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Abstract

Oxidation of [1.1]ferrocenylruthenocenophane with a large excess and 1.5 equivalents of iodine gives dicationic iodo[1.1]ferrocenyl-
ruthenocenophanium?* I3 - 0.5(13), - 0.5I, (1) and monocationic [1.1}ferrocenylruthenocenophanium* 13 (2) salts respectively. The
structures of 1 and 2 were analyzed by single-crystal X-ray diffraction studies. The crystal form of 1 is monoclinic space group C2/c,
a=21.351(5), b=20.594(5), c = 17.397(4) A, B=124.17(1)°, Z =8, and the final R = 0.068 and R, = 0.070. The cation formulated
as [Fe"(C5H,CH,C; H, 2),RuVI?* exists in a syn-conformation as in the cases of the neutral compound The distance between the Ru'v
and Fe" is 4. 656(4) A, which is much shorter than the value of the neutral compound (4. 792(2) A), and the bond angle of
I-Ru!Y - - - Fe'!! is 81.26°. The dihedral angle between the two n°-C,H, (fulvenide) rings on the Ru'Y moiety is 37.56° due to the
Ru'v-I bond (2.758(3) A). These two rings of Fe'"" and Ru'¥ moieties are essentially eclipsed. The unit cell has three kinds of I3 (I3, I3,
and I5,) and one I, and the formula of 1 is given as [Fe"'(CsH CH,CsH),Ru"VIP I3 - 0.5(17), - 0.51,. The crystal of 2 formulated as
[Fe"(C,H CH,CsH ),Ru"]"1I5 is triclinic space group P1, a= 13.487(6), b= 15. 404(7) c=11. 458(4) A, a=95593), B=
101.00(3)° y = 79. 38(3)° Z =2, and the final R = 0.067 and R,, = 0.068. The unit cell has two independent molecules (unit A and B);
i.e. two kinds of distance between the Ru'" and Fe™!! are observed one (A) is 4.615(3) and the other (B) is 4.647(3) A. The two °-C,H,
rings of both Fe'" and Ru'" are essentially staggered and the dihedral angles between the rings of FcH and RcH moieties are less than
5.8°. Typical ferrocenium-type broad smglet "Fe-Mbssbauer lines are observed for both salts (1, 2) at all temperatures.

Keywords: Tron; Ruthenium; Metallocenes; Ferrocene

1. Introduction twisted C;H,CH,C;H, ligand: ie. one has a large
twisted angle (42.02°) and the other has a small one
(11.19°), probably because of electrostatic interaction
between the BF; and the cation [Fe(C;H,CH,C,H,),-

Rul]* (from the unit cell projection, the cation is di-

[1.1)ferrocenylruthenocenophane is an interesting
molecule because ferrocene (FcH) and ruthenocene
(RcH) are bridged by a —CH,— group in syn-conforma-

tion. Therefore some intramolecular interaction between
Fe and Ru atoms will be expected. Recently we re-
ported an X-ray analysis study on the oxidation product
(3) of [l.1]ferrocenylruthenocenophane with iodo-
ruthenocenium*BF,” ([RcHI]*BF, ). On the basis of
the results of the X-ray analysis of 3, the cation is
formulated as [Fe(CsH,CH,CsH ,),Rul]* and the two
1°-CsH, rings in the RcH moiety are largely slanted
(the dlhedral angle between the rings is 33.87°) due to
the Ru-TI bond (2.751(1) A) [1), as shown in Fig. 1. One
of the interesting structural features of the salt is a
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rected to the BF,” ). The distance between the Ru and Fe
is 4.719(1) A, Wthh is shorter than the corresponding
value of the neutral compound (4.792(2) A) [2]. All the
results indicate clearly that the oxidation states of the Fe
and Ru atoms in the cation are Fe" and Ru'"Y respec-
tively, and the cation is formulated as [Fe"(C,H ,CH,-
C,H,),Ru'I]*. The result is contrary to cyclic voltam-
mogram results on [1.1}ferrocenylruthenocenophane; i.e.
the study shows two independent peaks: a quasi-reversi-
ble one-electron oxidation peak ascribed to Fe" — Fe™
at 400 mV, and an irreversible two-electron oxidation
peak to Ru" — Ru'v at 940 mV [3] (i.e. the Fe atom is
oxidized easily). In the present study, oxidation of
[1.1]ferrocenylruthenocenophane with iodine was car-
ried out; i.e. oxidation with a large excess of iodine
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Fig. 1. orTEP drawing of cation 3.

gave a dicationic salt 1 and with 1.5 equivalent amount
of iodine gave a monocationic salt 2. The aim of the
present study is to investigate the crystal structures of 1
and 2 in comparison with those of the original com-
pound and 3 and to discuss the different oxidation
mechanism of [1.1)ferrocenylruthenocenophane with I,
and with [RcHI}".

2. Experimental

2.1. Syntheses

Salt 1 was prepared as follows: [1.1]Ferrocenyl-
ruthenocenophane (100 mg, 0.227 mmol; prepared by

reduction of [1.1]ferrocenylruthenocenophane-1,13-di-
one with LiAIH, and AICl, according to the method
reported previously [4]) dissolved in 50 cm® of benzene
was added to a large excess of iodine (500 mg, 1.97
mmol) dissolved in 100 cm® of benzene. The mixture
was stirred for 10 min. Black precipitates were formed.
Salt 1 was obtained by recrystallization from a
CH,CN-C,H,0C,H; mixture as black crystals (280
mg; yield 85%). Single crystals were obtained by the
following method. Salt 1 was dissolved in CH,CN. To
this solution, ether was carefully diffused for a few
days. The single crystals were formed on the side of the
container at room temperature. Anal. Found: C, 18.45;
H, 1.30. C,,H FelzRu. Calc.: C, 18.14; H, 1.38%.
Salt and single crystals of 2 were prepared by a similar
method as for 1, using 1.5 equivalent of I, ([1.1]ferro-
cenylruthenocenophane; 100 mg, 0.227 mmol and 1,;
86.5 mg, 0.341 mmol). Anal. Found: C, 31.98; H, 2.35.
C,,H, Fel;Ru. Calc.: C, 32.15; H, 2.45%.

2.2. Measurements

*7Fe-Mbssbauer measurements were carried out us-
ing a *’Co(Rh) source moving in a constant acceleration
mode. The isomer shift values were referred to metallic
iron foil. The Mossbauer parameters were obtained by
least-squares fitting to Lorentzian peaks. The experi-
mental error of the isomer shifts and quadrupole split-
ting values was +0.02 mms~'. The “C CP/MAS

Table 1
Crystal and intensity collection data for 1,2
Compound
1 2

Formula C,;HpFelgRu C4qHyoFe,IgRu,
Formula weight 1456.55 1644.06
Space group C2/c Pl
a(A) 21.351(5) 13.487(6)
b (A) 20.594(5) 15.404(7)
c(A) 17.397(4) 11.458(4)
a(® 90.0 95.59(3)
B 124.17(1) 101.00(3)
vy ) 90.0 79.38(3)
V(A) 6329%(2) 2291(1)
Z 8 2
Dx (gem™?) 3.06 2.38
T (O 23 23
AR) 0.71073 0.71073
plem™) 87.54 106.8
No. of reflections measured 7662 10375
No. of observed reflections 3290 (I>20(1)) 5253 (I>20(1)
R? 0.068 0.067
R, " 0.070 0.068

R S F, |- IFH/ElFI

bR, =(Zo(|| F, | = | F, 112/ 3wl | F, )2,



M. Watanabe er al. / Journal of Organomerallic Chemistry 510 (1996) 243-253

NMR measurements were carried out by the same
method reported previously [1].

2.3. X-ray crystallography

Crystals (0.1 X 0.1 X 0.3 mm?) of 1, (0.1 X 0.4 X 0.2
mm?®) of 2 were selected. X-ray diffraction experiments
were carried out on a Rigaku AFC-6A automated four-
circle X-ray diffractometer with graphite monochroma-
tized Mo-K & radiation (A = 0.71073 A). The intensity
data were collected at 25 + 1° using the 26-w scan
mode with a scanning speed of 4° min~'. The lattice
parameters were determined by a least-squares calcula-
tion with 25 reflections. Crystal stability was checked
by recording three standard reflections every 150 reflec-
tions, and no significant variations were observed. For
1, 7662 reflections were collected in the range 260 < 55°,
7465 were unique (R, = 0.04), of which 3042 reflec-
tions with 1, , > 20 (I,) were used for the structure
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determination. The scan width was 1.21 + 0.3 tan 0.
The refinement 291 variable parameters converged to
R=SIF|-|Fl/SIF,| =0067, R, =
[Ew(IF, | = F.1)>/EwF2]"/*=0.061. For 2, 10375
reflections were collected in the range 260 < 55°, 9950
were unique (R, = 0.027), of which 5253 reflections
with [, >20 ([,,) were used for the structure
determination. The scan width was 1.42 + 0.3 tan 6.
The refinement 457 variable parameters converged to
R=0.068, R, =0.066.

The non-hydrogen atoms were refined anisotropically
by full matrix least squares. Hydrogen atoms were fixed
at the calculated positions. Neutral atom scattering fac-
tors were taken from Cromer and Waber [5] and anoma-
lous dispersion effect corrections were included in F,.
The values of Af' and Af” were those of Creagh and
McAuley [6]. All of the calculations were performed
using the TEXSAN crystallographic software package [7].
Crystallographic data for 1 and 2 and some of the

Table 2
Selected bond lengths and angles of 1, 2 and related compounds
1 2 3 [1.1]Ferroceno-
A B ruthenocenophane

Fe-Ru 4.656(4) 4.615(3) 4.647(3) 4.719%(1) 4.792(2)
Fe-Cp ? 1.706(6) 1.684(10) 1.711(5) 1.654(2) 1.665(7)
Ru-Cp ® 1.824(2) 1.794(2) 1.803(5) 1.861(8) 1.788(5)
Fe-Cp, (av) 2.08(4) 20749 2.09(4) 2.047(6) 2.055(6)
Ru-C,,, (av) 2.21(4) 2.15(2) 2.16(3) 2.22(3) 2.151(6)
Ru-1I 2.758(3) 2.751(1)
Cring=Cring (Fe) 1.41(3) 1.40(6) 1.41(4) 1.42(1)
Cring=Cring (Ru) 1.39(3) 1.37(9) 1.42(5) 1.42(3)
Bond angles (°)
I-Ru - - - Fe 81.26 91.50
c()-c2n-can 124.2(9) 130.5(8) 121.5(6) 121.0(5) 120.4(5)
C(6)-C(22)-C(16) 113.6(8) 114.2(9) 117.8(5) 119.0(5) 120.7(5)
Dihedral angles between planes (°) for 1

Plane

C(6)-C(10) C(11)-C(15) C(16)-C(20)
c(1~5) 5.54 17.24 20.43
C6 ~ 10) — 12.24 25.87
A1l ~ 19 — — 37.56
Dihedral angles between planes (°) for 2
Plane (unit A) Plane

C(6)-C(10) C(11)-C(15) C(16)-C(20)
C(1)-C(5) 5.64 30.38 30.10
C(6)-C(10) — 32.26 32.55
C(11)-C(15) — — 3.19
Plane (unit B) Plane

C(28)-C(32) C(33)-C37n C(38)-C(42)
C(23)-C(27) 5.77 30.11 31.98
C(28)-C(32) — 30.02 32.09
C(33)-C(37) — — 2.23

? Fe-Cp; the distance between the Fe and 1°-Cp and %°-C H, rings.
b Ru-Cp; the distance between the Ru and 7°-Cp and 7°-CH, rings.
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experimental conditions for the X-ray structure analysis
are listed in Table 1.

3. Resuits and discussion
3.1. Salt 1

The final atomic coordinates and equivalent isotropic
temperature factors (Beq) of non-hydrogen atoms, inter-
atomic distances, and selected bond lengths and angles
for 1 are shown in Tables 2, 3 and 4. ORTEP drawings
of the cation with the atomic numbering system are
shown in Fig. 2. The conformation of the cation is
similar to that of reported cation 3 formulation as
[Fe"(C,H,CH,C,H,),RuVI}*; i.e. the cation exits in
a syn-conformation and the iodine atom is coordinated
to the Ru from the opposite side of the methylene
group. The Ru-I distance (2.758(3) A) corresponds
well with the reported Ru'v~I value (2.751(1) A) of 3
[1]. The distances from I(1) to C(12), C(13), C(17) and
C(18) are found to be 3.16(2), 3.29(3), 3.18(3) and

330(3) A respectlvely These values are much smaller
than the sum (3.85 &) of van der Waals radii of C and I
atoms [8], therefore a large dihedral angle (37.56°)
between the two 1°-C H, rings is found in the RcH
moiety, which is larger than the corresponding values
for 3 (33.87°) and [RcHI]* I (32.2°) [1,9]. The inter-
plane C(15) - -- C(20), C(14) - -- C(19), C(13)---
C(18), C(12) - - C(17) and C(11) - - - C(16) distances
are found to be 2.93(3), 3.13(3), 3.95(3), 4.26(3) and
3.62(3) A respectively. The largest C(12) - - - C(17) dis-
tance is longer than the corresponding value of
[RcHIJ'I5 (4.11(3) A) [9]) because of a larger dihedral
angle between the 7°-C H, planes of 1. However, the
rings of the FcH moiety are nearly parallel (the dihedral
angle between the planes is 5.54°). The average inter-
plane C, , ---C,,, distance of the FcH moiety is
found to be 3 41(9) A. The Fe(1) - - - Ru(1) distance is
found to be 4.656(4) A (Wthh is slightly shorter than
the value for 3 (4.719(1) A)).

As shown in Fig. 2, the n°-C H, rings of each FcH
and RcH moiety are essentially eclipsed as in the case

Table 3

Atomic coordinates (X 10*) and isotropic temperature factors (A2) for 1

Atom x y z By ? (&%)
(1) 1530.6(12) 2377.1(9) 5432.3(15) 5.0
1(2) 4382.7(11) 51.2(9) 6016.8(13) 43
1(3) 3575.8(11) 688.1(8) 4274.5(14) 4.0
i(4) 2632.3(18) 1264.3(11) 2341.8(16) 8.2
I(5) ° 0 3234.2(15) 2500 7.2
K6) ® 0 1857.1(14) 2500 5.0
(n® 0 404.8(15) 2500 6.1
1(8) 1055.8(11) 1375.9(11) —474.6(14) 48
(C) 0 1444.1(13) —2500 3.7
1(10) 4357.8(18) 1526.3(12) 2505.0(17) 8.4
Ru(1) 1670.3(11) 1046.5(10) 5638.3(14) 2.6
Fe(1) 3200.9(19) 1631.5(18) 8758.7(24) 2.8
c(1) 2138(12) 1186(11) 8286(16) 2.5
c(2) 2036(15) 1874(13) 8119(19) 3.8
Cc(3) 2532(15) 2181(13) 9016(18) 35
C4) 2891(15) 1711(15) 9675(17) 3.8
a5) 267%12) 1092(13) 9261(17) 3.0
C(6) 368%(12) 1278(13) 8052(17) 3.1
c(n 3542(14) 1948(12) 7889%(19) 3.1
C(®) 3930(16) 2264(13) 8744(21) 3.9
Cc(9) 4342(17) 1831(16) 9457(22) 47
ci0) 4202(15) 1202(14) 9065(21) 3.9
can 128%(12) 760(11) 6574(16) 2.4
c(12) 883(13) 1288(12) 6079%(17) 3.1
c(13) 455(12) 1116(18) 5080(17) 4.6
c(14) 633(17) 483(15) 5034(22) 4.4
c(15) 1132(15) 246(13) 5903(19) 3.9
16) 2919(12) 794(11) 6438(16) 2.4
camn 2776(14) 1322(13) 5868(19) 3.7
c(18) 2211(15) 1160(13) 4884(18) 3.5
c(19) 2036(15) 514(15) 4901(18) 3.9
Cc(20) 2456(14) 292(11) 5803(18) 29
c@2D 1720(15) 658(13) 7593(19) 3.7
c(22) 3477(13) 678(12) 7457(16) 2.8

* B, =4/3(B, a’ + By, b* + By,c* + Byjac cos B). B;s are defined by expl—(h’B), + k?B,, + [*By3 + 2kiBy; + 2hiB 5 + 2 hkB, ;).

Site occupation factor p = 0.5.
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1122h

Fig. 2. orRTEP drawing of [IRu'Y(C,H,CH,C;H,),Fe!"}** cation
with the numbering scheme of the atoms.

of RcH and [RcHI]" cation; i.e. the two 1°-CH, rings
rotate about 2.8° for FcH and 1.0° for RcH moieties (the
rotation angle is 0° for the precisely eclipsed and 36.0°
for the exactly staggered conformation). The average
Cp-ring C;,—C,;,, bond lengths of the FcH and RcH
moieties are 1. 41(3) and 1.39(4) A respectively. Both

values agree with that of the reported FcH (1.403 + 0.02
A [10]) and RcH (1.43(3) A [1 1]). However, the mean
Fe~C,,, distance (2.08(4) A) is larger than that ob-
tained for FcH (2.045 £ 0.01 A) and the neutral com-
pound (2. 055(6) A [2]) and closer to that of ferrocenium
(FcH™; 2.075 A) [11]. The mean Ru- ~C,, distance
(2.21(4) A) is also larger than the corresponding value
for the neutral compound (2.151(6) A) and closer to the
values for 3 (2.22(3) A) and [ReRel]* cation (2.22(2)
A) [1,13]). Furthermore, the distances from the Fe and
Ru to the least-squares mean planes of the two n°-CsH,
rings (Fe—Cp, Ru-Cp; see (Table 2) are 1.706(6) and
1.824(2) A respectively. Both values are closer to those
for FeH* (1.70 A) and [RcHI]* (1.84 A [9]) respec-
tively. Therefore oxidation states of Fe and Ru atoms
are estimated as Fe"' and Ru'v and the cation is formu-
lated as [Fe"'(C;H,CH,C;H,),Ru'V1]* in the solid
consxdermg the results of elcmental analysis data.
*7Fe-Mossbauer spectroscopic study of 1 supports

this conclusion; i.e. a temperature independent typical
ferrocenium type broader singlet peak (isomer shifts;
0.52 mm s~' at 78 K and 0.48 mm s~ at 300 K) was
observed at all the temperatures. Although several ' ’C-
CP/MAS NMR peaks were observed for 3 [1], no clear
Pe- CP/MAS NMR signals were observed for 1 be-
cause of its paramagnetism (Fe'l).

The C(1)-C(21)-C(11) and C(6)-C(22)-C(16) an-

Table 4

Selected interatomic distances for 1

Atom 1 Atom 2 Distance (A) Atom 1 Atom 2 Distance (A)
Ru(1) K1) 2.758(3) Fe(1) Ru(1) 4.656(4)
Fe(1) I(1) 5.036(4) 1(2) 1(3) 2.830(3)
1(3) I(4) 3.027(3) 1(5) 1I(6) 2.836(4)
1(6) (7) 2.991(4) I(8) 9 2.932(2)
1(10) 1(10) 2.75207) Fe(1) c() 2.14(2)
Fe(1) ) 2.14(3) Fe(1) c(3) 2.06(2)
Fe(1) c4) 2.05(2) Fe(1) c(5) 2.08(2)
Fe(1) a6) 2.14(2) Fe(1) (N 2.12(2)
Fe(1) C(8) 2.04(2) Fe(1) c(9) 2.06(3)
Fe(1) c10) 2.09(3) Ru(1) c(11) 2.27(2)
Ru(1) c(12) 2.26(2) Ru(1) c(13) 2.21(2)
Ru(1) c(14) 2.18(3) Ru(1) C(15) 2.20(3)
Ru(1) C(16) 2.27(2) Ru(1) can 2.24(2)
Ru(1) c(18) 2.19(2) Ru(1) c(19) 2.14(2)
Ru(1) C(20) 2.18(2) (1) c(2) 1.44(3)
c) (5 1.43(3) c) c21) 1.49(3)
c2) C(3) 1.45(4) c3) 4 1.36(3)
C(4) C(5) 1.41(4) Cc6) (e @) 1.41(3)
(6) C(10) 1.47(4) c(6) C(22) 1.51(4)
(7 c®) 1.39(4) C(8) c9) 1.37(4)
(9 c(10) 1.42(4) c(11) C(12) 1.36(3)
1) C(15) 1.47(3) c(1n) c21) 1.48(3)
C(12) C(13) 1.48(3) c(13) C(14) 1.37(4)
c(14) Cc(15) 1.36(4) C(16) c(17) 1.3%(3)
C(16) C(20) 1.43(3) C(16) (22) 1.50(3)
ca1n C(18) 1.48(4) c(18) c(19) 1.3%(4)
c(19) C(20) 1.38(3)
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Fig. 3. Projection of the unit cell of 1.

gles are found to be 124.2(9) and 113.6(8)° respectively,
these are closer to the values for the neutral compound
(120.4(5) and 120.7(50° [2D and 3 (121.0(5) and
119.0(5)° [1D. One of the differing points of structure of
1 compared with 3 is the twisted structure of the
CsH,CH,C;H, system; i.e. an anomalously large
twisted angle (42.02°) is observed for 3 between the
planes C(6 ~ 10) and C(16 ~ 20) (11.19° between the
planes C(1 ~5) and C(11 ~ 15)), as described in the
Introduction. For 1, two relatively closer kinds of twisted

[_.a
b

angle are observed (12.24° between the planes C(1 ~ 5)
and C(11 ~ 15); and 25.87° between the planes C(6 ~
10) and C(16 ~ 20)).

A stereo view of the packing (Z = 8) and the view
down the ¢ axis of 1 are shown in Figs. 3 and 4
respectively. The cations are aligned along the a and b
axes. The shortest ingermolecular C .- - C distance in
the cation is 3.30(5) A (C(14) - - - C(14)*). This value
is smaller than the sum of the van der Waals radii of
two C atoms (3.40 A) [8], hence the cations at near van

a) O\O\,, ”_/(C/O bt
= C20 ¢ g N )
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Fig. 4. Projection of the unit cell of 1 along the ¢ axis. (a) [[Ru*V(C H,CH,CH,),Fe"** cation; (b) I5 anion (I5,: 12-13-14; 13,: I5-16-17;
sH,CH,yCsHy)y 3 3a 3b

I;,: 18-19-18"; 1,: 110-110").
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der Waals contact to each other. The shortest inter-
molecular I(1) - - - I(1) distance is 5.161(5) A, therefore
there is no interaction between them. The I(1) sits
towards the Fe atoms, but the shortest intermolecular

distance (7.90 A) between them shows clearly no inter-
action. The unit cell has three independent asymmetric
I3 anions (I(2)-1(3)-1(4): 15,; I(5)-1(6)-1(7): I5,; 1(8)-
1(9)-1(8)"; 15.) and one kind of I, (I(10)-1(10)*), as

Table 5

Atomic coordinates (X 10*) and isotropic temperature factors (A2) for 2

Atom x y z B, * (A?)
(D —178.5(15) 4294.6(15) ~7141.5(21) 9.3
12) 1692.2(12) 3820.0(9) —5424.6(15) 6.3
1(3) 3611.5(13) 3342.7(14) —3816.5(19) 8.5
1(4) 5864.4(13) 2123.3(11) —1772.415) 6.8
I(5) 7672.5(13) 1488.6(9) —48.8(13) 6.2
(6 9492.9(15) 792.9(12) 1675.0(16) 7.4
Ru(1) 6610.0(12) —4637.8(11) 8829.7(15) 4.5
Ru(2) 3006.4(11) —43.5(9) 5792.2(13) 3.5
Fe(1) 8017.5(24) —2094.9(17) 9837.8(23) 4.8
Fe(2) 2080.0(18) —2828.4(16) 4964.5(24) 3.7
(1) 8391(22) —3017(15) 1136(18) 2.5
C(2) 9184(28) —299%(19) 563(23) 10.9
c3) 9487(23) —2254(25) 754(26) 11.8
C(4) 883%(23) —1618(17) 1392(22) 9.2
c(s) 8178(23) -2173(17) 1621(19) 8.4
c(6) 6580(17) —2126(11) 8717(17) 5.2
Cc(7) 7367(16) —2494(11) 8097(17) 5.2
C(8) 8029(16) —1834(16) 8095(18) 6.7
Cc9) 7644(17) — 1064(14) 8723(20) 6.9
Cc(10) 6771(15) —-1170(14) 909%(21) 6.8
can) 7876(18) —4647(21) 248(22) 9.6
c(12) 8252(16) —4716(18) 9271(25) 7.9
Cc(13) 8065(17) —5432(12) 8583(23) 6.8
c(14) 756%17) —5863(15) 9201(27) 8.6
cas) 741921) —5379(21) 289(27) 10.5
C(16) 5614(14) —3417(13) 8511(18) 5.0
ca17) 5088(14) —3884(14) 9045(17) 5.1
c(18) 5005(15) —4736(15) 9303(22) 6.2
c(19) 5400(13) — 4692(13) 728%(19) 5.5
Cc(20) 5787(14) —3820(11) 7372017 42
Cc(21) 7975(15) — 3870(18) 1232(30) 10.5
C(22) 5680(15) —2420(12) 8925(19) 5.2
C(23) 3650(13) —2814(12) 5535(18) 48
Cc(24) 3498(14) —~3396(12) 4515(20) 5.1
C(25) 3007(15) —4067(14) 484121 6.3
C(26) 2839%(16) —3842(17) 5992(22) 6.8
c@27 3242(13) —3110(13) 6438(19) 5.3
C(28) 1250(11) —1697(10) 4038(16) 3.6
C(29) 984(15) —2540(16) 3476(20) 6.5
C(30) 568(15) —2978(12) 4229(21) 5.6
Cc(31) 602(21) —2440(21) 5287(22) 6.3
C(32) 1008(13) —1641(13) 8511(18) 5.0
C(33) 4024(14) —1241(14) 6372(17) 45
C(34) 3316(15) —1013(14) 7138(15) 5.1
C(35) 3391(13) —208(14) 7696(18) 6.0
C(36) 4158(18) —171(16) 7324(23) 7.7
c(37n 4588(13) —514(13) 6502(20) 5.2
C(38) 1946(12) —243(9) 4132(14) 33
C(39) 1443(14) 314(14) 4957(17) 4.9
C(40) 189%(15) 1137(11) 5205(18) 4.8
C(41) 2698(14) 1031(11) 4582(18) 4.8
C(42) 2722(15) 164(14) 3906(17) 5.2
c(43) 4260(14) -~ 2088(12) 1515(18) 48
C(44) 1674(14) —1105(15) 3442(16) 5.5

* B, =4/3(B, a’ + Byyb* + By;c? + Byyac cos B+ B,ab cos y + By,bc cos @). Bs are defined by expl—(h*B,, + k*By, + I*By; +

2kiB,y + 2hiB 5 + 2 hkB ;)]
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shown in Fig. 4(b). I3, is parallel to the b axis and I,
and I, are parallel to the a axis. The I-I distances are
found to be 2.830(3(K2)-K3)), 3.027(3XL(3)-1(4)),
2.836(4) (I(5)-1(6)), 2.991{HIE-K7)), 2.932(2)
(1(8)-1(9)), 2.752(7) (I(10)-1(10)* ) A. These values are
in accordance with that for the reported I3 ions [13] and
I,. The bond angles of I-I-I are found to be 175.2° for
I3,, 180.0° for I3, and 174.6° for I5_. The former two I3
anions are I,—I” character, where the I(4) and 1(7)
atoms carry more negative charge than the other I atoms
((2), 13), I(5) and IL(6)). The distances of the
(1) ---1(3), K1) - - - K4) and (1) - - - K(6) are 4.040(3),

4271(3) and 4.3772) A respectively. These are less
than or closer to the sum (4.30 A) of van der Waals
radii of two I atoms [8]; i.e. I(1) is near van der Waals
contact to the I3, and I5,. Avoiding steric hindrance
between them, I(1) may be located close to the Fe(1)
atom. Actually, a much smaller I(1)-Ru(1) - - - Fe(1)
bond angle (81.26°) and Fe(1) - - - I(1) distance (5.036(4)
A) are observed compared with the corresponding val-
ues for 3 (91.50° and 5.524(1) A). The I3, anion is also
near van der Waals contact to the I35, and I, because the
distance 1(4) - - - I(8) and I(4) - - - I(10) are found to be
4.107(3) and 3.573(5) A. All the results show clearly

Table 6

Selected interatomic distances for 2

Atom 1 Atom 2 Distance (A) Atom 1 Atom 2 Distance (A)
(D K2) 2.90%(2) 1(2) I(3) 2.895(2)
K4) K5) 2.909(2) I(5) 1(6) 2.944(2)
Fe(1) Ru(1) 4.615(3) Fe(2) Ru(2) 4.647(3)
Fe(1) C(1) 2.08(2) Fe(1) c(2) 2.01(3)
Fe(1) C(3) 2.04(3) Fe(1) C(4) 2.06(3)
Fe(1) C(5) 2.03(2) Fe(1) Cc(6) 2.122)
Fe(1) c(n 2.10(2) Fe(1) C(8) 2.08(2)
Fe(1) c(9) 2.07(2) Fe(1) c(10) 2.09(2)
Fe(2) C(23) 2.10(2) Fe(2) c(24) 2.09(2)
Fe(2) C(25) 2.09(3) Fe(2) C(26) 2.05(2)
Fe(2) c2n 2.09(2) Fe(2) C(28) 2.15(2)
Fe(2) Cc(29) 2.06(2) Fe(2) C(30) 2.12)
Fe(2) Cc(31) 2.07(2) Fe(2) Cc(32) 2.14(2)
Ru(1) can) 2.12(2) Ru(1) c(12) 2.16(2)
Ru(1) (13) 2.16(2) Ru(1) (14) 2.11(2)
Ru(1) c(15) 2.12(3) Ru(1) Cc(16) 2.12(2)
Ru(1) can 2.21(2) Ru(1) c(18) 2.16(2)
Ru(1) Cc(19) 2.17(2) Ru(1) C(20) 2.19(2)
Ru(2) C(33) 2.17(2) Ru(2) Cc(34) 2.18(2)
Ru(2) Cc(35) 2.17(2) Ru(2) Cc(36) 2.15(2)
Ru(2) c(37 2.15(2) Ru(2) C(38) 2.18(2)
Ru(2) C(39) 2.14(2) Ru(2) C(40) 2.20(2)
Ru(2) C(41) 2.19(2) Ru(2) C(42) 2.17(2)
cn c) 1.36(5) c(n Cc(5) 1.35(4)
(1) c2n) 1.55(3) c(2) c(3) 1.24(5)
c(3) 4 1.44(5) C(4) c(5) 1.44(4)
«6) (7 1.39(3) Cc(6) «10) 1.56(3)
(o)) c(®) 1.47(3) Cc(8) c(9) 1.40(3)
o(()] Cc(10) 1.35(4) cQ1) c(12) 1.32(4)
(1) c(15) 1.39(5) c(n) c(21) 1.55(4)
Cc(12) c(13) 1.32(3) c(13) Cc(14) 1.33(4)
c(14) Cc(15) 1.38(5) c(16) camn 1.34(3)
can C(18) 1.51(3) Cc(18) Cc(19) 1.38(3)
c(19) C(20) 1.53(3) C(23) C(24) 1.41(3)
c(23) c@2n 1.41(3) c(23) C(43) 1.4%(3)
c(24) c(25) 1.45(3) c(25) Cc(26) 1.38(4)
C(26) c2n 1.34(3) C(28) C(29) 1.48(3)
c(28) C(32) 1.39(3) C(28) C(44) 1.43(3)
c(29) C(30) 1.38(3) C(30) c(31) 1.40(3)
Cc@31) C(32) 1.47(3) C(33) C(34) 1.40(3)
c(33) c(i3m 1.44(3) c(33) C(43) 1.51(3)
C(34) C(43) 1.51(3) c(39 c(35) 1.34(3)
Cc(35) C(36) 1.43(4) C(36) c@37) 1.46(3)
C(38) C(39) 1.39(3) C(38) C(42) 1.38(2)
C(38) C(44) 1.55(3) C(39) C(40) 1.50(3)
C(40) C(41) 1.38(3) c(41) C(42) 1.48(2)
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Fig. 5. Projection of the unit cell of 2 along the a axis.

that 1 is formulated as [Fe"(C,H,CH,CsH,),—
RuVIII; - 0.5(15), - 0.51,.

3.2. Salt 2

The final atomic coordinate and equivalent isotropic
temperature factors (B,,) of non-hydrogen atoms, se-
lected interatomic distance, selected bond lengths and
angles for 2 are shown in Tables 5, 6 and 2, and a stereo
view of the packing as viewed down the ¢ axis is shown
in Fig. 5. Two metallocene moieties are inequivalent
(unit A, B) in the triclinic unit cell. Although the basic
molecular structure of cation A (Fe(1)Ru(1)) is similar
to that of cation B (Fe(2)Ru(2)), the two cations differ
only slightly in detail. Mean Fe(1)-C,,, Ru(1)-C,
and Cg,— distances of cation A are 2. 07(4),
2.15(2), 1.408) (FcH moiety) and 1.37(9) A (RcH
moiety) respectlvely, which cormrespond well to the
equivalent values of cation B (2.09(4), 2.16(3), 1.41(4)
and 1.42(5) A, respectively). The distances from the
Ru(1) and Fe(1) to the least-squares mean planes (7’-
C,H,) are 1.794(2) and 1.684(10) A respectively, and
the values of Ru(2) and Fe(2) moiety are 1.803(5) and
1.711(5) A respectively.

Although all the lengths (Ru-C,,. and Ru-Cp) of
the RcH moiety correspond well to the equivalent val-
ues of RcH moiety in the [1.1]ferrocenylrutheno-
cenophane, the values of the FcH moiety are longer
than the values of the FcH moijety in the neutral com-
pound (see Table 2) and are closer to those of FcH*
[11). Therefore oxidation states of both Ru and Fe
atoms are estimated as Ru" and Fe™ respectively, and

l'“\

the salt 2 is formulated as [Fe"'(C,H,CH,C,H,),-
Ru]*I; considering the results of elemental analy51s
data. The results of the * Fe-Mbossbauer and “C-
CP/MAS spectroscopies of 2 support the conclusion;
i.e. temperature independent broader typical ferroce-
nium singlet line (I S., 0.51 at 78 K and 0.32 mm s~ !
at 300 K) and no “C- NMR signals were observed.

The two 1°>-C,H, planes of Fe"' and Ru" moieties
are nearly parallel (the dihedral angle between them is
less than 5.8°, as shown in Table 2). Although the two
n°-C,H, rings of each FcH and RcH moiety of 1 are
essentially eclipsed, those of 2 are staggered; i.e. the

Fig. 6. oRTEP drawing (upper views) of cation 2 (cation A).
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Fig. 7. ORTEP drawing (side views) of cation 2 (cation A).

rotation angles of the rings are 23.8° (Fe'') and 31.0°
(Ru™) for cation A and 28.8° and 29.0° respectively for
cation B, see Fig. 6.

There are two types of 15 anion (I(1)-1(2)-1(3); I5,
and [(4)-1(5)-1(6); I3,). The I-1 distances are found to
be 2.909(2) (K1)-K2)), 2.895(2) (1(2)-1(3)), 2.909(2)
(I(4)-1(5)), 2.944(2) (I(5)-1(6)) A and the bond angles
of I-I-1 are found to be 177.1(1) for I3,, 178.3(1)° for
I5,- The shortest intermolecular I---1 distance is
3. 779(3) A (I(3) - - - [(4)), which is much shorter than
the sum (4.30 A) of the van der Waals radii of I
Therefore the 15 sit at van der Waals contact to each
other. The distances of I(1)--- C(11), I(1) - - - C(21),
I(2) - - - C(7) and K(6) - - - C(32) are found to be 3.85(2),
3. 77(3) 3.81(2) and 3. 86(2) A respectively. These val-
ues are less than or closer to the value (3.85 A) of the
sum of the van der Waals radii of I and C. Therefore the

I3 sits at van der Waals contact to the cation, as shown
in Fig. 5. Thus the large twisted structure of the
C,H,CH,C;H, system should be caused by the repul-
sion between them. Actually, large twisted angles be-
tween the planes C(1 ~5)-C(11 ~ 15), C(6 ~ 10)-
C(16 ~ 20) are observed at 30.38 and 32.55° respec-
tively, for cation A (see Fig. 7) and at 30.11 and 32.09°
for cation B. These values are much larger than the
values for the neutral compound (17.6 and 16.7°) and 1
(12.24 and 25.87°). The largely twisted structure of the
C,H,CH,C,H, system (see Fig. 7) gives a staggered
conformation of 1°>-C,H, planes (described formerly,
see Fig. 6) and much shorter Fe --- Ru distances
(4.615(3) A for cation A and 4.647(3) A for cation B)
compared with the value of the original compound
(4.792(2) A).

4. Conclusions

From the results obtained in the present study, it has
been found that the oxidation of [1.1]ferrocenyl-
ruthenocenophane with 1.5 equivalent of I, gives a
monocationic salt 2 formulated as [Fe"'(C;H,CH,C,-
H,),Ru"]*I; and an excess of I, gives a dlcatxomc
salt 1 formulated as [Fe"™(C,H,CH,CH,),Ru"VI]*-
I7 - 0.5(I3), - 0.51, with the Ru"Y-1. The result is in
accordance with that from cyclic voltammograms. How-
ever, the oxidation of [1.1]ferrocenylruthenocenophane
with an equivalent amount of [RcHI]*BF, gives a
monocationic salt 3 formulated as [Fe"(C,H ,CH,C;-
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oL

[I-RulVCpz ]+ + Rurzx FeXx

> L2

Cp2zRuIVv — I..-Ruzxzx Fexx

“~

RurX 1 Cpz + I—Ruiv FeIllX
5 " CHz2” j
3
Scheme 2.

H,),Ru'VI]*BF,, not a monocationic [Fe"'(C;H ,CH,-
C,H,),Ru")*BF; ferrocenium salt, as shown in
Scheme 1.

Recently, the present authors, Taube and coworkers
and Kirchner and coworkers have reported several stud-
ies on two-electron (2e”) exchange reaction between
the Ru" and Ru'" atoms in some mixed-valence halo-
biruthenocenium (ILIV)TY™, ([RcReX]*'Y™: X=(],
Br, I and Y =1;, PF, BF4) and mononuclear mixed
systems of RcH/RcHX* and OcH/OcHX™ by means
of 'H and "*C-NMR spectroscopies [14-24]. All the
results indicate that the migration of halogen atoms
between the Ru" in ruthenocene and the Ru' in
haloruthenocenium is inevitable for the 2e -exchange
reaction. Considering these facts, the 2e ™ transfer to the
Ru" atom in [RcHI]™ cation from the Ru" atom in the
[1.1]ferrocenylruthenocenophane is through a stable in-
termediate Ru'Y—I" --- Ru" bridge, as shown in
Scheme 2 (the stability of the Ru'" —X~ bond increases
in the order Cl < Br < 1). This 2e” transfer mechanism
with [RcHI]* gives 3 not a monocationic ferrocenium
cation 2. Without such oxidation mechanisms with io-
dine, only Fe" in [1.1)ferrocenylruthenocenophane is
oxidized selectively with iodine giving a monocationic

typical ferrocenium salt 2. Ru" in 2 was oxidized
continuously with an excess of iodine giving a dica-
tionic salt 1 with the Ru'V-1~ bond. Actually, several
attempts to prepare salt 3 using iodine only in various
molar rations (neutral compound/I, = around 1/2-
1/4) gave mixtures of 1 and 2.
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