

Weighting scheme
H refinement

0.35%0.20x0.35
Prism
Monoclinic
P2,/a (No. 14)
10.333(2)
10.708(3)
20.822(2)
91.324(10)

U =2303.1(6)
4

1.471

12.76

1056.00

Rigaku AFC7R
0.71069
Graphite
+h,+k, 1
<55

23

w—20

16

1.73+0.35 tan 0
50% scan time
3 in every 150
5912

3304
|F|/e(|F))>3.0
Lorentz-polariza-
tion

Absorption (Psi
scans)

Secondary extinc-
tion

Direct/Fourier
teXsan

[17]

0.036

0.026
w=c2F)~!
Isotropic

0.15x0.13x0.13
Prism
Orthorhombic
Pnma (No. 62)
7.537(7)
25.697(6)
20.492(3)

U = 3968(3)
4

1.470

14.67
1808.00

Rigaku AFC7R
0.71069
Graphite
+h,+k,—1
<55

23

w—20

16

1.784-0.35 tan 0
50% scan time
3 in every 150
5174

1741
|F|/e(|F)>3.0
Lorentz-polariza-
tion

Direct/Fourier
teXsan

[17]

0.070

0.060
w=g3(F)~!
Calculated
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Table 2 .
Selected bond distances (A) and angles (°) for 7

Bond distances (A)

Fe(1)-C(12) 2.057(3)  Fe(1)-C(13) 2.040(4)
Fe(1)-C(14) 2.020(4)  Fe(1)-C(15) 2.034(4)
Fe(1)-C(16) 2.022(4)  Fe(1)-C(17) 2.016(4)
Fe(1)-C(18) 2.017(4)  Fe(1)-C(19) 2.026(4)
Fe(1)-C(20) 2.032(4)  Fe(1)-C(21) 2.027(4)
Fe(2)-C(22) 2.050(3)  Fe(2)-C(23) 2.023(4)
C(1)-CQ) 1.3914)  C(1)-C(10) 1.444(4)
C(1)-C(11) 1.484(4)  C(2)-C(Q3) 1.421(4)
C(2)-C(12) 1.496(4)  C3)-C(@4) 1.375(5)
C4#)-C(5) 1.395(6)  C(5)-C(6) 1.372(5)
C(6)-C(7) 1.419(5)  C(6)-C(11) 1.476(5)
C(7)-C(8) 1.349(6)  C(8)-C(9) 1.421(6)
C(9)-C(10) 1.365(4)  C(10)-C(22) 1.464(4)
C(12)-C(13) 1.418(5)  C(12)-C(16) 1.416(5)
C(13)-C(14) 1.410(5)  C(14)-C(15) 1.382(6)
C(15)-C(16) 1.404(6)  C(17)-C(18) 1.393(6)
C(17)-C(21) 1.380(6)  C(18)-C(19) 1.407(6)
C(19)-C(20) 1.383(6)  C(20)-C(21) 1.387(6)

Bond angles (°)

C(12)-Fe(1)-C(17)  108.02)  C(12)-Fe(1)-C(18) 123.6(2)

CQ)-C(1)-C(10)  130.4(3) C(Q2)-C(1)-C(11)  115.4(3)
C(10)-C(1)-C(11)  113.93)  C(1)-C(2)-C(3) 120.7(3)
C()-C(2)-C(12)  122.6(3) CB3)-CQ)-C(12)  116.5(3)
C(2)-C(3)-C(@) 127.84)  C(5)-C(6)-C(7) 127.3(4)
C()-C(10)-C(22)  1204(3)  C(9)-C(10)-C(22)  120.7(3)
C()-C(11)-C(6)  101.6(3)  Fe(1)-C(12)-C(2)  129.9(2)

ferrocene, whereas a similar potential of 8 is only
slightly lower than that of ferrocene. The difference
between 7 and 8 depends on the mode of the two
ferrocenyl groups. The two ferrocenyl groups at the
2,10-position (1,3-cross conjugation) in 7 can communi-
cate weakly via through-bond and through-space inter-

Table 3 .
Selected bond distances (A) and angles (°) for 9

Bond distances (A)

Fe(1)-C(7) 2.06(1) Fe(1)-C(8) 2.06(1)
Fe(1)-C(9) 2.03(1) Fe(1)-C(10) 2.00(1)
Fe(1)-C(11) 2.03(1) Fe(1)-C(12) 2.06(1)
Fe(1)-C(13) 2.02(1) Fe(1)-C(14) 2.01(1)
e(1)-C(15) 2.00(1) Fe(1)-C(16) 2.03(1)
C(1)-C(1%) 1.39(2) C(1)-C(2) 1.39(2)
C(2)-C(3) 1.43(2) C(22)-C(7) 1.48(2)
C(3)-C4) 1.43(2) C(3)-C(6) 1.46(2)
C(4)-C(5) 1.32(2) C4)-C(17) 1.49(1)
C(5)-C(5%) 1.42(2) C(7)-C(8) 1.42(2)
C(7)-C(11) 1.37(2) C(8)-C(9) 1.43(2)
C(9)-C(10) 1.40(2) C(10)-C(11) 1.38(2)
C(12)-C(13) 1.42(2) C(12)-C(16) 1.36(2)
C(13)-C(14) 1.28(2) C(14)-C(15) 1.40(2)
C(15)-C(16) 1.40(2)

Bond angles (°)

C(7)-Fe(1)-C(12)  110.6(5)  C(7)-Fe(1)-C(16) 117.8(6)
C(1*)-C(1)-C(2) 127.7(7)  C(1)-C(2)-C(3) 119(1)

C(1)-CQ2)-C(7) 118(1)
C(2)-C(3)-C(4) 128(1)
C(3)-C(6)-C(3%)  102(1)

C(3)-CQ2)-C(7) 122(1)
C(2)-C(3)-C(6) 116(1)

action. On the other hand, the two ferrocenyl groups in
8 are located at the 2,7-position (1,6-conjugation) and
can interact strongly, but the interaction of the two
ferrocenyl groups in 7 is stronger than that in 8. It is
worth noting that the first oxidation potential (one-elec-
tron) in 9 shows the lowest potential ( — 0.15), followed
by the second one-electron (— 0.06) and the third two
electron oxidations (+ 0.05). Since the 1,4-interaction
in 9 may be small based on other systems like 1,4-difer-
rocenylbenzene [7], the 1,3-interaction in 9 causes the
biggest separation of the oxidation potentials (AE =
0.20) in this series of compounds.

2.2.4. °"Fe Mdssbauer spectroscopy

The oxidation potentials in Table 5 show that difer-
rocenyl- and tetraferrocenyl-1,6-methano[10]annulene
(7-9) can be oxidized easily. Therefore, we tried the
oxidation of 7 with molecular iodine. When a solution
of 7 in CH,Cl, was mixed with a solution of iodine
(excess), the black needles of 7°* -2I;” were formed in
91% yield. This oxidation product was characterized by
the ’Fe Mdssbauer spectroscopy as shown in Table 6.
The spectrum of 7°* -1; showed more than 90% of
ferrocenium signals, and a small signal of the Fe(Il)
species remained unchanged. Although the two ferroce-
nium groups in 7°% -2I; may interact ferromagneti-
cally, they are concluded to be magnetically
independent above 77K (Fig. 7).

3. Experimental
3.1. General

Microanalysis were performed by the Microanalytical
Service at the Department of Chemistry, Tokyo
Metropolitan University. 'H- and '*C-NMR spectra
were recorded on a JEOL JINM-EX400 or INM-LAS500
instrument, using TMS as an internal standard. Elec-
tronic spectra were obtained on a Shimazu UV-3101PC
instrument and are reported in nanometers (log ¢)
(sh = shoulder). Mass spectral analysis (MS) were per-
formed on a JEOL JMS-AXS500 instrument, and only
the more intense or structurally diagnostic mass spec-
tral fragment ion peaks are reported. Electrochemical
measurements were carried out by cyclic voltammetry
using a standard three-electrode cell on a BAS CV-27
analyzer. All potentials were referenced to FcH/FcH *,
which had a potential of +0.31 V versus Ag/Ag™ in
this medium. Melting points were determined on a
Yanaco MP-500D apparatus and are uncorrected.
Column chromatography was carried out with use of
Daisogel IR-60 1001W (63—-210 mesh). Analytical TLC
was performed by using plates of Merck silica gel 60
F,s, and alumina 60 F,;, TLC plates. Gel-permeation
chromatography (GPC) was performed by means of a
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Fig. 4.

JAT model LC-908 liquid chromatography equipped
with two JAIGEL-1H columns (20 x 600 mm) with
chloroform as eluent.

3.2. 2,10-Diferrocenyl-1,6-methano[10Jannulene (7)

To a solution of ferrocene (10, 558 mg, 3 mmol) in
dry THF (2.5 ml) was added a 1.60 M solution of
t-butyllithium in pentane (2.5 ml, 4 mmol) at 0°C under
nitrogen atmosphere to produce a dark orange precipi-
tate. After stirring at 0°C for 30 min, a solution of zinc
chloride (454 mg, 3.22 mmol) in THF (3 ml) was added.
After 15 min at 0°C, the reaction mixture was allowed
to warm to room temperature and stirred for 1 h to
give an orange suspension of 11. To the resulting
mixture was added a solution of 2,10-dibromo-1,6-

methano[10]annulene (12, 301 mg, 1 mmol) in THF (3
ml), followed by the addition of a suspension of
PdCI,(PPh;), (71 mg, 0.1 mmol) in THF (3 ml) to form
a reddish-orange solution which was changed to a dark
red solution. After stirring at the same temperature for
1 h, 2M solution (3 ml) of hydrochloric acid was added,
and the organic layer was separated. The water layer
was extracted with THF, and the combined organic
phase was washed with aq. NaCl solution and dried
over MgSO,. After removal of the solvent in vacuo, the
reaction products were separated by column chro-
matography on silica gel (hexane/CH,Cl, 4:1) to give 7
(249 mg) in 49% vyield. 7, red crystals, m.p. 180—182°C,
EI-MS m/z (relative intensity) 510 (100, M ™), 445 (8),
324 (15); '"H-NMR (CDCly) 6 7.75 (d, J = 9.8 Hz, 2H),
7.25 (d, J=28.9, 2H), 7.08 (dd, J=9.8, 8.9, 2H), 4.35
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Table 4
'"H-NMR parameters of 7-9 in CDCIl; at room temperature

Com- 'H-NMR Parameters (J)
pound
7 —0.04 (s, Ha), 3.78 (m, Hc), 3.86 (m, Hd or He),

3.91 (s, Hb), 3.94 (m, He or Hd, 4.35 (m, Hf), 7.08
(dd, Hh), 7.25 (d, Hi), 7.75 (d, Hg)

8 —0.15 (s, Ha), 4.20 (s, Hb), 4.33 (m, Hd or He), 4.37
(m, He or Hd), 4.42 (m, Hc), 5.05 (m, Hf), 6.98 (dd,
Hh), 7.57 (d, Hi), 7.67 (d, Hg)

9 0.35 (s, Ha), 3.91 (m, Hd, He), 3.97 (m, Hc), 4.01 (s,
Hb), 4.34 (m, Hf), 7.69 (s, Hg)

(m, 2H), 3.94 (m, 2H), 3.91 (s, 10H), 3.86 (m, 2H), 3.78
(m, 2H), —0.04 (s, 2H); "*C-NMR (CDCl;) § 139.3,
130.9, 126.2, 125.8, 123.1, 115.0 (annulene-sp?), 88.2,
70.2, 70.1, 69.4, 67.1, 67.0 (Cp), 37.3 (CH,); UV-vis
Amax (CH,CL,) 271 (log ¢ 4.58), 352 sh (4.08), 481 (3.42)
nm. Anal. Calc. for C;H,sFe,: C, 72.97; H, 5.14.
Found: C, 72.97; H, 5.15.

3.3. 2,7-Diferrocenyl-1,6-methano[10Jannulene (8)

To a solution of ferrocene (10, 558 mg, 3 mmol) in
THF (2.5 ml) was added a 1.60 M solution of 7-butyl-
lithium in pentane (2.5 ml, 4 mmol) at 0°C. After 30
min, a solution of zinc chloride (454 mg, 3.22 mmol) in
THF (3 ml) was added at 0°C and stirred for 15 min.
The reaction mixture was allowed to warm to room
temperature and stirred for 1 h. To the mixture was
added a solution of 2,7-dibromo-1,6-methano[10]-
annulene (13, 301 mg, 1 mmol) in THF (5 ml), followed
by the addition of a suspension of PdCl,(PPh;), (71 mg,
0.1 mmol) in THF (5 ml). After stirring at room
temperature for 1 h, 2M solution (3 ml) of hydrochloric

Fig. 5.
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acid was added, and the organic layer was separated.
The water layer was extracted with THF, and the
combined organic phase was washed with aq. NaCl
solution and dried over MgSO,. After evaporation of
the solvent, the products were separated by column
chromatography on silica gel (hexane/CH,Cl,) to give 8
(240 mg) in 47% vyield. 8, orange crystals, m.p. 265°C
(decomposition), EI-MS m/z (relative intensity) 510
(100, M), 324 (7); '"H-NMR (CDCl;) 6 7.67 (d, J =
8.8 Hz, 2H), 7.57 (d, J=9.8, 2H), 6.98 (dd, J =9.8, 8.8,
2H), 5.05 (m, 2H), 4.42 (m, 2H), 4.37 (m, 2H), 4.33 (m,
2H), 4.20 (s, 10H), —0.15 (s, 2H); *C-NMR (CDCl,)
6 139.9, 128.4, 126.9, 126.8, 117.7 (annulene-sp?), 85.6,
71.8, 69.8, 69.0, 68.7 (Cp), 36.4 (CH,); UV-vis .«
(CH,Cl,) 279 (log ¢ 4.61), 362 (4.19), 480 sh (3.61) nm.
Anal. Calc. for C;;H,¢Fe,: C, 72.97; H, 5.14. Found: C,
72.66; H, 5.14.

3.4. 2,5,7,10-Tetraferrocenyl-1,6-methano[10Jannulene
“)

To a solution of ferrocene (10, 1.12 g, 6 mmol) in
THF (4 ml) was added a 1.64 M solution of z-butyl-

Table 5
Redox potentials of 7-9, 10, and 15 measured by cyclic voltammetry

Compound  E!, E?, E3 AE

7 —0.11 0.03 0.14

8 —0.04 0.03 0.07

9 —0.15 —0.06 0.05 0.09, 0.11
15 —0.13 0.04 0.17

10 0 —

Conditions: V versus Fe/Fe*, n-Bu,NCIO, (0.1 mol 17!), benzoni-
trile, 20°C, Pt working and counter electrodes, Ag/Ag™* reference
electrode.
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Table 6
5’Fe Mossbauer parameters of 7>+ -2(I3)

T (K) 6 (mm s™1) AEq (mm s~ ") I' (mm s— 1)
298 0.34 0.22 0.26
77 0.53 0.25 0.38, 0.28

lithium in pentane (4.9 ml, 8 mmol) at 0°C. After 30
min, a solution of zinc chloride (1.21 g, 8.6 mmol) in
THF (10 ml) was added at 0°C and stirred for 15 min.
The reaction mixture was allowed to warm to room
temperature and stirred for 1 h. To the mixture was
added a solution of 2,5,7,10-tetrabromo-1,6-methano-
[10]annulene (14, 458 mg, 1 mmol) in THF (5 ml),
followed by the addition of PdCIl,(PPh,), (141 mg, 0.2
mmol) in THF (2 ml). After stirring at room tempera-
ture for 1 h, 2M solution (5 ml) of hydrochloric acid
was added, and the organic layer was separated. The
water layer was extracted with THF, and the combined
organic phase was washed with aq. NaCl solution and
dried over MgSO,. After evaporation of the solvent, the
products were separated by column chromatography on
silica gel (hexane/CH,Cl,), followed by purification by
gel-permeation chromatography to afford 9 (202.5 mg)
in 29% yield. 9, red crystals, m.p. 245°C (decomposi-
tion), FAB-MS m/z 878 (M™), 823, 692; 'H-NMR
(CDCl,) 6 7.69 (s, 4H), 4.34 (m, 4H), 4.01 (s, 20H), 3.97
(m, 4H), 3.91 (m, 8H), 0.35 (s, 2H); "*C-NMR (CDCl;)
0 136.2, 130.6, 121.2 (annulene-sp?), 88.6, 70.4, 70.3,
69.4, 67.2, 67.1 (Cp), 39.6 (CH,); UV-vis 4., (CH,Cl,)
291 (log ¢ 4.57), 383 (4.14), 407 sh (3.88) nm. Anal.
Calc. for C5H,,Fey: C, 69.75; H, 4.82. Found: C,
69.73; H, 4.75.

3.5. Oxidation of 7 with molecular iodine

To a solution of 7 (76.5 mg, 0.15 mmol) in CH,CI,
(10 ml) was added a solution of I, (152 mg, 1.2 mmol)
in CH,Cl, (10 ml) under nitrogen atmosphere at room
temperature. After stirring for 30 min, hexane (5 ml)
was carefully added to form a black precipitate of
7>+ -21; (174 mg, 91%). Anal. Calc. for C;;H,Fe,lg:
C, 29.28; H, 2.06. Found: C, 30.69; H, 2.26.

I, (excess)
72 02(ly)y

Fig. 7.

3.6. X-ray structure determinations of 7 and 9

Either prismatic crystal of 7 or 9 was mounted on a
glass fiber. All measurements were made on a Rigaku
AFC7R diffractmeter with graphite monochromated
Mo-K, radiation and a 12 kW rotating anode genera-
tor. The cell dimension was obtained from a least-
squares refinement using the setting angles of 25°
carefully centered reflections. The data were collected at
a speed of 16°/min using the w-20 scan technique to a
maximum 26 value of 55.1°. The weak reflections (I <
10.00(1)) were rescanned (maximum of 5 scans) and the
counts were accumulated to ensure good counting
statistics. As for 7, an empirical absorption correction
based on azimuthal scans of several reflections was
applied. The data were corrected for Lorentz and polar-
ization effect, and for secondary extinction for 7. The
structure was solved by direct methods and expanded
using Fourier techniques. The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were
refined isotropically for 7 and were included but not
refined for 9. The final cycle of full-matrix least-squares
refinement was based on 3304 for 7 or 1741 for 9
observed reflections and 403 for 7 or 250 for 9 variable
parameters and converged. No trend in AF versus F, or
sin /4 was observed. Final difference synthesis showed
no significant electron density (no greater than 0.3
eA”). Neutral atom scattering factors were taken from
Cromer and Waber [17]. Anomalous dispersion effects
were included in F_,. [18]; the values for Af” and Af”
were those of Creg and McAuley [19]. Most of the
calculations were carried out with the teXsan system
[20].
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