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The reactions of [FeCo,(CO),,]- and [MnFe2(CO),,]- with a number of 
monodentate phosphorus donor ligands (L) are reported, and complexes of the 
type [FeCo3(CO)11L]- and [MnFez(CO),lL]- have been isolated and charac- 
terised. Only with Ph2PCH2CH2PPh2 (DPPE) was it possible to replace more 
than one CO group, the complex [FeCo,(CO),,(DPPE)]- being obtained. Pro- 
tonation of the iron-cobalt anions leads to the neutral hydrido clusters and is 
accompanied by a large kinetic isotope effect, although not as large as for 
[FeCo3(CO)12]- itself. The reaction of [FeCoJ(C0)12]- with PhzCz gives 
CFeCo,(CO),o(Ph,c2)1; 

Introduction 

Although substitution reactions of neutral polynuclear carbonyl complexes 
have been studied in some detail, there is very little data on the substitution 
reactions of polynuclear carbonyl anions. The reaction of [Niz Co4 (CO) r.+]2’ 
with Ph,P has been reported [l] to give Co2(CO)6(PPh&, Ni(C0)2(PPh&, 
and [Co(CO),(PPh,)]- as the only isolable products, while from the reaction 
of [HIra(CO),l]- with Ph3P only the neutral complex IQ(CO)~O(PP~& was 
formed 123. Indeed, no substituted polynuclear carbonyl anions have ever been 
characterized. 

This lack of data no doubt arises from the difficulty in characterizing the 
polynuclear carbonyl anions themselves [3] and from the strengthening of the 
metal-carbon bonds in the anions as compared to corresponding neutral com- 
plexes, which renders substitution more difficzult. This latter effect has been 
well substantiated in the chemistry of mononuclear carbonyl complexes and, 
for example, the complexes [M(CO),] - (M = Vi Nb, or Ta) are much more dif- 
ficult to substitute [4] than the corresponding neutral complexes M(CO)6 
(M = Cr, MO, or W) 151. 
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It might be expected that polynuclear carbonyl anions, in which the nega- 
tive charge may be regarded as being ‘spread’ over a greater number of atoms, 
would not be as difficult to substitute as mononuclear anions. In order to test 
this hypothesis we have studied some substitution reactions of the polynuclear 
carbonyl anions [FeCo,(CO),,J- and [MnFe,(CO),,]- . These complexes may 
be regarded respectively as the anionic analogues of Co4 (CO) 12 and Fe3( CO) 12, 
and substitution reactions of both of these neutral complexes have been stud- 
ied in some detail [ 6-81. For our comparison we have chosen the reaction of 
[FeCo,(CO),,]- and [MnFe,(CO)12]- with organophosphines and with 
diphenylacetylene. 

Results and discussion 

Reaction with organophosphines 
An acetone solution of the anion [FeCos(CO) I*] - does not react with the 

ligand Ph*MeP at room temperature. On refluxing with a two-fold excess of the 
ligand for 12 h, however, the complex [FeCo3(CO) 11 (PMePh,)] - was formed, 
and -was isolated as its tetraethylammonium salt in almost quantitative yield. 
No trace of any complex containing more than one coordinated Ph*MeP ligand 
could be detected. In contrast, the reaction of COALS with PhzMeP in 
CHC13 solution gives mono-, di-, and t&substituted complexes, together with 
substituted complexes of lower nuclearity resulting from cleavage of meta?- 
metal bonds in the cluster 163. Reactions of [FeCog(CO)IfJ- with Ph3P and 
with (C3H70)3P were also carried out. In each case the monosubstituted com- 
plex [FeCo3(CO)11 L]- was obtained. Only with the chelating ligand 1,2-b% 
(diphenylphosphino)ethane (DPPE) could a disubstituted complex, 
[FeCo3(CO)lo(DPPE)]-, be prepared. Similarly, reaction of [MnFe,(CO)lzJ- 
with L [L = Ph3P, Ph2 MeP, or (CXH70)sP] gave only the monosubstituted 
anions [lMnFez (CO) 1 1 L] - whereas the reaction of Fe3(CO)f2 with Ph2MeP 
gives the substituted complexes FeS(C0)12 -X LX (X = 1 or 3) in addition to 
decomposition products 171. The reaction of [MnFez (CO) i2] - with DPPE led 
to rupture of the cluster and the formation of a complex mixture of products 
which were not separated successfully. 

All of the above experimental data are consistent with the metal-carbon 
bonds in the anions being stronger than those in the related neutral clusters. 
Since the monosubstituted anions do not undergo further substitution it is also 
apparent that phospbine substitution at one metal strengthens all the metal- 
carbon bonds in the cluster. 

It is clearly of interest in these mixed metal clusters to determine the site 
of substitution of the Group V ligand. Even for monosubstituted complexes, 
however, the number of possible isomers is such that infrared spectroscopy 
does not provide a reliable criterion for distinguishing between them. On the 
other hand, Mossbauer spectroscopy provides strong evidence that the neutral 
complexes HFeCo3(C0)12 -,L, (x = l-3) are formed by stepwise substitution 
of one CO group on each cobalt atom [9] _ Since the protonation of [FeCo,- 
(CO) 1 I L] - is a convenient route to the neutral complexes HFeCo3 (CO) 1 1 L it 
seems likely that the anions too are substituted at one of the cobalt atoms. The 
possibility of a rearran gement of ligands occurring on protonation is ruled out 
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TABLE 1 

M&SBAUBR DATA 

Compound C.S. (mm/see) Q.S. (mm/set) 

jMnFe~<C0)1~1 CEtdJI 0.33 0.93 

~MnFe2(CO)11Ph3W CEt4NI 0.34 1.07 
0.35 0.81 

from the close similarity of the IR spectra of substituted anionic complexes 
and their protonated neutral analogues. 

Mijssbauer data were also recorded for the anions [MnFe2(CO)II(PPh3)]- 
and [MnFe2 (CO) I21 - (Table 1). It can be seen that the two iron atoms, which 
are equivalent in the unsubstituted anion, are no longer equivalent in the sub- 
stituted derivative. Although this suggests that substitution takes place at one 
of the iron atoms it does not rule out the possibility of substitution of an equa- 
torial CO group on the manganese atom. Such substitution would also render _ 
the iron atoms inequivalent. 

Protonation of the substituted iron-cobalt complexes leads, in each case, 
to the corresponding neutral polynuclear carbonyl hydride being formed. It has 
been shown previously [lo] that protonation of the unsubstituted anion to give 
HFeCo3(CO)12 is associated with an unusually large kinetic isotope effect 
(Bnlkn = 17.8 2 1). This was attributed to the proton having to “tunnel” 
through a face of the cluster in order to reach its site of attachment inside the 
metal atom cage [ 10,111. It was therefore of interest to determine whether 
substitution by an organophosphine ligand, which must affect the precise geo- 
metry of the cluster, would alter the magnitude of kH/kD significantly. The 
H/D ratio in the neutral complexes can, however, only be measured with any 
degree of accuracy using mass spectroscopy. Only the triisopropylphosphite 
complex HFeCo3(C0)11 [P(OC3H,)3] was sufficiently volatile for its mass spec- 
trum to be recorded, and the kinetic isotope effect for this complex was found 
to be 8.3 i- 1. A possible explanation for this significantly lower value is that 
the phosphine ligand “opens up” one of the faces of the cluster thereby low- 
ering the activation energy barrier for the proton. 

Substitution of [FeCos( CO) 12] - followed by protonation generally affords 
the complexes HFeCo3(CO) 11 L in better yield than does the direct substitution 
of HFeCo3(CO),2 which, for the more basic phosphines, leads to more extensive 
metal-metal bond rupture [9]. This suggests that the negative charge in 
[ FeCos( CO) 12] - strengthens the metal-metal bonds as well as the metal-carbon 
bonds. 

The complexes [MnFe2(CO)11 L] - reacted rapidly in CH, Cl2 solution with 
a few drops of CFsCOOH to yield dark green neutral products. These were 
unstable at room temperature and could not be character&d. 

Reaction with diphenylacetylene 
The complex [FeCo,(CO)!,] [ELN] reacts with Ph2Cz in refluxing acetone 

during five hours to give purple-black crystals of the complex [FeCo3(CO)lo- 
(Ph,C,)l [E&N]. The stoichiometry of the complex suggests that it is analogous 
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to the complex Co,(cO),&%, C!-& which is obtained ikom the reaction of 
Cb4(cO)12 with qh2 C2 and which has an unusual “butterfly” structure with the 
acetylene bridgb&&wo cobalt aturns, one of the II&Z+-me&I bonds having been 
broken [12]. [FeCoS(CO),O(Phz C;)]’ T h owever, has a i&a-red spectrum which 
is very similar to that of ~FeCo,{CO),&WPE)3- and UW--~Y~)I~W~PE)S 
and quite &f&rent &om thak of Co,<C@,,{PhS c,). Since in fFeCb&X&,- 
(DPPE)J- and HFeCos(CO)lo(DPPE) the metal atom tetrahedron, is almost cer- 
tainly preserved intact 191, this would seem to indicate that Co4(CU),0(3?h2Cz) 
and {FeGo,(C0)&Ph2 Cz}]- pussess fundamentaDy different structures. This is 
expficabte in terms of 6s negz&& charge on 1 FeCo 3 (CO), 2 3 - having a strengt- 
hening effect on the metal-metal bonds in the cluster. Clearly, however, an X- 
ray structure determination is required to prove that the metal-metal bonds do 
remain unbroken in the latter complex. Protonation of [FeCo3 (CO)10(Ph2C,)] - 
does not give the acetylene-substituted hydrido complex and neither can this 
complex be prepared by direct substitution of HFeCo3(CO)12 with Phz c;? . In- 
stead, both of these reactions lead to the trinuclear complex FeCol (CO), - 
(Ph, C;) being formed. A crystalline sample of this complex for analysis could 
not be obtained and it was identified by its mass spectrum. The series of posi- 
tive ions FeCo;! ( CO)s _ 1c PhzC2+ (3~ = 0 to 8) were clearly observed with no peaks 
at higher mass numbers, and the calculated isotopic pattern for the parent peak 
was in agreement with the observed multiplet. This complex is isoelectronic 
with the known Fe,(C0)9Ph2 C2 [13] and is probably analogous to it. In addi- 
tion to FeCo,(CO),Ph, C+ , the complex Co, (CO&Ph* C, was formed in the reac- 
tion of HFeCo3 (CO) 12 with Phz Cz . 

The reaction of [MnFez: (CO) J- with Ph, C, under the same conditions 
gave an intractable mixture of products. 

Conclusions 
The above experiments confirm our original hypothesis that polynuclear 

metal carbony anions, whilst more difficult to substitute than related neutral 
complexes, are not as difficult to substitute as mononuclear carbonyl anions. In 
addition, the data obtained suggest that the presence of a negative charge 
strengthens not onIy the metal-carbon bonds but also the metal--metal bonds 
as compared to those in neutral clusters. 

Experimental 

Analyses were carried out by the MicroanaJyticaI Department of the 
University Chemical Laboratory_ Proton NMR spectra were recorded on a 
Varian HA 100 spectrometer. h&a-red spectra were recorded on a Perkiu- 
Elmer 257 spectrometer with carbon mormxide as calibrant and are quoted to 
an accuracy of il cm-‘. MSsbauer spectra were recorded at the P.C.M. unit 
at Harweh on crystalline samples at 77 K. All the data are quoted relative to 
sodium nitroprusside standard. 

Reactions were carried out in an atmosphere of dry nitrogen and solvents 
were de- before use. [FeCo3(CO),2] [E&N] [14] and [MnFea(CO)&j 
[E&N] [15] were prepared by literature methods. Organophosphines and or- 
ganophosphites were used as purchased. 



453 

A two-fold excess of PhzMeP (0.3 g, 1.5 mmole) reacted with [FeCo3- 
(CO)11] {I&N] (0.5 g, 0.72 mmoke> in 50 ml re&&ng acetone duzing 12 h. 
Excess Ph,MeP was removed from the dark purple product by repeated pre- 
cipitation fium acetone soIuOn with di.ethyI ether. Recrystahization from an 
ac&onefdie*byl &ber mti*e at 0” Sorded 0.8 g of black rzySS.5 [yjdd 
97%). (Found; C, 43.91; H, 3.8%; P, 3.50; N, 1.73. C,,H&ojFeNO,,P 
&cd.: C, 44.09; H, 3.79; P: 3.56; N, 1.61%) ‘H NMR (deuteroacetone): 
T 2.6(m); 6.5%(q), J(H-H) 7.3 Hz; E1.16 (d), J(P-H) 7.6 Hz; %.65(t), J(H-H} 
7.3 Hz. (fom 10,&, 3,X.!, pr&ons respective&). IR (THF); 2997s, 196lvs, 
194ls, 1934s, 1905m (sh), 1815vw, 1773m (br). 

A two-fold excess of Ph3P (0.4 g, 1.5 mmole) reacted with [FeCo,(CO),J- 
[I&N] (0.5 g, 0.72 mmole) in 50 ml refIu.xing acetone during 24 h. The 
dark purple product was isolated by the procedure previously described 
for [ FeCo3(CO)1 1 (PMePh, )] [E&NJ and crystallized from an acetone/ 
diethyl ether mixture at 0” affording 0.6 g of black crystals (yield 95%). 
(Found: C, 47.32; H, 3.81; P, 3.29; N, 1.25. C&, H,,Co,FeNO,,P &cd_: C, 
47.59; H, 3.75; P, 3 -32; N, 1.50%) ‘H NMR (deuteroacetone): r 2.65(m); 
6.53(q), J(H-H) 7.3 Hz; 8.6 (t oft), J(H-H) 7.3 Hz, J(14N-H) 1.7 Hz (for 
15,8,12, protons respectively). IR (THF): 2033m, 198Ovs, 1956m, 1941m 
(sh), 1914w, 1836vw, 1806n, 1790m. 

A two-fold excess of DPPE (0.57 g, 1.4 mmole) reacted with [FeC&- 
(CO)12] [Et4N] (0.5 g, 0.72 mmole) in 50 ml refluxing acetone during 10 min. 

The dark purple product was isolated by the procedure described above for 
[ FeCoJ (CO) 1 1 (PMePh,)] [ Et4 N] and crystahized from an acetone/diethyl ether 
mixture at 0” affording 0.74 g of black cry&Is (yield 95%). (Found: C, 50.57; 
H, 4.32; N, 1.45; P, 5.73. C44H44C03FeN010P2 c&d_: C, 50.72; H, 4.23; N, 
1.34; P. 5.96%) ‘H NMR (deuteroacetone): T 2.6(m); 6.55(q), J(H-H) 7.2 Hz; 
8.2(m); 8.61 (t oft), J(H-H) 7.2 Hz, J(14N-H) 1.6 Hz. (for 20,%, 4,12, pro- 
tons respectively). IR (THF): 201ls, 1963vs, 1944vs, 1895m (sh), 1807w, 
1774m, 1749m. 

A four-fold excess of {C,H,O),P (0.6 g, 2.9 mm&e) reacted with 
[FeCo3(CO)J [Et4N] (0.5 g, 0.72 mmole) in 50 ml refiuxing acetone during 
4 h. Acetone was removed under vacuum, and the product dissolved in diethyl 
ether from which it was precipitated with light petrol ether several times to 
remove the excess (C3H70)3P. The product was crystahized from a diethyl 
ether solution cooled to -20”. 0.4 g of fine needles were obtained (60% yield). 
(Found: C, 38.3%; H, 4.74; P, 3.56; N, 1.59. C28H41C03FeN0,,P calcd.: C, 
38.27; H, 4.66; P, 3.53; N, X57%.) *H NMR (deuteroacetone): 7 5.4(m); 6.5(q), 
J(H-H) 7.3 Hz; 8.6(t), J(H-H) 7.3 Hz; 8.74(d), J(H-H) 6.0 Hz (for 3,8,20, 
Protons respectiwely, P 8.6 and 8.74 overlapping)_ IR (THF): 2037m, 1985vs, 
195%s, 1912m, 1%84m, 1833vw, l%Olm, 1788m. 
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A three-fold excess of Ph,P (1.4 g, 5.5 mmole) was reacted with [l&Fez- 
(CO)J [E&N] (1.0 g, 1.5 mmole) in 50 ml refiuxing acetone. The deep blue 
solution turned dark green over 2G h, after which the product was precipitated 
several times from acetone solution with diethyl ether to remove the excess 
Ph3P_ Final traces of PhJP were removed by recrystallization from acetone/ 
diethyl ether mixture at 0”. Dark green crystals (1.2 g) were obtained (yield 
90%). (Found: C!, 50-57; H, 4.05; N, 1.51; P. 3.67. C37H35MnN011P calcd.: 
C, 51.21; H, 4.04; N, 1.61; P, 3.58%.) ‘H NMR (deuteroacetone): r 2.65(m); 
6.6(q), J(H-H) 6.6 Hz; 8.65 (t oft), J(H-H) 6.6 Hz, J( 14N-H) 1.8 Hz (for 
l&8,12, protons respectively). IR (THF): 204Om, 1997w (sh), P974s, 
1953s, 1927m, 1587w, 2785w, 1750~. 

A two-fold excess of Ph*MeP (0.34 g, 1.7 mmole) reacted with [MnFeZ- 
(CO)J [Et4N] (0.5 g, 0.78 mmole) in 50 ml refluxing acetone during 15 min. 
Isolation of the dark green product was by the procedure previously described 
for [MnFe2(CO)II(PPh3) J [E&NJ. Crystallization from an acetone/diethyl 
ether mixture at 0” afforded 0.6 g of dark green crystals (90% yield). (Found: 
C, 47.64; H, 4,29;N, 1.73; P, 3.80. C32H39Fe,MnN011P calcd.: C, 47.70; H, 
4.10; N, 1.743 P, 3.85%.) ‘H NMR (deuteroacetone): T 2.65(m); 6.6(q), 
J(H-H) 6.6 Hz; 8X(d), J(P-H) 8.4 Hz; 8.65 (t oft), J(H-H) 6.6 Hz, 
J( 14N-H) 1.5 Hz (for IO, 8,3,12, protons respectively). IR (THF): 2039m, 
1974s, l_952s, 1924m, 1882w, 178Ow, 1744~. 

A four-fold excess of (C3H70)3P (0.82 g, 3.9 mmole) reacted with 
[MnFeZ(CO)12] IEt4N] (0.5 g, 0.78 mmole) ih 50 ml refluxing acetone during 
30 min. The product was isolated by the procedure previously described for 
[MnFeZ(CO)ll (PPh,)] [Et&I]. Crystallization from an acetone/diethyl ether 
mixture at 0” afforded 0.58 g of dark green crystals (90% yield). (Found: C, 
41.08; H, 5.08; N, 1.52; P, 3.93. G8H4,Fe2MnNO11P &cd.: C, 41.33; H, 
5.04; N, 1.72; P, 3.81%~) lH NMR (deuteroacetone): r 5.35(m); 6.5(q), 
J(H-H) 6.6 Hz; 8-65(t), J(H-H) 6.6 Hz; 8.74(d), J(H-H) 6.6 Hz (for 3;8, 
30 protons respectively, T 8.65 and 8.74 overlapping). IR (THF): 2041m, 
2976s, 1952s, 1924m, 1882w, 1795w, 1762~. 

&I five-fold excess of Ph2 C~(0.65 g, 3.7 mmole) reacted with [FeCo,(CO)iz]- 
lEtaN] (0.5 g, 0.72 mmole) in 50 ml refluxing acetone during five fours. The 
intense violet-black product was recrystallized several times from acetone/ 
diethyl ether solution at -20c. Black crystals (0.47 g) were obtained in 80% 
yield. (Found: C, 46.30; H, 3.42; N, 1.72; Co, 21.66; Fe, 6.62. C32H30C03Fe- 
NOI calcd.: C, 46.77; H, 3.65; N, 1.71; Co, 21.56; Fe, 6.28%.) *H NMR 
(deuteroacetone): r 3.1(m); 6.6(q), J(H-H) 7.3 Hz; 8.65 (t oft), J(H-H) 7.3 Hz, 
J(14N-H) 2 Hz (for 10,8,12 protons respectively). IR (THF)i 2043m, 1994s, 
1980s (sh), 1973s (sh), 1969s (sh), 1935m, 185Ow, 1815m. 
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Measurement of ihe kinetic isotope effect 
A X/l mixture of DCl and HCI (totalling 1 ml) was made up using a mi- 

cropipette. A sample of [FeCo3(CO)11 {P(OC3H7)s)] [Et4N] (ca. 30 mg) was 
dissolved in 50 ml CH,C12 and the acid mixture was added to this solution, 
which was then shaken for 3 min. About 30 ml of water was added to the mix- 
ture and the dicbloromethane layer separated in a funnel. The solvent was re- 
duced in volume under vacuum and the product purified by TLC., eluting with 
a 9/l mixture of n-&HI4 and CH,Cl,. The procedure was repeated on another 
sample of [FeCo3(CO)11 {P(OC3H7)3}] [Et4N] using an acid mixture (1 ml) 
with an H/D ratio of l/10. The mass spectra of the two products were recorded 
at 50”. Calculation of the relative proportions of H and D in the parent peaks 
was accomplished using a computer programme written by Dr. GM. Sheldrick 
of this department. The ‘H NMR spectrum of pure DFeCo,(CO), 1 [P(OC&H,),] 
showed that no deuterium was incorporated in the (C3H70)3P ligand. The mass 
spectrum of DFeCo>(CO)ll [P(OC,H,),] was unchanged after allowing the com- 
plex to stand with cont. HCI for 5 min. This proves that exchange of co-ordina- 
ted deuterium in the product with protons of the protonating source had not 
occurred. 

The ratio of H/D in the products was divided by the ratio of HCl/DCl for 
the particular acid mixture used, giving the kinetic isotope effect. For the l/l 
acid mixture, a value of 3.5 + 1 was obtained and for the l/10 mixture a value 
of 9.2 f 1. 

These results are thus within experimental error of each other. 
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