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Abstract 

The ionic complexes [Cp2 M02(CO)4{/x-~/2:r/3-HC------C-C(H)(Fc)}][BF4] (1) and [{Cp2 M02(CO)4(/-/~-'02703-HC~C-C(H)}2 Fc][{BF4}2 ] 
(5) react with Na-Hg in toluene solution. The results are interpreted in terms of a radical mechanism involving intramolecular and 
intermolecular coupling reactions. 
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1. Introduction 

Recently we have been interested in the reactivity of 
carbon-centred organometallic radicals formed from the 
carbenium ions [CP2Mo2(CO)4{/z-~/2:7/3-HC-C - 
C(R1)(R2)}] + [1,2]. Free radical intermediates are as- 
sumed to be present during the reductive dimerization 
of such compounds (Scheme 1) [1-3]. The structures of 
the dimers [Mo2CP2(CO)4 (/.~-'r/2:'02-HC~CCH2-)] 2 [3] 
and [Mo2CP2(CO)4(/x-r/2:~?E-HC--CC(H)(Et)-]2 [2] 
were established by X-ray diffraction. The work also 
shows that for the best results in the coupling reactions 
the R 1 and R 2 groups should be free from acidic 
protons: for example, if R 1 = R E = Methyl or Cyclo- 
hexyl, the formation of /z-enyne complexes [CpEMO 2- 
(CO)4{/ . t -T /2 : r /E-HC~C-C(R)  = C(R')(R")}] is favoured 
(Scheme 1 (b)). 

Similar reactions of ferricinium ions involving a 
carbonium-ion-centre C ÷ stabilised by an organometal- 
lic fragment have been known for many years [4]. They 
are interpreted as proceeding through the reduction of 
the ferricinium ion by electron transfer from the reduc- 
ing agent with the formation of a radical, followed by a 
coupling reaction to produce a dimer. More recently, 
photolysis of ferrocenyl ethers has been shown to give 
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ferricinium ion radicals that can dimerise or abstract a 
proton from the solvent [5]. 

Here, we describe coupling reactions involving free 
radical intermediates of the carbenium ions 
[CPEM02(CO)4{/z-r/2:r/a-HC----C-C(R1)(R2)}] + with a 
ferrocenyl group (R 1 = Fc:(CsH4)Fe(CsHs)). The car- 
bon atom bearing the positive charge is adjacent both to 
a ferrocenyl group and an acetylenic cluster. Such com- 
pounds, lacking any acidic protons (R 1 = Fc and R 2 = 
H), cannot give /x-enyne complexes. The nature of the 
stabilisation of the C + atom has already been discussed 
for the complex [CP2Mo2(CO)4 {/~-,r/E:,r/3-CHa(CH2)4- 
C--C-C(H)(Fc)}][BF 4 ] [6]. 

2. Results and discussion 

2.1. Reduction of [ C p 2 M o 2 ( C O ) 4 { i z - 7 ~ 2 - T i 3 - H C ~ C  - 

C(H)(Fc)IIIBF4I (1) 

Treatment of [CP2Mo2(CO)4{~-r/2:I-/3-HC~-C- 
C(H)(Fc)}][BF 4 ] (1) (Scheme 2) with Na-Hg (in toluene 
18°C, 18 h) gives a mixture of [Cp2Mo2(CO)4{/x- 
~2:r/2-af----f-f(n)2(Fc)}] (2) (yield 23%), [{Cp2- 
Mo2(CO)4}2(/.~- ~ 2: ~/2-HC--C-C(H)(Fc)-C(H)(Fc)-C 
--CH)] (4) (yield 7%) and [CP2M02(CO)4 {/.6-0-:r/3-HC "- 
CIT:C(H)(Fc)}] (3) (yield 10%), which can easily be 
separated (SiO2, CHECl2-hexane ). The compounds (2) 
and (4) result from a typical radical mechanism; com- 
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pound (4) comes from a coupling reaction between two 
free radicals (an intermolecular coupling reaction) and 
compound (2) is formed by abstraction of protons from 
the solvent or traces of moisture. Complex (4) contains 
two asymmetric centres, and the d l /meso diastereomers 
obtained in equal amount cannot be separated. Product 
(3) probably comes from fragmentation or rearrange- 
ment reaction of the /z-alkyne complex (2) which may 
react with the excess Na. Such processes were discussed 
previously for the reduction of /x-enyne [1,2] or /x-al- 
kyne complexes [7]. 

2.2. Reduction of [ { C P 2 M o 2 ( C O ) 4 ( ~ - ~ 2 - T I 3 - H C ~ C  - 

C(H)] 2 FcI[{BF4}2] (5) 

The reaction of Na-Hg with the dication [{Cpa- 
M02(CO)4(/x-r/2: 773-HC~ C-C(H)}2 Fc][{BF4} x ] (5) 
(Scheme 3) yields a mixture of products which can be 
separated by column-chromatography on silica. Use of 
the above conditions in the case of dication (5) again 
gives both coupling and H-atom abstraction, to form 
compounds (6) and (7). The two main features are that 
(a) complex (6) is obtained by an intramolecular radical 
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process (unlike the formation of (4) which involved an 
intermolecular radical process), and (b) only one di- 
astereomer is obtained (diastereoselectivity 100%). 

This reaction generates chiral carbon atoms (Y to the 
organometallic moieties, and as a consequence the ‘H 
NMR spectrum of (6) displays two signals for cyclopen- 
tadienyl ligands linked to molybdenum atoms; the 
C,H,-MO groups are diastereotopic [8]. Moreover, all 
the protons of the C,H,-Fe ring display different chem- 
ical shifts (ABCD spin system) as expected for 
molecules with a stereogenic carbon atom [9]. Com- 
pound (6) is an ansa-ferrocene with two carbon atoms 
as bridging substituents; it belongs to the [2] (1,l’) 
ferrocenophane class of compounds which attract much 
attention because of their ability to give access to 
polyferrocenylethylenes by ring-opening polymerization 
[lo]. These results have to be compared with those for 
reductive cyclization of Co&CO),-complexed propargyl 
cations which provided a new route to cycloalkadiynes 
by a radical intramolecular process [ll]. 

Preliminary electrochemical studies on (6) show that 
the presence of a C-C bond has a marked influence on 
the mechanism of oxidation, making it a quasi-reversi- 

Nd/HI 
- 

1 + 

ble process (Ep,, = - 0.08 V versus ferrocene) leading 
to the dication (5). In contrast, two reversible oxidations 
were observed in the case of 1,1,12,12-tetramethyl- 
[l.l]silaferrocenophane [12] and its carbon or tin ana- 
logue [13]. More complete electrochemical studies of 
the behaviour of the various carbenium ions, including 
the nature of the radical intermediate, are in progress in 
our laboratory. 

Recent examination by McClain et al. [14] of the 
reduction of the dicarbenium complex (A) [Cp,Mo,- 
tCO),(CH,CCCH,)][BF,], with Na-Hg in the hope of 
making a polymer was unsuccessful, whereas reduction 
of the monocarbenium complex (B) [(C,H,Me),Mo,- 
(CO)& p-v2:q3-HC=C-CH,)][BF,] [3] gave a C-C 
coupled product. Unlike that in (B), the LUMO of the 
dicarbenium complex (A) places no electron density on 
the ligand upon reduction, so avoiding C-C coupling 
reactions. Complex (A) is a binuclear compound with a 
‘C,H,’ ligand, whereas the dication (5) [{Cp,Mo,- 
(CO)& ~-~2:~3-HC=C-C(H)]2Fc][{BF~}2] is a tetranu- 
clear compound that can be considered as two inde- 
pendent carbenium complexes linked by a ferrocenyl 
substituent. Therefore the behaviour of (5) in one elec- 
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tron reduction is expected to be closer to compound (B) 
than to (A). A C-C  coupling reaction occurs fortunately 
by an intramolecular process; in the case of an inter- 
molecular process, the reaction would probably have 
been uncontrollable. 

In conclusion the results described above show how 
carbenium ions stabilized by [Cp2M02(CO) 4] can be 
used as precursors of dimers [Mo2Cp2(CO)4(/tL-Y]2:~ 2- 
HC------CC(R1)(R2)-)] 2 by inter- or intramolecular C -C  
coupling. 

Bruker AC 300 instrument (IH, 300.13 MHz; 13C, 
75.47 MHz). Chemical shifts are reported as 8 in units 
of parts per million (ppm) relative to a tetramethylsilane 
internal reference. Coupling constants are reported in 
hertz. 

The starting materials (1) and (5) were prepared by 
treating the alcohol precursors [Cp2Mo2(CO)4{/z- 
r/2:'r/2-HC--C-C(H)(OH)(Fc)}] and [{CP2 M02(CO)4(/.~- 
~2:7?2-HC=C-C(H)(OH)}2Fc] [15] with an excess of 
HBF 4 by the standard procedure used for the carbenium 
ions stabilized by [Cp2Mo2(CO)4] [6,16]. 

3. Experimental details 

3.1. General 

All reactions and purifications were performed under 
dinitrogen using Schlenk techniques. The solvents were 
freshly distilled under dinitrogen from sodium-benzo-- 
phenone for toluene and from Call 2 for dichloromethane 
and hexane. 

The infrared spectra were obtained with a Perkin- 
Elmer 1430 spectrometer, using solutions in CH2C12 or 
KBr pellets. Infrared frequencies are reported in 
wavenumbers (cm- 1 ). 

The 1H and 13C NMR spectra were recorded on a 

3.2 Reduction of compound [Cp2Mo2(CO)4{l.l,-T~2.'~ 3- 
HC--C-C(H)(Fc)}1IBF41 (1) 

To a 2% Na-Hg amalgam prepared from 0.3 g of Na 
and 14.7 g of Hg was added a suspension of 
[CP2M02(CO)4{/x-'r/2:r/3-HC----C-C(H)(Fc)}][BF4] (1) 
(2 g, 2.7 mmol) in 60 ml of toluene. The mixture was 
stirred at room temperature for 18 h. After filtration, the 
solvent was removed from the filtrate in vacuo and the 
residue was chromatographed on silica gel using mix- 
tures of hexane-dichloromethane as eluent. 

The first red band eluted with hexane-dichloro- 
methane (70:30 in volume) was shown to contain com- 
pound (2) (0.41 g, yield 23%). 
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The second band containing the red complex (4) 
(0.12 g, yield 7%) was eluted with hexane-dichloro- 
methane (30:70). 

The third orange band, eluted with dichloromethane, 
gave complex (3) (0.18 g, yield 10%). 

Spectroscopic data for [CP2Mo2(CO)a{/./.-~2:'r/2- 
HC--C-C(H)E(FC)}] (2): 

1H N M R  (CD2C12): 5.81 (S, 1H, HC3); 5.13 (s, 10H, 
2 CsHs-Mo); 4.08 (s, 5H, CsH5-Fe); 3.94 (t, 2H, 
(H2'-5'), 3j(H-H)= 1.85); 3.88 (t, 2H, (H3'-4'), 
3j(H-H) = 1.85); 3.53 (s, 2H, CH2).  13C NMR 
(CDECI2): 233.5 (CO); 91.5 (CsHs-Mo); 90.2 (C1'); 
88.7 (C3); 88.3 (C2); 68.8 (CsH5-Fe); 67.7 and 67.6 
(C5H4, C2', C3', C4', C5'); 36.4 (CH2). IR (CH2CI2): 
v(CO): 1995, 1900, 1825. Anal. Found: C, 48.76; H, 
3.27. C27HE2FeMo204 . Calc.: C, 49.27; H, 3.37%. 

Spectroscopic data for [Cp2Mo2(CO)4{/z-o ' : ' r /a-HC " 
fiT-" C(H)(Fc)}] (3): 

1H NMR (acetone d6): 10.15 (dd, 1H, Ha, 3 j ( H a -  
Hb) = 8.8; 4j(Ha-Hc) = 1.0); 6.5 (dd, 1H, Hb, 3j(I-Ib- 
Ha) = 8.8; 3j (Hb-Hc)  = 10.6); 5.4 (s, 5H~ CsHs-Mo); 
5.3 (s, 5H, CsH5-Mo); 2.5 (d, 1H, Hc, J(I-Ib-Hc)= 
11.0); 4.1 (m, 4H, C5H4); 4.16 (s, 5H, CsHs-Fe). 13C 
NMR (acetone d6): 250.2, 246.8, 242.0 and 241.3 (4 
CO); 168.1 (Ca, d, ~J(C-Ha)= 144.3); 131.8 (Cc, d, 
1j(C-Hc) = 164.4); 129.4 (Cb, d, Ij(C-Hb) = 162.9); 
95.8 (C15Hs-Mo, d, X j ( C - H ) =  176.0); 92.9 (CsH 5- 
Mo, d, J ( C - H ) =  178.6); 84.0 (C1'); 70.1 (C5H5-Fe, 
d, t j ( C - H )  = 175.6); 69.9, 69.3, 68.1 and 65.9 (CsH 4, 
C2', C3', C4', C5', d, I j (C-H)= 174.8). IR (CH2C12) 
v(CO): 1940, 1900, 1835. Ca, Cb and Cc represent the 
carbon atom bearing the Ha, Hb and Hc protons respec- 
tively (Scheme 2). Anal. Found: C, 49.71; H, 2.96. 
C27H22FeMo204 . Calc.: C, 49.27; H, 3.37%. 

Spectroscopic data for [{Cp2M%(CO)4}(/x-r/2:T/2- 
HC------C-C(H)(Fc)-C(H)(Fc)-C------ CH)] (4): 

I H NMR spectrum consists of two sets of peaks of 
about equal intensity, one set corresponding to the 
R'S* compound and the other to the SS-RR com- 
pound. Attempts to obtain a high quality 13C NMR 
spectrum of (4) were unsuccessful owing to its very 

• • • 1 poor solublhty m a range of deuterated solvents. H 
NMR (THF ds): 7.57 (s, 4H, HC3); 5.64 (s, 10H, 2 
CsHs-Mo); 5.47 (s, 10H, 2 CsHs-Mo); 5.29 (s, 10H, 2 
CsHs-Mo); 4.90 (s, 10H, 2 CsHs-Mo); 4.42 (s, 10H, 2 
CsHs-Fe); 4.26 (s, 10H, 2 CsHs-Fe); 5.68, 5.10, 4.87, 
4.66, 4.63, 4.26, 4.25, 4.13, 3.99, 3.95 (m, C5H 4 and 
HC1). IR (THF): v(CO): 1985, 1900, 1890, 1830. Anal. 
Found: C, 48.90; H, 3.33. C54H42Fe2Mo408 . Calc.: C, 
49.35; H, 3.22%. 

3.3. Reduction of compound [{CP2 Mo2(CO) 4( Id~-172 : ~ 3- 
HC-- C-C(H)} 2(Fc)][BF4] 2 (5) 

The procedure described for compound (1) was used: 
a suspension of  [{CP2Mo2(CO)4(/z-r/2:r/3-HC--=C - 

C(H)}z(Fc)][BF4] 2 (5) (1.5 g, 1.15 mmol) in 50 ml of 
toluene was added to 15 g of 2% Na-Hg amalgam. 
After stirring 18 h and filtration, the solution was 
filtered and solvent removed in vacuo to leave a residue 
which was chromatographed on silica gel with using 
mixtures of hexane and dichloromethane as eluent. 

The first red band was eluted with hexane-dichloro- 
methane (60:40) and gave compound (7) (0.27 g, yield 
21%). 

The second band eluted with hexane-dichloro- 
methane (40:60) yielded compound (6) (0.23 g, 18%). 
Owing to the rather similar chromatographic properties 
of the products, elutions had to be developed very 
slowly. 

Spectroscopic data for [{CP2Mo2(CO)4(/.~-7/2:~/2- 
HC-C-C(H)-}2(Fc)] (6): 

I n  NMR (acetone d6): 6.11 (s, 2H, 2 HC3); 5.40 (s, 
10H, 2 CsHs-Mo); 5.30 (s, 10H, 2 CsHs-Mo); 4.72 (s, 
2H, 2 HC1); 4.92 (m, 2H), 4.56 (m, 2H), 4.05 (m, 2H) 
and 3.82 (m, 2H): 2 (H2'-3'-4'-5'). IR (CH2CI z) 
v(CO): 1995, 1910, 1830. Anal. Found: C, 46.72; H, 
3.37. C44H32FeMo408 . Calc.: C, 46.84; H, 2.86%. 

Spectroscopic data for [{CPEMO2(CO)4(/.L-I'~E:T/2- 
HC----C-CH2}2(Fc)] (7): 

1H NMR (acetone d6): 6.06 (s, 2H, 2 HC3); 5.22 (s, 
20H, 2 CsHs-Mo); 3.99 (t, 4H, 2 (H2'-5'), 3j(H-H) = 
1.8); 3.96 (t, 4H, 2 (H3'-4'), 3j(H-H)= 1.8); 3.62 (s, 
4H, 2 CH2). 13C NMR (acetone d6): 233.6 (CO); 230.1 
(CO); 93.5 (CI'); 92.0 (CsHs-Mo); 90.5 (C3); 89.1 
(C2); 69.8 and 68.6 (C5H4, C2', C3', C4', C5'); 36.5 
(CH2). IR (CH2C12) v(CO): 1995, 1900, 1825. Anal. 
Found: C, 45.97; H, 3.12. C44H34FeMo408 . Calc.: C, 
46.75; H, 3.03%. 
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