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Synthesis of the first metallacarborane triple-decker complexes
with a central cyclopentadienyl ligand
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The previously unknown metallacarborancs (n-CsRs)Ru(n-9-Me,S-
H or Me) and (n-CsHINi(n-9-Me,S-7.8-C,BgH

7,8-C2BQH|0) (R =
19} were prepared and used in the synthesis

of the first metallacarborane tripic-decker complexes with a central cyclopentadienyl ligand,
viz.. [(n-CsRs)Ru(u-nin-CsMes)Ru(n-9-Me,S5-7.8-C,BgH ) ]PFg (R = H or Me),
{(n-9-Mc;3S-7,8-C3BgH 1g)Ni{p-n:n-CsHs)Ni(n-9-Me,S-7,8-CyBgH )| PF¢, and
[(1’]-C5Hs)Ni(p-nIT]-CSHs)Ni(T]‘Q'N1C23'7,8-C2B9H]0)]BF4.

Key words: metallacarboranes, triple-decker complexes, ruthentum, nickel.

The synthesis of the first 34-electron triple-decker
nickel complex with cyclopentadienyl ligands 1 was
described in 1972.%2 In 1987, we developed a procedure
for the synthesis of the previously unknown 30-electron
cationic triple-decker complexes of the iron-group met-
als 2,3—5 which also contain exclusively cyclopentadieny!
ligands.

. R R

] S

Ni M R

: _ ; PF™

Ni X M’

1 2
Fe; M" = Fe, Ru,0Os; R =H
: Ru; M" = Ru, Os; R = H, Me

X = BF,, PFg

=g
4o

In the present work, we report the synthesis of the first
metallacarborane triple-decker complexes with a bridging
cvclopentadienyl ligand. Metallacarborane triple-decker
complexes which contain the {,3-diborolyl ligand
C,B,MeEty in the bridging position have been described
previousty.6=?% We used the |9-Me,S-7,8-C3BgH 5] an-
ion as a carborane ligand in the synthesis of triple-decker
complexes for the first time.'%~13 This mouoanion, like
the dianton [CngH“lz—, is capable of forming =-com-
plexes with transition metals. However, unlike the above-
mentioned dianion, the monoanion under consideration
resembles to a greater extent the [CsHs}™ anion because
thev carry equal charges. Based on the Na[9-Mc,S-
7.8-C5BgH ] salt (3),13 we prepared cyclopentadienyl-

metallacarboranes (n-CsR5)M(n-9-Me,S-7,8-C,ByH )
(M = Ru, R = Hor Me; M = Ni, R = H), which werc
used in the synthesis of metailacarborane triple-decker
complexes.

Ruthenacarboranes 4a,b, which are carborane ana-
logs of ruthenocenes, were synthesized by the reactions
of compound 3 with the cationic trisacetonitrile ruthe-
nium complexes {(n-CsR5)Ru(MeCN);]PFg (R = H or
Me) in tetrahydrofuran at 20 °C (Scheme 1).
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Methylated compound 4b was also formed in the
reaction of compound 3 with [(n-CsMes)RuCl],,* which
had been prepared by reduction of [(n-CsMeg)RuCl,l,

* When the prcscnt. paper was in press, the synthesis of
compound 4b by the same method was reported in Ref. 20.
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Table 1. 'H and "'B{'H} NMR spectral data for compounds 4a,b and 5a.b i1n CD,Cl,

Com- H, 5, J/Hz

pound cage CH SMe, CsRy

"B('H), 5

4a 4.17 (brs, | H); 258 (s, 3 H); 498(s. 5 H, CHy)

360 (brs, 1 HY 241 (5.3 H)
4 332(brs, LH) 250, 3H) 187 (s, 15 H, CMey)
267 (ors, 1) 235 (s, 3 H)

5a -0.03(d, t H, 2.63 (s, Y, 3.50(. 5 H,
C(8)H. J =4); 2142, 3 H) n-CsHy);
-0.84 (1, | H, 1.70¢s, 15 H,
C(HH. J =4) p-nn-CsMes)
Sb =072 (d. ! H, 263 (s, 3 H); 170, I5H,
C®H, /=4, 213¢,3H u-n-CyMeg);
-4}, | H, 1.64 (s, 1S H,
C(MHH. J = 4) n-C;Me)

—4.38 (1 B, BSMe,); =5.33 (I B); =6.70 (1 B), —10.46 (1 B):
=14.56 (1 B); —19.20 (1 B); —25.35 (i B); —27.63 (1 B);
—28.88 (I B)

—4.31 (1 B); —6.77 (1 B, BSMc,): —=8.38 (| B); —10.55 (1 B);
~15.53 (1 B); —19.60 (1 B), —25.78 (1 B); —~27.43 (1 B);
—29.68 (I B)

96.40 (1 B); 31.52 (1 B); 30.89 (1 B); 18.58 (1 B); 16.81 (1 B,
12.43 (1 B, BSMe,): 1223 (1 B): =2.75 (1 B); —10.52 (1 B)

97.75 (1 B); 35.06 (1 B); 29.89 (1 B); 18.65 (2 B); 13.05 (1 B);
12.39 (1 B, BSMe,); —2.85 (! B); —10.94 (1 B)

with zinc dust in tetrahydrofuran and was used in the
subsequent reaction without isolation from the reaction
mixture. Compounds 4a,b are colorless (or slightly yel-
lowish) air-stable crystalline substances, which were char-
acterized by the data of elemental analysis and 'H and
UB{'H} NMR spectroscopy (Table 1). The 'H NMR
spectra (in CD,Cl;) have a singlet of the protons of the
C;H; ring at § 4.98 (for 4a) or a singlet of the protons of
the methyl groups of the CsMes ring at & 1.87 (for 4b).
The signals of the cage CH protons are observed as two
broad singlets, while the protons of the methyl groups at
the sulfur atom give two narrow singlets. The
HB{IH}Y NMR spectra have nine signals of the boron
atoms and only one of them 1s not split into a doublet on
protons. This signal belongs to the boron atom attached
to the sutfur atom.

With the aim of preparing 30-electron cationic
ruthenacarborane triple-decker complexes, we used
ruthenacarborane 4b in the stacking reaction with the
12-clectron cationic fragments [(n-CsRs)Ru]* (R = H
or Me) generated from the trisacetonitrile complexes
[(n-CsRsIRu(MeCN);JPFg. The reactions were per-
formed upon boiling in nitromethane analogously to the
synthesis of triple-decker ruthenium complexes 2 (M =
M’ = Ru; R = H or Me).3-5 As a result, we obtained
ruthenacarborane triple-decker complexes 5a,b contain-
ing a central pentamethylcyclopentadienyl ligand
(Scheme 2).

Compounds 5ab are verv similar in properties to
cyclopentadienyl complexes2 (M =M™ = Ru; R = H
or Me). All these compounds are red-orange crystalline
substances, which are stable in air both in the solid state
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and in CH,Cl,, Me,CO, and MeNO, solutions. The
structures of ruthenacarborane triple-decker complexes
5a,h were proposed based on the data of elemental
analysis and *H and ""B{’'H} NMR spectroscopy (see
Table 1). The 'H NMR spectra contain signals of the
terminal cyclopentadienyl ligands, namely, a singlet of
the protons of the CsHs ring at & 5.50 (for 5a) or a
singlet of the protons of the methyl groups of the CsMeq
ring at 8 1.64 (for 5b). For both compounds, the protons
of the methyl groups of the central CsMes ring give a
singlet at § ~1.70, i.e., at lower field compared to that of
the terminal CsMes ring in compound 5b (8 1.64).
Analogous downfield shifts of the signals of the protons
of the methyl groups of the central ring compared to
those of the terminal ring have been observed previ-
ously? for the related triple-decker compounds 2 (M =
M* = Ru; R = H or Me). Two cage CH protons are
observed as a doublet and triplet, while the protons of
the methyl groups at the sulfur atom give two singlets.
The ''B{*H} NMR spectra of triple-decker compounds
Sa,b are similar to those of ruthenacarboranes 4ab.
However, as a result of an additional coordination of the
CsMes ligand to the cationic fragments {(n-CsRs)Ru]*
(R = H or Me), most of signals of the boron atoms are
shifted downfield.

We prepared nickelacarborane 6 by the reaction of
sodium salt 3 with [(n-C5Hs)Ni(Me,S);]BF, 1 in tet-
rahydrofuran at ~78 °C (Scheme 3).

Compound 6 contains 20 valence electrons and is
paramagnetic. This compound can be considered as an
analog of nickelocene in which one {CsHs]™ anion
is replaced by the related carborane monoanion
[9-Me,S-7,8-CyBgH )™, This compound is air-stable
in the solid state for several days but it slowly decom-
poses in CH,Cl, or Me,CO solutions. Compound 6 was

Table 2. 'H and 'IB{'H} NMR spectral data for compounds 6—8

Scheme 3
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characterized by the data of elemental analysis and 'H
and UB{'H} NMR spectroscopy (Table 2). The chemi-
cal shifts of the protons and of the boron atoms vary in
substantially wider ranges than those in the case of the
analogous diamagnetic compounds of iron (n-CsRs)Fe(n-
9-Me,S-7,8-CyByH 1y} (R = H or Me)!5 and ruthenium
4ab. In the 'H NMR spectrum of compound 6, the
signals of the protons of the CsH s ring are observed as a
broad singlet at § ~ —2359. The protons of the methyl
groups at the sulfur atom give two narrow singlets. An
interesting feature of the 'H NMR spectrum of this
compound, unlike (n-C;Rs)Fe(n-9-Me;S-7,8-C,BgH )
(R = H or Me) and 4a.b, is the fact that all eight BH
protons of the carborane cage arc distinguishable in
addition to the CH protons. Apparently, this is due to
the paramagnetism of complex 6.

Com- Sol- 'H, s, J/Hz HB(THY, §
pound vent cage CH and BH* SMe, CiHq
6 (CD,),CO 3.94 (brs, 1 H); 1.91 (brs, | H). =311 (s, 3 H); —2538.91 221.79 (1 B); 81.71 (1 B);
—9.17 (brs, t H); —=9.18 (brs. I H); —=7.35 (s, 3 H) (brs, 1 HY 4038 (1 B): 39.23 (1 B);
—12.42 (br.s, | H); —133.52(q. | H. —19.36 (2 B); —45.80 (1 B);
Jgy = 40); —156.77 (brs, 1 H); —90.80 (2 B)
—173.48 (brs, 1 H); —188.37 (brs, | H);
=197.11 (brs, - H)
7 CD;NO, 3.59 (brs, I H); 350 (brs, | H); 282¢s. 6 HY, 596 (s, 5 H) —8.10 (1 B); —9.45 (1 B);
3.70 (brs, 1 H); 3.00 (brs, | H) 258 (.6 H) =12.14 (1 B); —13.56 (1 B):
—15.86 (1 B); —18.48 (1 B);
=21.72 (1 B)
8§ CD;NO, 345 (brs, 1 H): 294 (brs. I H) 276 (s, 3H). 565, 5 H, ~0.65 (1 B, BF,): ~825 (1 B):
233 (s, 31 p-p-CHgw —10.64 (1 B); —12.01 (1 B):
538 (s, | H, —14.74 (1 B); —15.88 (1 B);
n-CsHy) =21.05 (1 By, —21.80 (1 B):
2273 (1 B): —24.67 (1 B)
* Signmals of the cage BH protons are distinguishable onty for compound 6.
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The reaction of compound 6 with [Ph;CJPFy taken
in a molar ratio of 2 : | afforded symmetrical 34-elec-
tron tripie-decker complex 7. By analogy with the for-
mation of triple-decker compound 1 in the reaction of
nickelocene with [Ph;C]X (X = BF, or PF,),! it can be
assumed that the reaction proceeds via intermediate
formation of trityl-substituted cyclopentadicne complex
6a, which serves as a source of 14-electron fragment 6b.
The stacking reaction of the latter with compound 6
yields triple-decker complex 7 (Scheme 4).

This symmetrical triple-decker complex can be con-
sidered as a carborane analog of the classical triple-
decker nickel compound 1, which contains two carborane
[9-Me,S8-7,8-C,ByH 3] ~ anions instead of two terminal
{CsH]™ anions.

+

We also studied the stacking reaction of compound 6
with the 14-electron [(n-CsHs)Ni]* fragment generated
in situ from the corresponding cyciopentadiene complex
[{n-CsHs)Ni(n-CsHg)BF,. '8 This reaction yieided un-
symmetrical 34-electron triple-decker compound 8
(Scheme 5).

This compound occupies an intermediate position be-
tween the classical triple-decker complex 1 %2 and sym-
metrical bis-carborane complex 7. Compound 8 contains
the [CsHs]™ anion along with the [9-Me,S-7,8-C,B4H o]~
anion as terminal ligands. Triple-decker compounds 7 and
8, like compound 1 described previously, are air-stable in
the solid state over a short period, compound 8 being
somewhat less stable. It should be noted that all the above-
mentioned compounds are substantially less stable than
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ruthenium-containing analogs 5a,b. Complexes 7 and 8
are readily soluble in nitromethane, forming solutions
stable at low temperature. Complex 8 is poorly soluble in
dichloromethane, giving a solution stable at room tem-
perature, while compound 7 is virtually insoluble in
CH,Cl;. The use of coordinating solvents (acetone, metha-
nol, acetonitrile, erc.) leads to rapid decomposition of
compounds 7 and 8. The structures of triple-decker com-
plexes 7 and 8 were proposed based on the data of
elemental analysis and 'H and "B{!H} NMR spectro-
scopy (see Table 2). The spectral data indicate that com-
pounds 7 and 8 are diamagnetic, like the related complex
1. The 'H NMR spectrum of unsymmetrical compound 8
has a signal of the protons of the terminal cyclopentadieny!
ring at & 5.38, which agrees well with the data for triple-
decker complex 1 (6 5.4).1:2 The signal of the protons of
the central ring in compound 8 (& 5.65) is substantially
shifted downfield compared to the signal of compound 1
(6 4.7).1.2 Apparently, this is due to the substantial effect
exerted by the carborane ligand. The '"H NMR spectrum
of symmetrical triple-decker complex 7 has signals of the
protons of the central CsHs ligand at even lower field
(& 5.95) due to the fact that this compound contains
simultaneously two carborane ligands. In addition to the
signals of the protons of the cyclopentadienyl rings, the
'H NMR spectra of compounds 7 and 8 have signals of
the cage CH protons and of the methyl groups at the sulfur
atom. It should be emphasized that the spectrum of
compound 7 contains two sets of signals of the cage CH
protons. This is associated with the fact that the [9-Me,S-
7,8-C,BgH ]~ anion is a racemic mixture of two enanti-
omers and, consequently, compound 7 exists as three
stereoisomers (DD, L., and meso). An analogous situation
has been observed previously!? for the Fe(n-9-Me,S-
7.8-C,ByH,p); compound, which possesses a symmetry
similar to that of compound 7. The 'H and !B{!H} NMR
spectral data confirm that unsymimetrical triple-decker
compound 8 is less stable than its symmetrical analogs 1
and 7. The symmetrization reaction proceeds at room
temperature upon storage of a solution of complex 8 in
CD;NO; (Scheme 6).

Even after several minutes, two additional sets of
signals appear in the 'H NMR spectrum. These signals
correspond to symmetrical triple~decker cations 1 and 7,
their ratio being approximately 1 : 1. The observed
symmetrization reaction provides additional supporting
cvidence for the structure of 8 as an unsymmetrical
tripie-decker complex. Interestingly, unsymmetrical
carborane triple-decker ruthenium complexes 5a.b are
substantially more stable. Thus, the symmetrization re-
action of the latter compounds does not proceed even in
boiling MeNO, (these conditions were used for prepar-
ing compounds 5a.b).

In summary, using ruthenium and nickel as ex-
amples, we prepared the first representatives of metaila-
carborane triple-decker complexes with a central
cyclopentadienyl ligand.

Experimental

All reactions were carried out under an argon atmosphere
with the use of anhydrous solvents. Nickel-containing com-
plexes 7 and 8 were jsolated under an inert atmosphere. In the
other cases, the reaction products were isolated in air.

The initial compounds Na[9-Me,S-7,8-C,BgH o).13
[(n-CsHs)Ru(MeCN);]PFg,17 [(n-CsMeg)Ru(McCN);]PF4.18
[(n-CsMes)RuCl,): .1 {(n-CsHs)Ni(MeyS8),]BF, M4 and
f(n-CsHs)Ni(n-CsHg)]BE, '8 were prepared according to known
procedures. The 'H and ""B{'"H} NMR spectra were recorded on
a Bruker AMX-400 instrument. The "'B{!H} NMR spectra were
measured relative to BF, < Et;0 as the external standard.

(n-Cyclopentadienyl)- (4a) and (n-pentamethylcyclopenta-
dienyl)(n-9-dimethylsulfonio-7,8-dicarbollide)ruthenium (4b),
(T]-C5R5)RU(T]‘9'[\’@28-7,8—C289il“)) (42, R = H; 4b,
R = Me). 4. Tetrahydrofuran (10 mL) and a 0.5 M
Na[9-Me,5-7,8-C,BgH (! solution in THF (2 ml., 1 mmol)
were added to [(n-CsHs)Ru(MeCN)1]PF¢ (434 mg, | mmol)
of [(1-CsMes)Ru(MeCN);IPFg (504 mg, | mmol). The reac-
tion mixture was stirred for 24 h. Then the solvent was
distilled off in vacuo and methanol (5 ml) was added to the
residue. The solid compound was filtered off and washed
several times with methanol (2—3-mL portions). The crude
product was dissolved in CH,Cly. Then cthanol (15—20 mbL)
was added and the solutton was concentrated to ~10—15 mL
in vacuo with the use of a water-jet pump. The precipitate was
filtered off and washed with ether. Complexes 4a and 4b were
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isolated as virtually colorless (or very pale-yellow) finely crys-
tatline sotids. The yiclds were ~80%. Complex 4a. Found (%):
C, 30.24; H, 6.01. CyH,BgRuS. Calculated (%): C, 30.05;
H, 5.89. Complex 4b. Found (%): C, 39.36; H, 7.42.
Cy4H3;BgRuS. Caleulated (%): C, 39.12; H, 7.27.

B. Tetrahydrofuran (10 L) was added to
[(n-CsMes)RuClyl; (307 mg, 1 mg-equiv.) and zinc dust
(0.5 g, an excess). The reaction mixture was stirred at room
temiperature for ~1—2 h. The color of the solution changed from
red-brown to dark-green and then again to red-brown. A 0.5 M
Na[9-Me,S-7,8-C,BgH y] solution in THF (2 mL, | mmol)
was added to the reaction mixture containing
{(n-CsMes)RuClly. The mixture was stirred for 24 h and the
solvent was distilled off in vacuo. Then the residue was washed
several times with methanol (2—3-mL portions) and extracted
with dichloromethane. Ethanol (15—20 mlb) was added to the
reaction mixture and the solution was concentrated to ~10—
15 mL in vacuo with the use of a water-jet pump. The finely
crystalline virtually colorless precipitate was filtered off and
washed with ether. The yield of complex 4b was 343 mg (80 %).

(1t-n:n-Pentamethylcyclopentadieny!) (n-cyclopentadienyt) -
(5a) and (p-n:n-pentamethylcyclopentadienyl)(n-pentamethyl-
cyclopentadienyl)(n-9-dimethylsulfonio-7,8-dicarbollide)di-
ruthenium hexaflugrophesphate (5b), [(n-CsRs)Ru(u-n:y-
CsMeg)Ru(n-9-Me,S-7,8-C,BoH ) ]PF¢ (52: R = H; Sb:
R = Me). To a mixture of compound 4b (43 mg, 0.1 mmol)
and {(n-CsRs5)Ru(MeCN);}PFg (R = H or Me) (0.1 mmol)
MeNO, (0.5 mL) was added and the reaction mixture was
heated on an oil bath (120 °C) for 0.5 h(R =H)or4 h(R =
Me). Then the solvent was distilled off in vacuo and the
residue was dissolved in Me,CO and chromatographed on an
alumina column (1x15 c¢m) vsing acetone as the eliucnt. The
yellow band was collected and the solvent was distilled off
in vacuo. The residue was dissolved in CH,Cl, (2—3 mL) and
a tenfold excess of ether was added. Compound 5a was isolated
as a vellow-orange precipitate and compound 5b was isolated
as small dark-red crystals. The yields were ~60%. Complex 5a.
Found (%): C, 31.23; H, 5.08. CygH34ByFsPRu,S. Calculated
(%): C, 30.80: H, 4.90. Complex 5b. Found (%): C, 35.89;
H, 5.96. Cy4H46ByFgPRu,S. Calculated (%): C, 35.34;
H, 572.

(n-Cyclopentadienyt)(n-9-dimethylsuifonio-7,8-dicarbol-
lide)nickel, (n-CsHs)Ni(n-9-Me;S-7,8-C,BgH ¢) (6). A
0.35 M Na[9-Me,S-7,8-C,BgH g] solution in THF ¢12 ml,
4.2 mmol) was added to a solution of [(n-CsHs)Ni(Me;S),1BF,
(1.40 g, 4.2 mumol) in THF (10 mL) at =78 °C. The reaction
mixture was sfowly warmed with stirring to room temperature.
The solvent was evaporated and the residue was washed several
times with small portions of methanol until the methanol
ceased to turn brown. To prepare the analytically pure product,
the solid compound was dissolved in CH,Cly, an equal volume
of alcohol was added, and a large portion of dichloromethane
was distilled off in vacuo with the use of a water-jet pump. The
precipitate that formed was filtered off and dried in vacuo.
Compound 6 was obtained in a vield of 700 mg (30%) as a
finely crystalline dark-green substance. Found (%): C, 34.11;
H, 6.51. CgH;BgNiS. Calculated (%): C, 34.06; H, 6.67.

(u-n:n-Cyclopeatadienyl)bis[ (n-9-dimethylsulfonio-7,8-
dicarbollide)nickei] hexafluorophosphate, [(n-9-Me,S-7,8-
Cngl’l|0)Ni(p-l]:T]°C5H5)Ni(n-9-5’]025-7,8-(:289}]lo)]PF6
(7). Dichloromethane (10 mL) was added to a mixture of
compound 6 (150 mg, 0.47 mmoi) and [PhyCIPFg (91 ma.
0.23 mmol) and the rcaction mixture was stirred at ~20 °C for
48 h. The brown precipitate that forined was filtered off and
washed 3—4 times with small portions of CH,Cl,. The solid
residue was dissolved in MeNO; (2—3 ml) on a filter and the
solution was filtered into a flask containing E6GO (<30 ml)

The precipitate that formed was filtered off, washed several
times with Et,0, and dried in vacuo. Complex 7 was obtained
in a yield of 130 mg (~50%) as a brown solid. Found (%):
C, 2184, ”, 5.22. C|3H37B|8F()Nizpsl. Calculated (%)
C, 21.85; H, 5.22.
(n-n:n-Cyclopentadienyl)(n-cyclopentadienyl)(n-9-di-
methylsulfonio-7,8-dicarbollide)dinickel tetrafiuoroborate,
[(1]-C5}15)Ni(p.-nll’]-CsHs)Ni(ﬂ-9-!\‘1025-7,8‘(:289*{10)]BF4
(8). Dichloromethane (5 ml) was added to compound 6
{400 mg, 1.26 mmol) and [(n-CsHs)Ni(n-CsHg)]BF; (350 mg,
1.26 mmol). The reaction mixture was stirred at ~20 °C for
4 h. The dark-brown precipitate that formed was filtered off
and washcd with a small amount of CH,Cl,. The solid residue
was dissotved in MeNQ, (2—3 mL) at § °C and the resulting
solution was rapidly filtered into a flask containing Et;O
(~50 mL). The product was obtained as a black oil, which was
crystallized out upon washing with ether. Compiex 8 was
obtained in a yield of 357 mg (50%) as a black finely crystal-
line compound. Found (%): C, 31.88; H, 5.24.
C];H'_bemF,‘Ni)S; Calculated (%) C, 3t.85; H, 4.96.
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