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ture dependent ’ H and “C-NMR spectroscopies [6- IO], 
two-electron exchange reactions between the Ru” and 
RulV [XRulV Ru” = Ru”Ru’~ X] with X migration were 
observed and their activation energies are deeply con- 
cerned with the conformational change between the 
Ru’*Cp(C,H,) and [XRU’~Q(C,H,)]+ moieties based 
on the results of their X-ray dift’mction studies (X = Cl. 
1) [6,7]. To extend our and above mentioned studies, 
two nonhaiobiruthenocenium salts 1, 2 formulated as 
[Ru”C~(C~H,C,H,)C~RU’” L]‘+(BFJ ), with the 
RulV-L bond have been prepared. Herein,-these crystal 
structural and NMR studies are discussed as compared 
with those of reported RcRcX’ and above two groups’ 
salts. 

2. Experimental 

2. I. Sy1riwx?s 

Salt A was prepared as foiiows; a solution of p- 
benzoquinone (30 mg) in hexane ( 100 ml) containing 
boron tritluoride diethyi ether complex (2 ml) was 
added to a solution of RcRc (50 mg, 0.11 mmoi) in 
benzene (100 ml). Dark-brown precipitates were pre- 
pared (A) immediately in high yield (78 mg; 95%). see 
Scheme I, which was filtered, washed with hexane and 
dried in vacua. Anal. Found: C, 42.35; H, 2.84; 
62, Ii 22 I32 F,O? KU,. Caic.: C, 42.07; H. 2.99%. In- 
frared spectra (KBr): 3103, 1632, 1537, 1377. 1219, 
1 I(&- 1000 (broad. BF_,- ), 875, 835, 762. 669, 530.447 
cm s ’ t The precipitates A (78 I@ were well soiubl~ in 
tiitromethane (20 ml) containing small amount of aceto- 

Ru” 

nitrile (ca. I ml) giving a deep-red solution. Single 
crystals suitable for X-ray studies of 1 formulated as 
[RcRcNCCH,]~ + (BF; L. CH ,NO, were obtained by 
diffusion of diethyi ether into the siiution at ca. 260 K 
for several days, the we!l-formed crystals (24 mg. 0.04 
mmoi; yield 36%) were obtained. Anal. Found: C, 
37.49; H, 3.21; N, 3.58. C,,H,,B,F,N,O,Ru,. Caic.: 
C, 37.52; H, 3.29: N, 3.8 1%. Infrared spectra (KBr): 
3086, 1536, 1408. 1385, 1300, 1100-1000 (broad, 
BF; ), 843, 820, 667, 598, 434, 42 1 cm- ’ . The salt 2 
formulated as [RcRcN(CH),N]‘+ (BF; )?. (CH,NO? J2 
was prepared by the same method for preparation of 1 
by using pyrazine (ca. 50 mg) instead of acetonitriie. 
The well-formed red plane crystals were obtained (yield 
ca. 30%). Anal. Found: C, 37.42; H, 3.32.; N, 6.65. 
C2hH2XB2FXNJ0-IR~?. UC.: C, 37.34; H, 3.37 N, 
6.70%. Infrared spectra (KBr): 3095, 1636, 1485, 1410, 
1300, I 100-1000 (broad. BF; 1, 606, 534, 523, 469 
cm-‘. The ‘H NMR and “C CP/MAS NMR measure- 
ments and dipoiar dephasing experiments were carried 
out by the same method reported previously [ 1 I]. 

Crystal (0.2 X 0.03 X 0.5 mm) of 1 was selected. 
X-ray intensities were recorded on a Rigaku AFC-6A 
automated four circle X-ray diffractometer with graphtte 
mono-chromatized MO-K cy radiation ( y = 0.7 1073 A) 
at 25 & I” using the o - 20 scan mode with a scanning 
speed of 4” min. The lattice parameters were determined 
by a least-squares calculation with 25 reflections. Crys- 
tal stability was checked by recording three standard 
rellcctions every I50 reflection, and no significant vari- 

i 

+ 

Scheme I. 



Table I 
Crystal and intensity coilection data for I illld 2 

1 2 
Formula 
Formula weight 
0ysc.d dimensions (mm’ 1 
Space group 

(1 (A, 

h (A, 

c LA) 

u/” 
IV” 
Y/O 
v (f?, 

0.2 x 0.03 x 0.s 

C,,I-l,,Ku,B,F,N,O., 

PblAl 

14.2%x7) 

37.105(10) 

736.20 

lO.OSl(3~ 

L 

T (K) 
p(cm-‘) 

11, 
No. of retlections measured 
No. of observed reflections 
2 H scan range (deg 1 
Scan width 

L 

2/u bmax 
Jp min, A p max/ek ’ 

53 16(4) 
8 
298 
12.18 
I .840 
4089 
l69lU > I.5 U(I)) 
50.0 
0.79 + 0.30 tan H 
0.033 
0.054 
0.059 
0.0 I 

- 0.58.0.68 

0. I x 0. I x 3.2 

pi 
9.006 (2) 

I9.233(4) 

C,,H,,Ru,B,F~,N,,O,, 

28.907 ( IO) 
89.45 ( I ) 

2508.54 

86. IO (3) 
87.85 (3) 

4991(2) 
2 
298 
9.90 
I .669 
22162 
8992 
60 
1.15 + 0.30 tan H 
0.04 
0.077 
0.090 
0.00 

-0.97.1.88 

ations were observed. For 1, 4089 retlections were 
collected in the range 4” I 2 8 I 50” of which 1691 
reflections with Iobsd > 1.5 a(Iobsd) were used for the 
structure determination. The scan width was 0.79 + 0.3 
tan 6,. The refinement 352 variable parameters con- 
verged to K = Cl1 F;,I - 1 (.II/CIf,,( = 0.054, &,, = 
[CH*(I &I - f$l)‘/Cc~F]z )I’/’ = 0.059, and standard de- 
viation of an observation of unit weight was 1.42. 

For 2, crystal (0. I X 0. I X 0.2) was selected. Due to 
the instability of 2, the data were collected using a Mac 
Science MXC 18K diffractometer with graphjte mono- 
chromatized MO-K as radiation ( y = 0.7 1073 A) at 25 &- 
lo, 22 162 reflections were collected in the range 4” I 
26, I 60” of which 8992 reflections with lobsd > 2.5 u 
(Iobsd) were used for the structure determination. The 
refinement 1380 variable parameters converged to R = 
0.077, R, = 0.090, and standard deviation of an obser- 
vation of unit weight was 1.00. 

Both structure (1, 2) were solved by heavy-atom 
Patterson methods and expanded using Fourier tech- 
niques using the TEXSAN crystallographic software 
package [ 121. The non-hydrogen atoms were refined 
anisotropically by full matrix least squares. All hydro- 
gen atoms were located at the calculated positions, and 
were included isotropically in the refinement. Neutral 
atom scattering factors were taken from Cromer and 
Waber [ 131; anomalous dispersion effects corrections 
were included in &, [ 141, the values for Af’ and Af” 
were those of Creagh and McAuley [15]. Crystallo- 

graphic data for 1 and 2 and some of the experimental 
conditions for the X-ray structure analysis are listed in 
Table I. 

3. Results and discussion 

RcRc is oxidized by I?-benzoquinone in benzene 
containing boron trifluoride diethyl ether complex giv- 
ing intermediate salt A, this is well soluble in CH,CN 
and other polar solvents giving deep-red solutions, From 
the ’ H-NMR spectrum in CD,CN, the six-sharp signals 
(6, 6.24, 5.72, 5.71, 5.52, 5.32 and 4.90; ascribed to 
the [Ru”C~(C,H,C,H,)C~RU’“]~+ cation, the NMR 
discussion is described in latter) and one signal (S, 
6.63) are observed. The latter S, is consistent with the 
value of free p-benzoquinone itself in the same condi- 
tions, thus A contains at least RcRc’+ and p-benzo- 
quinone. Fig. 1 shows ‘jC CP/MAS NMR spectra of A 
(a), RcRc(b) and p-benzoquinone (c). Sharp three sig- 
nals are observed for RcRc and the signal S 87.5 is 
ascribed to the bridged C atom, S 72.3 to Cp and C,., 
and S 69.1 to C,., on the basis of our previous studies 
[8]. Two broad peaks ( S 187.1, 137.5) are observed for 
p-benzoquinone, the former is ascribed to the carbonyl 
and the latter is to olefine based on the result of 13C 
NMR spectrum in solution (S 187.3 and 136.6 in 
CDCI,). Salt A gives five signals and the higher field 
two signals (S 73:2, 76.5) are ascribed to the Cp and 



I6 

c 

,d 

* ! : * 
__-_,‘-!‘J -.-_A.- 

I / 
I\, 

a 

i 4 

*I ’ 
: 

* /, I..$ 

^ d’+dLl--*- _- \--* . . .._.__ __- 

I,_.., ,,,, ,/r ._i . _ - , , -. . . . 

200 100 0 

13c 
6 /PPm 

Fig. I. “C cP/MAs NMR spectra of (a) A, (b) RcRc. and (c) 
p-benquinone. Spining side bands are marked with astetisks. 

c2.s and G.-I of the Ru”Cp(C,H,) moiety and the 
signal (6 89.0) and a shoulder (S 93.1) are to those of 
the [Ru’VCp(C,H,)]2+ moiety, respectively, on the re- 
sults of our previous studies of RcRcX+ [8]. The lower 
field two signals (S 150.4, I 17.8) are ascribed to the 
carbonyl and olefine C atoms of the p-benzoquinone, 
respectively, (the assignment of the signals is carried 
out by using the dipolar dephasing technique [I I I). 
These large higher field shift (cu. 37, 20 ppm) compared 
with the values of the original p-benzoquinone suggests 
the reaction product A is a coordination complex of 
them, Le., to fulfill the 18-electron rule of Ru”‘, II- 
benzoquinone is forced to ligate to the Ru’” center of 
the [Ru’“Cp(C s H ,>3” + moiety, giving the 
[Ru’~C~(C,H,)C~,H,O,]‘+ fragment. From the in- 
frared spectrum of A, tGe vco signal is 1632 cm- I, the 
signal shifts toward the lower frequency regions ca. 20 
cm” 
( UC0 

compared with the value of free p-benzoquinone 
165 I cm- ’ 1. This red-shift is too small to con- 

sider the CO coordination to the Ru’” center (Tuck et al. 
reported that the vco band shifts to the ca. 1200- 1400 
cm” regions owing to the C-O-M character when the 
CO group of o-benzoquinone is ligated to the M atoms 
(M = In, Ga, Sn, Zn etc. [ 161). A lack of success in 
preparing single crystals A of suitable size for the X-ray 
diffraction prevents the determination of the structure, 
however based on the results of the present studies (one 
kind of CO signal is found for the ‘* C CP/MAS NMR 
spectrum and the elemental analysis data), the r-corn- 
plex formulated as [RuQ(C,H,C,H,)C~R~‘VC,H,- 
&I’+ (BF& in which rr-electrons (2e) of the olefine 
in p-benzoquinone are ligated to the Ru’” may be 
proposed for A. While in CH,NO, solution of A 
containing small amount of CH,CN, well-formed single 

crystals 1 suitable for X-ray diffraction were prepared 
and a detailed structural, NMR discussion of 1 will be 
presented in the latter section. 

The NMR and elemental analysis data of 1 suggest 
the conformation [RCR~NCCH,]’ + (BF; )?. CH 3 NO,, 
the p-benzoquinone of A is easily substituted by CH ,CN 
in the solution, see Scheme 1. The crystal form of 1 is 
orthorhombic, space group Pbca and the final atomic 
coordinate and equivalent isotropic temperattire factors 
of non-hydrogen atoms, select interatomic distance and 
angles for 1 are shown in Tables 2-4, respectively, and 

Table 2 
Atomic coordinates and isotropic temperature factors (A’) for 1 

Atom .v BZ,( fi’ ) 
RutI) 
Ru(2) 
F( I 1 
F(2) 
F(3) 
F(4) 
F(S) 
F(6) 
F(7) 
F(8) 
Of I 1 
O(2) 
N( I 1 
N(2) 
C( I 1 
C(1) 
C(3) 
C(4) 
C(S) 
C(6) 
C(7) 
C(8) 
C(9) 
a IO) 
alI) 
a121 
a131 
a 14) 
C(lS) 
C(l6) 
a171 
CYIX) 
C(l9) 
C(20) 
C(ZI) 
C(22) 
a231 
B(I) 

B(2) 

0. I 8439(9 ) 
- 0.03364(c)) 

0.29l(l) 
0.230( I 1 
0.3775(9) 
0.303( I ) 
0.047( I ) 

-0*024(l) 
0.0966(c)) 

- 0.0357( IO) 
0.054( I ) 

- 0.046( I ) 
0.223-W) 
O.OI IL?) 
0.330( I 1 
0.270(2) 
0.20X( I ) 
0.23X) 
0.30.5( I 1 
0.083( I ) 
0.041(I) 
0.039( I) 
0.091( I) 
0.121(l) 

0.092( I ) 

O.OSS( I 1 

0.060(2) 

0.094( I 1 

0.1 IS(l) 

-0.145(l) 

-0.177(l) 

-0.175(l) 

-O.l39(1) 

- 0.120( I 1 

0.241(l) 

0.267( I ) 

0.032( I) 

0.305(3) 

O.O2Oc!) 

0.087 lOM3) 
0.20561(3) 

0.078 l(5) 

0.05 I 7(5 ) 

0.05 I Z(3) 

0.1009(4) 

0. i 38 l(4) 

0. I329(3) 

0. I699(4) 

0.1831(3) 

0.0040(4) 

0.0041(5) 

0. I236(4) 

O.O18H(S) 

0.0697(6) 

0.0505(6) 

0.0294(4) 

0.0373(6) 

0.0597(6) 

0. I384(4) 

0.1091(5) 

0.0799(4) 

0.0888(S) 

0.1246(4) 

0. I759(4) 

0. 1884(S) 

0.2263(6) 
0.2377(4) 

0.2057(5) 

0. 1774(S) 

0. I X88(7) 

0.2256(X) 

02366th) 

0.2057(7) 

0. I42 l(4) 

0.1652(5) 

0.0560(6) 

0.0729(7) 

0.1545(7) 

0.0996( I ) 3.39 
0.1299(l) 3.87 

0.690( I ) 15.9 

O.Sl8W 13.8 

0.539(2) 10.1 

0.49K) IS.5 
0.699( I 1 Il.3 
0.504( I ) 8.7 

0X5( I ) 9.3 
0.6 I 9(2 1 I I .o 
0.80X) I I.6 
0.6SW) Il.7 

- 0.04 I ( I 1 4.3 

0.71X(2) 7.0 
I).O67(2 1 6.0 

- o.ozow 5.7 
0.057(3 1 7.0 

O.l9lC!) 5.9 
0.192(2) 6.4 
0. l34U 3.2 
0.064(2 1 3.3 
0. IS2(2) 5.2 
0.2680 5.3 
0.253(2) 4.4 
0.030(2) 3.9 

- 0.033W 5.0 
- 0.023(3) 7.1 

0.099(3) 6.0 
0.17OW 5.0 
0.237(3) 5.3 
0. I IX!) s>. I 
0.1 l4(3) 7.2 
0.238(3) 7.0 
0.3 I?(?! 6. I 

-0.127(2) 4.6 
-0.238(Z) 6.8 

0.694(3) 9.2 
0.571(3) 7.4 
0.5823) 5.8 

“Beq =4/3(B,,a? + I&b’ + f?,,cl). 
BI; are defined by exp [--(/?B,,k’B,, + 12B3, +wB,, +2tl&, + 
MB,, I]. 



Table 3 
Select bond distances (A) and bond angle> (deal for 1 

Bond distance 

Rut I )-N( I ) 2.04 2) 
Ru(lb-C(Z) 2. IWI 
RuUM3-i) 2.17(Z) 
Rut I )--C(6) 2.4l(l) 
Ru( I )-C(8) 2.1X) 
Ru( I )-X(10) X7(2) 
RuU-4 12) 2.16(2) 
Ru(2LC( II) 2.20(2) 
RuQ)-C( 16) 2.lW) 
RuW-C( 18) 2.15(2) 
RuW-C(20) 2.2om 
a21 Mx!) I .3X) 
B( I )-F(2) I .44(Z) 
B( I )-F(J) I .2x!) 
B(2)-F(6) I .28(3) 
B(2)--F(8) I.3701 
Bond angles 
C(6)-Ru( I )-N( I ) 73.7 (5) 
C(2)-Rut I )-N( I ) 83.0(7) 
C(22)--C(2 I )-N(Z) 17X (2) 
O( I )--N(2)-O(2) I22 (2) 

Rut I )--C( I ) 
Rut I )-C(3) 
Rut I )-C(S) 
Rut I )-C(7) 
Rut I )-C(c)) 
RUM-C(I I ) 
Ru(l)-C(l3) 
Ru( I I--C(K) 
Ru(2)-C( 17) 
Rut I I-C( IL)) 
N( I )-C(2 I 1 
B(I)-F(I) 
B( I )--F(3) 
BW-F(S) 
BW-F(7) 

2.19(‘1 
X1(2) 
X1(2) 
2.2-W 
2. I S(2) 
2.1-a) 
2.18W 
2.16(Z) 
2.15(2) 
2.13(2) 
1.13(Z) 
I .22(3) 
I .35(Z) 
I .3K(3) 
I .36(3) 

Ct I )-Rd I )-N( I ) 80.5(7) 
WI )--N( I b-Rd I ) 174(l) 
O(l I--N(Z)-CW) 117(Z) 
O(2)-NW-C(23) I20 (2) 

ORTEP drawing of 1 is shown in Fig. 2 along with the 
atom numbering system. The cation of 1 is in trans 
conformation as with neutral RcRc and RcRcX+ cations 
[6,7]. The Ru( 1) - - - Ru(2) distance is found to be 
5.393(2) A. which is closer to the reported values of 
Ru” . . - Ru’” of RcRcX+ (5.464(4) A for X = I and 
5.366( I ) A for Cl [6,7]) cations. The mean Ru-C,.,,,, 
(CrinF; C atoms of C,H, and C,H,) and Ru-Cp (Ru- 
C,H, an,d Ru-C,H,) distances are found tt be 2.22(7), 
l-87( I) A for Rut I) and 2.17(2), 1.82( 1) A for Ru(2), 
respectively, and the formal oxidation states of Ru( I) 
and Ru(2) must be assigned as Ru’” and RI.?, respec- 
tively, on the results of previous studies [6,7], i.e., the 
cation is formulated as [Ru”Cp(C s H ,C s H -t )Cp- 
Ru’” NCCH J’ ‘-. The most interesting structural feature 
is found in the [Ru’“Cp(C,H,)NCCH ,I’ + moiety, i.e., 
the CH,CN molecule (practically linear, the N-C(21)- 
C(22) angle; 178(2)“) is coordinated to the Ru’” center 
in q’-fashion (end-on form) as with Kirchener’s and 

Table 4 
Selected Bond lengths CA) of 1 and 2 and angles (deg) _ 

1 2 

A B c 
Ru”. . . R$ 5.393 (2) 5.383 (4) 5.434 (3) 5.385 (3) 
Ru” -Cp 1X(1 1 IA!(l) I .82( I ) I .X2( I) 
Ru’” -Cp I .X7( I ) 0 M(2) I .87( I ) I .88( I) 
Ku” -C 
RUI”_Cr”” 

3.17(2) 2.17(3) 2. I7(3) 2.17(3) 
rt11g 2.22 (7) 2.20 (9) 2.22 (8) 2.23 (9) 

Ru-N 2.04(2) 2.15(l) 2.1 l(l) 2.15(l) 
Dihedral angle 38.70 38.77 30.84 41.67 
ofC H -RuyH, 5 4 
C H -Ru’“C 4 H 5 1 -l 2.20 3.13 3.10 3.03 

I 

1 

Fig. 2. ORTEP drawing of 1 with the thermal ellipsoids at the -HZ- 
probability level: perspective view with atomic numbering of the 
atoms (button). projection of a cation onto the Cp plane (top). 

Ogino’s and others M-NCCH 3 complexes [ l-5,16-20]. 
The Ru’“-N distance is 2.04(2) A. which is the smallest 
one of all the values of the reported analqgous 
ruthenocene-NCCH 3 complexes (e.g.. 2.072(6) A for 
[CsMe,(CH,),CSMe,Ru’” NCCH,]” [4], 2.064(7) A 
for [RuCp(C,H,OPPh,)NCCH,l?+ [3], 2.057(5) A for 
[RUCP(C~H,O)NCCH,]~+ [2]). Although the M-N = c 
angle is linear perfectly for [C ,Me,(CH z ),C s Me,M ‘” 
NCCH )I’+ (M = Ru, Fe) [4,5], the Ru( 1 )-N( I ) = C(2 1 i 
angle is pseud-linear (the angle is 174( 1)” which is 
closer to the value of [RUCP(C, H,O)NCCH 3 )I? + 
(175.5(&Y) and other M-NCCH, complexes [ 17-201 
probably because of steric hindrance between the 
CH,CN and the CsH,C,H, ligand, 

The C = N distance is I. 13(2) A, which is signiti- 
cantly shorter than the value of free CH,CN ( I. 1571 A) 
[21]. It is well known that the C = N distance is de- 
creased when CH,CN is coordinated to the met@ atom 
in end-on form (e.g., 1.086(1 1) A D for 
[C,Me,(CH,),C,Me,Ru’“NCCH,]‘+, 1.150(11) A fc),r 
[CsMe,(CH,)iCsMe,Fe’“NCCH,]” and 1.133(7) A 
for [RuCp(C:$,O) NCCH,)]‘+ ), while the bond)ength 
is increased (1.200( 10) and 1.21 l( 10) A for 
Cp, MoCH,CN [22]) when CH,CN is coordinated to 
the- metal atom in side-on form (7’). Thus, the CN 
distance found in 1 is a reasonable one as an end form. 
In the infrared spectrum, the expected C = N stretching 



frequency is too weak to observe. as with Ogino’s 
molecuIes [C,Me,(CHI),C,Me,M’” NCCHJ’+ DI- 
The other interesting structural feature of the cation 1 
compared with the reported RcRcX+ is the direction of 
the Ru-NCCH, bond toward the C5H,CSH, plane, as 
shown in Fig. 2; i.e., the CH,CN molecule is coordi- 
nated to the Ru’” from the oblique direction of the plane 
(the torsion angle N( 1 )-Rut I )-C(6)-C( 11 I; CCL 20”) 
owing to satisfy the closed packing described in detail 
later. 

Because of the shorter Ru’“-N distance of 1 com- 
pared with others M-NCCH, complexes, the Cp and 
C,H, planes in Ru’” side are slanted largely; the 
dihedral angle between the Cp and C,H, planes is 
38.7” (the Cp and C,H, planes in Ru” are almost 
parallel; the value is 2.20”), which is larger than the 
values of [C,Me,(CH, ),C,Me,M” NCCH,]‘+ (34.5” 
for M-Fe and 34.83” for Ru) and 
[RuCp(C, H ,OPPh, )NCCH $ (35.5(7)” and closer to 
the value of mixed valence [RcRcCI]+ (39.98”) [6]. 

Like the case of Rcl$Xf, the much longer Rut I)-- 
C(6) distance (2.4152) A) compared with rest values of 
Ru-C (2.14-2.22 A), nonplanarity of the C,H, l&and 
of Ru’” side (the dihedral angle between the C(6)- 
C( 7)-C( 10) and C(7)-C(8)-C(9)-C( IO); 9.17”) and 
non-planarity of the C,H,C,H, ligand (the dihedral 
angle between the C(6- 10) and C( I I- 15); 17.04”) were 
observed. The phenomena were caused by the van der 
Waals repulsion between the N( I ) and bridging carbon 
atoms (C(6). C( I I )): i.e.. the distance N( I) . ?? ?? C(6) 
(2.72(2) A) and N(I) 9 ?? ?? C( I I) (2.97(2) A) are much 
smaller than the sum of the van dcr Waals radii (3.20 
li> of tho N and C atom 1241). thus C(6) and C( I I) 
atoms are located out of plane (C(6L-C(7)-C( IO)- 
C( IO)) largely, which gives above mentioned structural 
features. 

A projection of the unit cell along the c axis of 1 is 
shown in Fig. 3. The cation is aligned along the b axis 
and piled along with a axis, these packing decides the 
direction of CH,CN to the Ru’“CpC,H,; i.e., the 
CH,CN molecule is ligated to the Ru’” from the oblique 
direction to reduce the intermolecular steric hindrance 
between the CH,CN moiety and the BF,- when 1 is 
crystallized (although shortest intermolecultr C(2 1) - - - 
-F and F(22) . ?? - F distances are 3.09(3) A (F( 1)) and 
3.13(2) A (F(8)), respectively, these values are closer to 
the sum (3.05 A) of van der Waals radii of F and C, 
implymg van der Waals contact between them. The 
CH,NO, sits in a gap between the cations. The intra- 
molecular distances of CH,NO, are reasonable value; 
i.e., the C(23)-N(2), N(2)-O(1) and N(2)-O(2) dis- 
tances are found to be I .44(3), 1.19( 2), I. 16(2) A, 
respectively, and the C(23)-N(2)-O( l), C(23)-N(2)- 
o(2) and O( I )-N(2)-O(2) angles are 1 I 7(2), I 20 (2) 
and 122 (2)“, respectively, and these values correspond 
well to those of free CH 3 NO, (C-N ( 1.46 + 0.02 .A), 

a 

Fig. 3. Projection of the unit cell of 1 along with the c axis. 

N-O (1.2 I + 0.02 A) [25]. However, the two CH,NO? 
molecules sit closer to each other (see in Fig. 3), the 
intermolecular shortest distance between them suggests 
no van der Waals contact, while the BF,- and CH,NO, 
molecules are in van der Waals contact each other; i.e., 
the shortest F - - . C(23) distance is 3.05 i (F(5) * - - 
C(23)) which corresponds to the sum of van der Waals 
r?dii of C and F. The average B-F distance is I .34(7) 
A, which is reasonable value as bonding distance. 

To investigate two-electron exchange reaction be- 
tween the Ru” and Ru’” as with RcRcX+, the NMR 
study was carried out for 1. Salt 1 gives clear ’ H-NMR 
spectrum in CD,COCD,; i.e., six sharp ring proton 
signals are found; S 6.64 (2H, t, cw-position), 6.08 (5H, 
s, Cp), 6.02 (2H, t, P-position) for Ru’” moiety and 
5.81 (2H, t a-position), 5.67 (2H, t, P-position) and 
5.00 (5H, s, Cp) for Ru” moiety. The similar six lines 
(S 6.24, 5.72, 5.71, 5.52, 5.32 and 4.90; they agreed 
with the values of A except for the free p-benzoquinone 
(S 6.63); i.e., p-benzoquinone of A is easily substituted 
by CD,CN giving 1) were observed in CD_;CN although 
all signals shifted somewhat higher field owing to a 
higher dielectric constant of CD,CN (E; 37.5) com- 
pared with CD,COCD,( E: 20.7)), and these S values 
were summarized in Table 5. These 5 values of ring- 
proton correspond well to the values of trapped-valence 
state of RcRcX’ in the same solution (below ca. 200 K) 
reported by the present authors [S]; i.e., the formal 
oxidation states of two Ru are trapped-valence states 
(Ru”Ru”‘) at 298 K. Upon heating of the samples (ca. 
360 K), no significant broadening of the spectra were 
observed, which is in sharp contrast with the case of 
RcRcX+, implying no electron exchange reaction be- 
tween the Ru” and Ru’” for 1 . 



Table S 
‘H NMR chemical hhifts of’ 1 mi 2 

Chttnlicnl shift 4 

la 6 ‘4(t), 5,72(t) 
5.7 i(5) 
s.mt 1. S.X(t 1 
4.90 6) 
4.26(s) 

lb 6.64(t). 6.02(t) 
h.OX (s) 
5.81(t). 5.67(t) 
s.00 Cs) 
4.42 (s) 
2.54s) 

2b 9. I X(d), X.74(d) 
6.69(t). 6.09(t) 
6. 16,s) 
5.34(t), S.2-Nt) 
4.88 (s) 
4.42 (s) 

“In CD,CN. 
“In CD,COCDl. 

As@mrnt 

H 2,5 . H I 4 pmition (Ku’” ) 
Cp-ring (Ku” ) 
H HI, 2.59 position (Ku” 1 
Cp-ring (Ru” 1 
CH ,NO, 
H,., ?? HI., position (Ru” ) 
Cp-ring (Ru” 1 
H 2,s , H 3,, po>ition(Ru” 1 
Cp-ring (Ru” 1 
CH:NO? 
CH ,CN 
pyrazine 

H HI.4 2.5 ’ position (Ru” ) 
Cp-ring (Ru” ) 
I-I HI-, 2.5 ?? position (Ru” ) 
Cp-ring (Ru” ) 
CH ;NO, 

The S values of CH ,NO, and coordinated CH ,CN 
are found at 5 4.42 (3H. s) and 2.54 (3H, s) in 
CD,COCD,. The former is the reasonable value of free 
CH 3N0, in the some conditions, while the latter value 
is lowerfield (AS) by ca. 0.6 ppm compared with the 
value of free CH ,CN. This AS is significantly smaller 
than the values of [OSCP, NCCH J+ (~a. 0.9 ppm 
[26]), [C,Me,(CH ,’ )J, Me, Ru’v NCCH J’ + (cu. 0.9 
ppm [4]) and [CpC, H@Ru’~ NCCH J’ i- (ca. 0.7 ppm 
[I]), implying somewhat weaker Ru”‘-NCCH i bond 
for I in solution compared with above three related 
complexes. Actually the CH 3-signal of the coordinated 
CH 3CN was not observed in CD,CN solution because 
of fast exchange reaction between the coordinated 
CH,CN and the solvent CD,CN in solution, while the 
coordinated CH,CN molecules does not exchange in 
CD&N for [C, Me,(CH 2 ),C, Me, Ru”’ NCCH J’ ’ 
cation on the results of NMR studies of [4]. 

The coordinated p-benzoquinone of A and CH,CN 
of 1 are easily substituted by Cl- (usmg trimethylanr- 
monium chloride, see Scheme I) and pyrazine giving 
mixed valence salts [RcRcCI]+ BF,- and 2, respectively, 
the former is determined by using elemental analysis, 
NMR and X-ray diffraction studies [6], and the detailed 
structural discussion of 2 is presented in the latte’ 
section. 

Pyrazine which contains two N atoms in /l-position 
in the molecule, is a useful bridging l&and, which 
forms bi- or polynuclear complexes like Creutz-Taube 
mixed-valence (Ru”Ru”‘) complexes and many CU- 
complexes [27-331. The reason why pyrazine was se- 

lected as a ligand is to prepare related bridged com- 
plexes formulated such as [Ru”Cp( C, H ,C ~ H -1 )CpRu’v 
N(CH),NRU’~C~(C,H,C,H,)C~RU”]~+. The salt 2 
crystallized in the triclinic space group Pi and the final 
atomic coordinate and equivalent isotropic temperature 
factors of non-hydrogen atoms, select interatomic dis- 
tance and angles for 2 are shown in Tables 4 and 6. and 
Table 7. The unit cell has three independent molecules 
(unit 2A(Ru( I ,2)), 2B(Ru(3,4)) and 2C(Ru(5,6), as 

shown in Fig. 4). Because of the three independent three 
cations and larger thermal motion of six BF; anions 

and six CH,NO, molecules (because of the thermal 
motion, the isotropic temperature factors of F in BF,- N 
and 0 atom in CH .lNO, are larger compared with the 
normal values, as shown in Table 6) the final R value 
is large, however the structural discussion of cation 2A 
(the basic molecular structure of cation 2A is quite 
similar to those of 2B and 2C (see Table 4)) is valuable 
in comparison with those of 1. 

The ORTEP drawings of the cations 2A are shown in 
Fig. 5 along with the atom numbering system. The 
structure of 2A is similar to that of 1; i.e., pyrazine is 
ligated only to Ru( 1) in the end-form and not bridged to 
two Ru atoms. This is the first pyrazine complex which 
structure determined by X-ray diffraction in ruthenocene 
analogies. Like the case of 1, the cation takes trans 
conformation and the Ru( I) - . - Ru(2) distance is 
5.384(4) A. The mean Ru-C and Ru-Cp (C,H,. 
C, HJ) distances are 2.20(9) a:; 1.88(2) A for Ru( 1) 
and 2.17(3) and I .8 I( I) A for Ru(2) see Table 4, 
respectively, which are closer to the corresponding val- 
ucs of‘ 1, and then the cation is formulated as 
[Ru” Cp(C, H ,C, H J )CpRulV N(CH), N]‘+ The N( I)- 
iiu( I) distance is 2.1 S( I ) A, which is longer by ca. 0. I 
i than the value of 1. 

Two structural features are found in 2 compared with 
that of 1: one is larger tilting in the wedge-shape of the 
[Ru’~C~(C~H,)]’ moiety in spite of much larger RulV- 
N distance of 2; the dihedralangles of Cp and C,H, are 
38.77” (40.84” for 2B and 4 1.67” for 2C, see Table 4). 
Nonplanality of the fulvalene ligand is also increased 
(the dihedral angle between the CsH, planes is 18.33” 
(2A), which is larger by ca. 0.5” than the value of 1). 
They may be caused by the balkiness of pyrazine than 
that of acetonitrile. The second is the coordinating 
direction of pyrazine molecule to the fulvalene ring; the 
pyrazine plane sits just above the C,H, plane of the 
Rut’ side as shown in Fi(y . ,L. o. 5, like the case of the 
reported [RcRcX]’ BF,- salts [6,7]. This is probably 
because of absence of the intermolecular van der Waals 
contact between the coordinated pyrazine and BF,- 
CH jNO,. If this structure remains in solution, the ring 
current of coordinated pyrazine must influence to the 6 
of CSH, in Ru”Cp(C,H,) moiety. Salt 2 gives the 
clear ’ H-NMR spectrum in acetone-d,; i.e., six sharp 
ring protons are fSund at S 6.69 (2H. t, a-position). 
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Table 6 (continued) 

Atom x ? . . H;.:, (IQ ) 
a721 -O.l33(2) 0.216(l) 0.90437) 6.1 
(373) 0.628(4) 0.130( I 1 0. I27( I ) I I.1 
(374) 0.735(3 1 0.040(2) 0.778( I ) I I.2 
a751 0.5 I 34 1 0.23x!) 0.771(2) 19.2 
C(76) 0.X)3(4) 0.070(2 1 0.7X1(2) 35.4 
(377) 0.226(S) 0.472(4) 0.455(2) 24.5 
C(78) 0.404(6) 0.3570) 0.0680) I-.._ 77 7 

B(J) 0.6360) 0.0490) 0.90% I ) 16.5 
B(2) 0.274(4) 0.060(2) 0.447( I ) 9.5 
B(3) 0.5270) 0.143(3) 0.2S’W 17.5 
B(4) 0.952(7) 0.3 I2(6) 0.117(2) 29.4 
B(S) -O.OlO(9) 0.2 l6!2) 0.78 l(2) 29.5 
B(6) O.SOl(9) 0.3790) 0.45 l(2) 27.3 

“Beq =4/3(B,,a’ + R,,b’ + R,,c’ + R,,ac cos p + p,,a c cos y 
+ fI,, b c cos LY 1. 
R;I are defined by exp [-(II’H,, + k’H,, + I’H,, +2klB,, +2klB,, 
+ 2lrkB,, I]. 

6.09 (2H, t, P-position), 6.16 Q5H, s) for Ru”’ moiety 
and 4.88 (5H,s), 5.34 (2H, t, a-position) and 5.24 (2H,t, 
P-position) for Ru” moiety. Although the former four 6 
values correspond well to the values of 1, the latter two 
signals shift to the higher-field by 0.47 ppm for cu-posi- 
tion and 0.43 ppm for /?-position compared with the 
corresponding values of 1. This suggests that the struc- 
ture of the cation in solution keeps intact in the solid. 

The S difference (A 6) of the Cp-ring of the Ru” and 
Ru’” moiety (AS; 1.08 ppm)is much larger than the 
value of 1 (AS; 0.8 I ppm), implying that pyrazine is 
coordinated to the Ru’” more stronger than CH,CN. 
Actually, the treatment of 1 with pyrazine gave 2 
immediately in acetone or nitromethane as demonstrated 
by the ’ H-NMR studies. Considering of the As value 
of RcRcCl’ cation ( I. 19 ppm [S]). the nucleophiiicity 
to the Ru’” increases in the order Cl - > pyrazine > 
acetonitrile > p-benzoquinone. The ring protons of co- 
ordinated pyrazine are found at S 9.18 (2H. d), 8.74 
(2H, d), they are shifted to lower f’eld by 0.58 and 0.14 
ppm compared with that of free pyrazine (6 8.60), 
owing to the lowering of the electron density caused by 
the coordination of the N to the Ru’” atom. The sharp 
signal at S 4.42 is ascribed to the free CH 3 NO,. Like 
the case of 1, no temperature dependency of the NMR 
spectra (no signal broading of Cp-ring protons and 
pyrazine’s proton) was observed, implying no electron- 
exchange reaction between the Ru” and Ru’” in solu- 
tion. 

From the results in the present studies, it can be 
concluded that the formula of the oxidation product of 
RcRc with II-benzoquinone and boron trifluoride di- 
ethylether complex is [Ru”C~(C,H,C,H,)C~RU’” 
C,H,O$+ (BF,-), in which p-benzoquinone is ligated 
to the Ru’” center to fulfill the 18-electron rule of Ru’“. 
The p-benzoquinone complex is easily substituted by 
acetonitrile or pyrazine giving the salts 1. 2 formulated 

F3 a 

Fig. 4. Projection of the unit cell of 2. 

as [Ru”C~(C,H,C,H,)C~RU’“L]~+ with the Ru’“-N 
bond. Both salts are soluble in polar organic solvents 
giving deep red solutions, the structure of the cations in 
solution remains intact in those of in solid. Unlike the 
case of RcRcX+, no temperature dependency of the 
NMR spectra by the thermal process was found for 1, 2, 
suggesting absence of the electron-exchange reactions 
between the Ru” and Ru’“. The reason for the differ- 
ence may be ascribed as follows; a higher positive Ru’” 
charge may be delocalized easily through RuXRu (Ru” 

N 

cation at the 40% 

(button) and projection of ;1 cation onto the Cp plane (top). 



nlhle 7 
Select bond distance (A) for 2 

atom atom diztnnce atom atom distance 

Ruil) Nil) 
Ruii) C( I ) 
Rufl) C(Z! 
Rufl) C(3) 
RutI) C(S) 
Ru( I ? C(S) 
Rut11 C(6) 
Ru(l) C(7) 
Ru(ll C(8) 
Ru(l) C(9) 
Ru(l) a IO) 
Rut31 N(3) 
Rui3) C(3) 
Ru(3) C(26) 
Ru(3) a271 
Rui3) CQX) 
Rui.3) C(29) 
Ru(3) C(30) 
Ru(3) a311 
Rui3) C(32) 
R11f.l) a.131 
Ru(3) Cr,34) 
Ru(S) N(S) 
Ru(.C) C(49) 
Rut.‘;) C(SO) 
R&i) US! 1 
Ru(S) C(S2) 
Ru(S) C(S3) 
Ru(S) C(S4) 
Ru(S) C(5.s) 
Ru(S) cI.56) 
Ru(S) C(S7) 
Ru(SI C(SH) 
C( I ) C(2) 
C’i’) 
cc;, 

C(3) 
Ci-4) 

C(6) C(7) 
C(6) cc I I ) 
C(H) C’(O) 
C(I I) C(l2) 
a121 C(l3) 
C( 14) C(1.s) 
C(l7) C(IK) 
C( 16) C(l7) 
CQI) ’ C(2) 
Nil) C(ZI) 
N(2) C(E) 
C(Y) 
C(G) 

C(29) 
a271 

c(x) a191 
C(3)) (334) 
C(31) a321 
C(32) a331 
C(3) C(39) 
a.171 C(3XI 
C(40) C(4l) 
(341) Ci42) 
Ci4.3) (344) 
a471 cY48) 
N(3) C(48) 
N(4) (347) 
a491 C(S3) 
CYSI) as21 

2.15(l) 
2.21(3) 
2.!8(3) 
2.19(3) 
2.210) 
2.24(2) 
2.44(2) 
2.2x!) 
2. IS(Z) 
2.250 
2.24(2) 
2.1 l(l) 
2.20(2) 
2.21(2) 
2.232) 
2.18(Z) 
2.18(Z) 
2.43 I) 
2.x2) 
2.16(Z) 
2.16(2) 
2.26i2) 
2.IS(li 
2.18(2) 
2.21(3) 
2.200) 
2.19(Z) 
2.22(2) 
2.47(2) 
2.25(2) 
LlS(2) 
2.17(2) 
’ ‘S(2) _I_. 
1*31(S) 
I .36(S) 
I.Jl(S) 
I .-U(3) 
I .43i2) 
I ,37(3) 
I .46(2) 
1.41(3) 
I.46(3) 
I .28(3) 
I .30(S) 
I .37(j) 
I .34(2) 
I .36(4) 
I .37(4) 
I .3(U) 
I .40(4) 
I .42(3) 
I .39(J) 
I .41(4) 
I .46(Z) 
i .39(3) 
I .27(S) 
1.4li4) 
I .36(S) 
I .40(J) 
I .34(j) 
I .32(S) 
I .37(4) 
I.Jl(S) 

Rut?) ct I I ) 2.1x) 
Ru(2) C(l2) 2.17(2) 
Ru(2) a 13) 2.21(2) 
Rut?) ci 13) 2.2 l(2) 
Ru(2) C(lS) 2.19(2) 
Rut?) C(l6) 2. I7(4) 
Rut?) a171 2.17(3) 
Ru(2) (318) LlS(3) 
Ru(Z) a 19) 2.140) 
Rui2) Ci20) 2.1 l(2) 

Rut41 C(3) 
Ru(4) C-06) 
Ru(4) C(37) 
Ru(4) C(38) 
Ru(4) (339) 
RUG) C(40) 
Ru(3) C(4l) 
Ru(4) c(a) 
Rui4) cv-13) 
Ruil) Ci44) 

2.15(2) 
2. I X(2) 
2.1(2) 
2.1(Z) 
‘.13(‘) 
2.133) 
2.lhU) 
2.17(Z) 
2.17(3) 
2.20(4) 

Rui6) a59 
Rui6) C-(60) 
Rll(6) Ci6l) 
Rll(6) Ci62) 
Rui6) Ci63) 
Ku(b) Ci64) 
Rdh) C(6S) 
Rllih) C(66) 
Ru(6) (367) 
Ru(6) (‘(68 1 

3.140 
2.lSQ) 
2.17(2) 
2.2Oi2) 
2. IOf 
2. IS(Z) 
2.19i3) 
2. I-l(1) 
2.15(2) 
2.21(2) 

CY I 1 C(S) 
C(J) C(S) 
c‘(6) C( IO) 
C(7) C(X) 
C(O) Ci IO) 
vi I I ) UIS) 
C(l3) ci I-3) 
C( 16) C(3)) 
C(IX) C( IO) 
C( 19) Ci20) 
C(3) C(26) 
N( I 1 a221 
N( I 1 C(3) 
C(3) C(26) 
a271 C(2X) 
CUO) (331) 
C(30) a351 
C(33) C(3-I) 
C(3S) C(36) 
(336) C(37) 
C0X) Ci39) 
C(40) Ci44) 
a421 C(43) 
CUS 1 C(46) 
N(3) a451 
N(4) C(46) 
(349) C(SO) 
CYSO) USI) 
as21 C(U) 

I .36(J) 
I .3H(S) 
I .-L+(3) 
I .-Q(3) 
I .4li3) 
I .46(Z) 
I .37(3) 
I .36(S) 
I .29(4) 
I .42(S) 
I .3x41 
I .3%3) 
I .22(4) 
I .33(4) 
I .34(S) 
I .47(Z) 
I ..39(2) 
I .39(3) 
I .3X(3) 
I .46(.3) 
1.43(3) 
I .36(6) 
l.~lG&) 
I .44(3) 
I .JOi3) 
I .38(-l) 
I .32(S) 
I .40(S) 
1.41(4) 

Table 7 (continued) 

iIt atom distance 

C(S4) 
C(5-l) 
cts6) 
CiS9) 
Ct60) 
C(62) 
CW) 
Ci66) 
C(69) 
N(S) 
N(6) 

CiSS) 
as’)) 
(357) 
C(60) 
C(61) 
C(63) 
C(68) 
C(67) 
C(70) 
C(69) 
a 70) 

I .3x31 
I .41(2) 
I .40(4) 
I .4(X3) 
I .43(J) 
I .42i2) 
I .37(S) 
I .36(4) 
1.370) 
I .29(Z) 
I .32(4) 

atom 

CiS4) 
ass) 
(357) 
C(S9) 
C(61) 
C(64) 
C(6S) 
C(67) 
C(7l) 
N(S) 
N(6) 

atom 

Cc%) 
C(S6) 
c-(5X) 
Ci63) 
C(62) 
C(hS) 
(366) 
(368) 
C(72) 
CU2 1 
C(70) 

distance 

I .44(Z) 
I .34(3) 
1.333) 
I .47(Z) 
I .39(3) 
I .27(4) 
I .47(4) 
I .37(4) 
1.410) 
I .35(2) 
I .32(4) 

. . . x_ - RdV - RdV -X - . . . Ru”) 

for RcRcX’, while the non-conjugated CH,CN and the 
balkiness of pyrazine prevent the formation of conju- 
gated Ru” - - . L- - -Ru’~ species, and that gives the 
trapped valence (Ru” Ru’~) NMR spectra for 1 and 2, 
however, further investigations are required in order to 
confirm this conclusions. 
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