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Abstract

The reaction between ethynyl ferrocene and decaborane affords the new ferrocenyl substituted carborane 1-{Fc}-1,2-closo-
C,B o H,, 1 [Fc= (3°-CsH,)Fe(575-CsHs)]. Deboronation of 1 gives K[7-{Fc}-7,8-nido-C,B,H,,] 2, and subsequent metallation,
using the {Ru(p-cym)} fragment, affords the novel ferrocenyl substituted ruthenacarborane 1-{Fc}-3-(p-cym)-3,1,2-closo-
RuC,ByH,, 3 (p-cym = 1-Me—C,H,-4-Pr). Reaction between bis(methylethynyl)ferrocene and decaborane affords the bis carbo-
rane substituted ferrocene 1,1'-{Fc’}-{2-Me-1,2-closo-C,B,,H,,},, 4 [Fc¢' = (n°-CsH,)Fe(55-CsH,)]. Deboronation of 4 results in
the formation [HNMe;],[7,7'-{Fc'}-{7-Me-7,8-nido-C,BoH ,},], 5, isolated as a syn and anti diastereoisomeric pair. Metallation of
5 affords the trimetallic ruthenacarborane 1,1-{Fc’}-{2-Me-3-(p-cym)-3,1,2-closo-RuC,ByH,}, 3, as a mixture of syn and anti
diastereoisomers. All the new complexes have been fully characterised by multinuclear NMR and micro-analysis, and for
compounds 1, 3, 4 and anti-6 by a single crystal X-ray study. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

The chemistry of functionalised metallocenes, espe-
cially ferrocene, is receiving considerable current atten-
tion, due to the electronic and magnetic properties that
such complexes display [1,2]. Allied with this, much of
the recent chemistry of carboranes and metallacarbo-
ranes has been directed towards their physical and
electronic properties [3—5]. Attendant to the successful
application of such systems is the ability to rationally
synthesise targeted metallacaboranes which may display
specific molecular and electronic properties. For exam-
ple, R.N. Grimes and co-workers have elegantly
demonstrated that molecular arrays consisting of metal-
lacarborane units may be systematically assembled, us-
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ing units based upon six and seven vertex metallacarbo-
ranes and analogous systems ([5]b, [6]). Surprisingly, an
investigation of simple ferrocenyl substituted systems
based upon the ubiquitous carborane closo-C,B;, has
been restricted to a single early report of the synthesis
of 1-{(n°-CsH,)Fe(y°-CsHs)}-1,2-closo-C,B,oH,; [7], al-
though we note the report of a cobaltacenium C-substi-
tuted nido-C,B, [8] cage and various ferrocenyl
B-substituted carboranes [9,10]. A very recent report
also describes the synthesis of a zwitterionic compound
which contains a {Ru(PPh;),H} * fragment bound to
the phenyl substituent on [7-Ph-nido-7,9-C,B,H,,]- [11].
We report here a preliminary investigation into the
synthesis and characterisation of mono- and bis-carbo-
rane substituted ferrocenes. Their deboronation and
subsequent metallation afford novel heterobi- and tri-
metallic ferrocenyl substituted metallacarboranes,
which represent a starting point for the investigation of
the synthesis and properties of metallocene-substituted
(metalla)carboranes based upon C,By,.
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2. Experimental
2.1. General

All experiments were carried out under a dry, oxy-
gen-free dinitrogen atmosphere, using Schlenk-line
techniques, although all the new compounds reported
here are stable to the ambient atmosphere as both
solutions and solids. All solvents were dried over ap-
propriate drying agents and distilled immediately prior
to use. Light petroleum refers to the fraction that boils
between 40 and 60°C. Chromatography columns (3 x
15 cm) were packed with silica (Kieselgel 60, 200—400
mesh). Preparative Thin Layer Chromatography (TLC)
was performed using glass plates coated with Kiesel-
gel 60 F,s, (0.2 mm thick) pre-washed with eluent.
The compounds 1-{(#°-CsH,)Fe(n°-CsHs)}-1,2-closo-
C,BjH;;  (compound 1) [7] (°-CsHs)Fe(n>-
CsH,C=CH) [12], Fe(3°-C;H,C=CMe), [12] and
[RuCly(p-cym)], [13] were prepared by published
procedures.

2.2. Spectroscopy

Proton NMR spectra were recorded on a Britker AC
200 or a Briiker DPX 400 spectrometer, while ''B{'H}
spectra were recorded on a Britker DPX 400 spectrom-
eter. Proton chemical shifts are reported relative to
residual protio solvent in the sample, while ''B chemi-
cal shifts are reported relative to BF;.OEt, at 128.4
MHz. All the new complexes showed J(HB) coupling
constants of ca. 140—150 Hz in their !'B-NMR spectra.

2.3. Electrochemistry

Electrochemical measurements were carried out using
an Autolab PGSTAT 20, driven by GPES4.3 (Eco
Chemie) software, in CH,CIl, solutions containing 0.4
mol dm~3 NBu,BF, as supporting electrolyte. Cyclic
voltametric experiments involved the use of a double
platinum working electrode and a silver-wire reference
electrode; all potentials quoted in the text are refer-
enced to an internal ferrocene-ferrocenium standard
and were obtained at a scan rate of 100 mVs .

2.3.1. 1-{Fc}-1,2-closo-C,B,,H,,], 1

NMR data for complex 1: 'H-NMR (CDCl;) 6 /ppm:
4.30 (m, 2 H, C;H,), 4.18 (s, 5 H, CHy), 4.15 (m, 2 H,
CsH,), 3.66 (s br, 1H, C,,.-H). ""B{lH} (CDCl;) J/
ppm: 1.11 (1 B), —2.20 (1 B), —6.79 (4 B, 2+2
coincident signal), —8.55 (2 B), —9.81 (2 B).

2.3.2. K[7-{Fc}-7,8-nido-C,B,H,,], 2

Compound 1 (0.24 g, 0.7 mmol) was dissolved in
degassed EtOH (20 cm®), KOH (0.10 g, 1.8 mmol) was
added, and the reaction mixture heated to reflux for 2

days. CO, was bubbled through the cooled solution and
the resulting precipitate of K,CO, was filtered off to
afford a clear yellow solution. Removal of the solvent
in vacuo and washing with light petroleum afforded an
orange powder of analytically pure K[1-{Fc}-7,8-nido-
C,BoH, ] (0.24 g, 0.66 mmol, 94%). C,,H,,B,FeK re-
quires %H 5.65 %C 40.4. Found %H 4.92 %C 39.4.

NMR data for complex 2: 'H-NMR (CDCl,) 6 /ppm:
4.30 (m, 1 H, C;H,), 4.22 (s, 5 H, CsHy), 3.83 (m, 3 H,
CsH,), 2.29 (s br, 1H, C.,.—H), —2.44 (br, 1H, B-
Hengo)- "B{1H}'(CDCL,) 6 /ppm: —7.24 (1 B), —7.68
(1 B), —9.81 (1 B), —13.33 (1 B), —14.07 (1 B),
—15.93 (1 B), —20.72 (1 B), —30.51 (1 B), —32.63 (1
B).

2.3.3. 1-{Fc}-3-(p-cym)-3,1,2-closo-RuC,B,H ), 3

Compound 2 (0.91 g, 0.25 mmol) dissolved in thf (5
cm?), was added to a suspension of pre-washed NaH
(3.0 equivalents) in thf (10 cm?®). The mixture was
heated to reflux for 3 h and the excess NaH allowed to
settle. The resulting clear orange supernatent was de-
canted via syringe and added to a thf (10cm?®) solution
of [RuCl,(p-cym)], (0.078 g, 0.12 mmol) and the solu-
tion stirred overnight. Solvent was removed in vacuo
and the residue purified by thin layer chromatography
(CH,Cl,:light petroleum 1:1) to afford a yellow band
(Rf 0.85) of 1-{Fc}-3-(p-cym)-3,1,2-closo-RuC,B,H,,
(0.042 mg, 33%). C,,H;;ByFeRu requires %H 6.16 %C
46.7. Found %H 5.93 %C 46.6.

NMR data for Complex 3: 'H-NMR (CDCl;) §/
ppm: 5.44 (m, 1 H, C¢H,), 5.32 (m, 1 H, CsH,), 5.13
(m, 1 H, C¢H,), 5.07 (m, 1 H, CsH,), 4.17 (m, 1 H,
CsH,), 4.12 (s, SH, CsHs), 4.20 (s br, 1 H, C_,..—H),
4.09 (m, 2 H, CsH,), 3.88 (m, 1 H, CsH,), 2.75 [qq,
apparent heptet, 1 H, p-cym-CH, J(HH) 6,6 Hz], 2.21
(s, 3 H, Me-4), 1.23 [d, 3H, CH,, J(HH) 6 Hz], 1.20 [d,
3 H, CH;, J(HH) 6 Hz]; "B{'H} (CDCl,) ¢ /ppm: 4.74
(2 B, coincident), —0.61 (1 B), —4.75 (1 B), —6.53 (2
B, coincident), —11.59 (1 B), —15.40 (sh, 1 B), —
16.48 (1 B).

2.34. 1,I'-{Fc'}-(2-Me-1,2-closo-C,B,H,,),, 4
Decaborane (0.63 g, 5.16 mmol) and N,N-dimethy-
laniline (0.76 g, 8.32 mmol) were stirred at room tem-
perature (r.t.) in toluene (40 cm®) for 1 h.
Bis(methylethynyl)ferrocene (0.52 g, 2.10 mmol) was
added and the solution heated to reflux for 3 h, over
which time the solution turned black. The solvent was
removed in vacuo and the residue taken up in CH,Cl,
(20 cm?®) and filtered through a silica plug. Removal of
solvent and washing of the resulting orange precipitate
with ice-cold methanol afforded 1,1'-{Fc’}-(2-Me-1,2-

"Peak at & —30.51 ppm shows additional coupling in the ''B-
NMR spectrum (ca. 50 Hz) to the endo H atom associated with the
open C,B; face.
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closo-C,B,oH,,), (0.49 g, 50%). C,H;,B,,Fe requires
%H 6.87 %C 38.6. Found %H 6.43 %C 37.9.

NMR data for Complex 4: 'H-NMR (CDCl;) 4§/
ppm: 4.43 (m, 4 H, C;H,), 4.38 (m, 4 H, C;H,), 1.45 (s,
6 H, Me); "B{'H} (CDCl;) J/ppm: 1.80 (2 B), 0.32 (2
B), —4.35 (12 B), —6.27 (4 B).

2.3.5. [HNMe;],[7,7'-{Fc' }-(8-Me-7,8-nido-C,BoH ,y),],
5

Compound 4 (0.400 g, 0.803 mmol) was dissolved in
degassed EtOH (20 cm?), KOH (0.217, 4.02 mmol) was
added, and the reaction mixture heated to reflux for 7
days. CO, was bubbled through the cooled solution and
the resulting precipitate of K,CO; was filtered off to
afford a clear yellow solution. The ethanol was re-
moved in vacuo, and the residue dissolved in H,O (40
cm?) and an aqueous solution of [HNMe;]Cl (0.38 g,
4.00 mmol) added, which resulted in the formation of a
red/brown sticky precipitate. The solution was ex-
tracted three times with CH,Cl, (3 x 30 cm?), and the
combined extracts dried over MgSO, to afford
(0.397 g, 72%) of [HNMe;],[7,7'-{Fc'}-(8-Me-7,8-nido-
C,ByH,p),]. C,,Hs, B sFeN, requires %H 9.12 %C 44.3.
Found %H 8.65 %C 45.1.

NMR data for Complex 5: 'H-NMR (CDCl;) §/
ppm: 4.10 — 3.71 (multiplets, 8 H, CsH,), 2.72 (s, 18 H,
HNMe;,), 0.78 (s, Me), 0.72 (s, Me), — 2.39 (br, 2 H,
B-H..4); "B{'H} (CDCl,) é/ppm: —6.61 (4 B), —
8.65(2B), —12.14 (2 B), —14.81 (2 B), —16.73 (2 B),
—17.79 (2 B), —31.93 (2 B), —33.90 (2 B).

2.3.6.
LI'-{Fc'}-{2-Me-3-(p-cym)-3,1,2-closo-RuC,B,H,},, 6
Compound 5 (0.200 g, 0.291 mmol) was deproto-
nated by overnight reflux with NaH (0.100 g, excess) in
thf (40 cm?). Excess NaH was left to settle and the clear
orange supernatent decanted via syringe and added to
an ice cooled thf solution (10 cm?®) of [RuCly(p-cym)],
(0.178 g, 0.291 mmol). The solution was allowed to
warm to r.t. and stirred for a total of 3 h. Solvent was
removed in vacuo and the residue taken up in CH,Cl,
and filtered through a celite plug. The filtrate was
evaporated to minimum volume and applied to a TLC
plate. Elution with CH,Cl,/light petroleum (1:1) af-
forded an orange band of 1,1’-{Fc'}-{2-Me-3-(p-cym)-
3,1,2-closo-RuC,ByHy}, (mass 0.030 g, 11%).
Recrystallisation from CH,Cl,/light petroleum at 4°C
afforded orange crystals of anti-1,1"-{Fc'}-{2-Me-3-(p-
cym)-3,1,2-closo-RuC,ByHy},.  CicHgoB,sFeRu, re-
quires %H 6.40 %C 43.7. Found %H 6.36 %C 43.4
NMR data for Complex 6: Anti isomer- 'H-NMR
(CDCl,) ¢ /ppm: 5.63 (m, 2 H, CiH,), 5.35 (m, 4 H,
C¢H,), 5.28 (m, 2 H, C,H,), 4.40 (m, 2 H, CsH,), 5.31
(m, 6 H, CsH,), 2.73 [qq, apparent heptet, 2 H, p-cym-
CH, J(HH) 6,6 Hz], 2.52 (s, 6 H, Me), 2.13 (s, 6 H,
Me), 1.29 [d, 6 H, Me, J(HH) 6], 1.24 [d, 6 H, Me,

J(HH) 6]. ""B{'H} (CDCl;) é/ppm: 5.42 (6 B), —0.09
(4 B), —4.39 (2 B), —7.94 (2 B), —10.57 (4 B); Syn
isomer- "H-NMR (CDCls) é /ppm: 5.63 (m, 2 H, CcH,),
5.49 (m, 2 H, C,H,), 5.22 (m, 4 H, C,H,), 4.32 (m, 6 H,
CsH,), 4.25 (m, 2 H. C;H,), 2.90 [qq, apparent heptet,
2 H, p-cym-CH, J(HH) 6,6 Hz], 2.48 (s, 6 H, Me), 2.12
(s, 6 H, Me), 1.29 [d, 6 H, Me, J(HH) 6], 1.24 [d, 6 H,
Me, J(HH) 6].

2.4. Crystallography

Measurements on 1, 3, 4 and anti-6 were carried out
at r.t. on a Siemens P4 Diffractometer with graphite-
monochromated Mo-K, radiation (/1 =0.71069 A) us-
ing @ scans. Structure solution and refinement were
performed using the SHELXTL system [14] on a Pen-
tium 90 MHz PC.

Table 1 lists details of unit cell data, intensity data
collection and structure refinement. The unit cell
parameters and orientation matrix for data collection
for 1, 3, 4 and anti-6 were determined by a least-
squares refinement of 27, 23, 40 and 14 centred reflec-
tions, respectively, with 26 ranging from 9.13 to 24.9°.
Standard reflections were re-measured every 100 data
and no significant crystal decay was found. Due to
small crystal size, data for anti-6 were collected only to
20 = 40°. Data were corrected for absorption by psi
scans. All structures were solved by direct and differ-
ence Fourier methods and refined by full-matrix least
squares against F>.

All phenyl, methyl and cyclopentadienyl hydrogen
atom positions were calculated and treated as riding
models. Terminal cage B—H atom positions were calcu-
lated and treated as riding models but the cage C-
bonded H atoms were found in the difference map and
the C—H distance was restrained to 1.15 A. Phenyl,
cyclopentadienyl and methyl H atom displacement
parameters were treated as riding models with U, 1.2,
1.2 and 1.5 times the bound carbon atom U, respec-
tively. Hydrogen atoms riding on all cage atoms were
assigned displacement parameters 1.2 times the bound
boron U,, Data were weighted such that:

wl=[cXF,)*+ (aP)* + [bP]
where
P =[0.333max{F2, 0} + 0.667F2]

Tables 2, 4, 6 and 8 list fractional coordinates of non-H
atoms for complexes 1, 3, 4 and anti-6, repectively,
while selected bond lengths and angles are given in
Tables 3, 5, 7 and 9 for the new complexes.

Atomic co-ordinates, thermal parameters, and bond
lengths and angles have been deposited at the Cam-
bridge Crystallographic Data Centre (CCDC). See In-
structions for Authors, J. Organomet. Chem, 1998,
Volume 555, Issue 1. Any request to the CCDC for this
material should quote the full literature citation.
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Table 1

Crystallographic fata for the new complexes 1, 3, 4 and 6
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1 3 4 anti-6

Formula C,,H,(B, Fe C,,H;;ByFeRu C,6H;34B,oFe C;6HgoB sFeRu,
M 328.23 551.69 498.48 945.41
System Monoclinic Triclinic Monoclinic Monoclinic
Space group P2,/c P—1 P2,/n P2,/c
Unit cell dimensions

a (A) 19.4270(10) 9.194(2) 7.5054(10) 12.982(4)

b (A) 13.3990(10) 11.649(3) 22.203(2) 11.495(5)

¢ (A) 12.8750(10) 12.482(3) 7.9545(9) 15.056(3)

a (%) 90 111.61(2) 90 90

£ (©) 95.660(10) 92.84(2) 96.821(10) 110.09(3)

y () 90 91.23(2) 90 90
v (A3 3335.1(4) 1240.2(5) 1316.2(2) 2110.1(12)
Temperature (K) 293(2) 293(2) 293(2) 293(2)
zZ 8 2 2 2
Crystal dimensions (mm) 0.3x0.3x0.4 0.2x0.2x0.3 0.2x0.3x0.4 0.1x0.2x0.2
Dy (g cm™3) 1.307 1.477 1.258 1.488
#(Mo-K,) (mm~") 0.889 1.204 0.582 1.075
F(000) (e) 1344 560 512 960
26 range (°) 3-50 3-50 3-50 2-40
No. of unique data collected 5183 4216 2300 2739
No. data used in refinement 5181 4216 2300 2739

WR, (RI>20(I))
S

0.1049 (0.0519)
1.029

0.1286 (0.0549)
1.056

0.1171 (0.0476)
1.077

0.1500 (0.0698)
1.066

a 0.0492 0.0631 0.0659 0.0895
b 0.46 0 0 0.37
Max residue (e A-3) +0.289 +1.037 +0.408 +1.116
Min residue (e A”) —0.266 —0.700 —0.338 —0.576

R= 2HF0|7|FCH/Z|FO|

Rw, = {Z[w(F2—F22/Z[w(F2)}2, w= c*(F2)+(aP)*+bP, P=[F2+2F?)/3.

S = [Z[w(F%—F?)?)/(n—p)]"/* where n = no. data and p = no. variables.

3. Results and discussion

3.1. Synthesis and characterisation of monosubstituted
carboryl ferrocenes

An early report by Zakharkin et al. describes
the synthesis of 1-{(y>-CsH,)Fe(n°-CsHs)}-1,2-closo-
C,B,oHy; [7] Scheme 1, by heating to reflux a toluene
solution of B,,H,, and ethynyl ferrocne in the presence
of acetonitrile catalyst. However, full spectroscopic
characterisation and the solid-state structure were not
reported, and for comparison with the new complexes
reported here, we have synthesised 1-{Fc}-1,2-closo-
C,B,(H;; (compound 1) and fully characterised it by
'H-, "B{'H}-NMR spectroscopy and single crystal X-
ray diffraction.

In the 'H-NMR spectrum two, integral two, multi-
plets are observed for the (y°-CsH,) group, as well as
the expected integral five singlet for (7°-CsHs) and a
broad, integral one signal assigned to the cage CH
proton. The ''B{'H}-NMR spectrum shows five reso-
nances between 1.11 and —9.81 ppm in the ratio
1:1:4:2:2 (the integral four resonance due to a 2+ 2
coincidence), in the region associated with closo-C,B,,
icosahedra, demonstrating that the molecule has a mir-

ror plane of symmetry in solution. Fig. 1 shows a
perspective view of compound 1, showing the number-
ing scheme adopted, while Table 3 gives selected bond
lengths and angles.

Compound 1 crystallises as two crystallographically
independent molecules in the unit cell [1 and 1'], with
no close intramolecular contacts. The unsubstituted
cage carbon atom, C(2) [C(2) in molecule 1], was
unambiguously identified from a combination of
isotropic thermal parameters and bond lengths. The
cage carbon bond length, C(1)-C(2) 1.672(7) A
[1.657(6) A] is slightly longer than those found in
[1-Ph-1,2-closo-C,B,,H,,], [15] at 1.649(2) and 1.640(5)
A in two different crystalline modifications. Boron-
boron bond lengths range between 1.724(10)—1.779(10)
A [1.759(7)-1.789(8) A], while carbon-boron lengths
range between 1.687(7)—1.730(8) A [1.695(7)—1.721(7)
A]. The C(1)-C(11) bond length at 1.487(7) A [1.498(6)
A] is slightly longer than that found in the only other
crystallographically characterised C-substituted metal-
locene/carborane complex 7-{(5°-CsH,)Co(#°-CsHjs)}-
7,8-nido-C,BoH,, [8] at 1.4803(16) A. The appended
ferrocenyl group is orientated so that the molecule
overall lacks a plane of mirror symmetry in the solid
state, demonstrating that free rotation, or at least libra-
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tion, around the C(1)-C(11) connectivity is occurring
in solution to afford the observed C, symmetry in the
NMR spectra. The Fe—C distances range between
2.016(7) and 2.044(6) A for Fe(1)-C(11) to C(15)
[2.032(5)-2.049(5) A] and between 2.010(7) and
2.031(7) A for Fe(1)-~C(21) to C(25) [2.019(5)-2.050(5)
A]. Carbon—carbon bond lengths in the upper cy-
clopentadienyl ring, C(11)-C(15), lie in the range
1.396(8)—1.431(6) A [1.409(7)—1.428(6) A], while those

Table 2

Atomic coordinates (x 10*) and equivalent isotropic displacement

parameters (A2x 10%) for 1 and 1’

X y z Uy
Fe(1) 2671(1) —689(1) 888(1) 54(1)
C(1) 3888(2) 819(4) 1809(3) 49(1)
C(2) 4531(3) —7(4) 1787(5) 71(2)
B(3) 4168(3) 183(5) 2930(5) 64(2)
B(4) 3996(3) 1445(5) 2950(4) 59(2)
B(5) 4209(4) 2012(5) 1820(5) 61(2)
B(6) 4545(3) 1071(5) 1051(5) 61(2)
B(7) 5071(3) 32(5) 2922(6) 68(2)
B(8) 4730(4) 988(5) 3669(5) 68(2)
B(9) 4757(4) 2113(5) 2983(6) 69(2)
B(10) 5111(4) 1871(5) 1792(6) 73(2)
B(11) 5300(3) 592(6) 1758(6) 71(2)
B(12) 5440(4) 1233(5) 2947(6) 72(2)
C(11) 3176(2) 601(4) 1327(3) 43(1)
C(12) 2580(3) 481(4) 1863(4) 65(2)
C(13) 1998(3) 419(4) 1105(5) 74(2)
C(14) 2230(3) 502(4) 117(5) 70(2)
C(15) 2953(3) 621(4) 234(4) 62(1)
C(21) 2104(4) —1955(6) 783(11) 114(3)
C(22) 2517(7) —1974(6) 1655(8) 127(4)
C(23) 3175(6) —1928(5) 1428(11) 117(4)
C(24) 3196(5) —18717(5) 382(11) 123(4)
C(25) 2473(7) —1874(6) —53(7) 117(3)
Fe(1") 2333(1) 4445(1) 1083(1) 44(1)
C(1) 1001(2) 3687(3) 2222(3) 36(1)
C(2) 635(3) 3096(4) 1179(4) 47(1)
B(3) 353(3) 4261(4) 1433(4) 48(1)
B(4) 398(3) 4328(4) 2822(4) 45(1)
B(5") 732(3) 3189(4) 3329(4) 43(1)
B(6') 910(3) 2413(4) 2274(4) 48(1)
B(7") —239(3) 3303(5) 1011(4) 59(2)
B(8) —406(3) 4072(5) 2072(5) 57(2)
B(9) —166(3) 3399(5) 3242(4) 53(1)
B(10') 156(3) 2208(4) 2911(5) 53(1)
B(11') 117(3) 2156(4) 1518(5) 56(2)
B(12') —545(3) 2761(5) 2128(5) 60(2)
C(11) 1718(2) 4101(3) 2229(3) 40(1)
C(12) 2350(2) 3554(4) 2378(3) 51(1)
C(13) 2896(3) 4250(5) 2486(4) 61(1)
c(14) 2618(3) 5217(5) 2415(4) 63(2)
C(15") 1880(3) 5138(4) 2247(4) 54(1)
C2r) 2094(3) 5209(5) —281(4) 71(2)
C(22) 1858(3) 4236(5) —395(4) 66(2)
C(23') 2433(4) 3601(5) —205(4) 71(2)
C(24) 3021(3) 4220(6) 30(4) 83(2)
C(25) 2798(3) 5208(5) —14(4) 74(2)
U, is defined as one third of the trace of the orthogonalized Uj

tensor.
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Table 3
Selected bond lengths [A] and angles [°] for 1 and 1
Fe(1)-C(11) 2.041(5)  Fe(l)-C(11) 2.041(4)
Fe(1)-C(12) 2.028(5)  Fe(1)-C(12) 2.049(5)
Fe(1)-C(13) 2.016(5)  Fe(1)-C(13) 2.034(5)
Fe(1)-C(14) 2.025(5)  Fe(1)-C(14) 2.032(5)
Fe(1)-C(15) 2.044(6)  Fe(1)-C(15) 2.034(5)
Fe(1)-C(21) 2.020(8)  Fe(1)-C(21) 2.047(6)
Fe(1)-C(22) 2.022(8)  Fe(1)-C(22) 2.050(5)
Fe(1)-C(23) 2.016(7)  Fe(1)-C(23) 2.033(5)
Fe(1)-C(24) 2.031(7)  Fe(l)-C(24) 2.019(5)
Fe(1)-C(25) 2.010(7)  Fe(1)-C(25) 2.028(5)
C(1)-C(11) 1.487(7)  C(1)-C(11) 1.498(6)
C(H)-C(2) 1.672(7)  C(1)-C(2)) 1.657(6)
C(11)-C(12) 1.415(7)  C(11))-C(12) 1.428(6)
C(11)-C(15) 1.431(6)  C(11)-C(15) 1.425(6)
C(12)-C(13) 1.420(7)  C(12)-C(13) 1.409(7)
C(13)-C(14) 1.396(8)  C(13)-C(14) 1.404(8)
C(14)-C(15) 1.407(8)  C(14)-C(15) 1.431(7)
C(21)-C(25) 1.356(12) C(21")-C(25) 1.378(8)
C(21)-C(22) 1.315(12) C(21)-C(22) 1.384(8)
C(22)-C(23) 1.341(13) C(22)-C(23) 1.406(9)
C(23)-C(24) 1.353(13) C(23")-C(24) 1.421(9)
C(24)-C(25) 1.459(13) C(24)-C(25) 1.392(9)
Cpl-Fe(1)* 1.636 Cpl'-Fe(1") 1.649
Cp2-Fe(1) 1.687 Cp2'-Fe(1") 1.653
C(12)-C(11)-C(15)  107.34)  C(15)-C(11)-C(12)  108.2(4)
C(12)-C(11)-C(1) 126.3(4)  C(12)-C(11)-C(1") 126.7(4)
C(15)-C(11)-C(1) 125.8(5)  C(15)-C(11")-C(1") 124.4(4)
C(11)-C(12)-C(13)  107.9(5)  C(13)-C(12)-C(11")  107.6(5)
C(14)-C(13)-C(12)  108.4(5)  C(14)-C(13)-C(12)  108.9(5)
C(13)-C(14)-C(15)  108.6(5)  C(13)-C(14)-C(15)  108.4(5)
C(14)-C(15)-C(11) ~ 107.9(5) C(11)-C(15)-C(14)  107.0(5)
C(22)-C(21)-C(25) 110.7(9)  C(25)-C(21'-C(22')  109.6(6)
C(21)-C(22)-C(23)  109.2(10) C(21)-C(22')-C(23")  107.7(6)
C(22)-C(23)-C(24)  110.0(10) C(22)-C(23')-C(24')  107.0(5)
C(23)-C(24)-C(25) 105.1(9)  C(25)-C(24)-C(23)  107.8(6)
C(21)-C(25)-C(24)  105.08)  C(2I')-C(25)-C(24’)  107.9(6)
C(11)-C(1)-C(2) 121.94)  C(11)-C(1)-C(2") 120.5(3)
C(11)-C(1)-B(4) 119.44) C(11)-C(1')-B(4) 119.5(4)
C(11)-C(1)-B(6) 121.0(4)  C(11)-C(1")-B(5) 120.1(4)
C(11)-C(1)-B(5) 120.6(4)  C(11)-C(1')-B(6) 117.8(4)
C(11)-C(1)-B(3) 117.2(4)  C(11)-C(1)-B(3) 117.7(3)

Cp(1)-Fe(1)-Cp(2)  170.4 Cp(1)-Fe(1)-Cp(2)  174.8

2 Cpl and Cp2 refer to the computed ring centriods for the cyclopen-
tadienyl rings C(11)-C(15) and C(21)-C(25), respectively.

in the lower ring, C(21)-C(25), span a larger range
between 1.315(12) and 1.459(13) A [1.378(8)—1.421(9)
A], presumably due to the greater thermal libration
associated with the lower cyclopentadienyl ring.
Previously in systems based upon aryl substituted
carboranes, the twist of the aryl group has been de-
scribed by the parameter € [16]. In compound 1, the
ferrocenyl group is twisted by 0 = 18.2°, where 0 = 90°
is equivalent to the upper cyclopentadienyl ring lying
essentially co-planar with the cage carbon atoms. This
is significantly different from that found in 1-Ph-1,2-
closo-C,B,oH;; [15] where 6§ = 67°. It is interesting to
note that the conformation adopted in both indepen-
dent molecules, 1 and 1’, is essentially the same, sug-
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gesting that electronic factors are important in deter-
mining the orientation of the appended ferrocenyl
group. Additionally one of the hydrogens on the lower
cyclopentadienyl ring [C(21)-C(25)] fits between two of
the hydrogen atoms on the carborane cage i.e. H(23B)
on the lower cyclopentadienyl ring and H(2) and H(3)
on the cage. For molecule 1, H(23B)-H(3) is 2.738 A,
and H(23B)-H(2) is 2.572 A. Overall, this perhaps
suggests that the conformation adopted by the ferro-
cenyl group is a combination of steric and electronic
factors, as found previously for analogous aryl substi-
tuted carborane systems ([15]a).

Deboronation of complex 1, by standard procedures
[17], afforded K[7-{Fc}-7,8-nido-7,8-C,BoH,,] 2, in ex-
cellent yield. '"H and "'"B{'"H}-NMR spectroscopy confi-
rmed the formulation of this new complex. Thus, the
UB{!'H}-NMR spectrum displays nine inequivalent
boron environments between 6 — 7.24 and ¢ — 32.63
ppm in the range associated with nido-C,B, cages, while
in the '"H-NMR spectrum the #-CsH, ring is now

Table 4
Atomic coordinates (x10*) and equivalent isotropic displacement
parameters (A2 x 10%) for 3

X y z Uy
Fe(1) 7369(1) 12184(1) 8794(1) 38(1)
Ru(3) 6444(1) 7597(1) 6668(1) 24(1)
C(1) 5629(7) 9474(5) 7406(5) 25(1)
C(2) 5442(7) 8864(6) 5979(6) 29(1)
B4) 4881(8) 8460(7) 7980(6) 27(1)
B(5) 3952(8) 9794(6) 7984(6) 30(1)
B(6) 4332(8) 10068(7) 6708(7) 32(2)
B(7) 4540(7) 7406(7) 5479(6) 28(2)
B(®) 4115(7) 7127(7) 6761(7) 31(2)
B(Y) 2977(7) 8345(7) 7564(6) 30(1)
B(10) 2655(8) 9336(7) 6784(7) 35(2)
B(11) 3637(8) 8776(7) 5510(7) 32(2)
B(12) 2774(7) 7710(7) 6026(7) 32(2)
C(30) 7824(10) 7097(8) 9035(7) 51(2)
C(31) 7933(7) 6933(7) 7779(6) 37(2)
C(32) 7214(7) 5913(6) 6884(6) 36(2)
C(33) 7299(7) 5787(6) 5723(6) 34(2)
C(34) 8108(7) 6644(7) 5390(6) 37(2)
C(35) 8815(7) 7663(7) 6309(7) 35(2)
C(36) 8733(7) 7794(6) 7459(7) 38(2)
C(37) 8160(9) 6443(8) 4120(7) 49(2)
C(38) 9170(10) 5393(9) 3564(8) 58(2)
C(39) 8601(15) 7567(11) 3884(10) 81(3)
C41) 6911(7) 10297(6) 8002(5) 27(1)
C(42) 8085(7) 10693(6) 7494(6) 35(1)
C(43) 9229(8) 11236(7) 8378(7) 43(2)
C(44) 8730(8) 11197(7) 9425(6) 43(2)
C(45) 7318(7) 10640(6) 9209(6) 33(1)
C(51) 5524(14) 13175(9) 8922(12) 79(3)
C(55) 6302(15) 13561(9) 9988(10) 78(3)
C(54) 7651(15) 14002(9) 9838(12) 85(4)
C(53) 7729(17) 13850(9) 8672(13) 93(4)
C(52) 6331(18) 13341(9) 8124(11) 87(4)

U, is defined as one third of the trace of the orthogonalized Uj

tensor.

Table 5 .
Selected bond lengths [A] and angles [°] for 3

Fe(1)-C(53) 2.023(9)  Fe(1)-C(44) 2.035(8)
Fe(1)-C(54) 2.039(10)  Fe(1)-C(43) 2.040(8)
Fe(1)-C(42) 2.041(7)  Fe(1)-C(45) 2.047(7)
Fe(1)-C(55) 2.051(10)  Fe(1)-C(51) 2.051(11)
Fe(1)-C(52) 2.057(11)  Fe(1)-C(41) 2.075(6)
Ru(3)-C(2) 2.163(6)  Ru(3)-C(33) 2.187(7)
Ru(3)-B(7) 2.190(7)  Ru(3)-B(4) 2.200(7)
Ru(3)-C(1) 2201(6)  Ru(3)-C(32) 2.203(6)
Ru(3)-B(8) 2218(7)  Ru(3)-C(31) 2.246(6)
Ru(3)-C(36) 2.250(6)  Ru(3)-C(35) 2.252(6)
Ru(3)-C(34) 2264(7)  C(1)-C(41) 1.484(8)
C(31)-C(36) 1.414(10)  C(31)-C(32) 1.419(10)
C(32)-C(33) 1.408(10)  C(33)-C(34) 1.423(11)
C(34)-C(35) 1.428(10)  C(34)-C(37) 1.518(11)
C(35)-C(36) 1.392(11)  C(37)-C(39) 1.497(14)
C(37)-C(38) 1.525(11)  C(41)-C(42) 1.428(9)
C(41)-C(45) 1.43809)  C(42)-C(43) 1.438(10)
C(43)-C(44) 1.423(11)  C(44)-C(45) 1.406(10)
C(51)-C(52) 1.342)  C(51)-C(55) 1.392)
C(55)-C(54) 1.38(2)  C(54)-C(53) 1.412)
C(53)-C(52) 1.43(2)

Cpl-Fe(1) 1.649 Cp2-Fe(1) 1.668
CEAD-C()-CQ)  120.7(5)  C(42)-C(41)-C45)  107.3(5)
C@)-C(1)-B@)  120.6(5) C(41)-C(42)-C@43) 108.1(6)
CEAD-C(1)-B(6)  116.9(5) C(44)-C(43)-C(42) 107.3(6)
C@)-C(1)-B(5)  119.1(5)  C(45)-C(44)-C@43) 109.0(6)
C@A1-C(1)-Ru@3) 106.2(4)  C(44)-C(45)-C(41)  108.2(6)
C2)-Ru(3)-B@)  79.03) C(52)-C(51)-C(55) 110.8(12)
CQ)-Ru(3)-C(1)  44.6(2) C(54)-C(55)-C(51) 106.8(12)
B(@)-Ru(3)-C(1)  46.52) C(55)-C(54)-C(53) 108.9(12)
CQ)-Ru(3)-B(8)  80.4(3) C(54)-C(53)-C(52) 105.9(11)
B(4)-Ru(3)-B(8)  488(3) C(1)-C(52)-C(53) 107.6(11)
C)-Ru(3)-B(7)  47.52) C(1)-Ru(3)-B(8) 80.6(3)
B(7)-Ru(3)-B@)  82.73) B(7)-Ru(3)-C(1) 80.1(3)
Cpl-Fe(1)-Cp(2) 1787 B(7)-Ru(3)-B(8) 48.3(3)

observed as two multiplets in the ratio 1:3, with a broad
peak observed at 6 —2.44 ppm due to the hydrogen
atom associated with the open C,B; face.

Complex 2 is a precursor for the construction of
heterometallic complexes based upon ferrocenyl substi-
tuted nido-C,B, cages. Deprotonation with NaH and
subsequent reaction with [RuCl,(p-cym)], affords the
novel ferrocenyl ruthenacarborane 1-{Fc}-3-(p-cym)-
3,1,2-closo-RuC,B4H,, 3 in moderate yield after
preparative thin layer chromatography. Complex 3 was
initially characterised by spectroscopic techniques. The
"B{'H}-NMR spectrum shows seven resonances (two
coincident) between 6 4.74 and  — 16.48 ppm, indica-
tive of a closo-MC,B, cage architecture, while in the
"H-NMR spectrum signals are observed due to p-cym
and ferrocenyl groups that are fully consistent with the
formulation of the molecule. Noteably, the p-cymene
group is observed as four, integral one, multiplets be-
tween ¢ 5.44 and ¢ 5.07 ppm, an integral one quartet of
quartets (virtual septet) at 0 2.75 ppm, an integral three
singlet at 0 2.21 ppm and two, integral three, doublets
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Table 6
Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A2 x 10%) for 4

Table 8
Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (AZ x 10%) for anti-6

X y z Uy X y z U

Fe(1) 5000 5000 10 000 32(1) Fe(1) 10 000 0 10 000 29(1)
c) 2306(5) 6032(2) 8242(4) 27(1) Ru(3) 7509(1) 197(1) 6541(1) 29(1)
C(Q2) 1129(5) 6669(2) 8638(5) 32(1) C(1) 8008(11) —577(13) 7957(9) 30(4)
B(3) 2924(6) 6729(2) 7495(6) 36(1) Q) 6616(11) —166(14) 7487(10) 37(4)
B(4) 2899(6) 6063(2) 6232(5) 35(1) B(4) 8289(16) —1447(16) 7123(12) 36(4)
B(5) 1090(6) 5608(2) 6730(5) 34(1) B(5) 8101(15) —2049(15) 8156(12) 33(4)
B(6) 29(6) 5988(2) 8301(6) 35(1) B(6) 7062(15) —1230(16) 8401(13) 37(4)
B(7) 892(7) 7128(2) 6912(6) 42(1) B(7) 5981(17) —810(17) 6358(14) 44(5)
B(8) 1984(7) 6754(2) 5362(6) 42(1) B(8) 7075(16) —1637(16) 6148(14) 41(5)
B(9) 827(7) 6063(2) 4878(6) (1) B(9) 7518(16) —2735(16) 7039(13) 40(4)
B(10) —944(7) 6007(2) 6168(7) 42(1) B(10) 6736(18) —2622(20) 7788(15) 54(6)
B(11) —896(6) 6672(2) 7420(6) 41(1) B(11) 5861(17) —1456(17) 7392(14) 43(5)
B(12) —400(7) 6715(2) 5292(6) 45(1) B(12) 6108(18) —2350(18) 6562(14) 43(35)
cal) 3505(5) 5786(2) 9703(4) 31(1) Cc@3l) 8825(11) 236(13) 8648(9) 34(3)
C(12) 5387(6) 5925(2) 10 077(6) 43(1) C(32) 9898(13) 456(13) 8629(10) 35(4)
C(13) 6004(7) 5668(2) 11 650(6) 55(1) C(33) 10363(15) 1393(14) 9309(11) 44(4)
C(14) 4576(8) 5373(2) 12 269(5) 57(1) C(34) 9551(17) 1693(16) 9670(12) 57(5)
C(15) 3016(7) 5437(2) 11 072(5) 43(1) C(35) 8609(16) 1000(15) 9315(11) 50(5)
C(20) 1334(7) 6912(2) 10 429(5) 44(1) cQl) 6154(17) 910(14) 7808(12) 52(5)

C(41) 7383(13) 2222(12) 6319(10) 33(4)
Symmety transformations used to generate equivalent atoms: —x+2, C(42) 6686(13) 1628(13) 5507(10) 37(4)
—y, —z42. C(43) 7137(13) 738(14) 5084(12) 42(4)
U,y is defined as one third of the trace of the orthogonalized Uj C(44) 8231(13) 435(14) 5432(11) 42(4)
tensor. C(45) 8919(13) 1003(12) 6270(10) 33(3)

C(46) 8479(13) 1899(13) 6679(11) 36(4)
centred at 0 1.23 and J 1.20 ppm assigned to the CGL 6880(13) 3205(13) 6682(10) 330)
. . . . C(52) 6574(19) 4186(18) 5947(15) 74(6)
inequivalent iso-propyl methyl groups. A single crystal C(53) 7601(19) 3697(20) 7636(15) $0(6)
X-ray diffraction study on complex 3 confirmed the C(54) 8667(16) —481(16) 4925(14) 59(5)

molecular architecture for this new complex.

A perspective view of complex 3 is shown in Fig. 2,
with selected bond lengths and angles given in Table 5.
As expected, the ferrocenyl group is appended to a cage
carbon atom, with the ruthenium p-cymene fragment
occupying the twelfth vertex in the MC,B, icosahedron.
The #-bound p-cym ligand is slightly tilted, lying 6°
with respect to the upper C,B; pentagonal belt, in
response to steric demands of the upper ferrocenyl

Table 7 .
Selected bond lengths [A] and angles [°] for 4

Fe(1)-C(14) 2.045(4)  Fe(1)-C(15) 2.047(4)
Fe(1)-C(13) 2.063(4)  Fe(1)-C(11) 2.073(4)
Fe(1)-C(12) 20734)  C(1)-C11) 1.487(5)
C(1)-C(2) L717(5)  C(2)-C(20) 1.514(5)
C(11)-C(15) 1.419(6)  C(11)-C(12) 1.442(6)
C(12)-C(13) 1.402(7)  C(13)-C(14) 1.395(8)
C(14)-C(15) 1.426(7)  Cpl-Fe(1) 1.686

C(11)-C(1)-B(5)  12493)  C(11)-C(1)-B(4) 123.2(3)
C11)-C()-CQ2)  11593)  C(11)-C(1)-B(6) 118.0(3)
C(11)-C(1)-B(3)  11573)  C(20)-C(2)-B(7) 122.4(3)
C(20)-C(2)-B(11)  121.2(3)  C(0)-C(2)-C(1) 117.93)
C(20)-C(2)-B(3)  118.2(3)  C(20)-C(2)-B(6) 116.8(3)
C(15)-C(11)-C(12) 107.1(4)  C(15)-C(11)-C(1) 127.8(4)
C(12)-C(11)-C(1)  124.7(4) C(13)-C(12)-C(11)  108.0(4)
C(14)-C(13)-C(12) 108.6(4) C(13)-C(14)-C(15)  108.7(4)

C(11)-C(15)-C(14) 107.5(4)

Symmety transformations used to generate equivalent atoms: —x+2,
-y, —z+2.

U, is defined as one third of the trace of the orthogonalized Uj
tensor

cyclopentadienyl ring, which itself has twisted (0=
81.7°) away from the conformation found in compound
1 now lying essentially parallel with the cage carbon
atoms. As with compound 1, one of the hydrogen
atoms on the lower cyclopentadienyl group lies close to
two of the cage hydrogen atoms, H(51)-H(5) 2.752 and
H(51)-H(6) 2.703 A, although in 3 the orientation of
the appended ferrocenyl group is determined by the
proximity of the capping p-cymene ligand. The ruthe-
nium sits 1.609A above the upper C,B; pentagonal belt,
while the Ru-B distances at 2.200(7) [Ru-B(4)],
2.190(7) [Ru—-B(7)] and 2.218(7) A [Ru-B(8)] are simi-
lar to those found in 1-Ph-3-(p-cym)-3,1,2-closo-
RuC,BsH,, [18]. Ru(3)-C(1) is slightly longer than
Ru(3)-C(2) at 2.201(6) and 2.163(6) A, respectively.
The cage C—C connectivity is 1.655(8) A, the same as
that found in 1-Ph-3-(p-cym-3,12-closo-RuC,B;H,, at
1.656(6) A. The C(1)~C(41) bond length at 1.484(8) A
is similar to that found in 7-{(s°-CsH,)Co(>-CsHy)}-
7,8-nido-C,B,H,, and the precursor complex 1. The
Fe(1)-C(41) length [2.075(6) A] is slightly longer than
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Table 9 .
Selected bond lengths [A] and angles [°] for anti-6

Fe(1)-C(34) 2.04(2) Fe(1)-C(33) 2.05(2)
Fe(1)-C(32) 2.089(14)  Fe(1)-C(35) 2.09(2)
Fe(1)-C(31) 2.100(13)  Ru(3)-C(2) 2.16(2)
Ru(3)-C(43) 2.1702) Ru(3)-B(4) 2.18(2)
Ru(3)-C(1) 2.192(13)  Ru(3)-C(44) 2.192)
Ru(3)-B(8) 2.21(2) Ru(3)-C(45) 2.21(2)
Ru(3)-B(7) 2.23(2) Ru(3)-C(42) 2.27(2)
Ru(3)-C(46) 2.30(2) Ru(3)-C(41) 2.350(14)
C(1)-C(31) 1.522) C(1)-B(5) 1.72(2)
C(1)-B(4) 1.74(2) C(1)-B(6) 1.76(2)
C(1)-C(2) 1.76(2) C(2)-C(21) 1.522)
C31)-C(32) 1.42(2) C(31)-C(35) 1.43(2)
C(32)-C(33) 1.47(2) C(33)-C(34) 1.39(3)
C(34)-C(35) 1.40(3) C(41)-C(46) 1.39(2)
C(41)-C(42) 1.42(2) C(41)-C(51) 1.50(2)
C(42)-C(43) 1.43(2) C(43)-C(44) 1.38(2)
C(44)-C(45) 1.43(2) C(44)-C(54) 1.522)
C(45)-C(46) 1.42(2) C(51)-C(53) 1.53(3)
C(51)-C(52) 1.53(2) Cpl-Fe(1) 1.671
C(2-Ru(3)-C(43) 137.5(6)  C(2-Ru@3)-B@)  81.3(6)
C(2)-Ru(3)-C(1)  47.8(5) B(@)-Ru(3)-C(1)  46.8(6)

C(2)-Ru(3)-B(8)  81.2(7)
C(1)-Ru(3)-B(8)  80.6(6)
B@)-Ru(3)}-B(7)  82.6(7)

B(4) Ru(3)-B(8)  47.3(7)
C(2)-Ru(3)-B(7)  47.6(6)
C(1)Ru(3)-B(7)  82.1(6)

B(8)-Ru(3)-B(7)  48.5(7) CB1)-C(1)-B(5)  119.7(12)
CB1-C(1)-B@)  1252(12) CB1)-C(1)-B6)  114.6(11)
CB1)-C()-C2)  119.1(12)  CB1-C(1)-Ru(3)  108.6(9)

C1)-CQ)-C(1)  1234(13) C(1)-C(2-B6)  111.8(12)
C(21)-C(2)-Ru(3) 114.2(11)  C(32)-C(31)-C(35) 109.5(13)
C(32-C31)-C(1)  123.4(13) C(35-C(31)-C(1)  126.6(14)

C(31)-C(32)-C(33) 106.7(14)
C(33)-C(34)-C(35) 113(2)
C(46)-C(41)-C(42) 118.1(14)
C(42)-C(41)-C(51) 116.6(13)
C(43)-C(44)-C(54)  120(2)
C(46)-C(45)-C(44) 119.5(14)
C(41)-C(51)-C(53)  114.8(14)
C(53)-C(51)-C(52) 109(2)

C(34)-C(33)-C(32) 106(2)
C(34)-C(35)-C(31)  105(2)

C(46)-C(A1)-C(51) 125.1(13)
C(43)-C(44)-C(45) 118(2)

C(45)-C(44)-C(54) 122.2(14)
C(41)-C(46)-C(45) 122.5(14)
C(41)-C(51)-C(52)  109.2(13)

the other distances found between Fe(1) and the substi-
tuted cyclopentadienyl ring, a feature that has been
noted previously for analogous metallocene substituted
carborane systems [9]. The carbon-carbon bond

&2

K
T <<
Fe
>~ S
2

Scheme 1. Structures of compounds 1-3.

lengths in the C(41)-C(45) ring are essentially the
same, ranging between 1.406(10) and 1.438(10) A, while
those found in the C(51)—C(55) ring are slightly shorter
1.34(2)-1.43(3) A and span a wider range, again pre-
sumably reflecting the greater thermal libration of these
carbon atoms in the lower cyclopentadienyl ring.

3.2. Synthesis and characterisation of bis-substituted
carboryl ferrocenes

In a similar procedure to that used in the synthesis of
compound 1, reaction between 1,1’-bis(methylethynyl)-
ferrocene [12] and two equivalents of B, H,, in reflux-
ing toluene in the presence of N,N-dimethylaniline af-
fords 1,1'-{Fc'}-{2-Me-1,2-closo-C,B,,H,,}, 4 in mode-
rate yield [F¢’ = (3°-CsH,)Fe(y3-CsH,)]; a compound in
which two carborane cages are linked by a ferrocenyl
moiety (Scheme 2). Compound 4 was characterised by
mutlinuclear NMR spectroscopy and X-ray crystallog-
raphy, a perspective view is shown in Fig. 3, with
salient bond lengths and angles given in Table 7.

In the solid state the molecule resides on a crystallo-
graphic inversion centre, centred around Fe(1), with a
approximate, non-crystallographic, plane of mirror
symmetry passing through C(20)-C(2)-C(1)-C(11)
and Fe(1), giving the molecule overall approximate C,;,
symmetry. The carborane cage adopts a conformation
such the that lower ferrocenyl ring is now orientated
away from C(2) (0 =15.6°), twisted essentially 180°
around C(1)-C(11) compared with compound 1, in
order to minimise steric interactions between the cage
bound methyl and the ferrocenyl group. The cage car-
bon connectivity at 1.717(5) A is slightly longer than
that found in 1-Ph-2-Me-closo-1,2-C,B,,H,, [19] at
1.696(5) A and significantly longer than that found in 1,
due to the increased steric demands between the ferro-
cenyl and methyl groups. The C(1)-C(11) distance at
1.487(5) A is slightly shorter than that in 1-Ph-2-Me-
closo-1,2-C,B, H;, [1.514(5) A] and essentially the same
as that found in 1. The boron—boron distances lie in
the range 1.759(6)-1.785(7) A, while boron-carbon
distances are in the range 1.702(6)—1.740(6) A. The
Fe-C distances range between 2.045(4) and 2.073(4) A,
being slightly longer than the equivalent bonds in com-
pound 1, while carbon—carbon distances in the cy-
clopentadienyl ring range between 1.395(8) and 1.442(6)
A. The solution NMR data is in good agreement with
the solid state structure, the two methyl groups ob-
served as a single integral six singlet in the 'H-NMR
spectrum. Likewise, the ""B{'H}-NMR spectrum dis-
plays only four signals in the ratio 1:1:4:4 between 1.80
and —6.27 ppm, further demonstrating that the two
carborane cages are equivalent in solution.

Deboronation of compound 4, using 2.5 equivalents
of KOH per cage resulted in the isolation of the new
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Fig. 2. Perspective view of compound 3 with atom labelling. Thermal ellipsiods are given at the 30% probability level.

complex [7,7-{Fc'}-(8-Me-7,8-nido-C,BoH,)-]* =, 5,
isolated conveniently as the trimethylammonium salt.
The ""B{'H}-NMR spectrum of complex 5 demonstrates
the overall nido structural motif, eight peaks observed in
the range 6 —6.61-0 —33.90 ppm, in the ratio
2:1:1:1:1:1:1:1. The 'H-NMR spectrum shows a set of
complicated multiplets, between ¢ 4.10 and ¢ 3.71 ppm,
assigned to the ferrocenyl protons, while the C,.-
methyl protons are seen as two equal intensity singlets
at 0.78 and 0.72 ppm. Double deboronation of 4, in

principle, can lead to a pair of diastereoisomers as either
B(6) or B(3) can be removed. Removal of B(6) and
B(3A) would lead to a product in which the methyl
groups were on the same side (the syn isomer), whilst
removal of B(6) and B(6A) would lead to methyl groups
on opposite sides (anti isomer). In the syn and anti
isomers the methyl groups are equivalent, related by a
C, rotation or an inversion, respectively, through Fe(1).
Clearly, deboronation of 4 results in the formation of
each diastereoisomer in approximately equal amounts.
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Scheme 2. Structures of compounds

Deprotonation of complex 5 (as a mixture of syn and
anti isomers), and reaction with [RuCl,(p-cym)], results
in the isolation in low yield of the orange trimetallic
compound 1,1'-{Fc'}-{2-Me-3-(p-cym)-3,1,2-closo-
RuC,ByH,},, 6, as the only mobile band under the
conditions used for work-up by preparative TLC. As
expected compound 6 is formed as a mixture of two
diastereoisomers, inseparable by chromatography. The
'"H-NMR spectrum shows signals due to two very
similar species in solution, in an approximate 1:1 ratio.
In particular, resonances due to two sets of p-cymene
and cage methyl protons are seen, indicating that for
each diastereoisomer, both the C,,,-methyl groups, and
p-cymene ligands are equivalent in solution. Fractional
crystallisation at 4°C, afforded a crystalline solid which
was one pure diastereoisomer by 'H-NMR spec-
troscopy, shown by a X-ray diffraction study to be
anti-6 (see later). We were unable to isolate the syn
isomer free from anti-6, chemical shifts for the syn
isomer assigned by inspection of the 'H-NMR spectra
of the mixture and pure anti-6. The ''B{'H}-NMR
spectrum of anti-6 shows five resonances in the range
5.42— —10.57 ppm consistent with a closo-MC,B,
structure, while chemical shifts for the syn isomer could
not be accurately determined due to the presence of
anti-6 in the sample, although the pattern of chemical
shifts for both diastereoisomers is clearly very similar.

The solid state molecular structure of anti-6 is shown
in Fig. 4, with selected bond lengths and angles given in
Table 9. Despite repeated attempts, only small, weakly
diffracting crystals were available for analysis. Conse-
quently, due to the low number of observed reflections
(2739 unique data collected, 1509 observed) only the
iron, ruthenium, ferrocenyl and cage carbon atoms
were refined anisotropically. Never-the-less, the struc-

|
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Nyt Nw:
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Fe H
NS S
Me
5-syn
— _—
Me -
AP e Wy
Me Fe H
= S
5-anti

4, 5 (syn and anti) and 6-syn.

tural solution is unambiguous, showing the structure of
this isomer to be anti. The molecule resides upon a
crystallographically imposed centre of inversion at
Fe(1). The cage carbon distance, 1.76(2) A, is longer
than that found in compound 3, but similar to that
found in 1-Ph-2-Me-3-(p-cym)-3,1,2-RuC,BsH,, [18]
[1.754(11) A]. The ruthenium atom sits 1.596 A above
the C,B; face, while the p-cym fragment is tilted by
11.2°, significantly more than found in 3, due to steric
pressure from the cage bound methyl group. The ferro-
cenyl group is twisted from lying parallel with the cage
carbon atoms (6 =58.4°) in response to this steric
pressure. Similar to the situation found in 3, the ferro-
cenyl group is orientated so that one of the cage
hydrogen atoms [H(5)] fits between two of the ferro-
cenyl protons [H(34A) and H(33A)].

3.3. Electrochemistry

The closo compounds 1, 3, 4 and 6 were studied
electrochemically, in a preliminary investigation. Addi-
tionally the parent fragment 3-(p-cym)-3,1,2-closo-
RuC,B4H;, [18] was also studied for comparison with
the new compounds reported here. In CH,CI, (— 1.80—
+ 1.80 V), 3-(p-cym)-3,1,2-closo-RuC,B,H,; was found
to show no significant electrochemical activity [unlike
the analogous compound (p-cym)Ru(y>-Et,C,B,H,)]
[20], thus limiting the discussion of results for the new
compounds to the ferrocenyl moiety only. The new
compounds studied all displayed the expected reversible
oxidation wave attributable to the Fe''-Fe™ oxidation
process. The addition of one carborane cage to fer-
rocene (compound 1) resulted in a positive shift for the
Fe'"-Fe"" couple, E;,+0.243 V (with reference to
internal ferrocene/ferrocenium), while the addition of
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Fig. 3. Perspective view of compound 4 with atom labelling. Thermal ellipsiods are given at the 30% probability level. Atoms suffixed ‘A’ are
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Fig. 4. Perspective view of compound 6 with atom labelling. Atoms suffixed ‘A’ are generated by crystallographically imposed inversion.

another cage caused the magnitude of this shift to Replacement of one {BH} vertex (in compound 3) or
effectively double, E,, for compound 3 measured as two {BH} vertices (in 6) with {Ru(p-cym)} gives E,,
+ 0.551 V. These results are fully consistent with carbo- values of + 0.036 and + 0.068 V, respectively. This is a

rane cages being regarded as formally electron deficient. negative shift of 198 and 483 mV compared with the
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precursor complexes 1 and 4, respectively, reflecting the
fact that the {Ru(p-cym)} is relatively electron rich
compared with {BH} and consequentally the cage moi-
ety now exerts less of a negative inductive effect com-
pared with closo-C,B,,.

4. Conclusion

We have demonstrated that mono- and bis-ethynyl
ferrocences may be reacted with decaborane to afford
mono- or bis-carborane substituted ferrocenes, respec-
tively. Deboronation and metallation of these new spe-
cies results in the isolation of novel bi- and tri-metallic
ferrocenylmetallacarboranes. These new complexes rep-
resent a starting point for the further investigation of
(metalla)carboranes which have the added functionality
of a o-bound pendant metallocene or cyclopentadienyl
group. Further contributions intended to develop this
theme further.
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