(w-CsH;)Fe(CO), COMPLEXES

complexes exhibit a well-developed band around 23,000
cm~! (band II) and a broad shoulder centered around
15,800 em™! (band I). Band I can be safely identified
with d—d transitions of the copper(II). In the absence
of molar extinction coefficient data, it is difficult to as-
sign band II. It is interesting to note that the elec-
tronic spectra of these two complexes are very similar
and almost superimposable on each other. One may
conclude that if Cu(2-hydroxynaphthaldehyde-2-amino-
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thiophenol) is involved in magnetic exchange, the
other complex should also exhibit the same phenome-
non. This conclusion has also been supported from the
magnetic data.
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[(m-CsH;)Fe(CO).]: is oxidized by 2 mol of Fe(III) in acetonitrile or acetone to give the solvent-bound complexes (r-CsH;)Fe-

(CO)2NCCH3+ and (W-C5H5)F€(CO)20C(CH3)2 -

The coordinated acetone in the latter is easily displaced by a variety of

ligands giving the complexes (x-C;H;)Fe(CO)X (X = Cl, Br, I, NCS, SCN, ONO;) and (r-C;H;)Fe(CO),L+* (L = py,

P(CsHs)s, CO, S(C,Hs)z).

We wish to report details of a simple and general route
to complexes of the types (7-C;H;)Fe(CO),X and (-
C;H;)Fe(CO);L+ from bis(w-cyclopentadienyldicar-
bonyliron).? Various methods have previously been
used for the preparation of such compounds: (i)
Direct reaction of [(m-C;H;)Fe(CO);}s with halogens
gives, for example, (w-CsH;)Fe(CO),I.¢ -(ii) Oxida-
tive fission of the metal-metal bond in [(7-C;H;)Fe-
(CO):]: by oxygen in the presence of coordinating anions
gives, for example, (7-C;H;)Fe(CO),;SCN and (=-
C;H;)Fe(CO),NCS.?  (iii) .Reduction of [(#-C;H;)-
Fe(CO); ] by sodium amalgam, followed by reaction of
the anion, without isolation, gives, e.g., (w-Cs;Hj)Fe-
(CO)e:S(CH;), 5 (iv) Isolation of (7-C;H;)Fe(CO).Cl
or (m-C;H;)Fe(CO),Br, followed by displacement of
the halide ion, gives, e.g., (7-CsH;)Fe(CO);OCOCF;” and
(m-C:H;)Fe(CO).P(C¢Hs); 7.2 In the latter case, (-
C;H;)Fe(CO)P(CeH;);5Cl is also a product. (v) Iso-
lation of (#-C;H;)Fe(CO):Cl followed by treatment
with a neutral ligand in the presence of a halogen accep-
tor, such as aluminum trichloride, gives, e.g., (7-CsHs)-
Fe(CO)Q(NHzNHQ) +,9 (T-C5H5)FC(CO)2NCCH3+,10 _and
(m-C;H;)Fe(CO)st8  (vi) Isolation of (x-CsH;)Fe-
(CO).Cl, conversion to (7m-C;H;)Fe(CO)s+, and treat-
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ment with pyridines gives (m-C;H;)Fe(CO)spy+,1° and
with azide ion gives (7-C;H;)Fe(CO).NCO.1! Many of
these preparations require anaerobic conditions, anhy-
drous solvents and atmospheres, extended reaction
times, and special apparatus.

Oxidation of metal carbonyl compounds using transi-
tion metal oxidants, such as FeCly or Ce(IV), often
leads to degradation of the complex. For example,
trans,trans,trans-1-phenyl-6-p-tolyl-1,3,5-hexatriene is
produced by treatment of the hexatrieneiron tricarbonyl
complex with ferric chloride in acetonitrile,!? and cyclo-
butadiene is a transient intermediate in the decomposi-
tion of cyclobutadieneiron tricarbonyl by ceric ion.!3
However, in other cases simple oxidation products are
obtained. Ferric chloride oxidation of Cr(CO),I~
in acetic acid gives the chromium(I) complex Cr(CO);sI,
and the same oxidant converts Cog(CQO)i:2~ into Cose-
(CO)15.18

We find that [(w-C;H;)Fe(CO):]: is rapidly and quan-
titatively oxidized in a variety of solvents by Fe(III)
(either as Fe(ClO4); or Fe(OH,)sCl;). In strongly coor-
dinating‘solvents, the solvent-bound complex formed in
the oxidation is readily isolated; for example, from ace-
tonitrile we isolate (7-C;H;)Fe(CO),NCCH;*. In the
weakly coordinating solvent acetone, the initial product
of oxidation is the solvento complex (7-C;H;)Fe(CO)qz-
(OC(CHa)2)*. The weakly bound solvent molecule is
easily displaced by a variety of neutral and anionic lig-
ands to give the complexes (7-C;H;)Fe(CO). L+ (L =
neutral ligand) and (7-CsH;)Fe(C0O);X (X = anionic

(11) R.J. Angelici and L. Bussetto, J. Amer, Chem. Soc., 91, 3197 (1969).
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(14) H. Behrens and H. Zizlsperger, Z. Naturforsch. B, 16, 349 (1961).

(15) P. Chini, Chem. Commun., 440 (1967).
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ligand). In contrast to the preparations outlined
above, this route is completely general and requires no
special reaction conditions.

Experimental Section

Bis{r-cyclopentadienyldicarbonyliron) (Alfa Inorganics) was
recrystallized from dichloromethane—hexane before use. The
anhydrous ferric perchlorate (G.F. Smith) was stored in a glove
bag, desiccated with P:Ojp. Before use, it was standardized by
its spectrophotometric analysis as the tris(1,10-phenanthroline)
complex.l® Six estimations on two samples indicated the ferric
perchlorate contained a mean of 10.94 £ 0.05% ferric ion. Lig-
ands used were all obtained commercially and used without
further purification. Acetone (reagent grade) was dried over
anhydrous magnesium sulfate. Acetonitrile (commercial grade)
was distilled from P,O in an atmosphere of nitrogen. Spectro-
grade acetonitrile was used without purification.

Infrared spectra were measured either in KBr pellets on a
Beckman IR12 spectrophotometer or in KBr pellets, Nujol mulls,
or dichloromethane solutions on a Perkin-Elmer 421 spectropho-
tometer. Visible spectra were measured in 1-cm silica cells on a
Cary 14 spectrophotometer. Nmr spectra were taken on a Varian
A-60 spectrometer in chloroform-d, or acetone-ds using tetra-
methylsilane as an internal standard. Elemental analyses were
carried out by Galbraith Laboratories, Knoxville, Tenn.

1. Stoichiometry.—[(r-C;H;)Fe(CO):]: was treated with an
excess of anhydrous ferric perchlorate in acetonitrile. The
initial concentrations of iron dimer and ferric perchlorate were
1.01 X 10~% and 7.85 X 107% M, respectively. Spectrophoto-
metric analysis of the ferrous ion produced as its tris(phenanthro-
line) complex!® gave a final concentration of 2.14 X 1073 M (aver-
age of three determinations).

[(m-CsHs)Fe(CO)l. (0.4014 g, 0.00114 mol) in acetonitrile
(40 ml) was oxidized with an excess of anhydrous ferric per-
chlorate (1.6682 g, 0.00328 mol) in acetonitrile (25 ml) under
nitrogen in the absence of light for 20 min. After filtration, the
solution was chromatographed on Florisil (3 cm X 10 ¢cm column)
using acetonitrile as eluent. The yellow eluates were diluted to
100 ml, and 5 ml of the diluted solution was further diluted to 50
ml. The absorbance at 370 nm (emax 735Y7) indicated that (-
CsH;)Fe(CO);NCCH;* was formed in 939, yield.

2. Detection of the Intermediate in Acetone.—[(r-CsH;)Fe-
(CO)ly (0.55 g) in acetone (20 ml) was treated with anhydrous
ferric perchlorate (2.0 g) in acetone (20 ml). The solution was
evaporated in a stream of nitrogen, and the black oily material
was extracted with dichloromethane (five 20-ml portions). The
combined extracts were filtered through a 1 in. X 0.5 in. bed of
Florisil and the dichloromethane was evaporated in a stream of
nitrogen. Caution! Complete evaporation of these solutions to
dryness may be dangerous. The complex (x-CsHs)Fe(CO)»0ClO,
which could form may be explosive. The nmr spectrum of the solu-
tion of the red solid in acetone showed resonances at r 8.58 (sol-
vent), 8.30 (singlet, coordinated acetone), 5.04 (singlet, =-
cyclopentadienyl); the ratio of the latter two peaks was 6:5.
The spectrum, therefore, indicates that in acetone the inter-
mediate is (x-C3H;s)Fe(CO);OC(CHs),™.

3. Preparations.—Warning! Several of the following prepa-
rations call for the use of solutions containing both perchlorate
ion and labile organometallic complexes. The dangers with re-
gard to the explosion of metal perchlorates have been well docu-
mented.® In working with such solutions or with solids con-
taining perchlorate due care should be taken.

(a) (m-Cs;H;)Fe(CO),Cl.—The dimer [(m-CiH;)Fe(CO):l.
(1.13 g, 0.0032 mol) in acetone (25 ml) was treated with Fe(H,0 )e-
Cl; (1.83 g, 0.0067 mol) in acetone (25 ml) for 1 hr, during which
time the brown soluition turned burgundy. Sodium chloride
(5.12 g, 0.086 mol) in water (50 ml) was added, causing an im-
mediate color change. The acetone was evaporated off, the
aqueous solution was extracted with dichloromethane (five 20-
ml portions), and the extracts were dried overnight over anhy-
drous MgSO,. After addition of hexane (50 ml) the dichloro-
methane was removed on a rotary evaporator. Cold pentane
was added and the red crystals of (r-Cs;H;)Fe(CO),Cl (0.603 g,
509, ) were filtered and dried.
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(b) (#-C;H;)Fe(CO),Br.—A reaction involving [(z-C;H;)Fe-
(CO),2 (1.02 g, 0.0029 mol), Fe(H,0)Cl; (1.91 g, 0.0071 mol),
and sodium bromide (5.45 g, 0.0053 mol) yielded (x-C;H;)Fe-
(CO)Br (0.700 g, 48.5%,) by the method described in (a).

(¢) (m-CsH;)Fe(CO)»ONO,.—[(r-C;H;)Fe(CO)]. (1.00 g,
0.0028 mol) was treated with anhydrous ferric perchlorate (2.80 g,
0.0055 mol) in acetone (50 ml) (addition of a few drops of reac-
tion solution to about 20 ml of water after ca. & min gave a clear
solution indicating complete consumption of the dimer). Addi-
tion of sodium nitrate (5.87 g, 0.0068 mol) and working up as de-
scribed before yielded (7-CsH;)Fe(CO),ONO, (0.293 g, 229%).

(d)  (7-CoH;)Fe(CO)LNCS.—[(r-C;H;)Fe(CO)l: (1.02 g,
0.0029 mol) was oxidized by anhydrous ferric perchlorate (3.01 g,
0.0059 mol) in acetone (50 ml); NH.SCN (10.35 g, 0.13 mol) in
water was added, and the acetone was removed by evaporation.
The aqueous solution was extracted with dichloromethane (5 X
20 ml) and the extracts were dried overnight over magnesium
sulfate. The dichloromethane solutions containing both linkage
isomers were evaporated to ca. 5 ml and chromatographed on a
Florisil column (3 ecm X 30 cm) using dichloromethane as the
eluent. The yellow band was collected and reduced in volume to
ca. 5 ml, and pentane (50 ml) was added. Yellow crystals of
(w-CsH;)Fe(CO)NCS were collected.

(e) (w-C;H;)Fe(CO)SCN.—The red band from the chro-
matography in (d) was removed with acetone, the acetone was
evaporated, and the residue was dissolved in (C.H;),0 (50 ml).
After evaporation to 10 ml in a stream of nitrogen, pentane
(50 ml) precipitated red crystals of (r-CsH;)Fe(CO):SCN.

(f) (x-CsH;)Fe(CO)I.—[(m-C;H;)Fe(CO)]. (1.01 g, 0.0029
mol) was dissolved in nitrogen-saturated acetone and mixed with
Fe(Cl0.); (3.75 g, 0.0074 mol) in the same solvent in a nitrogen
atmosphere. Tetra-zn-butylammonium iodide (5.00 g, 0.014
mol) in acetone was added and the resulting solution was evap-
orated to dryness. Dichloromethane (100 ml) was added along
with hexane (100 ml) and the solvent was evaporated to a small
volume. Addition of cold pentane deposited dark purple crystals
of (r-C3H;)Fe(CO).I (0.878 g, 51.2%).

(g) [(=-C:H;)Fe(CO),NCCH;]PFs.—The solutions obtained
in the stoichiometry determinations were evaporated and a large
excess of NH,PF; in water was added. Further evaporation de-
posited crystals of [(r-CsHs)Fe(CO)»NCCH;] PFs.

(h)  [(r-CsHs)Fe(CO)py] B(CeH;)s.—[(m-C;H;Fe(CO),], (0.50
g, 0.0014 mol) and anhydrous Fe{ClO,); (1.58 g, 0.0031 mol) were
dissolved in acetone, mixed, and stirred for a further 15 min.
The acetone was evaporated, aqueous NH;PFs was added, and
the yellow crystals formed were removed by filtration. They
were converted into the tetraphenylborate salt by dissolution
in water and addition of aqueous NaB(CsH;)s. Yellow crystals
of [(m-C;H;)Fe(CO)py] B(CeHs)s (0.493 g, 30.09) resulted.

(i) [(7-CsH;)Fe(CO):P(CeH; )5 ClO4 —[(7-C;H;5)Fe(CO )l
(1.00 g, 0.0028 mol) and Fe(ClO4); (3.23 g, 0.0063 mol) were dis-
solved in acetone and mixed. Triphenylphosphine (2.6 g, 0.01
mol) was added and the solution was stirred for 45 min. The
solution was evaporated to ca. 5 ml and chromatographed on
Florisil (3 cm X 80 cm column) using acetone as the eluent. The
yellow band was collected, and addition of water caused precipita-
tion of yellow crystals of [(w-CsH3)Fe(CO)P(CeHs)s] Cl104 (0.700 g,
22.39%).

(i) [(w-C:H;)Fe(CO)S(CH;)s] PFs.—[(r-C5H;)Fe(CO)s]s (1.00
g, 0.0028 mol) and Fe(ClO4); (4.21 g, 0.0083 mol) were dissolved
in acetone and mixed, and after 5 min the solution was run
through a Florisil column (3 cm X 30 cm) using acetone as eluent.
To the bright red eluted solution were added NH:PF¢ (6.5 g) and
diethyl sulfide (16 ml, 0.15 mol) and the mixture was stirred for
30 min. Chromatography on Florisil (8 cm X 80 cm column)
using acetone as eluent, addition of aqueous ammonium hexa-
fluorophosphate (5 g in 100 ml) to the orange-red eluate, and
evaporation of the organic solvent resulted in yellow {(=-C;H;)Fe-
(CO)S(C.Hs):] PFe (1.0 g, 4.32%).

(k) [(7-CsH3)Fe(CO )s] B(CeH s )y.—[(r-CsHs)Fe(CO):l» (0.50
g, 0.0014 mol) was oxidized with anhydrous Fe(ClOs); (1.50 g,
0.0030 mol) in acetone (oxygen free, 60 ml). After 25 min, the
solution was filtered, concentrated, and chromatographed on
Florisil (8 ecm X 20 em column) using oxygen-free acetone as
eluent. The red eluates were evaporated to ca. 50 ml and earbon
monoxide was bubbled through for 30 min at atmospheric pres-
sure, The solution was evaporated to dryness, and the solid was
extracted with benzene to remove the [(r-C;Hs)Fe(CO):]. pro-
duced by reduction of the acetone complex on the column. The
yvellow crystals were extracted with acetone and excess sodium



(r-CsH;5)Fe(CO,;) COMPLEXES Inorganic Chemistry, Vol. 10, No. 8, 1971 1675
TABLE I
—% C — —% H—— —9% halogen——  ——% N—— 9 other
No. Compd Calced Found Caled Found Caled Found Caled Found Caled Found
1 (7-CsH;)Fe(CO)Cl 39.58 39.81 2.37 2.38 16.69 16.94
2 (7-C3H;)Fe(CO):Br 32.73 32.60 1.96 1.82 31.11 31.30
3 (w-CsH;)Fe(CO).l 27.65 27.84¢ 1,63 1.53 41.78 41.90
4 (m-CsH;)Fe(CO)ONO, 35.15 34.97 2.09 2.06 5.86 5.75
5 (m-CsH;)Fe(CO)RNCS 40.85 41.02 2.13 2.13 5.96 5.98 13.62 (8) 13.46 (S)
6 (7-CsHs)Fe(CO)SCN 40.85 40.97 2.13 2.04 5,96 5.95 13.62 (8) 13.40 (S)
7 [(x-CsH3)Fe(CO):NCCH;]PF, 29.75 29.43 2.21 2.35 3.8 3.61
8 [(#-CsH;)Fe(CO)py 1 B(CsHs), 75.92 77.90 5.27 5.42 2.46 2.73
9 [(w-CsH;)Fe(CO).P(CeH;)]ClIO, 55.81 56.18 3.72 3.54 5.76 (P) 4.91 (P)
10 [(r-CsH;)Fe(CO):S(CoH; )| PFg 32.04 32.23 3.64 3.73 7.77 (S) 7.64 (S)
11 [(#-CsH5)Fe(CO)] B(CsHs )4 73.32 73.33 4.81 4.77
tetraphenylborate (2 g) in acetone was added. Water (15 ml)  Section. Acetonitrile is strongly bound and is not

was added and the acetone was removed by evaporation. Yellow
crystals of [(m-Cs;Hs)Fe(CO);]B(CeHs)s (0.40 g, 259,) were de-
posited.

Results

Analytical data for the complexes prepared are given
in Table I. They were also characterized by comparing
their CO stretching frequencies with the known values
(compounds 1, 2, 3, and 5, from ref 5; compounds 7, 8,
9, and 11, from ref 10). Two new compounds were
also prepared, (w-C;H;)Fe(CO),ONO; and [(m-C;Hj)-
Fe(CO):S(CoH;): [(PFs), and their »go bands are at
2060 (s), 2007 (s) and 2063 (s), 2018 cm™! (s), respec-
tively, in KBr pellets.

The pmr spectrum of the diethyl sulfide complex in
acetone ds shows resonances at r 4.83 (singlet, w-cyclo-
pentadienyl), 7.60 (quartet), and 9.18 (triplet) vs. TMS.
The quartet-triplet pattern and the integrated peak
ratios are consistent with a coordinated diethyl sulfide
group.

The attempted preparations of bisulfite and nitrite
complexes were unsuccessful, uncharacterized products
being obtained. The addition of either ammonium
acetate in acetone or sodium fluoride in methanol to
solutions of the intermediate acetone complex gave
only the starting material [(7-C;H;)Fe(CO);]s.

The preparations described in the Experimental
Section were carried out in acetone. In a few cases
duplicate experiments were carried out using methanol
as the solvent. The results were equally successful, and
although the methanol complex (7-C;H;s)Fe(CO),-
HOCH;* has not been characterized, the reactions in
methanol are probably analogous to those in acetone.
Attempts were also made to use the acetonitrile com-
plex (w-CsH;)Fe(CO),NCCH;* as a reaction interme-
diate. In an acetonitrile solution 0.1 A in tetra-n-
butylammonium bromide and 107% M in complex, no
anation was observed after 1-2 hr. Outer-sphere
bromide ion ion pairing was observed spectrophoto-
metrically.

Discussion

One mole of bis(w-cyclopentadienyldicarbonyliron)
reacts with excess anhydrous ferric perchlorate in ace-
tonitrile, according to the reaction

[(W-CsHs)FC(CO)z]z + 2Fe3t —>
2(#-C5H5)FC(CO)2NCCH3+ + 2Fe“‘

The acetonitrile complex can be isolated as its hexa-
fluorophosphate salt as described in the Experimental

easily displaced by other ligands.

If the oxidation is carried out in acetone or methanol,
however, the weakly bound solvent molecule in (-
C;H;)Fe(CO),S+ (S = solvent) is easily displaced by a
variety of ligands to give the complexes (w-C;H;)Fe-
(CO)X (X = Cl, Br, I, ONO,, NCS, SCN) and (=-
C5H5)FQ(CO)2L+ (L = Py, P(C5H5)3, S(CQHs)Q, CO)
The coordinated acetone in (w-CsH;)Fe(CO),0C(C-
H;),* has been observed by nmr as described in the
Experimental Section. The preparations are direct
and simple, and the yields are generally good although
no attempt was made to maximize them. Especially
striking are the direct preparations of (w-Cs;Hj)Fe-
(CO)3+ and (T-C5H5>F6(CO)QS(C2H5)2+; the tricar-
bonyl complex was prepared previously by a lengthy
high-pressure reaction,® and the complex (r-C;Hj;)Fe-
(CO)»S(CH;).*, analogous to the diethyl sulfide com-
plex, by an involved route via (w-CsHs)Fe(CO),; ™, which
requires rigorously anaerobic and anhydrous condi-
tions.5

The synthetic route described here is general for com-
plexes of the types (7-CyH;)Fe(CO0).X and (n-C;Hs)Fe-
(CO);L* but is limited to ligands which do not react
with the solvent, are capable of displacing the coor-
dinated solvent molecule, and form stable complexes
when bound to (m-CsH;)Fe(CO),+. We are currently
extending the reaction to more complicated ligand sys-
tems and are investigating in detail the properties and
labilities of a series of solvento complexes of the type
(T-C5H5)FQ(CO)2S+.

The metal-metal bond in [(#-CsH;)Fe(CO):]; has
been oxidized in acetone and acetonitrile at carbon and
platinum electrodes.”” The electrochemical reactions
are also useful for preparing (w-C;H;)Fe(CO),X and
(m-C:sH;)Fe(CO),L+ type complexes.

[Ru(bipy):CL](PFs), [(r-CsHs):Fe](BF,), and other
Fe(III) salts also oxidize the metal-metal bond.!*
However, because of solubility difficulties, in order to
avoid the introduction of potentially coordinating
anions, and for a variety of other reasons, Fe(ClOy); is
by far the most useful oxidant that we have found.
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