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Abstract

The oxidation of [1.1]ferrocenylruthenocenophane (1) with bromo- or chlororuthenocenium * BF,” ([RcHX]' BF; ; X = Br, CI) was
carried out giving a diamagnetic salt 2. The crystal form of 2 is monoclinic, space group P2,/n, a=10.556(3), b= 13.634(3),
c=13.7952) A, B=107.27(2)°, V= 1896.0(8) A’, Z=4, and the final R =0.045 and R, =0.040, based on the results of the
single-crystal X-ray diffraction study. The distance between the Ru and Fe is ca. 4.495(2) A, whnch is much shorter than 1 (4.792(2) A).
The structure of the cation is illustrated as a resonance hybrid canonical structure of a «-carbonium-type expressed as [Fe'(CH ,CH,C;

H XCH CHC(H )Ru]* and n’-fulvalne-type as [Fe'(C4H ,CH 2C;H.,)(Cg,H‘,CH CsH,)Ru]*. The two C;H, rings on the Ru side are
tilted greatly (the dihedral .mgle of the rings |s 10.92°) owmz, to the Ru-C;} bond formation (2.407(6) A), which gives the stability of the
carbonium center ~CH *-, *'Fe Mossbauer, 'H, "*C and *C CP/MAS NMR spectroscopic studies support the above formula.

Keywords: lron; Ruthenium; Ferrocene; Metallocenes

1. Introduction

Recently, we have reported the structure of the oxida-
tion ploduu of
([ReHI)* BF; ), which is formulated as [Fe"(C H ,CH ,-
CqH, ),Ru v“+ BE; with a stable Ru'v-I bond
(2 7‘5!(1) R) on the basis of the results of X-ray diffrac-
tion and C CP/MAS NMR spectroscopy [1). There-
fore, it is clear that the formation of the Ru'V-I bond
occurs predominantly over the formation of ferrocenium
salt formulated as [Fe"(C H,CH,CH,),Ru"]*BF;,
while the Fe is oxidized more easily than the Ru atom
in 1 on the basis of the result of cyclic voltammograms
[2]. In the present study, oxidation of 1 with other
haloruthenocenium salts, such as [RcHBr}*BF; or
[RcHCI]* BF;", are reported. The oxidation product was
not an oxidized metallocene; it was neither a typical
paramagnetic ferrocenium salt [Fe"(C;H ,CH,CH,),-
Ru"]*BE; nor a diamagnetic haloruthenocenium salt

* Corresponding author.
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I with iodoruthenocenium ' BF,

[Fe™C4H CH,C4H ), RuYX]' BE, (X = Cl, Br), but
an o a-carbonium mlt 2. (Sclu,mc 1) The crystallo-
graphic analysis and *'Fe, 'H, ""C and "'C CP/MAS
NMR spectroscopic studies of 2 will be discussed and
compared with those of 1 and 3 in this paper.

2. Experimental

2.1. Syntheses

Salt 2 was prepared as follows: the neutral compound
1 (100 mg, 0.227 mmol; prepared by the reduction of
[1.1]ferrocenylruthenocene-1,13-dione with LiAlH, and
AICI, by the method reported previously [3]) dissolved
in 50 cm® of CH,Cl, was added to a stoichiometric
amount of [RcHBr]*BF; or [RcHCI]* BE,; dissolved
in 200 cm® of CH,Cl,. The mixture was stirred for 1 h
and the solvent was evaporated. After extraction of RcH
with benzene, 2 was obtained by recrystallization from
a CH,CN-C,H;0C,H, mixture as dark purple crys-
tals (95 mg; yield 79%). Single crystals suitable for
X-ray studies were obtained by diffusion of ether vapor
into CH,CN solution of 2 at room temperature. Found:
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C. 50.09; H, 3.59. C,, H,,BF,FeRu. Calc.: C, 50.13; H,
3.63%.

2.2. Measurements

2.2.1. NMR spectroscopy

'H (500.16 MHz) and "C (125.65 MHz) NMR
speetra were recorded on a Jeol Alpha 500 spectrometer
fitting with a multinuclear probe in acetonitrile-d, and
acetone-d, as the sample solvent. The 'H and *C NMR
chemical shifts were calibrated indirectly through the
internal CH,CN 'H signal (1.96 ppm relative to TMS)
and acetone-d, *c signal (30.4 ppm relative to TMS).
Peak assignments were carried out by using DEPT,
NOESY and COSY [4] spectra. All measurements were
carried out at 25.0 £ 0.1°C. *C CP/MAS NMR spectra
were recorded on a Jeol EX-270 i«:iR spectrometer
operating at 67.8 MHz with a CP/MAS accessory
under the similar conditions to those reported previously
[1). The "C NMR chemical shifts were calibrated indi-
rectly through external adamantane (29.5 ppm relative
to TMS). The experimental error in the C chemical
shifts is estimated to be about 0.1 ppm. The dipolar
dephasing (DD) experiment is a method for obtaining
the analogous nonprotonated carbon spectrum for solid
samples. In the DD experiment, the “C DD time was
determined by measuring the '*C CP/MAS NMR spec-
tra, varying the delay time r for the proton dipolar
decoupling and data acquisition in the range of 10-60
s (20 ps in this experiment), which was long enough

to eliminate the "*C signals of all protonated carbons). It
must be pointed out that under these conditions the
relative peak intensities measured with CP/MAS and
DD/MAS are not a true measure of the abundances of
the carbon atoms because not every carbon atom has
attained its o;:timum cross-polarization and its optimum
delay time. *'Fe Mossbauer measurements were carried
out using a *'Co(Rh) source moving in constant acceler-
ation mode. The isomer shift (IS) value was referred 10
metallic iron foil. The Mdssbauer parameters were ob-
tained by least squares fitting to Lorentzian peuks. The
experimental error of the IS and quadrupole splitting
(QS) values was 0.02 mm s~'.

2.2.2. X-ray crystallography

Crystals of 1 (0.2 X 0.2 X 0.3 mm*) were selected.
X-ray diffraction experiments were carricd out on a
Rigaku AFC-6A automated four-circle X-ray diffrac-
tometer with graphite monochromatized Mo Ka radia-
tion (A = 0.71073 A). The intensity data were collected
at 25 + 1° using the =20 scan mode with a scanning
speed of 4° min~'. The lattice parameters were deter-
mined by a least squares calculation with 25 reflections.
Crystal stability was checked by recording three stan-
dard reflections every 150 reflections, and no significant
variations were observed. For 1, 6038 reflections were
collected in the range 4 < 20 < 60°, 5760 were unique
(R, =0.019), of which 3455 reflections with I, >
.50 (I,,) were used for the structure determination.
The scan width was 1.78 + 0.3 tan 6. The refinement



M. Watanabe et al. / Journal of Organometallic Chemistry 524 (1996) 9-18 11

Table 1

Crystal and intensity collection data for 2

Formula C,,H oBF,FeRu
Formula weight 527.11

Space group P2, /n

a(A) 10.556(3)

b(A) 13.634(3)

c(A) 13.795(2)

B (deg) 107.27(2)
V&) 1896.0(8)

z 4

D, (gcm™3) 1.846

T(°C) 25

AR 0.71073
pem™") 16.04

F(000) 1048

No. of radiations measured 6038

No. of observed 3455 (I>1.50 (D)
R 0.045

R, 0.040

262 variable parameters converged to R=YX| F,|—
|F /1 Fo| =0045, R, =[Ewl|Fy|-|F ”2/
ZwF(, N2 =0.040, and the standard deviation of an
observation of unit weight was 2.26.

The nonhydrogen atoms were refined anisotropically
by full matrix least squares. Hydrogen atoms were
located based on difference Fourier maps, and were
included isotropically in the refinement. Neutral atom
scattering factors were taken from Cromer and Waber
[5); anomalous dispersion effects corrections were in-
cluded in F cal [6), the values for Af" and Af" were
those of Creagh and McAuley (7). All of the calcula-
tions were performed using the TEXSAN crystallographic

software package [8). Crystallographic data and some of

the experimental conditions for the X-ray structure anal-
ysis are listed in Table 1.

3. Results and discussion

The final atomic coordinates and equivalent isotropic
temperature factors B, of nonhydrogen atoms, selected
bond distances, and angles for 2 are shown in Tables
2-5 and ORTEP drawings of the cations 2 system are
shown in Fig. 1 with the atom numbering. The cation
remains in syn-conformation as with 1 and 3. In con-
trast with 3, no bond formation between the Ru and X
(X = Cl, Br) was observed. The distance betwecn the
Fe(1) and Ru(1) is 4.495(2) A, suggesting no interaction
between them, although the value is much smaller than
the corresponding values of 1 (4.792(2) A [9)) and 3
(4719(1)%[1] see Table 6. The Fe~C,, and Fe-Cp
distances are 2.04(1) A and 1.643(4) respecnvely,
which are comparable with the equivalent values of 1
(2.055(6) and 1.665(7) A) and FcH (2.045 and 1.65 A

!10]); i.e. the oxidation state of the Fe in 2 remains
intact.

The most interesting structural feature of 2 is found
in the distance of C(22)-Ru(1) (2.407(6) A), which is
much shorter than the corresponding values in 1 and 3,
although the distances between the C(22)--- Fe(1)
(3.155(5)), C(21) --- Fe(1) (3.207(7)) and
C(21) - - - Ru(1) (3.405(6) A) are comparable with those
of 3 (Fe(1)---C(21) (3.246(7)), Fe(1) --- C(22)
(3.208(6)), Ru(1) - C(21) (3.417(7)) and
Ru(1) - - - C(22) (3. 450(7) A) [1). However, the Ru(1)-
C(22) distance is ca. 0.15 A smaller than the sum of the

covalent radii of C (0.77 A [11]) and Ru (1.49 A [12)),
which is considered to be strong evidence of bond
formation between the Ru and carbonium center C(22)
atoms. Furthermore, it is clear that the the C(21) and
C(22) are methylene and methine in character respec-
tively, on the results of difference Fourier maps (all the
H atoms are located based on the maps). Therefore, the
cation 2 is formulated as [Fe(C,H,CH,CsH,)
(CsH,CH*CsH)Ru] with an Ru—CH‘ bond. This
conclusxon is conﬁrmed by the results of > Fe Méssbauer
spectroscopy of 1; i.e. only the ferrocene-like doublet
line was observed. The QS and IS values are found to

Table 2
Atomic coordinates and B, /B, for 2

Atom y H B

e
Ru(1) 0.05481(5) 0.13605(3)

=0.22235(3)  2.671(9)
Fe(1)  =0.33641(8) 0.19938(6)  ~0.16790(6)  2.84(2)

F(1) 0.6151(5) 0.1031(3) 0.4368(3)  7.801)
F(2) 0.6144(5) 0.0223(4) 0.2971(4)  9.2(2)
F(3) 0.7936(5) 0.0952(4) 0.38644)  9.1(2)
F(4) 0.723H5) = 0.0367(3) 0.4475(4)  9.7(2)
a1 =0.3018(6) 0.2922(4)  -02737(4) 3.1
€2  =0.3997(6) 0.2226(8)  =0.3225(4)  4.52)
c(3  =0.5065(6) 0.230(6)  =0.2808(8)  5.8(2)
4  =0.4767(8) 0.30546) =0.206%6) 6.3(2)
c(s)  =0.3508(8) 0.3443(5)  -02025(5)  5.42)
c6)  =0.157%5) 0.1456(4)  —0.0823(3) 2.UD
c(7)  —0.2400(5) 0.0684)  —0.1365(4) 2.1
C(8)  -0.35825) 0.0657(4)  =0.1086(4)  3.1(1)
c(9)  —-0.3501(5) 0.1416(5)  -0.0361(4)  3.6(1)
C10)  ~0.228%6) 0.190%4)  =002134) 33D
can  ~0.091%5) 0.23944)  ~03211(4  3.0(1)
Cc(12)  =0.123%5) 0.1399(4)  -0.35344)  3.1(D
c(13)  =0.0168(7) 0.1013(5)  -0.3820(4)  4.1(2)
C(id) 0.0826(6) 0.1733(5)  ~03671(4)  4.22)
Cc(15) 0.0368(6) 0.2580(5)  ~0.3288(4)  3.8(1)
c(16) 0.0843(5) 0.1158(4)  ~0.0678(4)  3.1(1)
ca7) 0.0700(5) 0.0179(4)  -0.11334 3.1
c(18) 0.1764(6) 0.0057(4)  —0.1543(4)  3.8(1)
c(19) 0.2581(6) 0.09145)  -0.132%5) 4.202)
C(20) 0.2053(5) 0.1583(4)  -0.0787(4) 3.7%(1)
c@2  -0.1755(6) 0.3177(4)  -02943(4)  3.801)
«(22) -0.0255(5) 0.177(4)  -0.0815(4)  2.8(1)
B(D) 0.6837(8) 0.0447(6) 0.3898(7)  4.7(2)
H(22) —0.0044) -0.254(3) 0.4343) 1.6(1)
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Table 3

Intramolecular distances for 2

Atom Distance (A)  Atom Distance (A)
Fe(1)-Ru(1)  4.4952) Fe(1)-C(1) 2.044(6)
Fe(1)-C(2) 2.061(6) Fe(1)-C(3) 2.041(6)
Fe(1)-C(d) 2.025(8) Fe(1)-C(5) 2.027(6)
Fe(1)-C(6) 2.040(5) Fe(1)-C(7) 2.043(5)
Fe(1)-C(8) 2.03%6) Fe(1)-C(9) 2.026(6)
Fe(1)-C(10)  2.008(5) Fe(1)-C(21)  3.20%7)
Fe(1)-C(22)  3.15%(5) Ru(1)-C(11)  2.234(5)
Ru(1)-C(12) 2.192(5) Ru(1)-C(13) 2.159%5)
RWD-C(14)  2.163(7) Ru(1)-C(15)  2.18%(6)
Ru()-C(16)  2.07K5) Ru(D)-C(17)  2.177(6)
Ru(-C(18)  2.230{(6) Ru(D)-C(19)  2.21%(5)
Ru(N-C(20)  2.162(5) Ru(1)-C(21)  3.405(6)
Ru(1)-C(22)  2.407(6) C(1)-C(2) 1.42(1)
C(2)-C(3) 1.41(1) C(3)-C(4) 1.42(1)
C()-C(5) 1.42(1) C(5)-C(1) 1.43(1)
C(6)-C(D 1.43(1) C(7-C(8) 1.41(1)
C(8)-C(Y 1.42(1 C(9)-C(10) 1.41(1)
CU0)-C(6) 1.42(1) C(1)-C(21) 1.49(1)
Can-Ccy 15001 CUID-C(12)  1.44(1)
c(12)-C13) 1.41(D C(13)-C(14) 1.41(1)
CU4)-C(15)  1.41(1) c(19)-C(11)  1.421)
C(1e)-C(1  1.46(1) Can-cag) 141N
C(18)-C(19)  1.43(1D) C(19)-C(20)  1.40(1)
CQ0-C(16)  1.45(D C(6)-C(22) 1.46(1)
C(16)-C(22)  1.40(1) B(1)-F(1) 1.363(9)
B(1)=-F(2) 1.308(9) B(1)-F(3) 1.362(9)
B(1)-F(4) 1.357(9) H(212)-C(21)  0.944)
H(21D)-C21)  0.95(4) HQD-C(22)  0.97(4)

HQD-F(1) 2.40(4)

Table 4

Bond angles (deg) for 2

CH-C-C(D) 108.46) C()-C(3)-C(4) 108.1(N
C(3).-Cd) -C(5) 107.9(8)  C()-C(5)=C(1) 108.2(6)
CH=CH-CD) 107.3(6)  C(6)=C(N=C(R) 108, 7(5)
C(N-C(R)-C(9) 107.6(5)  C(8)-C(9-C10) 108.2(8)
C(9)-CU0)-Clv) 108.%5) C(N-CB)-C10) 106.6(5)
C(5)-CLN-c2N 23.0(8)  CQ)-c-C21 129.4(6)
CU0=C(6)-C122) 12244 C(N-T6)-C(22) 130.%3)
CUS)-CUD-CA 10673 CUD-CUD-CY)  107.%9)
CUD-COD-CUD  108.K6)  CUD-C14)-TUIS)  107.6(6)
COAD-CO5)-CUD  108.K5)  CUV-CUN-C2D  130.3(5)
Cas)-CaD-C2 12275 CUN-c6)-C2)  121.04)
QR0-CU6)-C(22) 1175 CO-CRND-CUD 120.6(5)
CO)-0C22)-CU16) 1245 Ru(D)-C2D-CU16)  59.4(3)
Ruth)-CQ2D-C16)  119.2(3)  HQD-C2)-C(16)  113.%3)
HQ2)-CQD-C6) 11688 F(1)-B-R2) 123N
F1)-B-F(3) 107.4(7)  F1)-B-R4) 108.5(8)
F(2)-B-F(3) 108.6(8) FQ)-B-R4) 111.7(7)
F3)-B-F(49) 108.2(6)
Table 5
Dihedral angle between the planes (deg) for 2

Plane

Cl6-10) a(11-15) €(16--20)
-3 346 2493 18.55
Co-10) 21.47 15.51
aa1-13 10.92

Fig. 1. ortep drawing of cation 2 with thermal ellipsoids at the 50%
probability level. Perspective view with atomic numbering scheme
{bottom) and projection of a whole molecule onto the Cp plane (top).

be 1.89, 0.50 mm s~ at 78 K and 1.86, 0.42 mm s~ at
300 K. The much smaller QS values of 2 compared
with the value of 1 (2.41 at 78 K and 2.40 mm s™' at
300 K) must be explained by the strong electron-attrac-
tive (C,H ,CH* CH,) group.

The bond formation C(22)=Ru gives a large inclina-
tion ungle (B = 35.1°) of the C(16)-C(22) bond to the
plane C(16-20) (B =6.7° for exocyclic C(11)-C(21)
bond to the 0*-CsH, plane C(11-15)), as shown in Fig.
2. Nonplanarity of CsH, plane C(16 ~ 20) is explained
by the same reason; i.e. the bending angle a between
the plane C(17 ~ 20) and the C(20)-C(16)-C(17) is ca.

Table 6
Sclected bond lengths (A) and angles (deg) of 2, 3 and 1

2 3 1
Fe-- Ru 4.495(2) 4.719%1) 4.792(2)
Fe-Cp 1.643(4) 1.654(2) 1.665(7)
Ru-Cp 1.801(4) 1.861(8) 1.788(5)
Ru-CH" 2.407(6) - -
Fe: - CH’ 3.208(6) - -
Fe-C,,{av) 2041 2.047(6) 2.055(6)
Ru-C, . (av) 2.18(4) 2223 2.151(6)
C g ~ConglFe) 1.42(1) 1.42(1)
Cring ~ConglRW) 1.42(3) 1.4203)

aD-CA21)-Ca) 120,605 121.(5) 120.4(5)
AG-C22)-C(16)  124.%S) 119.0(5) 120.7(5)
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Fig. 2. orTEP drawing of CpCsH RuCH™ muiety.

2.95° while a between the planes C(12~ 15) and
C(15)-C(11)-C(12) is ca. 1.27°. The much smaller
Ru(1)-C(16) distance (2.079(5) A) compared with other
Ru(1)-C distances (2.159-2.234 A), see Table 3, is due
to the movement of C(16) and Ru(1) toward each other.
Owing to this, and the steric hindrance between the
C(11) and €(22) (the distance between the C(11) and
€(22) (3.279(7) A) is much smaller than the sum of van
der Waals radii of two C (3.40 A)), the o »*-C,H,
rings of the Re moiety are tilted greatly. The dihedral
angle between them is 10.92° while it is 3.46° for the
Fe moiety.

The much smaller M=C* distances and larger B
values compared with the values of 2 are reported in
a-carbonium nonamethylruthenocenium and nonameth-
ylosmocenium cations formulated as [CS(CH )5Car
(CH,),CH} M] (M = Ru and Os respecuvely) i.e. the
covalent M-CH* bonds (2.270 }. and 2.244 A respec-
tively) and B (40.3° and 41.8° respectively) are found
[13). The shorter M—CH* bond and larger 8 value of
the Os compound compared with those of analogous Ru
are due to the stability of the Os—C* bond. For a long

R B ]

time, extensive discussions on the mechanism of stabil-
ity of the a-carbonium in metallocene derivatives have
been reported [13-17]. The stability of the a-carbonium
MCpC;H,CH; ion is strongly dependent on the central
metal atoms, i.e. the stability increases in the order
Fe << Ru < Os because of the increase in the atomic
size (the_covalent radii of Fe, Ru, Os are 1.34 A, 1.49
A, 1.50 A respectively [12]), and its basicity. Therefore,
the carbonium center ~C(22)*- in cation 2 is stabilized
by the bond formation between the electronically softer
Ru, which gives longer Ru- Cgne and Ru—Cp distances,
i.e. the distances are 2.18(4) A'and 1 .801(4) A respec-
tively; both values are larger than the corresponding

values of 1 (2.151(6) A, 1.788(5) A respectively) with
formal oxidation state Ru". Thus, the oxidation state of
Ru in 2 has a more positive charge than Ru" in neutral
1.

The two 7’-CH, rings of each Fc and Rc moieties
rotate ca. 9.7(6)° for Fc and 11.6(5)° for Rc moieties
(the angle is ca. 13° for 1 [9]; 0° for perfectly eclipsed
and 36° for stagseled) The exocyclic distance C(16)-
C(22) (1.40(1) A) is significantly shorter than the other
exocyclic C C bond lengths (1.46(1) A for C(6)-C(22),
1.49(1) A for C(1)-C(21) and 1.50(1) A for C(11)-
C(21)). The latter three bond lengths are comparable
with the corresponding values of 3 (cf. 1.50(1) A for
C(1)-C(21) and 1.49(1) A for C(11)-C(21)). The for-
mer value (1.40(1) A) is closer to the intermediate
values of single- (1.54 A) and double-bond (1.33 A)
character [11). Moreover, the C(19)-C(20) (1.40(1) A)
and C(17)-C(18) (1.41(1) A) bonds are significantly
smaller than the other C C bonds (1.43(1} A for C(I8)-
C(19). 1.46(1) A for C(16)-CA7). 1.45(H) A for
C(16)=C(20)). Thus, the n*-C,H, ring shows fulvene
character and the cation is illustrated as a resonance
hybrid of the canonical structure of A and B (Scheme
2).

A plojc.clion of the unit cell along the b axis is
shown in Fig. 3. The tetrahedral BF; shows smaller
thermal motion (B,,, 4.7-9.7 AY) compan.,d with the
value of 3 (10.0-25.6 A?). The average F-B-F angle is
110(2)° and the average B-F distance is 1.35(3) A;
these values correspond well with those reported for the
iodobiruthenocenium™® BF; salt [18). The shortest inter-
molecular C -+ C distance (3.585(8) A) is found in

R 54 T PR

Scheme 2.
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Ci0

Fig. 3. Projection of the unit cell of 2 along b axis.

C(7) - - - €(21), which is longer than the sum of the van
der Waals radii of two C atoms (3.40 A). Therefore,
there is absence of van der Waals contact between the
cation—cation. The shortest distances between each F
and C atoms in the cation are 3.313(7) A for F(1)-C(22).
3.340(9) A for F(2)~C(19), 3.22%(7) A for F(3)-C(13)
and 3.196(9) A for F(4)-C(14). Although all the values
are somewhat larger than the sum of the van der Waals

radii of F (1.35 A) and C (1.70 A) [11), the smaller s
BE;" anion sits near the higher positive charge of the Fig. 4. ortep drawing of the CH,CH"* € and BF,.
i 3 3 C:: § f:,};': 1?%55'11;1 ]y B8 g nK
l S Voo
=CH* =
, =CHa -
T s & a 3 B

1R &5 /ppm
Fig. 5. 'H NMR spectrum of 2 in CD,CN.



M. Watanabe et al. / Journal of Organometallic Chemistry 524 (1996) 9-18 15

Table 7
'H NMR chemical shifts of 1 and 2
Chemical shift Assignment
)
1 3.4 -CH,-
4.08 H, 5 (Fe moiety)
421 H; , (Fe moiety)
451 H, 5 (Ru moiety)
4.68 H; 4 (Ru moiety)
2° 2.57,3.01 H(21a, 21b)
4.09 HG, 4)
4.26, 4.55 H(2.5)
4.36,4.72 H(7, 10)
4.77, 481 H(8, 9)
5.14,5.53 H(12,15)
5.23 H(13, 14)
4385, 6.13 H(17, 20)
5.73,5.99 H(18, 19)
6.57 H(22)
2¢ 2.75,3.09 H(21a, 21b)
4.12,4.22 HG, 9
4.30, 4.63 H(2,5)
4.54,4.87 H(7,10)
483 H@&.9)
5.32,5.70 H(12, 15)
5.42,5.4 H(13,14)
5.08, 6.35 H(17, 20)
6.21, 5.96 H(18, 19)
6.87 H(22)

*In CdCly: ° in CD4CN; © in CD,COCD;.

Ru site, especially the carbonium CH* center, as shown
in Fig. 4. The distance between the F(1) and H(22) is
found to be 2.40(4) A, which is shorter the sum of the
van der Waals radii of H (1.2 A) und F (135 A),
suggesting the possibility of the hydrogen bond between
them (CH" -+« F(1)BF,).

3.1. NMR studies

Salt 2 is easily soluble in polar organic solvents such
as acetone and acetonitrile, giving a deep purple solu-
tion, whereas most ferrocenium cations give a green-blue
solution. Fig. 5 shows the 'H NMR spectrum of 2 in
CD,CN, and the chemical shifts are summarized in
Table 7. Here, for the upper field, two signals at
8=2.57 (d 2,210 = 20.0 Hz) and 3.01 (d *J01, =
20.0 Hz) are assigned as methylene (H(21a, 21b)); ie.
the methylene protons on the rigidly fixed C(21) are no
longer equivalent and appear severally as a doublet. The
lowest field signal at 8= 6.57 can be assigned as
H(22). This & value is significantly smaller than the
values reported for the a-carbonium analogous cations
such as ferrocenylruthenocenylmethylium* cation (8 =
7.85 at 183 K and 8.00 at 313 K [19D and di-
ruthenocenylmethylium* cation (6=7.72 at 293 K
[20]), probably because of a delocalization of the posi-
tive -CH*~ charge perfectly over the Ru-CH™ bond,

whereas the positive charge is more localized in the
~CH ™~ bond for the latter two carbonium salts.

The salt 2 gives 14 ring proton signals: the lower
field seven signals at 6= 6.13, 5.99, 5.73, 5.53, 5.23,
5.14 and 4.85 may be ascribed to the ring protons of the
Rc moiety and the higher field seven signals at § = 4.81,
477, 4.72, 4.55, 4.36, 4.26 and 4.09 to those of the Fc
moiety; i.e. the structure of the cation in solution re-
mains intact in the solid. A similar 'H NMR spectrum is
given in 2 in CD,;COCD;, although significantly lower
field shifts are observed for all the signals (see Table 7);
especially, the CH* (H(22)) signal shifts greatly (6 =
6.87), probably because of the difference in dielectric
constant of CD,CN (& 37.5) and CD,COCD; (& 20.7).
Owing to the electrostatic interaction between the posi-
tive CH* charge and the higher dielectric constant
solvent (CD,CN), the positive CH* charge is de-
creased, giving higher field shifts.

To assign the other 14 signals, 'H-NOSEY and
COSY NMR spectroscopies were carried out in CD,CN.
From 'H-NOSEY spectroscopy, the CH* signal (H(22),
8=6.57) correlates to the signal at &= 6.13 only.
Firstly, it may be concluded that the peak at = 6.13 is
ascribed to the H(20), because the H(22)--- H(20)
distance (2.61 A) is much shorter than the value of
H(22) - - - H(17) (3.92 A). From the 'H-COSY spec-
troscopy, the number of correlation peaks at 6 = 6.13 is
five (see Fig. 6), which means there is rapid syn-syn
exchange motion, as in the case of neutral 1 [21]).
Therefore, ring H atoms in the 2- and S-positions are
equivalent; thus the peak at &= 6.13 is ascribed to
H(20) and H(17). Other signals are assigned using the
same technique and the results are summarized in Table
7.

As the carbon signal of ~CH" = is superim?oscd on
the large CN signal in CD,CN near 8= 120, "C NMR
and DEPT NMR spectra of 2 are measured in
CD,COCD,, and the spectra and & values are shown in
Fig. 7 and Table 8; 17 strong intensity signals and five
weak signals (8= 12091, 119.53, 99.87, 91.43 and
80.09) are observed. To assign the two weak signals at
lower field (8= 120.91 and 119.53), "C-DEPT NMR
spectroscopy of 2 was carried out. The four nonhydro-
gen carbon atoms (C,) observed at &= 120.91, 99.87,
91.43 and 80.09 disappear; the former two signals can
be assigned as C, for the Rc moiety (8 = 12091 as-
signed as C(16), 99.87 C(11)) and the latter two as
being for the Fc moiety (8 = 91.43 C(6), 80.09 C(1)).
The lower field signal at &= 119.53 is ascribed to
—CH*- (C(22)) and the higher field signal at & = 22.98
is ascribed to ~CH,- (C(21)). The former & value
corresponds well to the value reported for analogous
salts, such as ferrocenylruthenocenylmethylium cation
(5=111.3 and 117.8 at 183 and 323 K respectively)
[19), diruthenocenylmethylium cation (8= 111.8) [20],
FcCH; (Fc; Cp(CsH,)Fe, 6= 117.3) and FcCH*Ph
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(8=121.5) [22]. However, all measurements of the
"H-"C shift correlation of the 2D NMR spectra to
assign the other 16 signals have been unsuccessful
because of the instability in CD;COCD; during mea-
surements (3-4 days); the lower field eight lines are
ascribed to the ring protons of the Rc moiety and other
eight lines to the Fc moiety.

Fig. 8 shows “C CP/MAS NMR spectra of 1 (a)
and single crystal salt 2 (b). As has been mentioned
previously, 1 gives four signals (8 = 69.27, 71.98, 88.11
and 27.21) [1]. The lower field signal at & =88.11 is

assigned as the C, atoms, i.e. the C, signals of the Rc
and Fc moieties are not well-resolved, there being only
slight chemical shift differences between them. The
signals at 8 = 71.98 and 69.27 are assigned as Cp-ring
carbons (CH) of the Rc and Fc¢ moieties respectively,
and the -CH,- signal is observed at &=27.21. In
contrast to the sharp signals of 1, several broader sig-
nals are observed for 2 because the chemical shift
spreads out extensively, as shown in the >C NMR
specira in CD,COCD;,.

On the basis of >C NMR spectra of 2 in CD,COCD,,
the higher field signal at é=24.58 is ascribed to the
-CH,- (C(21)), which shows an upfield shift (2.63
ppm), as in the case of 3 compared with the value of 1.
The strong intensity signals are ascribed to the ring C
atoms in the Fc (8 = 71.98) and Re (8 = 80.63, 86.65*")
moieties. Although a small lower field shift (A § = 2.71)
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Fig. 6. 'H-COSY NMR spectrum of 2 in CD,CN.
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Fig. 7. “C NMR spectra of 2 in CD,COCD,.
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Table 8
3C NMR chemical shifts of 1 and 2
Chemical shift Assignment
3
1? 90.07 C, (Ru moiety)
86.83 C, (Fe moiety)
7233, 69.34 (Ru moiety)
69.05, 67.05 (Fe moiety)
26.83 —CH,-
2 b _a
9995 - 4 C, (Ru moiety)
90.84, 90.30 (Ru moiety)
82.45, 81.81 (Ru moiety)
81.13, 80.24 (Ru moiety)
80.20, 79.40 (Ru moiety)
91.24, 79.94 C, (Fe moiety)
78.54, 75.87 (Fe moiety)
74.94, 72.90 (Fe moiety)
71.35, 70.31 (Fe moiety)
70.18, 70.14 (Fe moiety)
23.15 ~CH,-
2°¢ 119.53 -CH" -
12091, 99.87 C, (Ru moiety)
90.88, 90.27 (Ru moiety)
82.38, 81.64 (Ru moiety)
81.09, 80.28 (Ru moiety)
80.21, 79.22 (Ru moiety)
91.43, 80.09 C, (Fe moiety)
78.59, 75.71 (Fe moiety)
74.88, 72.83 (Fe moiety)
71.16, 70.15 (Fe moiety)
70.04, 69.99 (Fe moiety)
22.98 -CH,-

*In CDCly; ®in CDLCN:; © in CD,COCD,. 4The -CH* and the
other C, signal & values could not be estimated owing to the
overlupping of the solvent (CD,CN; 8 120 (CN)) signal.

13 ePr/MAR NMR €1
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Fig. 8. ’C CP/MAS NMR spectra of 1 (a), 2 (b) and its DD NMR
spectra of 2 (c).

CP/MAS DD NMR

()

is observed for the Fc moiety, larger shifts (A6 = 8.7-
14.7) are found in the Rc moiety because of Ru—-CH*
bond formation. The DD technique was applied to
detect the C, signals. With increasing delay times for
decoupling and data acquisition, the signals of CH- and
CH ,-type decayed rapidly, and the four C, signals were
observed clearly. On the basis of °C NMR spectra in
solution, the higher field two signals at 6 = 86.65 and
80.24 are ascribed as C, signals for the Fe side (C(1)
and C{6) respectively) and the lower field signals at
8= 101.12 and 123.27 are for the Ru side (C(11), C(16)
respectively). The signal at 8= 108.70 is ascribed as
—CH™- (C(22)), although a smaller higher field shift is
observc;d compared with the value in CD,COCD, (8=
119.53).

4. Conclusion

From the results obtained in the present studies, it
can be concluded that compound 1 reacts with
[RcHCI]*BF; and [RcHBr]*BF; giving a monoca-
tionic salt 2. The cation is shown as a resonance hybrid
canonical structure of m°fulvalene formulated as
[Fe"(C,H ,CH,C4H )C H ,CH=C4H )Ru]* and
a,o-carbonium type formulated as [Fe"(CH ,CH,C;-
H ,)(C;H ,CHC H)Ru]* with Ru-C, covalent bond.
The positive ~CH*~ charge is delocalized over the
bond, resulting in the stability of the «,a-carbonium
salt. In contrast, 1 reacts with [RcHIJ* BF; giving a
monocationic salt 3 expressed as [Fe''(C{H ,CH,C,
H,),Ru"1]* BE; with a stable Ru'"~1 bond, as shown
in Scheme 1. A similar conclusion has reported by the
present authors; i.e. ferrocenylruthenocenylmethune and
diruthenocenylmethane react with [RcHCI]* BE; and
[ReHBr]*BE; giving their o,a-carbonium salts and
with [RcHI)* B, giving their iodoruthenocenium salts
[19,20). As mentioned in previous reports, the stability
of the Ru“=X (X =Cl, Br, 1) bond in the [ReHX]*
cation increases in the order Cl1<Br <1l Thus, the
stability of Ru'V-I prevents the formation of the a,a-
carbonium salt by using [RcHI]* BF; . Owing to the
lesser stability of Ru'Y~Cl and Ru'Y-Br, the ~CH,~ in
1 was oxidized predominantly giving a carbonium cation
2 by using [ReHX]* BF; (X = Br, Cl).
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