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Abstract

The reactions of the tetracobalt cluster [Cp,Co,(CO),(u-COYCEFC,CE)] (1)
with various monodentate and bidentate phosphines were examined under both
thermal and electrochemical activation. With monophosphites (P(OMe),), mono-
phosphines (PMe,, PPh,H, PPh;), or isocyanides (t-BuNC) the mono- and di-sub-
stituted clusters [Cp,Co,(CO),_,(p-CO)L,,(CF,C,CF;)] (n =1 or 2) were isolated in
high yields from the thermal reactions as mixtures of isomers, and were char-
acterised spectroscopically. With diphosphines [PPh,(CH,),PPh,, n=1 dppm,
n = 2 dppe] disubstituted clusters were formed. The reactions of 1 with some of the
bulky phosphorus donor ligands such as PPh; are regioselective. In the case of
PMe, thermally-induced substitution of 1 led to partial fragmentation into the
tricobalt cluster [CpCo;(CO),(p-CO)PMe;),(CF,C,CE;)]. The catalytic activity of
the tetracobalt clusters in the homogeneous linear isomerisation of monoenes was
examined.

Introduction
Transition metal cluster complexes have attracted much attention as homoge-
neous catalysts and as models for catalysis at metal surfaces [1]. The major problem

encountered in the use of clusters in catalysis is their thermal and photochemical
instability [2]. A solution to this problem is to design clusters with flexible

' * For part IV see ref. 3.
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supporting bridges capable of maintaining the integrity of a cluster framework and
yet allowing facile metal-metal bond cleavage and reformation.

In previous work, we observed that the readily available dinuclear iron(Il)
complex, [Cp(CO)Fe{ u-C(CF, =C(CF;)(SMe)},Fe(CO)Cp] reacts with cobalt oc-
tacarbonyl to afford the tetracobalt cluster [Cp,Co,(CO) ,(p-COXCFE,C,CE;)] (1) by
a ligand transfer process [3]. We have now investigated the reactions of 1 with
phosphines, phosphites, and isocyanide under thermal, photochemical, and electro-
chemical conditions in order to study the CO substitution reactions. The substitu-
tion chemistry of organometallic complexes, either mono- or polynuclear, has been
extensively investigated in the past few years [4-21]. The enhanced lability of
paramagnetic species relative to that of the closed-shell parent is widely recognized
[5]. Electron-transfer chain catalyzed (ETC) mechanisms [6-21] can operate pro-
vided (i) the parent- and the substituted radical anions (or cations) are sufficiently
long lived to undergo substitution and electron tramsfer, respectively, and (ii) the
substituted product is harder to reduce (or to oxidize) than the parent, a condition
which provides the driving force for the homogeneous electron transfer [6-21].
Several ETC-catalyzed substitutions under reducing (chemical or electrochemical)
conditions have been reported [6,8-21]. When the second condition is not met, i.e.
when the homogeneous electron transfer is not spontaneous, an electrode-induced
substitution may well take place [6d,22-24].

We have also examined the behaviour of the tetracobalt clusters in the homoge-
neous catalytic isomerisation of 1-hexene, and have compared the activity and the
selectivity of 1 with those of its substituted derivatives toward- the same substrate
under identical conditions.

Results and structural aspects
1. Synthetic aspects

Reactions of [Cp,Co,(CO)(u-CO)NCF;C,CF;)] (1) with unidentate phosphines or
phosphites and isocyanides

Reaction of 2 equiv. of P(OMe); to a refluxing thf solution of 1 led to the
isolation of a mixture of monosubstituted isomers 2a and 2b [Cp,Co,(CO),(p-
CO){P(OMe), }(CF,C,CF,)] which were separated from unreacted starting materials
by column chromatography. At higher concentrations of phosphite ligand (1,10
ratio) the disubstituted isomeric compounds 3a and 3b [Cp,Co,(CO),(p-
CO){P(OMe), },(CF,C,CF,)] were formed together with 2a and 2b. Photochemical
activation (thf solution, A > 300 nm) of a mixture of 1 and an excess of trimethyl-
phosphite (1,/10 ratio) gave only the monosubstituted derivatives 2a and 2b.

Similarly the replacement of CO with phosphines (PMe,, PPh,H and PPh,)
occurred quite readily in refluxing thf (PPh,H and PPh,) or in dichloromethane at
room temperature (PMe;) to give good yields. A mixture of monosubstituted
isomers [Cp,Co,(CO) ;(#-CO)YPR ;)(CF;C,CF;)] (4a, and 4b, R = PMe;; 7a, and 7b,
R = PPh,H) were formed when 1 reacted with low concentrations (1/1 ratio) of
PMe, or PPh,H. When an excess of PPh,H was used (1/5 ratio), a disubstituted
complex 8 [Cp,Co,(CO),(p-CO)(PPh,H),(CF,C,CF;)] was isolated. At higher con-
centrations of trimethylphosphine a disubstituted complex 5 [Cp,Co,(CO),(p-
CO)PMe,),(CF;C,CF,)] was obtained together with a trinuclear cobalt compound



113

6 [CpCo,(CO),(u-CO)YPMe; XCF,C,CFE;)]. Only a monosubstituted isomeric com-
pound was isolated when 1 was treated with a large excess of PPh;, and no product
arising from further substitution of CO by PPh; beyond [Cp,Co4(CO);(pu-
CO)(PPh,)(CF,C,CF;)] (9) was formed even after prolonged reaction times.

Treatment of 1 with 1 equiv. of t-butylisocyanide in dichloromethane at room
temperature generated the monosubstituted derivative [Cp,Co,(CO);(p-CO)(t-
BuNC)(CE,C,CE;)] (10) within 5 min. Thermal activation of a thf solution of 1 and
t-BuNC in 1/2 molar ratio afforded a mixture of disubstituted isomeric complexes
11a and 11b [Cp,Co,(CO),(u-CO)(t-BuNC),(CF,C,CF,;)].

n low
— = [Cp2C04(CON5(jt- CO)( PR3) (CF3C,CF3) ]

[CP2Co4(CO)4lp- COI(CF3CLCF3)] + nPRy —— )

L [CPCOCON (1 -COIPR3), (CF3C,CF3) ]
n high
1

Reactions of 1 with bidentate phosphines

Addition of a large excess of PPh,(CH,),PPh, (n=1, dppm; n=2, dppe) to a
refluxing thf solution of 1 yielded the substituted derivatives [Cp,Co,(CO),(p-
COYL,XCKF,C,CF,)] (12, L=1/2 dppm; 13, L =1 /2 dppe).

Complexes 12 and 13 were separated from the excess of diphosphine ligands by
column chromatography.

[Cp,Co,(CO)4(p-CO)(CE,C,CE,)] + L (in excess) -
(1) (L = dppm, dppe)
[CP2C°4 (CO)z(p,-CO) (L, )(CEC,CF, )] (2)

2. Spectroscopic characterisation and hypothesized structure of the phosphine, phos-
phite or isocyanide-substituted cobalt clusters

The compounds mentioned above were mainly characterised by microanalysis
and by mass, IR and NMR spectroscopy (Experimental section and Table 1).
Spectroscopic data in solution for these substituted species indicate that the geome-
try of the parent complex has been retained.

Monosubstituted complexes ‘

The CO stretching region in the infrared spectra of the monosubstituted deriva-
tives 9 and 10 is characterised by a pattern of four bands between 1700 and 2100
cm ™! consistent with two Co(CO)L (L = PPh;,, t-BuNC) and Co(CO), fragments
bridged by one CO. For monosubstituted compounds 2, 4 and 7, the complex
patterns of »(CO) bands suggests the presence of isomers in solution (hexane) as
well as in the solid state (KBr pellets); this was confirmed by NMR speciroscopy,
which revealed that in each case two isomers had been formed which could not be
separated by column chromatography. The ratios of the two isomers of types a and
b in [Cp,Co,(CO);(p-CO)L(CF,C,CF;)] (L = phosphine or phosphite) were de-
termined by integration of the respective signals in the *'P, '°F or 'H NMR spectra.
Compound 9 displays an IR pattern very similar to that for momnosubstituted
complexes of type a, suggesting strongly that the phosphorus coordination site is the

(Continued on p. 116)



114

(HS'SI6LY (HSS)EE'S S6V8L ‘SSL6T TWO00T ‘SOE0T ‘SSSOT T 50, 0]
(HZ'e1~ H-DrP)ITT )

“(HS'S)T6'v (HSS)80°S “(HOTW)0s'L WYGLT ‘SOE6T ‘S8961 €1 T1.70., addp
(HT'wgs'c ‘(HS'S)T6Y ‘(HS'SNT'S ‘(HOT™or'L WYYLT ‘SOE6T STIT T T1."0D» wddp
(HSTWWS T ‘(HSS)TS'y "(HS'S)ET'S  WopIe WSIST *SI861 ‘WS00T ._J 2. %05
(HSTWOY'1 ‘(HS'SBSY ‘(HSS)ET'S  WIEIT w081 ‘SESOL ‘MUpGET B, o

(H6SZE'T ‘(HSEYY ‘HSSIST'S  WO9TT SCERT ‘S896T ‘SA966T SYT0T O 170D, JNng-
(HS'S)08 ¥ ‘(HS'S)S8 b ‘(HST WS L p S608T ‘S9TET ‘SPLET ‘SOTOT 6 1.'0, fydd
(HS'TL'Y ‘(HSS)LY
{Hr'ove H-Dr'P)Tes
‘M1'spe H-Dr PILL'S “(HOT WP L p WSBLT ‘SSTEI ‘SSS61 8 “1.%0.,,
(HSS)SLY
‘HS'S)6L'y ‘(HI'8ve (H-d)r ‘PSS ‘(HOLWOp'L MUIQER] ‘WHCET WIRET ‘STEOT 4L
HSS)SLY 1700,
(HSS6Ly ‘HTI°LEE H-d)r PIE'S ‘(HOT WKL MWGYY] ‘WOEET ‘WH9sT ‘WTLOT L7 H%udd
(=816 (H-dP)OV'T ‘(HS'S)89Y - WYY ‘STLEL ‘STTOT 9 I1.f0),
H6'6 H-D /L PIET
“H6'6 (H-d)r,P)ECT ‘(HSS)SOy ‘(HS'SKT'S SEOLT ‘SALT6T ‘SASP6T s “1."0,
(H6 ‘6 (H-d)7,PISE'T ‘(HS'I89 ¥ (HS'SWI'S WOTRT “WTI6T WBET WLIOT b 150
H6'6 (H-d) POV ‘HS LY (HSSETS (w181 (wipesT “(5A)856T “(S)TT0T ..L “ o Copd
(HSTC' 11 H~d)f'PI6SE ‘HSSILI P “(HSIT'S MTOORT “MOS6T ‘SP66T j
(H6°C 11 (H-d)/PILSE 170D,
H6'CTI (H-DfPILYE ‘MHS Y ‘(HSS)ET'S WL ‘SSE6T WTIGT oc)
(H6'S'TT (H-DI'PI9YE ‘(HSSITL Y ‘(HS'SWT'S IQUIgERT ‘SSLGT ‘WPE6T ‘SHPOT AT .70
H6'e 11 (H-d)P)99°€ “HS'OLL'Y “(HSWT'S IQGIST ‘SSP6T ‘WEIAT ‘STEOT ¥ G C) 4 (0)
far~Ya fa~Y e
NI VN
> 4NN H; (,_wo) 4 Y1 » pumodwo) 1

eyep s1dossonoedg

191981



115

(S)L'E0T 6T GIL'9ET ((0D)9) TIDVAD ‘D009~ WV , D08~ ~ W , “Epauaniol, 3 CID°AD ;€ JI 0=u , C[DHD ZH W r ‘'wdd @ ¢ , “DAD ‘ZH
ul £ fwdd w g, awexsH , (DD MD)EH0D)00AD = f0D,, (T 10 1= ‘(B4DXDAIN0D)“"*(0D) 0DUD = . *0),, ‘oumdsoydiq = TT ‘sumdsoydouow = ,

CHDSXTEs ‘CHDS)9P98
(tdDsLT (A-D)r DI9TL

‘CaDsLT (-2 D9z ‘(CID-D="w)isH'1 $)Lssh I 5400 00
SWse+ . Qg1 G-dr
‘08 ) @10k
‘eS8 I-DrdWwoTy €1 TL.0D, addp
(oL E¥rgv)soc +
‘strov+ (g wg06€ [decL (d-Dr Plcor 71 TL'0D,, wddp
(w68 €v'(s'L A~Dr Dovvvl ““u 100
Gng's)tog ‘CHDsW6e'T8 ‘CHDS)18'$8 Qe'L9 G-Dr sty
'L (d-Drd)gosy o1 1.0, ONug-1
Jewzrey ‘Ge'cL @-Dr Dlgvy 6 1.0, fqdd
G PI+ G e+ , CHO)06'28
‘CHD1658 HEFCHD)DTSTI-TLET (IEW)L6'6€ (IEY'L (A—D D)se Ty 8 1.0,
(Yot + G pr+] I mse Ty “‘WEC L d-Dr BISTHP W vy
g w6y ey ‘e'eL W-I)r Do vy L3 e H4ydd
@r @-r) ‘ ‘ ) o
PLTL+ ‘Ps1e— 7 CCEHDNST O-d)r PIUSt ‘CHOS)E VS (IE0T ~ £ DLY 6 ‘HE 0L~ r DHO0S 9 1.k,
ez Iy ‘[e'eL D dwier s 170D,
®sps+ S .J ¥
956+ [ogg-zy ‘wio vyl ed 1700, fopd
G Y+ G L1+ QYW vy q€
(S)6°9ET + (5)99sL + 21.%00
'L - T G- b PTTY o
‘gL d-Dr Drcey e,
Sevi+ CCEHD0)'YP O-Dr'PIETS HEHDS)S8'E8
‘CHD(6s8 ‘((do9L ©Q-Drb)LTt e MBS py (AW v q
3 (S)s7LET+ (((*HOOM %00
‘Op (O PI9TS ‘(CHDS)s0€8 (*HD 916768 et d~DrbiLeey o
‘1272 Q- Q-Drebe)rizt WE'eL@-Drdysrr g fGNOM

</ WYL

wp YN ¢ LW, YNNI > ¥NN d g » punodwo)) 1



116

same in these two derivatives. The infrared spectra in the carbonyl region of the
monosubstituted compounds of types a and b resembles that of the parent cluster 1.
The consistent trend within this family of homologues emphasizes that the stretch-
ing bands associated with both terminal and bridging ligands are systematically
shifted to low frequency by ca. 20 cm™" for type a and ca. 40 cm™! for type b by
phosphine substitution (Table 1). This observation is consistent with a greater
degree of 7 back-bonding in the cobalt—carbon linkages owing to the presence of
the phosphines, which are stronger o-donor but weaker w-acceptor ligands than the
displaced carbon monoxide [25].

Inspection of the variable temperature >C NMR spectra of the parent cluster 1
[3] and substituted complexes provides no useful information on dynamics of these
species. At room temperature the resonances assigned to '*CO atoms are very
broad. When the solution is cooled the increased quadrupolar relaxation of the °Co
nuclei causes a sharpening of the resonances but does not allow the observation of
the complete P-C coupling pattern. Furthermore there is no evidence for intramo-
lecular CO exchange in the case of 1, and such a feature seems to be maintained for
the substituted products. Since the bridging carbonyl in cluster 1 is retained in the
substituted derivatives there are four potential coordination sites for phosphorus or
isocyanide, and thus four possible monosubstituted isomers. Of these, only one is
observed for 9, indicating that the CO substitution by PPh; in the “butterfly”
cluster 1 is regioselective. With less bulky ligands, such as PMe;, P(OMe), and
PPh,H, two isomers are formed. The observation that the ratio of the type a and
type b isomers for the derivative with the less bulky phosphine PMe, are very
different (Table 2) suggests that the electronic factors play a part in determining the
ligand coordination site, so that the four sites of the Co, unit seem to have
non-equivalent acceptor requirements. The X-ray structure of the parent cluster 1
(Fig. 1) suggests that one (C(5)O(5)) of the carbonyl ligands is more labile and one
(C(1)YO(1)) is less labile than the others. Thus the data indicate that cluster 1
undergoes preferential displacement of the C(5)O(5) ligand by phosphines. However
the fact that only one pair of isomers is obtained with the less bulky ligands suggests
that steric contraints also may play a role in this context. Accordingly, since the
C(1)O(1) ligand in the parent cluster is not very labile, three possible structures can
be suggested for the monosubstituted complexes (see Scheme 1).

Table 2

Effect of ligand size and basicity on the b/a ratio for the equilibrium b=2a in the case of
[Cp2C04(CO) 4 -, (#-CO)L ,(CF;C,CF;)]

L Cone angle ¢ Basicity ¢ n b/a
) (em™)

PPh, 145 2068.9 1 >100

PPh,H 128 2073.3 1 13
2 >100

P(OMe), 107 2079.5 1 1.7
2 20

PMe, 118 2064.1 1 1.5
2 >100

¢ Ref. 26.
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Fig. 1. A perspective view of the molecule of the parent cluster with selected bond lengths (&) [27]:
Co(2)-C(1) 1.699(21), Co(2)-C(2) 1.734(20), Co(2)-C(3) 1.954(18), Co(4)-C(4) 1.728(20), Co(4)-C(5)
1.789(21), Co(4)-C(3) 1.826(18).

Structures I and II seem to be more likely from the following observations:
(i) The X-ray data [27] show that the C(5)O(5) ligand is the most labile carbonyl in
the parent cluster;
(ii)) CNDO calculations [28] indicate that in acetylene carbonyl tetrametallic com-
plexes, the hinge metal atoms carry higher positive electronic charge than their wing
counterparts. Thus replacement of a carbonyl by a more basic phosphine ligand is
favoured for CO in a hinge position if the process is mainly controlled by
ground-state electronic factors:
(iii) Structure III would involve steric strain arising from interaction of the two
adjacent cyclopentadienyl ligands.

At this stage, we cannot conclusively identify the separate isomers of types a and
b.

Disubstituted tetracobalt complexes

The disubstituted derivatives 3 and 11 were both obtained as mixtures of two
structurally different species that could not be separated by column chromatogra-
phy, but the presence of two isomers a and b was established by NMR study. In
contrast with the other disubstituted complexes no isomerism was observed. Com-
parison of the infrared spectra of the disubstituted products 3a, 5, 8, 12 and 13 in
the carbonyl region indicates that they are isostructural (Fig. 2). The shift (ca. 70
cm™') of the bridging carbonyl band from 1849 cm™! in the parent 1 was
particularly diagnostic of disubstitution in the tetracobalt cluster [25]. The most
important difference in the IR spectra between the mono- and di-substituted
derivatives is the lowering (ca. 20 cm™?) of all the values of »(CO) on going from
[Cp,C0,(CO) ;3 (p-COL(CF,C,CE)] to [Cp;Co,(CO),(p-CO)L,(CF,C,CK)] (L=
unidentate or 1/2 bidentate phosphine). For the disubstituted isocyanide complexes
the »(CO) bands are at higher frequency than those for the diphosphine disubsti-
tuted products, which is consistent with the good w-acceptor power of the iso-
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5 (PMe3)

8 (PPhyH)

*
/\/\f/_/\uﬁ;m,

13 (dppe)
L. N N U
2000 1900 1800 v (em™)
Fig. 2. Infrared spectra of disubstituted complexes in the carbonyl region.

1 -

cyanide ligands. The diphosphine ligand configuration in complexes 12 and 13 is
suggested by the 3'P NMR data. It is noteworthy that a phosphorus atom involved
in a five-membered chelate ring experiences anomalously large nuclear deshielding
upon coordination compared to those observed for four- or six-membered rings {29].
This deshielding has been expressed in terms of a ring-effect parameter AR [30]; the
ring-effect parameter AR values for 12 (ca. 60 ppm) and 13 (ca. 47 ppm) are
consistent with the presence of a five-membered Co—P—C—P-Co ring in 12 and a
six-membered Co—P—C—C—P-Co ring in 13 [31]. We thus concluded that disubsti-
tution of 1 by dppm and dppe must have occurred across the carbonyl-bridged
Co(2)-Co(4) bond to yield the structure shown in Fig. 3. The bridging position of
the dppm and dppe ligands is also supported by the results of the electrochemical
experiments (see section 3). An alternative possibility for 12 and 13 would be a
structure in which the diphosphine has replaced the C(2)O(2) and the C(4)O(4)
ligands in the parent cluster, but the steric constraint which would result from the
close proximity of the phenyl moieties and the cyclopentadienyl ligands makes this
less likely. Further support for the asymmetric structure (IV) of the diphosphine
complexes comes from the 'H NMR spectrum (Table 1), in which the non-equiv-
alent CH, moiety of the dppm ligand gives rise to an ABXX’ pattern.

The structural similarity of both diphosphine products and complexes 3a, 5 and 8
suggests that the monophosphine derivatives have the geometry V, with the
phosphines also bonded to two different metal centres. The *'P NMR spectrum of 8
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(CH2)p

O(4)

(IX)
Fig. 3. Suggested structure for dppm and dppe substituted complexes.

is consistent with such a structure; the absence of symmetry in this complex gives
rise to two resonances located at +13.3 and +14.8 ppm at —80°C. At room
temperature only a broad resonance is observed; but on cooling the signal splits into
two singlets. An increase in the quadrupolar relaxation of the **Co nuclei on cooling
seems to be responsible for this splitting, and a possible rapid interconversion of
isomers at room temperature is thus unlikely.

The most important difference in the IR spectra of the disubstituted complexes
of types a and b is the shift to higher frequencies of the stretching bands of the
terminal carbonyl ligands on going from a to b, with the notable feature that one of
the »(CO) resonances is twice more shifted than the other one. This observation
suggests that the geometry (VI), characterised by two phosphine or isocyanide
ligands located on the same cobalt atom, could be discarded for complexes of type
b. Substitution of two CO ligands in 1 by P(OMe); or t-BuNC should give rise to

O4)

(¥)
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(3¥) (¥m)

{L=P(OMe)3 or t-BuNC)

identical shift values for both »(CO) bands. Thus it seems likely that the structures
of 3b and 11b are as shown in VII. Steric effects also make arrangement VI
improbable.

At room temperature the '*F NMR spectra of the disubstituted compounds
consist of a quartet and a multiplet or two multiplets (Table 1). These patterns are
consistent with IV (12, 13), V (3a, 5, 8) or VII (3b, 11b), and reveal the presence of
non-equivalent CF; groups as expected for asymmetric molecular structures. The
F-F coupling constant values (— 7 Hz) are in good agreement with a trans-CF;
configuration. Moreover the appearance in some spectra of multiplets is indicative
of P-F coupling.

A disubstituted tricobalt cluster

Thermal reaction of cluster 1 with a large amount of PMe, led to a trimeric
species 6 along with the disubstituted tetracobalt complex 5. Compound 6 was
formulated as [CpCo,;(CO);(PMe,;),(CF;C,CF,;)] on the basis of its analysis and
mass spectra. It displays IR and NMR spectral properties (vide infra) consistent
with this formulation and with previously reported data for the iron complex

CFa
Fig. 4. Suggested structure for 6.
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[Fe5(CO)o(u-C,Phy,)] [32]. The CO stretching region in the infrared spectrum is
characterised by a three-band pattern between 1700 and 2100 cm ! consistent with
formulation of two Co(CO) moieties bridged by one CO. The *'P NMR spectrum at
room temperature, shows two resonances which split on cooling (Table 1); the
coupling constant J(P-P) ~ 44 Hz is consistent with two phosphine ligands located
on two different cobalt atoms [33]. The room temperature '°F NMR spectrum
shows an A3B3 pattern with a coupling constant J(F-F) ~ 10 Hz consistent with a
trans-CF; configuration. On the basis of the spectroscopic data we suggest for 6 the
structure illustrated in Fig. 4. In this geometry the hexafluorobut-2-yne fragment
lies above the plane of the Co triangle in such a way that one acetylene carbon,
C(2), is coordinated to all three cobalt atoms, whereas the other, C(1), is bonded to
two cobalt atoms only. As Dahl and coworkers did for the closely related iron
cluster [Fe,;(CO)g(u~-C,Ph,)] [32], we can regard the bonding of the alkyne with
three cobalt atoms as an olefinic coordinating group through two normally 7-elec-
trons in a o-type sp” orbital on C(2) directed toward an orbital of Co(2) with the
two olefinic m-electrons then distributed over Co(1) and Co(3).

The structures of mono- or di-substituted compounds could not be determined
by X-ray diffraction because no suitable crystals could be cbtained.

3. Electrochemistry of [Cp,Co,(CO),(u-CO)CF,C,CF,)] (I)

Electrochemistry in the absence of ligands

The cyclic voltammogram (CV) of the tetracobalt cluster 1 in a thf/Bu ,NPF
electrolyte shows two well-defined reduction peaks of equal heights, at E, , = —1.13
V and E, ,= —2.03 V (Fig. 5). A third (composite) wave {E, 4= —2.72 V) is
irreversible, as is the multi-electron (more than 4 electrons by coulometry) oxidation
process (E, ., = 0.51 V), thus indicating chemical reactions following both of these

electron-transfer events. The usual electrochemical criteria [34], AE,=E,, — E,,

Y N S £ 06
I 10 pA

£ (VIFe)

Fig. 5. Cyclic voltammetry of a ca. 1 mM solution of cluster 1 in thf/0.2 M Bu,NPF;. (Scan rate 0.2 V
s~ 1; vitreous carbon electrode). 7
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Table 3

Reduction potentials. of [Cp,Cos(CO)4(p-CONCEF;C,CF;)] (1), and its substituted derivatives
[Cp;C04(COY 4 n(-COIL,,(CF,C,CF3)] #

Compound  Ligand x  Eipeaq AEp ipa/ipe  Ei/zred AE, ipa/lpc
(V/Fe)  (mV) (V/Fo) (mV)
1 - - =113 80 09 —2.03 80 1.0
1.0° 0.8°

1° - - -1.11 60 0.9 —1.81 70 0.9
14 - - —1.20 70 0.9 —-1.90 80 0.6
2 P(OMe)3 1 —1.42 80 09 ¢ —2.22 90 0.6 ¢
2¢ P(OMe)3 1 —-1.34 60 —-2.01 90
3 P(OMe)3 2  —166 90 —2.46

12 dppm 2 —1.65 70 0.9° —2.58 90 ©

14 ddpe 1 —143 75 €

13 dppe 2 -1.70 80 08° —2.65(E,) ©

10 t-BuNC 1 -1.44 70 —2.24 90

11 t-BuNC 2 —-1.73 75 —2.48(E,)

16 t-BuNC 3 —-2.0 70

15°¢ MeCN 1 —-1.39 70

¢ The redox potentials are obtained in a thf/Bu NPF; electrolyte, at a scan rate of 200 mV /s unless
otherwise stated. For the bidentate ligands, dppm and dppe, x =1 means the coordination of only one
phosphorus, and x = 2 corresponds to the binding of both ends of the diphosphine. ? In thf, 40° C, 50
mV/s. € In CH,CN /0.1 M Bu,NPF,. ¢ In CH,Cl, /0.2 M Bu,NPF;. ¢ In thf, 40°C, 200 mV /s.

i,a/ipc (Table 3), and i, /v'/? (E,, and E,.: anodic and cathodic peak poten-
tials; i,, and i, : anodic and cathodic peak currents; v: scan rate) demonstrate
that the first two reduction systems are associated with reversible, diffusion-con-
trolled one-electron processes (eq. 3). Controlled-potential electrolyses (CPE) per-
formed at the potential of the first reduction peak (—1.2 V) were complete after 1
F/mol of 1 was passed (Table 4). The CV of the catholyte is essentially identical
with the curve before electrolysis except for the first system, which is now an
oxidation wave (E; , = —1.13 V), and for the presence of a new electrochemically
quasi-reversible oxidation (£, , = —0.7 V, AE, = 90-100 mV). The latter probably
arises from the slow decomposition of the radical anion, as suggested by the increase
of the oxidation current at —0.7 V when a solution of 1"~ is allowed to stand in the

Table 4

Results of controlled-potential electrolyses of 1 at —1.2 V in the absence and in the presence of ligands

Ligand equiv. Temp M app Product ® Current
O (F mol) ¢ efficiency ¢

none r.t. 1.1 1™ -

P(OMe)3 10 r.t. 0.7 223,17 (39 0.3

P(OMe)3 10 40 0.3 2 (88) 2.7

dppm 10.2 40 0.44 12 (70) 1.5

dppe 108 40 0.44 13 (64) 14

7 Relative to 1. ® In parenthesis is shown the yield calculated from CV assuming identical diffusion
coefficients (D) for the parent and the substituted clusters. © Defined as the number of moles of
substituted cluster formed per Faraday of charge passed.
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cell. No peak attributable to Co(CO),~ (E,ox= —0.37 V; E, ,=—044 V) is
detected.

+e +e —
products «=2% 12~ ==1"" ==1 —"°, products 3)
—203 -1.13

Although the CV in Fig. 5 indicates that 1°~ can be reversibly reduced (eq. 3),
CPE conducted in a thf electrolyte at the potential of the second reduction step
(—2.1 V) does not lead to the dianion. The cell current decays linearly with the
charge until ca. 1 F/mol of 1 has passed, but remains almost constant afterwards.
The same trend was observed in the non-coordinating solvent CH,Cl,, as well as at
—10°C in a thf medium. The steady current indicates that 1"~ is regenerated in a
reaction which is slow on the cyclic voltammetry time scale. This is confirmed by
the CV of the solution resuiting from an electrolysis in thf at —2.1 V (2 F/mol)
since 1°” is the major product. This reaction, which may involve impurities in the
medium, was not investigated further.

Electrochemistry in the presence of ligands

We have investigated the electrochemistry of 1 in the presence of some of the
ligands which had been shown to replace CO in thermal processes.

P(OMe);. The presence of P(OMe), in excess (about 10 equiv.) has essentially
no effect on the CV of 1 (Fig. 6a). However, reactions which are not detected on the
CV time scale (seconds) may take place during electrolyses [9a,35], and CPE of 1 at
—1.2 V led to the formation of a substituted derivative 2 (Table 3), the nature of
which was ascertained by comparison with an authentic sample of the monosub-
stituted complex [36*]. The electrolyses are complete after 0.7 F/mol of 1 has
passed (Table 4). The plot of i against Q (i = cell current, Q = charge passed)
displays the convex curvature previously observed in the case of ETC-catalyzed
substitution reactions [18c]. However, in the present case, the substitution is not
quantitative and is characterized by low current efficiencies. Similar amounts of 2
and 17" are recovered at the end of the electrolysis, as well as a new product, (E, .,
ca. —0.26 V), probably arising from the degradation of 1™ in the presence of
P(OMe),, or from the decay of 2. The addition of the phosphorus ligand to an
electrogenerated solution of 1'~ yielded the same compound as that observed after
CPE (E,  ca. —0.26 V), with essentially no 2°~ present. The species responsible for
the ~0.26 V oxidation process must retain the ligand since a similar peak, although
at a slightly different potential, is observed when t-BuNC is added to 1" [37*].

As shown by the insignificant change in the CV of 1 caused by P(OMe),, as well
as by the appearence of 1"~ in the presence of an excess of phosphite, the
‘substitution reaction, eq. 5, must include a slow step. The overall substitution
reaction (eq. 8) comprises the various steps represented by egs. 4-7.

1" + P(OMe); » 27+ CO (5
1+le=1" ’ (4)
1+27 51" +2 (6)
27~ le=2 (7)
1+ P(OMe); - 2+ CO ‘ (8)

* Reference number with asterisk indicates a note in the list of references.
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-20 0
£ (V/Fc)
Fig. 6. Cyclic voltammetry of cluster 1 (ca. 0.35 mM) in thf/0.2 M Bu,NPF in the presence of
P(OMe); (12 equivalents). (a) room temperature; (b) 40°C. (scan rate 0.2 V s™1; vitreous carbon
electrode).

We investigated the electrochemical behaviour of 1 at 40°C in the presence of
P(OMe),. As can be seen from Fig. 6b, substituted product(s) are detected. CPE of
1 (at —1.2 V) at 40°C are complete after ca. 0.3 F/mol of 1 has passed (Table 4).
The monosubstituted derivative 2 was formed in good yield (calculated from CV,
see footnote 27 in ref. 38 and legend of Table 4), with a small amount of the
by-product (oxidation peak at —0.26 V). No 17 was recovered under these

- conditions. :

Controlled-potential electrolyses of 2 at its first reduction peak (—1.5 V) should
lead to the substitution of a second CO. However, only a small amount of the
disubstituted cluster 3 is formed, and the species oxidized at —0.26 V is again a
major product. The first substitution of P(OMe), for CO results in an increase in
the electronic charge in 2 relative to that for 1, illustrated by the negative shift
(—0.29 V) of the reduction potential. The increased Co— CO 7 back-bonding in 2
(and 2°7) relative to that in 1 (and 1'7) makes the CO group less labile in the
former, and this hampers a further substitution (eq. 9):

2~ + P(OMe); - 3~ + CO (9)
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Fig. 7. Cyclic voltammetry of the solution resulting from the controlled-potential reduction of cluster 1
(ca. 0.5 mM) at —1.2 V in the presence of 20 equivalents dppm (7 40°C; an — 0.4 F/mol of 1). (scan
rate 0.2 V s~1; vitreous carbon electrode).

Deactivation of 2° is thus expected to be an important pathway (eq. 10):

2"~ — product ﬁe—v—) (10)

dppm. No other peaks than those of 1 are observed when the CV of the cluster
is carried out at room temperature in the presence of the bidentate ligand.
Electrolyses were not performed at this temperature.

CPE at —1.2 V (40°C, ddpm present) lead to a substituted derivative of 1, e.g.
12 (Table 3); small redox processes due to minor unidentified products are also
observed (Fig. 7). The shape of the curve i, = f(Q) or i =f(t) as well as the
amount of charge consumed (Table 4) again indicates that an ETC process takes
place.

The potential of the first reduction of 12, E, , = —1.65 V, is almost identical
with that for the bis-substituted cluster 3, indicating that both ends of the bidentate
ligand are bound to cobalt centres. The nature of 12 was confirmed by a comparison
with the CV of the product formed in the thermal reaction. In the case of triiron
carbonyl clusters, the replacement of two CO by either two P(OMe), or one
diphosphine (dppe) also leads to substituted clusters which are reduced at the same
potential {17a—c].

In contrast to the oxidation processes of 1 and 2, the oxidation of 12 is reversible
(E,,, = —0.08 V) (Fig. 7), which is probably indicative of a bridging position of the
dppm ligand [39*]. The assignment of the observed redox processes is shown in eq.
11:

127 =12 " =—12=>12"" (11)
—2.58 —1.65 —0.08

dppe. When a 4 m M solution of 1 and dppe (10 equiv.) is kept for about 1 h in
the cell at 40°C, substituted products (ca. 15-20%) are formed; the reversible
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reduction processes observed at —1.43 and —1.70 V (Table 3) suggest the stepwise
substitution of two carbonyl groups.

CPE carried out at —1.2 V (40°C, 10 equiv. dppe) is complete after ca. 0.4
F/mol of 1 is passed. For a 4 mM solution of 1, i.e. under conditions similar to
those mentioned above, the CPE requires 15-20 min to go to completion: the
thermal substitution contributes only slightly to the overall process. The CV of the
catholyte demonstrates that the bis-substituted cluster is the major product (E, ,, =
—1.70 V) 13, whereas the reversible system at —1.43 V assigned to 14 is essentially
absent.

As observed for the dppm analogue, the oxidation of the dppe derivative is a
reversible process (E;,,= —0.07 V), and this again suggests that the bidentate
ligand is bound to two distinct Co centres [39*].

CH,CN. Cyclic voltammetry in neat acetonitrile at 40°C demonstrates that a
substitution takes place. The reversible reduction potential of the new derivative is
quite comparable with those for the other monosubstituted complexes (Table 3),
and is assigned to a CH;CN species. CPE of 1 in CH,CN gives a small amount of
the substituted derivative 15 along with 1"~ and decomposition products.

t-Butyl isocyanide. Addition of an excess t-BuNC to a solution of 1 in an
thf/0.2 M Bu,NPF; electrolyte results in an instant change in the CV of the
cluster. The redox couples associated with 1 are replaced by new reversible reduc-
tion couples (Table 3), which we tentatively assign to the mono-, bis-, and tris-sub-
stituted clusters, although the last named were not formed in the thermal substitu-
tion processes.

4. Tetracobalt clusters catalyzed isomerization of 1-hexene

It was found that cluster 1 readily catalyzes the isomerization of 1-hexene to give
a mixture of cis- and trans-2-hexene in 40 and 55% yields, respectively, and small
amounts of trans-3-hexene (5%). When the reaction was carried out in neat 1-hexene
(3.2 x 1073 mol) with 1.9 X 107 mol of cluster 1 at 130°C, approximatively 30%
of the 1-hexene was isomerized to cis- and trans-2-hexene after 1h, giving a turnover
for the catalysis of approximatively 500 mol of hexene/mol of cobalt cluster per
hour. Spectral (IR and 'H NMR) analyses of the solid obtained following evapora-
tion of the olefin mixture showed that the bulk of the cluster 1 remained unchanged.
In isomerization of 1-hexene there is an increase in selectivity but a decrease in
turnover when mono- or di-substituted clusters are used as catalysts. For instance,
the monophosphite cluster 2 and the diphosphine-substituted compound 8 catalyze
the isomerization of 1-hexene to give a mixture of frans- and cis-2-hexene in 74 and
18% yield, respectively, and trans-3-hexene (8%). However the turnover for the
catalysis decreases from 500 mol of 1-hexene/ mol of cobalt cluster per hour with 1
to 60 and 120 with 2 and 8, respectively. Spectroscopic data show that phosphines
maintain the metal clusters intact under the conditions used as for the unsubstituted
cluster 1. The effects of phosphines in altering the product distributions in catalytic
processes are well-documented [42].

Discussion

The thermal substitution reactions described above proceed cleanly and give no
side product in detectable amount (except for PMe,), even when the reactions are
carried out under forcing conditions. Two isomeric substitution products (a and b)

(Continued on p. 130)
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were detected in most cases; the a and b isomers must be close in energy since they
have identical redox potentials; their ratio depends on the size of the ligand as
illustrated by the data listed in Table 2. With a bulky ligand such as PPh,, only the
singly-substituted isomer of type a is formed; probably, there is less steric hindrance
at this substitution site. For smaller ligands, the basicity factor dominates, and in
general the b isomer becomes more abundant as the basicity of the ligand increases.
Steric hindrance should be responsible for the non-observance of disubstituted
compounds for PPh;. For the other nucleophiles, basicity becomes the controlling
factor; the two stronger bases PMe, and PPh,H give only isomers of type a,
whereas a mixture of a and b isomers is obtained for P(OMe),.

The 'H, 3C and »F NMR spectra of the mono- and disubstituted tetracobalt
complexes show that the alkyne molecule is not involved in any rearrangement
across the Co, framework, which contrasts with the rotation of the alkyne moiety in
trimetallic clusters such as [Os;(CO),,(RC,R)] [43]. This supports the assumption
that alkyne mobility is observed only in species possessing a nido-polyhedral
structure [44]. Therefore, exclusive substitution of CO occurs, in good yield, in the
reactions carried out under either thermal or electrochemical activation. A possible
mechanism for the thermally-induced substitution of [Cp,Co,(CO),(p-CO)-
(CF,C,CF,)] would involve attack by the nucleophile (phosphine or isocyanide) on
the intact cluster. In this type of compound the LUMO is generally a metal-centred
orbital [45]. The essentially metallic character of the LUMO of 1 is indicated by the
electrochemical results: although the reversible reduction processes of 1 are shifted
to more negative potentials on substitution of donor ligands for CO, (Table 3), the
redox potentials of the resulting clusters are more sensitive to the number of
substituted CO than to the nature of the incoming ligands. Thus similar reduction
potentials are obtained for the mono-substituted derivatives, 2, 10, and 15 despite
the different donor/ acceptor abilities of P(OMe),, t-BuNC and MeCN [7b,46]. The
electronic effects of the ligands therefore appears to be “levelled” when they are
bound to the Co, core, and we interpret this as an indication that the LUMO is
mainly a metal orbital. Provided these orbitals do not differ too much in energy, the
reaction of the HOMO of the incoming nucleophile with the LUMO of the Co,
cluster could lead to the binding of L with concomitant cleavage of the carbonyl-
bridged Co—Co bond [47 *,48] (Scheme 2).

Such a mechanism takes account of the ability of cluster 1 to act as an intact
entity in substitution and catalytic reactions through the generation of vacant
coordination sites by metal-metal bond scission [49]. Coordinative unsaturation
resulting from dissociative CO loss could be involved in the second substitution, but
the reaction of the HOMO of the nucleophile with the LUMO of the mono-sub-
stituted clusters again seems more likely (Scheme 3). The infrared spectra of these
clusters, e.g. [Cp,Co4(CO);(u-CO)L(CF;C,CE,)], show a shift of the »(CO) to lower
frequencies (Table 1), suggesting a strengthening of the M—C bonds, as expected
from the increase of the electronic density on the cluster (cf. the negative shift of the
reversible potentials on substitution, Table 3). This is indicative of the fact that the
labilization of CO toward dissociation in [Cp,Co,(CO) u-CO)L(CF,C,CF,)] results
from a transition-state stabilization by the presence of the ligand rather than from a
labilization arising from ground-state effects [50]. Nevertheless, in the absence of a
kinetic study, the point at which the disposition of the phosphine or isocyanide is
determined cannot be established with certainty.
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One of the main characteristics of the substitution process for 1 under electro-
chemical activation is its poor efficiency. Although several observations indicate
that an ETC-catalyzed mechanism is taking place, the value of the number of
electron transferred as well as the current efficiency show that the process is
essentially not catalytic at room temperature (see Table 4, P(OMe);). However,
increasing the temperature to 40 ° C results in faster reactions and a lowered charge
consumption.

As the increased electron density in the radical anion with respect to the neutral
parent results in an enhanced metal - CO back donation [14c], it is generally
thought that the substitution of the radical anion proceeds via the cleavage of a
metal-metal bond [13,14] or of a metal-bridging ligand bond [15b]. In the case of
bicapped triiron carbonyl clusters the rupture of a metal-capping ligand bond has
been very elegantly demonstrated [17a—c].

Dissociative mechanisms for ETC-catalyzed substitution reactions have also been
observed [12,17d,19,51]. In the present case, population of a metal-metal antibond-
ing orbital, eventually leading to the cleavage of a Co—Co bond and to the exposure
of a 17e metal centre, looks a reasonable possibility for the substitution.

Thermally induced substitution of 1 with trimethylphosphine leads to partial
fragmentation into the tricobalt cluster 6. The formation of 6 involves an unusual,
but not unknown [52], loss of a cyclopentadienyl ligand from one metal by some
unidentified mechanism.

Experimental

All the experiments (including electrochemical procedures) were carried out
under N, or Ar. Solvents were purified by standard methods and degassed before
use.

Syntheses

The complex [Cp,Co,(CO),(p-CO)YCF,C,CF;)] was prepared by published pro-
cedures [3,27]. Standard Schlenk techniques were used for preparations. Silica gel
was used for chromatographic separation and purifications.

Preparation of the mono- and di-phosphite adducts [Cp,Co,(CO),_,(1-CO)-
(P(OMe),},(CF,C,CF,)] (n=1 or 2)

A solution of 0.1 g (1.5 X 10™* mol) of [Cp,Co,(CO)s(CF,C,CF;)] (1) and 54 ul
(4.5 X 10™* mol) of P(OMe), in thf was refluxed for 0.5 h under a nitrogen stream.
The solvent was then evaporated off, the residue dissolved in a minimum of
CH,Cl,, and the solution chromatographed on silica gel. Elution with hexane/
CH,Cl, (1,/0.55) afforded a deep-violet band, which yielded about 78% (based on
the amount of the cobalt cluster taken) of a mixture of the two isomers 2a (63%) and
2b (37%), which was purified by crystallisation from hexane/ dichloromethane
solution at —20°C.

Complexes 2a and 2b are deep-violet solids, soluble in common organic solvents.
Anal. Found for 2: C, 32.9; P, 4.0; Co, 30.9. C,,;H,,Co,F,0,P calc: C, 33.0; P, 4.0;
Co, 30.9%. The mass spectrum showed ions corresponding to [M]*, m/e 764,
[M —nCO]", m/e 736 (n=1), 708 (n=2), 680 (n=3), 652 (n=4),
[CO4(CsHs),(CF,C,){P(OMe); }]1", m/e 583, [Co,(CsHs),(CuFy)]™, m/e 528,
[Cos(CsHs),(CEC,CR)]*, m/e 431, [Coy(CsH;),(CFy)] Y, m/e 334.
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When 1 (0.2 g, 3 X 10™* mol) was treated in a similar way with a large excess of
trimethylphosphite (360 ul, 3 X102 mol) for 2.5 h, a mixture of the mono- and
di-substituted complexes 2 (0.15 g, 44%) and 3 (0.09 g, 40%) was formed. Products 2
and 3 were separated by column chromatography, with 1/0.55 and 1/1 hexane/
CH,C1, respectively as eluents. Complex 3 was obtained as a black solid mixture of
two isomers 3a (66%) and 3b (34%) both of which are black solids. Anal. Found for
3: C, 32.1; P, 6.8. C,3H,3Co,F,O,P, calc: C, 32.1; P, 7.2%. The mass spectrum
showed ions corresponding to [M]*, m/e 860, [M — nCO]*, m/e 832 (n=1), 804
(n=2), 776 (n = 3), [Co4(CsH;),(COXC,F;){P(OMe),}]*, m/e 680,
[Coy(CsHs),(CoF){P(OMe);}]*, m/e 652, [Coy(CsHs)o(CF,C,){P(OMe);}]*,
m/e 583, [Coy(CsHs)2(CiF)]™, m/e 528, [Cos(CsH;),(C,F){P(OMe)3}1™, m/e
498, [Co,(CsHs)2(CFy)]™, m/e 334, [Coy(CsH;),(C,F)]™, m/e 315.

Complex 2 was also synthesised in quantitative yield by photolysis of 1 in the
presence of 3 equiv. of P(OMe); in hexane for 0.5 h under a nitrogen stream. In this
reaction 2 was the only product isolated.

Preparation of the mono- and di-phosphine complexes [Cp,Co,(CO),_ .(1-CO)-
(PR;) (CF,C,CF;)] (n=1 or 2; R;= Me;, Ph,H or Ph;) and the tricobalt cluster
[CpCo3(CO)5(PMe;),(CF;C,CF;)] )

PMe;. A mixture of 1in CH,Cl, was stirred at room temperature for 1 h (0.1 g,
1.5x10™* mol) and trimethylphosphine (2 X 10~* mol) to give the monosub-
stituted derivatives 4 in 95% yield. Complexes 4 were purified by chromatography;
elution with a solution of hexane/CH,Cl, (4/1) gave a violet band which upon
removal of solvent yielded a mixture of isomers 4a (60%) and 4b (40%). Complexes 4
crystallise with one hexane molecule. Anal. found for 4: C, 40.8; P, 3.9; Co, 28.6.
C,;H;3,Co F;O,P cale: C, 40.4; P, 3.9; Co, 29.3%.

When 1 (0.3 g, 4.5 X 10~ mol) was treated with an excess of trimethylphosphine
(13.5 X 10™* mol) in CH,Cl, at room temperature three compounds were obtained,
and were separated and purified by chromatography. Elution with hexane/CH,Cl,
(4/1) afforded a violet band which yielded 26% of 4. Elution with hexane/CH,Cl,
(3/1) then gave the most abundant deep-red fraction from which 6 was isolated; it
was purified by crystallisation from hexane/CH,Cl, solution at —40°C (0.14 g,
50%). Finally elution with hexane/CH,Cl, (1.8/1) removed the deep-green band,
and evaporation gave product 5, which was purified by crystallisation from hexane/
CH,(l, solution (0.09 g, 22%). 5 crystallises with two hexane molecules.

Anal. found for 5: C, 44.3; P, 6.6; Co, 25.5. C;5sH,Co,F;O,P, calc: C, 44.9; P,
6.6; Co, 25.2%.

Anal. found for 6: C, 34.6; P, 9.7; Co, 27.3. C,3H,;Co,F,0,P, calc: C, 33.8; P,
9.7; Co, 27.6%. The mass spectrum showed ions corresponding to [M]*, m/e 640,
[M—nCOJ*, m/e 612 (n=1), 584 (n=2), 556 (n=3), [Co,(CsH;)}COXPMe,)-
(CiF)]*, m/e 508, [Co,(CsH;)(PMe;XC,F)]*, m/e 480, [Coy(CsH;XCO)s-
(PMe;),]*, m/e 478, [Coy(CsH;)(CO),(PMe;),]*, m/e 450, [CoyCsH;s)(CO)-
(PMe; XC,Fy)l*, m/e 449, [Co,(CsH)}(PMe; ) (C F)I*, m/e 421, [Co(CsH)(Cy
F)l*, m/e 286, [Co(C;H (C,Fs)]™*, m/e 267, [Cos1*, m/e 177.

PPh,H. 0.2 g (3>x10"* mol) of 1 and 0.08 g (4.3 X 10~* mol) of PPh,H were
heated in thf at reflux for 0.5 h. The solvent was evaporated to dryness, the residue
was redissolved in a minimum of CH,Cl,, and the solution chromatographed on
silica gel. Hexane/CH,Cl, (4/1) eluted a violet band which upon removal of
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solvent gave 0.16 g (65%) of a mixture of isomers 7a (56%) and 7b (44%). A second
deep-violet band was eluted with hexane/CH,Cl, (1.5/1), and removal of the
solvent under reduced pressure gave 0.05 g (17%) of 8. Complexes 7 and 8 were
washed with pentane and recrystallised from hexane/CH,Cl, at —20°C.

When a large excess of PPh,H (0.28 g, 15 X 10™* mol) was used to react with 1
(0.2 g, 3 X 10™* mol), for 0.5 h, only the disubstituted complex 8 was obtained (80%
yield).

Anal. found for 7: C, 42.7; H, 2.7; P, 3.5. C;,H,,Co,F,0,P calc: C, 43.5; H, 2.6;
P, 3.7%.

Anal. found for 8: C, 50.8; H, 3.6; P, 6.0. C,;H,,Co,F,0,P, calc: C, 50.1; H, 3.3;
P, 6.3%.

PPh,;. When a mixture of 1 (0.15 g, 2.25 X 10~* mol) and triphenylphosphine
(0.6 g, 22.6 X10™* mol) in thf was refluxed for 1 h, only the monosubstituted
derivative 9 was isolated (94%). It was purified by chromatography which removed
the uncharged PPh,.

Anal. found for 9: C, 47.0; P, 3.6. C;4H,;Co,F;O,P calc: C, 47.9; P, 3.4%.

Preparation of mono- and di-isocyanide complexes [Cp;Co,(CO),_ ,(p-CO)(t-Bu-
NC),(CF,C,CF,)] (n=1 or 2)

A mixture of 1 (0.1 g, 1.5 X 10™* mol) and, t-BuNC (17 1 in CH,Cl, 1.5 x 10~*
mol) was stirred for 5 min at room temperature and the solvent was then evaporated
to dryness. Chromatography of the residue on a silica gel column with hexane/
CH,Cl, (4/1) as eluent afforded a deep-violet band that gave complex 10 in 80%
yield.

Anal. found for 10: C, 38.3; N, 1.7. C,;H,,Co,F;NO, calc: C, 38.2; N, 1.9%. The
mass spectrum showed ions corresponding to [M]*, m/e 723, [M —nCO]*, m/e
695 (n=1), 667 (n=2), 639 (n=3), 611 (n = 4), [Co,(CsH;),(CO) 4(C,F,)1*, m/e
640, [Co,(C5H;),(CO)3(C,Fy)l*, m/e 612 [Coy(CsH5),(CO)L(CuFy)l Y, m/e 584,
[Co(C5H;5),(COXC,F)]*, m/e 556, [Coy(CsHs)y(C,F)(t-BuNO)*, m/e 535,
[Cos(CsH;5),(CyF))*, m/e 528 [Co3(CsH;)2(ChE,)(t-BuNO)]*, m/e 514,
[Co,(CsH;)(CEX1-BuNQO)]*, m/e 417, [Coy(CsH;)o(CiF)IY, m/e 334,
[CACsH;),(C,F)]™, m/e 275.

When a mixture of 0.2 g (3 X 10™* mol) of 1, 68 pl (6 X 10~* mol) of t-butyl
isocyanide, in CH,Cl, was stirred for 2 h at room temperature with the disubsti-
tuted complex (70% yield) was formed as a mixture of isomers 11a (70%) and 11b
* (30%). They were purified by chromatography with hexane/CH,Cl, (1/1) as
eluent.

Anal. found for 11: C, 41.8; N, 3.5. C,;H,;Co,F;N,O; calc: C, 41.7; N, 3.6%.
The mass spectrum showed ions corresponding to [M]*, m/e 778, [M —nCO]",
m/e 750 (n=1), 722 (n=2), 694 (n=13), [Co,(CsH,),(CO);(C,Fs}t-BuNO)]*, -
m/e 695, [CO,(CsHs),(CO),(C,FXt-BuNCO)]™, m/e 667, [Coi(CsHs)(COXC,Fy)
(t-BuNO)]*, m/e 639, [Co,(CsH,),(C,F)(t-BuNCO)]*, m/e 611, [Coy(CsHs)(C,
F,)(t-BuNC),)*, m/e 597, [Coi(CsHs),(CFs)I*, m/e 528, [Coy(CsHis)(CoFy)(t-
BuNO)}*, m/e 514, [Co,(CsHs),(C,F)(t-BuNC)}*, m/e 417.

Synthesis of biphosphine complexes [Cp,Co,(CO),(u-CO)LL)(CF;C,CF;)] (LL =
dppm or dppe)

A mixture of 0.1 g (1.5 X10~% mol) of 1 with a large excess of dppm (0.58 g,
15 X 10™* mol) in thf was refluxed for 1 h then evaporated to dryness. The residue
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was chromatographed on silica gel. Hexane/CH,Cl, (4/1) eluted a slightly yellow
band, which upon removal of solvent gave 0.33 of unreacted dppm. Further elution
with hexane/CH,Cl, (2.3 /1) gave a deep-violet band yielding 12 (0.12 g, 84%).

Anal. found for 12: C, 50.6; H, 3.6; P, 6.2. C4;,H;,Co,F;O,P, calc: C, 50.6; H,
3.3; P, 6.2%.

Similarly, reaction of 0.2 g (3 X 10™* mol) of 1 with an excess of dppe (1.2 g,
30 X 10™* mol), gave 0.2 g (67% yield) of 13.

Anal. found for 13: C, 504; H, 3.5; P, 5.9. C,;H,,Co,F,0,P, calc: C, 51.1; H,
3.4; P, 6.1%.

Isomerization experiments

Each reaction was performed in sealed glass tubes (volume 3 ml) containing
cluster 1 (1.2 mg, 1.9 X 10™° mol), 2 (2 mg, 2 X 107® mol) or 8 (1.5 mg, 1.5 X 10~
mol), along with the 1-hexene (0.4 ml, 3.2 X 10~3 mol) to be isomerized; the tubes
were filled with nitrogen by standard vacuum techniques. The reactions were
conducted at 130°C for 1 h (1) or 5 h (2 or 8), and at this stage about 30% of
1-hexene had been isomerized. The isomerization solutions were examined by 'H
and "*C NMR spectroscopy to reveal the extent of formation of isomerized hexene.
The organic products in the solutions after the isomerization experiments were
analysed by GLC (PPG/ Chromosorb W).

Electrochemistry

The apparatus, the set of electrodes and the purification of solvents and electro-
lytes used in the electrochemical experiments (cyclic voltammetry, controlled-poten-
tial electrolyses) were as described previously [53). The experiments were carried out
in a thermostated cell (Metrohm) either at room temperature or 40° C (thermostat
Haake, type F1). The potentials are quoted relative to the ferrocene—ferrocenium
cation couple, ferrocene being added as an internal standard at the end of the CV
experiments.
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