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Abstract 

The metal-metal bonded dimer [(q3-C3H,)Fe- 
(CO),], disproportionates on treatment with a 
variety of tertiary phosphines, forming the ionic 
ally1 iron complexes [(v3-C3H5)Fe(CO),L,] [(v3- 
C3H5)Fe(CO),] (L = PMe3, PEt3, PMezPh, PMePh*, 
PPh3). The iron(O) anionic complex has been re- 
ported previously but not the labile, iron(I1) cationic 
complexes, which are better synthesized by treat- 
ment of (v3-C3HS)Fe(C0)3Br with the tertiary phos- 
phines. 

long metal-metal bond (3.138(3) A) [13] and 
dissociates in solution to give the paramagnetic 
species {(~3-C3H,)Fe(CO)3), as in eqn. (1) [ 14, 151. 

Kv3-WL)WCW~ c-i- 21(v3-C3WFe(W3) (1) 

Introduction 

As with the above-mentioned chromium system 
[lo], the seventeen-electron monomer is very labile, 
and substition of carbon monoxide by various 
phosphines results in the formation of the substituted 
species [(q3-C,H,)Fe(CO),L], (n = 1, 2; L = PPh,, 
PPh,Me, PPhMe*, PMe3) [ 14, 1.51. The substituted 
compounds are much more extensively dissociated 
in solution than is the tricarbonyl dimer, and have 
been characterized by IR and ESR spectroscopy 
[14,15]. 

There is currently great interest in the chemistry 
of seventeen-electron organotransition metal com- 
pounds, which have often been synthesized via 
either photochemically induced homolysis of metal- 
metal bonded, eighteen-electron dimeric species 
[l] or electron transfer reactions of eighteenelectron 
monomers [2]. Most seventeen-electron complexes 
resemble organic radicals in that they are very 
unstable with respect to dimerization, and readily 
take part in a variety of ligand substitution and atom 
abstraction reactions [3]. 

Interestingly, the metal-metal bond of the com- 
pound [($-C,H,)Cr(CO),], is very long (3.281(l) 
a) [4] and weak (e12.7 kcal mol-’ [5], and it has 
been recently established that low but chemically 
significant concentrations of the monomeric, metal- 
centred radical {(TJ’-C~H~)C~(CO)~} exist in solution 
in equilibrium with the dimer [6,7]. Indeed, we have 
recently demonstrated that the solution chemistry 
of the dimer reflects the reactivity of the monomer, 
and a number of ligand substitution, disproportiona- 
tion and atom abstraction reactions of {(q5-CSH5)- 
Cr(CO),}, the related ((~s-C5MeS)Cr(CO)3} and 
similar molybdenum species have been investigated 
[7-121. 

In parallel with our investigations of the chromium 
and molybdenum radical systems 17-121, we have 
initiated an analogous study of the allyliron radicals. 
The chemistry of the substituted monomeric radical 
species has been little explored, and we hoped also 
to be able to carry out X-ray crystallographic and 
single crystal ESR spectroscopic studies on one or 
more compounds. Surprisingly, however, during 
attempts to duplicate previously reported syntheses 
[14, 151, it was found that reactions of the com- 
pound [(~3-C3H,)Fe(CO)3]z with tertiary phosphines 
L yielded not only the expected radicals, {(v3-C3Hs)- 
Fe(C0)2L}, but also the products of disproportiona- 
tion, K~“-MWe(C~)~~l Kr13-WW4W31. 
Neither the disproportionation reactions nor the 
complex cations have been previously described, 
either in this or any other context. We therefore 
report here details on both, and speculate on why 
the cationic complexes have not heretofore been 
synthesized. 

Experimental 

Similar to the chromium system, the binuclear 
complex [(~3-C3H,)Fe(CO),]2 also exhibits a very 

*Author to whom correspondence should be addressed. 

IR spectra were recorded on a Bruker IFS-85 
FT IR spectrometer, ‘H, and 31P{1H) NMR spectra 
on a Bruker AM 400 spectrometer; the IR, ‘H and 
31P{1H} spectra are reported in Tables 1-3, respec- 
tively. Chemical shifts are reported in 6 (ppm) rel- 
ative to internal TMS for ‘H, to external H3P04 for 
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TABLE 1. IR data 

Complex 

-ks3CsHs)Fe(CO)s) 
{(a3C3Hs)Fe(CO),(PMeJ)) 
{(s3C3Hs)Fe(CO),(PEt,)) 
{(s3C3HS)Fe(C0)2(PMePhz)) 
{(s3C3HS)Fe(CO)1(PMezPh)} 
((a3C3HS)Fe(CO)*(PPh3)} 

[(a3C3Hs)Fc(CO),(PMe3)21 
+ 

I(r13C3Hs)Fe(C0)2(PEt3)21’ 

[(a3C3H~)Fe(CO)2(PMePhz)zl’ 
[(a3C3HS)Fe(CO)2(PMezPh)zl’ 
[(113C3H~)Fe(CO)2(PPhs)21’ 

u(C0) (cm-‘) 

2043,1963 (ether) 

1960, 1884 (ether) 

1960, 1885 (ether) 

1963, 1899 (ether) 
1961, 1895 (ether) 

1968, 1902 (ether) 

2012,1954 (Nujol) 

2017,196O (Nujol) 

2015,1959 (Nujol) 

2020,1967 (Nujol) 

2009,1958 (Nujol) 

TABLE 2. ‘H NMR data for the complexes [(n3C3Hs)Fe- 

(CO)zLz]+ in CD2Claa 

Ligand L 6lH 

PMePh2 61.61 (br q,H,),61.91 (br, PMe), 62.13 (br, 

PMe), 6 2.99 (d, J(H,Hs) = 7 Hz, Ha, 64.25 (m, 

H,),65.83-7.62 (m, Ph) 

PMezPh 6 1.67 (br q, Ha), 6 1.78 (d,J(PH) = 9.5 Hz, PMe), 

62.04 (d, J(PH) = 9 Hz, PMe), 62.90 (d,J(H,H,) 

= 7 Hz, H,),64.10 (m, H,), 65.84-7.70 (m, Ph) 

PMe3 6 1.33 (m, PMe), 6 1.55 (m, PMe), 61.67 (br q, 

Ha), 63.29 (m, H,), 64.54 (m, He) 

PEt3 60.95-1.77 (m, PEt),62.30, (br q,H,),63.13 

(br d,J(H,Hb) = 8 Hz, Hs), 64.33 (br m, He) 

aAs the tetraphenylborate salts. 

TABLE 3. 31P NMR data for the complexes [(n3C3Hs)Fe- 
(CO),L,]+ in CD2Clz 

Ligand L 63’P J(PP) (Hz) 

PMesa 33(d) 76.1 

16(d) 75.4 

PEt3’ 53(d) 68.7 

42(d) 68.7 

PEt3b 53(d) 67.8 

42(d) 67.4 

PMe2Pha 44(d) 79.3 

30(d) 79.3 

PMe2Phb 38(d) 78.3 

24(d) 77.8 

PMePh2 a 52(d) 75.5 

46(d) 75.0 

PMePha b 49(d) 76 .l 

43(d) 76.8 

aAnion = [(q3CsHsFe(CO),]-. bAnion = BPh4-. 

TABLE 4. Mass spectral data for the complexes [(n3C3Hs)- 

Fe(C0)aL2]BPh4 

L, Complex ion Mass/charge Relative 

abundance 

(%) 

PMes 

[(s3CaHs)Fe(CO)2L21’ 
[Fe(C0)2L21+ 
[(n3-CaH~)Fe(C0)&l+ 
[(n3Cs&.)Fe(CO)21+ 
[(n3CsWFeKO)L21+ 
[(n3CsWFeL21+ 
[(r13CaLWFe(CO)Ll+ 
[(n3CaWFeLl+ 
[(s3C3HS)Fel+ 
[FeL]+ 

PEt3 

[(v3-C3HdFe(COhLd 
+ 

WC0)2L21+ 
L(n3-CsWFe(CO)2Ll+ 
[(n3CsWFe(CO)21+ 
[(03CsHS)Fe(CO)L21+ 
[(n3CsHs)FeL# 
[(s3CaWFe(CO)Ll+ 
[(r13-CaHs)FeLl+ 
[(n3CaH#el+ 
[ FeL]+ 

PMeaPh 

[h3C3HdFe(COhLd 
+ 

[FeU3W-d+ 
[h3-C3WFe(COhLl+ 
[(q3C3HdFe(COhl+ 
1 (?3C3HdFe(CO)L21 + 
[(rr3C3HdFeLzl+ 
[(~3C3HdFe(CO)Ll’ 
[(q3-C3HdFeLl+ 
Ih3-C3HdFel+ 
[FeL]” 

305.1 33 

264.0 23 

229.1 26 

152.1 6 

277.1 4 

249.1 38 

173.0 31 

389.1 100 

271.1 5 

152.1 4 

361.2 6 

333.2 45 

215.1 40 

429.2 23 

401.2 4 

373.2 29 

263.1 12 

235.1 15 

194.1 5 

553.1 8 

497.2 7 
325.1 11 
297.1 11 

256.0 11 

31P. FAB mass spectral analyses were carried out at 
the McMaster University Regional Centre for Mass 
Spectrometry on a VG ZAB-E mass spectrometer; 
the data are reported in Table 4. 

All reactions were carried out under oxygen-free 
nitrogen using dried, de-aerated solvents. The com- 
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pounds (r73-C3H,)Fe(C0)3Br and [(q3-C,H,)Fe- 
(CO),lZ were synthesized as in the literature [ 131. 
The dimer was normally used in situ, having been 
synthesized from the bromo compound in ethyl 
ether or toluene, depending on the solvent desired 
for subsequent reactions. 

Reactions of /(q3-C3H,)Fe(CO)3] 2 with Tertiary 
Phosphines 

As a general procedure, [(~3-C3H,)Fe(CO)3 JZ 
was synthesized from (n3-C3HS)Fe(C0)3Br (0.30 g, 
1.15 mmol) via zinc reduction in approximately 
50 ml ether or toluene. On the addition of two 
equivalents of phosphine (2.30 mmol) in approx- 
imately 10 ml solvent to the solution of the dimer, 
the deep red solution changed to dark green, gas was 
evolved and, in the case of reactions carried out in 
ethyl ether, precipitates of the orange-yellow 
products, K~3-WW4C~>2~l h3-C&Y+- 
(CO),] (L = PPh3, PPhzMe, PPhMe,, PMe,, PEt,) 
formed. The solid disproportionation products were 
collected by filtration, washed with ether and 
hexanes, and dried in vacua; yields were 2836%. 

As expected, the same cationic complexes [(q3- 

W-MWWd-4’ can be synthesized by treating 
(v3-C3HS)Fe(C0)3Br with the phosphines, and this 
route was utilized to synthesize samples for mass 
spectroscopic characterization. Typically, (r13-C3Hs)- 
Fe(CO)3Br (0.40 g, 1.5 mmol) was dissolved in ap- 
proximately 20 ml ethanol. To this were added 2 
equivalents of phosphine (3.0 mmol) in 10 ml ethan- 
ol, at which time gas evolution occurred and the 
colour of the solution changed from brown to orange. 
The solution was reduced to a volume of approx- 
imately 10 ml and a twofold excess of NaBPh4 in 15 
ml of ethanol was added. The volume was reduced 
again to approximately 15 ml and the resulting light 
yellow product, [(n”-C,H,)Fe(CO),L.JBP~, was 
collected on a frit, washed with ether and dried in 
vacua. Yields were typically 60-85%. 

Results and Discussion 

Murdoch and Lucken have reported that [(q3- 

MW~(C~MZ reacts with PPh3 to form the 
substituted monomer ((n”-CaH,)Fe(CO),(PPh3)), 
although details of the reaction conditions are un- 
clear [ 141. Similarly, Muetterties et al. have utilized 
ESR spectroscopy to monitor the reactions of [($- 
C3H5)Fe(C0)3]2 with PMea, PMezPh, PMePhz 
and PPh3 in pentane and toluene, finding evidence 
for the formation of ESR-active species, presumably 
of the type {(7)3-C3HS)Fe(CO),L} since hyperfine 
coupling to a single phosphorus nucleus was observed 
[ 151. On the basis of the temperature dependencies 
of the ESR signals and, apparently, assuming that 
all diamagnetic materials were present in solution 
as the diamagnetic, dimeric compounds [(n3-C3H5)- 

Fe(C0)2L] 2, thermodynamic data for the monomer- 
dimer equilibria (eqn. (2)) were determined [ 151. 

Kr13-GWWC0)~Ll~ 1_ 2{(v3-C3H5)WC%L) 
(2) 

While attempting to obtain pure, crystalline 
samples of the radicals {(q3C3HS)Fe(CO),L} in 
ethyl ether and toluene, however, we have found 
that the reactions are not adequately described by 
eqn. (2). In ether, with PPh3, PPh,Me, PPhMe,, 
PMe3, PEt3, up to 30% of the starting material was 
converted to the products of disproportionation, 

K~3-GWWIC~)dd [(r13-WW4Co)31 ; h 
several cases, these ionic products precipitated from 
solution and could be isolated and characterized 
spectroscopically although none was sufficiently 
thermally stable to be obtained analytically pure. 
Thus, for L = PMe3, PEt3, PMezPh and PMePhz, 
broad v(C0) for the anion were observed at 1930 
f 8 and 1860 f 10 cm-’ (Nujol, methylene chloride, 
ethyl ether), at much lower frequencies than the 
u(C0) of the cationic counterions (see below), but 
comparable to v(C0) for the analogous sodium salt 
(1910, 1855 cm-’ in THF [ 161). The ‘H NMR 
resonances of the complex anion were evident in 
the region 6 I-2, generally upfield of the allylic 
‘H resonances of the complex cations but obscured 
in large part by resonances of the tertiary phosphines 
and thus unassignable [ 161 *Q Yields of the ionic 
products were much lower in toluene, but they were 
still observed in all cases as orange, crystalline precip- 
itates on the walls of the reaction flasks. 

Examination of the IR spectra of the reaction 
solutions in the v(C0) region demonstrated for all 
five phosphines the presence of the monomeric 
radicals {(v3-C3Hs)Fe(CO),L} (Table l), identified 
by comparisons with literature data for the PPha 
and P(n-Bu)3 compounds [14]. In addition, for the 
reactions of PMe3 and PEt, in ethyl ether and 
PMePhz in toluene, at least, weak v(C0) for the 
disproportionation products were observed (Table 
l), but in no case were there observed any u(C0) 
which could be attributed to dimeric species of the 
type [(v3 -C3HS)Fe(C0)2 L] *. It seems unlikely that 
the y(C0) for the dimers would totally overlap 
with and be obscured by v(C0) for the monomers; 
certainly the tricarbonyl monomer and dimer, 

Kq3-CaHs)Fe(CO)a) and ](n3-CaH~)Fe(CO)al~, 
exhibit significantly different IR spectra in the 
v(C0) region [ 141. Similarly, the dimeric [(r$- 

CsH&r(CO)312 and [($-CSMeSCr(C0)3]2 exhibit 
v(C0) significantly different from the v(C0) of 
the corresponding monomers [6, 111. Although, as 

*The synthesis of Na[n3C3HsFe(C0)3] outlined in this 
paper does not give pure product, as shown by the IR spec- 
trum. However, the ‘H NMR spectrum of the product does 
exhibit multiplets in the region 61-2, consistent with our 
assignments. 
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mentioned above, substituted dimeric complexes 
were assumed to be present in a thermodynamic 
study, monitored by ESR spectroscopy, of the 
chemistry represented by eqn. (2) [ 151, we note that 
confirmation of the putative dimeric species was not 
obtained via IR spectroscopy in this earlier work. 

Although all attempts to obtain the new cationic 
complexes [(n3-C3H5)Fe(C0)2Lz]+ (L = PMe3, 
PMe,Ph, PMePhz, PPh3) analytically pure (as the 
q3-C3Hs)Fe(CO),- or BPh,- salts) failed because 
of their general thermal lability (all decomposed in 
solution to complexes of the types Fe(C0)4L and 
Fe(CO)sh), the formulations have been unam- 
biguously established via spectroscopic techniques. 
Thus FAB mass spectra of the tetraphenylborate 
salts, [(n3-C3HS)Fe(C0)2L]BPh4, exhibited peaks 
for the parent ions of the cations [(q3-C3HS)Fe- 
(CO),L,]+, as well as peaks for the species [Fe(CO)*- 

LJ”, [(r13-C3HS)Fe(CO),Ll+, E(v3-C&PWC%l+, 
Kv3-C3HdWCOL-+l+, E(~3-WWeLzl+, h3- 
WWP)Ll+, [(v3-C&)FeLl’, [(~3-CdWel’ 
and [FeL]+ (Table 4). 

By analogy with isoelectronic manganese com- 
plexes of the general formula (n3-C3H5)Mn(CO),b 
[ 17, 181, the structures of the new complex cations 
should be as shown in A. 

OC\ 

OC' 

A 

(M = Fe; L = PMes, PEt3, PMesPh, PMePh2, PPh3) 

Two v(C0) are observed in the IR spectra of each 
of the cationic complexes, implying cis dispositions 
of carbonyl groups (Table l), but detailed interpre- 
tations of the ‘H NMR spectra (Table 2) of the new 
cationic complexes were difficult because of the 
above-mentioned thermal lability. However, the ally1 
protons exhibit chemical shifts comparable with 
those of the complexes (v3-C3H5)Fe(C0)3X (X = 
Cl, Br, I) [19-211, with the resonances of the 
centre hydrogens (H,) appearing as unresolved 
multiplets and those of the syn hydrogens (H,) 
appearing as doublets with J(HH) = 7 Hz. The 
resonances of the anti hydrogens (H,), on the other 
hand are not the simple doublets anticipated on 
the basis of the spectra of the compounds (r7j-C3Hs)- 
Fe(C0)3X [19-211, but are broadened quartets, 
presumably because of coupling to 31P. The 
appearances of the ally1 resonances are in fact very 
similar to those of the above-mentioned manganese 
analogues [ 17, 181, providing further evidence for 
structures as in A. There is, however, no evidence 
for the rotational isomerization exhibited by the 
complexes (n3-C3H5)Fe(C0)3X [ 19-2 I]. 

Interestingly, the ‘H NMR spectra of the PMe3, 
PMe2Ph and PMePh2 complexes each exhibit two 
methyl resonances, indicating that the pairs of 
phosphines are nonequivalent, compatible with A. 
Similarly, the 31P{1H} NMR spectra (Table 3) of 
the cationic complexes exhibit AB quartets with 
chemical shift differences and ‘J(PP) of approx- 
imately 6-17 ppm and 67-80 Hz, respectively. 
The chemical shift differences are thus small but 
consonant with the rather subtle origin of the non- 
equivalence of the phosphorus environments. The 
observed values of 2J(PP) are compatible with tram 
dispositions of the phosphine ligands in the series 
of complexes, but we note that cis couplings could 
be of comparable magnitude [22,23]. It was un- 
fortunately not possible with most complexes to 
obtain useful 13C NMR spectra because of low 
solubilities and/or decomposition during spectral 
accumulation. 

Disproportionation reactions of metal-metal 
bonded compounds and metal-centred radicals 
have many precedents, and are believed in many 
cases to involve nineteen-electron intermediates 
or transition states [24]. Thus the reactions reported 
here presumably occur via dissociation of the dimer 
[(q3-C3H5)Fe(C0)3]2 (as in eqn. (l)), followed in 
turn by reaction of the monomeric radical with the 
tertiary phosphines L and electron transfer (eqns. 

(3)45)). 

K~3-W~)WCO)~12 1 2{(v3-GWFe(C%) (1) 

{(v3-C3Hs)WCO>3)+ L - ‘{(r13-C3HS)Fe(C0)3 L]’ 

I 
(3) 

I {(v3-C3WFe(Wd 

[(?3-C3H,)Fe(CO)2Ll+ + [(~3GHS)Fe(CO)31- (4) 

L 

[(~3-C3H,)~e(CO),L21’ (5) 

It is also pertinent to ask why this hardly unusual 
class of cationic allyliron complexes has not been 
prepared previously, via either the type of dispro- 
portionation reactions reported here, or via substi- 
tution reactions of complexes of the types (n3- 
C3H,)Fe(CO),X or [(v3-C,H,)Fe(CO),]X (X = 
anion) [19-21,251. It would seem that dispropor- 
tionation reactions have not been previously noted 
because earlier studies have been carried out in non- 
polar solvents [ 14, 153 in which, as mentioned above, 
the ionic products [(n3-C3HS)Fe(CO),L,] [(a”-C,H,)- 
Fe(CO)3] are formed in very low yields. On the other 
hand, with respect to substitution reactions of ally1 
complexes of formally iron( it seems that a 
complicating factor is the proclivity of these species 
to undergo nucleophilic attack at the coordinated 
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ally1 group, yielding allylphosphonium salts and 
complexes of iron(O) [19,25,26]. Thus reaction 
of (r13-C3Hs)Fe(C0)31 with an equimolar amount 
of PPh3 in THF results in the formation of [P(C3Hs)- 
Ph3]I (31%) and (n3-C3H5)Fe(C0)2(PPh3)I (6%) 
while reaction of a series of complexes of the type 
[(v3-substituted allyl)Fe(CO),]” with nitrogen and 
phosphorus donors results in the formation of even 
higher yields of allylammonium and -phosphonium 
salts [27]. 
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