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Introduction 

Dinuclear metal complexes may be considered as cluster 
prototypes and may in their chemistry provide insights to re­
actions that occur on metal surfaces. The extent of the 
metal-metal interaction in these dimers varies quite exten­
sively. There are the robust dimers with quadruple2,3 and tri­
ple2,4 bonds, two classes that have been extensively investigated 
in a structural context and which exhibit reactivities that might 
be exploited in a catalytic context. There is a presently smaller 
class of dimers that appears to have metal-metal double 
bonds.5 Finally, there is a large class in which there is nomi­
nally a single metal-metal bond. In this last class, the metal-
metal bond is often the weakest in the dimeric molecule. One 
contributing factor to the metal-metal bond fragility is the 
nonbonding repulsion forces generated by the plethora of Ii-
gands typically attached to the metal atoms in this class of 
dimers. Thus, the chemistry of these dimers often may be 
dominated by a first step dissociative process that generates 
two mononuclear complexes that usually are 17-electron 
species. These then would not be models of metal surfaces in 
chemical reactions. This class does, however, present the 
possibility of generating reactive mononuclear fragments that 
could be intermediates in chain reactions. Brown and co­
workers6 have elegantly demonstrated that 17-electron com­
plexes in some cases display facile ligand dissociation to give 
very reactive 15-electron species and that such species are often 
key chain intermediates in radical-initiated substitution re­
actions of six-coordinate molecules like HRe(CO)S. 
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We are exploring the solution chemistry of metal-metal 
bonded organometallic dimers in an effort to delineate the 
chemistry of the monomers derived from these dimers. Earlier 
we established the enthalpy of dissociation of [??3-
C3HsFe(CO)3]2 and several phosphine and phosphite deriv­
atives of this allyliron dimer.7 The enthalpies are quite low, 
13.5 kcal/mol for the parent tricarbonyl. Hence, the solution 
chemistry of the monomer ??3-C3H5Fe(CO)3 is accessible over 
a wide range of temperatures, —100 to 50 0 C (above ~50 0 C 
rapid thermal decomposition ensues). We describe here the 
structure for the dimer in the solid state and the solution-phase 
chemistry of the complex. 

Results and Discussion 

Description of the Structure. A three-dimensional view of 
the molecular structure is presented in Figure 1, together with 
the numbering scheme used to define the interatomic distances 
and angles listed in Tables I and II, respectively. The molecule 
is centrosymmetric with a crystallographic inversion center 
located at the midpoint of the iron-iron bond, implying the 
antirotational configuration. 

The most striking feature of the structure is the very long 
iron-iron bond distance of 3.138 (3) A. As the covalent radius 
of iron is estimated from structural data to be near 1.43 A,8 the 
observed bond distance is nearly 0.3 A greater than anticipated. 
This is the same situation found in bis(tricarbonyl-r/5-cyclo-
pentadienylchromium),9 which is structurally very similar to 
the compound we report. Because of the marked structural 
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Table I. Interatomic Distances (A)a'' 
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Atoms Distance Atoms Distance 

Fe(l)-Fe'(l) 
Fe(I)-C(I) 
Fe(l)-C(2) 
Fe(l)-C(3) 
Fe(I)-C(IJ) 
Fe(I)-C(U) 
Fe(l)-C(l,3) 

C(l)-C(2) 
C(I)-CO) 
C(I)-C(U) 
C(l)-C(l,3) 
C(l)-C(l,2) 
C(2)-C(l,l) 
C(2)-C(3) 
C(2)-C'(3) 
C(2)-C'(l,2) 
C(2)-C'(l,3) 
C(2)-0'(3) 
CQ)-CQ) 

Bonded 
3.138(3) 
1.837(9) 
1.778(9) 
1.830(8) 
2.208 (4) 
2.104(4) 
2.195(4) 

C(D-O(I) 
C(2)-0(2) 
CO)-OO) 
C(U)-C(1,2) 
C(l,2)-C(l,3) 

Nonbonded 
2.596(12) 
2.682(11) 
2.853 (9) 
2.854(9) 
3.195(9) 
2.929 (9) 
2.860(11) 
2.990(11) 
3.288 (9) 
3.431 (9) 
3.478(10) 
2.990(11) 

CO)-C(U) 
C O ) - C ( U ) 
C O ) - C ( U ) 
C(3)-0'(2) 
C(l,l)-C(l,3) 
C(U)-O'O) 
C(l,2)-0'(2) 
C(U)-O'O) 
C(l,3)-0'(2) 

1.183(8) 
1.157(8) 
1.149(7) 
1.417(5) 
1.389(5) 

2.952(9) 
3.751 (8) 
3.276(8) 
3.476(10) 
2.435 (6) 
3.285(7) 
3.513(8) 
3.474 (7) 
3.374(8) 

a Numbers in parentheses are estimated standard deviations in the last significant digit, 
opposite half of the molecule. 

Primes indicate inversion related atoms in the 

Table II. Interatomic Angles (deg)"'' 

Atoms Angle Atoms Angle 

Fe(I)-C(I)-O(I) 
Fe(l)-C(2)-0(2) 
Fe(I)-CO)-OO) 
Fe(I) -C(U)-C(U) 
Fe(I) -C(U)-C(U) 
C(l)-Fe(l)-C(2) 
C(I)-Fe(I)-CO) 
C(I)-Fe(I)-C(U) 
C(I)-Fe(I)-C(U) 
C(I)-Fe(I)-C(U) 
C(l)-Fe(l)-Fe'(l) 
C(2)-Fe(l)-C(3) 
C(2)-Fe(l)-C(l,l) 
C(2)-Fe(l)-C(l,2) 
C(2)-Fe(l)-C(l,3) 
C(2)-Fe(l)-Fe'(l) 

176.6(8) 
174.3(8) 
175.0(7) 
74.8 (2) 
74.7 (2) 
91.8(4) 
94.0(3) 
89.2(3) 

108.2(3) 
89.7(3) 

160.2(2) 
104.8(3) 
93.9(3) 

124.8(3) 
161.0(2) 
75.3(3) 

CO)-Fe(I)-C(U) 
CO)-Fe(I)-C(U) 
CO)-Fe(I)-C(U) 
C(3)-Fe(l)-Fe'(l) 
C(l,l)-Fe(l)-Fe'(l) 
C(l,2)-Fe(l)-Fe'(l) 
C(l,3)-Fe(l)-Fe'(l) 
C(l,l)-C(2)-C(3) 
C(2)-C(3)-C(l,3) 
C(3)-C(U)-C(U) 
C(1,3)-C(U)-C(2) 
C(U)-C(1,2)-C(l, 3) 
C(U)-Fe-C(1,3) 

160.8(2) 
123.5(2) 
93.9(2) 
74.7 (2) 

106.8(1) 
91.6(1) 

107.1 (1) 
86.9(3) 
84.8(3) 
94.8 (2) 
93.4(2) 

120.4(4) 
67.1 (2) 

" Numbers in parentheses are estimated standard deviations in the last significant digit, 
opposite half of the molecule. 

Primes indicate inversion related atoms in the 

0'(3) 

Figure 1. Molecular structure of [j;3-C3H5Fe(CO)3]2. Thermal ellipsoids 
are shown at the 50% probability level. 

similarity we believe that the arguments presented to explain 
the long chromium-chromium distance in that compound are 
applicable to our material and we refer the reader to ref 9 for 

details. Briefly stated, the long metal-metal bond results from 
the balance between increasing bond strength at short bond 
distances and the reduced nonbonded repulsions at longer bond 
distances. 

In order to evaluate the role of nonbonded interactions, it 
is necessary to first discuss the coordination geometry about 
each iron atom in the dimer. The coordination about each iron 
atom can be described as pseudooctahedral with the metal-
metal bond and one carbonyl ligand (C(I ) -O(I ) ) occupying 
an axial coordination site and two carbonyl ligands (C(2)-
0(2) , C(3)-0(3)) and the terminal carbon atoms of the allyl 
group occupying the equatorial sites. This is justified by a 
consideration of the angles defined by the ligands surrounding 
the central iron atom of C(2)-Fe-C(3) = 104.8 (3)°, C(2) -
Fe-C(I1I) = 93.9 (3)°, C(3)-Fe-C(l ,3) = 93.9 (3)°, 
C(1,1)-Fe-C(l ,3) = 67.1 (2)°, Fe ' ( l ) -Fe ( l ) -C( l ) = 160.2 
(2)°. The unusually small ( C ( U ) - F e - C ( U ) = 67.1 (2)°) 
angle is due to the constricted nature of the allyl group. 

The equatorial carbonyl carbon atoms, the terminal carbon 
atoms of the allyl group, and the iron atom form a plane in 
which no atoms deviate from the plane by more than 0.039 A. 
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A listing of calculated planes through the molecule and de­
viation from planarity of each atom in the plane is presented 
in Table III along with distances of important atoms to the 
planes. It can be seen that the iron atom is displaced very 
slightly from the plane defined by C(1,1), C(1,3), C(2), and 
C(3) away from the symmetry-related iron atom. The central 
carbon atom of the allyl group lies 0.690 A out of the equatorial 
plane of the molecule toward the molecular center. A dihedral 
angle of 47.2° was calculated for the intersection of the plane 
containing the Fe( 1), Fe'( 1), C(2), C'(2) atoms and the allylic 
plane. The allylic plane also describes a dihedral angle of 
101.5° with the plane of atoms containing Fe(I), C(2), C(3), 
C( l , l ) , C(1,3). The iron-allyl carbon bond distances of 2.208 
(4) and 2.195 (4) A to the terminal carbons and 2.104 (4) A 
to the central carbon atoms are comparable to previously 
published ?j3-allyl metal structures; see Table IV. The iron-
carbonyl carbon bond distances of 1.778 (9)-1.837 (9) A are 
slightly longer than the values of 1.74-1.77 A observed in 
butadieneiron tricarbonyl.10 The carbon-oxygen bond dis­
tances in the carbonyl ligands vary by 0.034 A but were judged 
not statistically different.1 la Table V represents iron-carbonyl 
carbon and carbonyl carbon-oxygen bond distances before and 
after addition of the third cumulant of probability density to 
the structure factor equation. As can be seen from the table 
slight changes in bond lengths result; however, the result was 
again judged to be not statistically significant. 

One of the striking features of the geometry of the molecule 
is the Fe ' ( l ) -Fe ( l ) -C( l ) angle of 160.2 (2)°. This deviation 
from linearity may be due to short nonbonded interactions 
within the molecule: both C(I)-C(1,1) and C ( I ) - C ( U ) = 
2.85 A, and C(2)-C'(3) and C(3)-C'(2) = 2.99 A. The iron-
iron bond is probably the weakest in the coordination sphere 
about each iron atom and therefore is likely to be the most 
sensitive to additional steric and electronic factors. Thus, the 
elongation of the metal-metal bond and the canting of op­
posing halves of the molecule from each other while retaining 
a relatively undistorted 773^H5Fe(CO)S square pyramidal 
configuration could be rationalized in terms of facile defor­
mation about the iron-iron bond. 

The allyl ligand in a trihapto coordination configuration may 
be considered to occupy one, two, or three coordination sites 
of a coordination polygon or polyhedron. Since a tridentate 
characterization appears generally inappropriate for known 
?73-allymetal complexes of low or intermediate coordination 
number, the choice reduces to a unidentate or bidentate rep­
resentation. A characterization of the ligand as bidentate is 
somewhat absurd in a purely geometric construct because there 
are three ligating carbon atoms in an 7/3-allyl ligand; however, 
in a molecular orbital view, a bidentate representation is ra­
tional especially if the other ligand-metal-ligand angles are 
close to 90° as in a nominally square planar or octahedral 
complex—in these instances orthogonal metal orbitals can 
substantially interact with the TT orbitals of the allyl ion. Thus, 
all d8-r?3-C3H5ML2 complexes have near 90° L -M-L angles 
unless the ligands are large and generate significant ligand-
ligand nonbonding interactions, and clearly these d8 complexes 
are best represented as square planar /weurfo-four-coordinate 
complexes with bidentate allyl ligands (see Table IV). In 
rr3-C3H5Ir[P(/-C3H7)3]2 the P- I r -P angle is large, 110°, 
presumably due to minimization of phosphine ligand-phos-
phine ligand nonbonded interactions. There is only one crys-
tallographically defined T^-C3H5ML3 species, a d8-allylnickel 
complex which seems to be reasonably well described as square 
pyramidal, /Mewdo-five-coordinate with a bidentate allyl li­
gand. This class of d8-square pyramidal allyl complexes should 
prove relatively common and include, for example, the 
T73-C3H5CoL3 species. All d6-773-C3H5ML4 complexes have 
near 90° L - M - L angles and are best represented as octahe­
dral, /weudo-six-coordinate complexes (Table IV) as in the 

Table III. Calculated Best Planes through Molecule and Distances 
of Selected Atoms to Planes 

Plane Atoms in plane Deviation from plane, A 

1 Fe(I) 0.000 
Fe'(l) 0.000 
C(2) 0.000 
C'(2) 0.000 

2 C(I1I) 0.000 
C(1,2) 0.000 
C(1,3) 0.000 

3 Fe(I) 0.039 
C(2) -0.002 
C(3) -0.023 
C(1,1) -0.020 
C(1,3) 0.005 

4 C(2) 0.011 
C(3) -0.011 
C(Ll) -0.013 
C(l,3) 0.013 

Atom Plane Distance to plane, A 

C(1,1) 1 -2.114 
C(l,2) 1 -1.710 
C(1,3) 1 -0.700 
Fe(I) 2 1.788 
C(2) 2 2.860 
Fe'(l) 3 -2.872 
C(l,2) 3 -0.690 
C(1,3) 3 -0.020 
C(1,3) 3 0.005 

[ri3-C3H5Fe(CO)3]2 structure described above. The d6 bisal-
lylruthenium complex, ( T I 3 - C 3 H 5 ) 2 R U [ P ( C 6 H 5 ) 3 ] 2 , has a 
near-tetrahedral P-Ru-P angle presumably for the same 
reason that the above-described allyliridium bisphosphine 
complex has a similar P- I r -P angle. Notably, an analogous 
d6 bisallyl complex, [ ( r ^ ^ H s ^ R h C h h , with the smaller 
chloride ligands has been described as an octahedral complex, 
although angles and atomic positions have not been reported. 
In the remaining higher coordinate allylmetal complexes, the 
allyl ligand would seem to be better represented as a unidentate 
ligand; e.g., in d4-C3H5ML5 complexes the L-M-L angles are 
near 90° and the coordination polyhedron seems best repre­
sented as an octahedron with the allyl ligand formally oc­
cupying a single coordination site. 

In the three idealized electronic and geometric classes of 
d8-square planar, d6-octahedral, and d4-octahedral with the 
allyl ligand formally portrayed as occupying two, two, and one 
coordination sites, respectively, there is a general ordering1 l b 

of M-C 3 H 5 bond lengths of d8 < d6 < d4. The d8 square py­
ramidal class will probably overlap the d8-square planar and 
d6-octahedral classes. Kaduk, Poulos, and Ibers l l b recently 
have neatly summarized these bond distances and bonding 
features for a variety of ?i3-allylmetal complexes. They define 
a distance D as the separation between the metal atom and the 
center of mass of the allyl ligand and a normalized D' value 
which is equal to D for second- and third-row metals and equal 
to D + 0.10 A for a first-row metal. These normalized D' dis­
tances1 l b form nonoverlapping ranges for the d8-square planar, 
d6-octahedral, and d4-octahedral sets of allylmetal complexes. 
For octahedral d6 complexes, the range for D' is 1.94-1.99 A. 
The D' value for our (allyl)Fe(CO)3 dimer (d7-d7 or d6) is 
slightly larger, 2.00 A, but this value is still outside, although 
barely, the range (2.02-2.10 A) reported for d4 complexes. For 
the d8 complexes, the range of normalized distances, D', is 
1.79-1.91 A. 

In those instances where a coordination plane for the allyl­
metal complex can be defined, as by the ML2 plane in the 
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Table IV. Structural Data for r?3-Allyl Complexes 

Complex C N / P.F.* MC, MC3 

[^-CH2C(CO2C2H5)CH2NiBr]2 
[7,3-C3H5PdCl]2 (-140 0C) 
[7,3-CH(CH3)CHCH(CH3)PdCl]2 
[7,3-CH2C(CH3)CH2PdCl]2 
7,3-C3H5PdC12Hi3NCM 
[7,3-CH2C(C3H4Cl)CH2PdCl]2 
(7,3-C3H5PdCl)2C6H10NOH" 

1[1,3-CjHjNi[SC(NHz)2] 2}C1 
[r,3-CH2C(CH3)CH2]2Ni 
7,3-C3H5Pd[P(C6Hs)3](SnCl3) 
7,3-CH2C(CH3)CH2Pd[P(C6Hs)3]Cl 
[-,3-C3H5PdOCOCH3];, 
(T ,3 -C 3 H 5 ) 2 RU[P(C 6 H 5 ) 3 ] 2 

7,3-CH2C(CH3)CH2Ni[(C6H5)2PCH2]2Br 
7,3-C3H5Pd-7,5-C5Hs 
7,5-C5HsNi-7,3-C3H4-C3H4-T,3-Ni-7,5-CsH5 

(7,3-C3H5Ni)2C8H6* 
7,3-CH2C(CH3)CH2Rh[As(C6H5)3]2Cl2 

7,3-C3H5Fe(CO)3I 
7,3-C3H5Fe(CO)2[P(C6Hs)3]I 
[(7,3-C3Hs)2RhCl]2 

[(C6H5)2B(pz)2][T,3-CH2C(CH3)CH2Mo(CO)2] 
[(C2H5)2B(pz)2][7,3-CH2C(C6H5)CH2Mo(CO)2] 
H2B[3,5-(CH3)2pz]2[7,3-C3H5Mo(CO)2]^ 
[T,3-C3H5MO(7,6-C6H6)C1]2 

[7,3-C3H5Mo]2[M-C3Hs]2 

[7,3-C3H5Cr]2[M-C3Hs]2 

[7,3-CH(CH3)C(CH3)CH2Ti(„5-C5H5)2] 
7,3-C3H5Mo(NCS)(CO)2(C10H8N2)'' 
7,3-C3H,Mo(CO)2(OCOCF3)(CH3OCH2CH2OCH3) 
7,3-C3HsW(CO)2(OCOCF3)(CH3OCH2CH2OCH3) 
[7,3-C3H5Ir(CO)Cl[P(CH3)2(C6H5)]2||PF6| 
7,3-C3H5Ir[P(/-C3H7)3]2 

4 
4 
4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

4,6 
5 

" 5 " 
" 5 " 
" 5 " 

6 
6 
6 
6 

"6" 
"6" 

7 

6 
6 
6 
6 
4 

S.P. 
S.P. 
S.P. 
S.P. 
S.P. 
S.P. 
S.P. 

S.P. 
S.P. 
S.P. 
S.P. 
S.P. 
T.O 
S.Py. 

O 
O 
O 
O 

O 
CO 

O 
O 
O 
O 
S.P. 

2.05 (2) 
2.12(1) 
2.14(2) 
2.08 (2) 
2 1 6 ( 2 ) 
2.21 (5) 
2.18(2) 

2.04 (2) 

2.19(1) 
2.14 
2.08 
2,25 (2) 
2.06(1) 
2.07 
1.97(1) 
2.03 (4) 
2.25(2) 
2.34 
2.20 
2.26 
2.33(1) 
2.35(1) 
2.33(1) 
2.23(1) 
2.29(2) 
2.26 
2.34 
2.29(1) 
2.34(2) 
2.29 (2) 
2.28(1) 
2.21 (2) 

2.06(3) 
2.12(1) 
2.04(3) 
2.06 (2) 
2.11 (2) 
2.19(5) 
2.12(2) 

2.07 (2) 

2.20(2) 
2.28 (3) 
2.08 
2.23(1) 
2.05(1) 
2.10 
1.98(1) 
2.01 (4) 
2.23(1) 
2.26 
2.20 
2.12 
2.36(1) 
2.31 (1) 
2.36(1) 
2.25(1) 
2.30(2) 
2.24 
2.35 
2.35(1) 
2.34(2) 
2.29 (2) 
2.25(1) 
2.21 (2) 

° C.N., coordination number. With four or fewer additional ligands, the allyl is formally considered a bidentate ligand; with five or more 
additional ligands, it is considered a monodentate ligand. * P.F., polytopal form; S.P., square plane; T, tetrahedron; S.Py., square pyramid; 
O, octahedron; CO, capped octahedron. c M, metal atom; C2, central allyl carbon atom; C1 and C3, terminal allyl carbon atoms. Distances 
in angstroms. d Angle in degrees. * i\ is the dihedral angle between the plane of the three allyl carbon atoms (C1C2C3) and the plane defined 
by the metal atom and the two ligand atoms trans to the allyl group (ML2). S2 is the dihedral angle between the C1C2C3 plane and the MC1C3 
plane, h is the mean distance of the terminal allyl carbon atoms (C1, C3) above the ML2 plane, f M. R. Churchill and T. A. O'Brien, Inorg. 
Chem., 6, 1386 (1967). * A. E. Smith, Acta Crystallogr., 18, 331 (1965). h G. R. Davies, R. H. B. Mais, S. O'Brien, and P. G. Owston, Chem. 
Commun., 1151 (1967).< R. Mason and A. G. Wheeler, J. Chem. Soc. A, 2549 (1968).' Ci2H13NO, 2-(fl,SJ-a-phenylethylimino-3-penten-
4-olato. * R. Claverini, P. Ganis, and C. Pedone, J. Organomet. Chem., 50, 327 (1973). ' T. A. Broadbent and G. E. Pringle, / . Inorg. Nucl. 
Chem., 33, 2009 (1971). m C6H10NOH, cyclohexanone oxime. " Y. Kitano, K. Kajimoto, M. Kashiwagi, and Y. Kinoshita, J. Organomet. 
Chem., 33, 123(1971). ° A. Sirigu, Inorg. Chem., 9, 2245 (1970). P H. Dietrich and R. Uttech, Naturwissenschaften, 50,613(1963). <? R. 
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d8-square planar C3H5ML2 complexes, the general orientation 
of the allyl ligand in the complex is as shown below, where Ci 

C1, C3 

and C3 are the terminal carbon atoms of the allyl ligand. In this 
definition, the tilt angle, S\, is the angle between the coordi­
nation plane and the plane of the allyl ligand (the Ci, C2, and 
C3 carbon atoms). Typically, h, which is an average distance 
of the Ci and C3 carbon atoms from the coordination plane, 
is a small positive value; the range (Table IV) is from ~ 0 to 
0.42 A. The angle S2 is obviously related to 8\ by h and is al­
ways less than 5) unless h is zero or negative. Typical values 

of 61 are in the range of about 105-117° with a value of ~111° 
most commonly found. Two exceptionally large &\ values are 
the 126.5 and 134.1° angles found for two d6-octahedral 
structures (Table IV) with large axial ligands that through 
L-C2 nonbonded interactions may be responsible for the larger 
b\ angle. In [7,3-C3H5Fe(CO^]2, the Si angle is unusually 
small, 98.8°. Most significantly h is negative, -0 .13 A; this 
displacement may be the result of a minimization of nonbonded 
intramolecular interactions within the two large allyl Fe(CO)3 

units. With this abnormal displacement of the allyl ligand with 
respect to the coordination plane, maintenance of a reasonable 
D' distance (or M-C) and M - C 3 distances) requires the b\ 
decrease. 

Kaduk, Poulos, and Ibers l l b have defined a different tilt 
angle, T, as well as a bow angle, /3, for the allyl ligand that are 
independent of the remaining coordination geometry of a 
complex; their definition would seem a superior one because 
there is really no ambiguity in their definition—there is no 
necessity to define a coordination plane. The reader is referred 
to the Kaduk et al. article for a listing of their r and 0 angles. 
We comment here only on the tilt angle, which is the angle 
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MC2<-

1.90(2) 
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the tactical problem in defining a coordination plane is a more 
informative measure than r about subtle distortions from 
"normal" tilt angles. 

One point is now clear. It should be possible to rather ac­
curately predict distances, particularly for the D' values, and 
geometries for allylmetal complexes if the complex neatly fits 
into one of the categories of d8-T?3-C3H5ML2, d6-rj3-C3HsML4, 
or d4-?73-C3H5ML5. If the L ligands are electronically or 
sterically diverse, the prediction may be less accurate but 
trends in tilt and bow angles of the allyls should be anticipated 
fairly accurately. 

Solution-Phase Decomposition of [T^-C3HsFe(CO)Jk. So­
lutions of [7j3-C3H5Fe(CO)3]2 in saturated hydrocarbons are 
unstable. After 24 h, essentially all the allyliron complex was 
decomposed. Other reactions continue slowly after this point 
and within 1-2 weeks all reactions appeared complete. The 
solvent is not involved in the reaction since the use of deuterated 
solvents did not lead to any products that contained deuterium. 
Ordinary laboratory light had no effect upon the reaction; 
sealed reaction vessels maintained in the dark yielded essen­
tially the rate and product characteristics of those for sealed 
vessels exposed to laboratory light. 

Table V. Comparison of Bond Lengths with and without the Third 
Cumulant of Probability Density Added to the Structure Factor 
Equation" 

Distance without 3rd Distance with 3rd 
Bond cumulant cumulant 

C(I)-O(I) 1.174(4) 1.183(8) 
C(2)-0(2) 1.135(5) 1.157(8) 
C(3)-0(3) 1.153(4) 1.149(7) 
Fe(I)-C(I) 1.848(4) 1.837(9) 
Fe(l)-C(2) 1.811(4) 1.778(9) 
Fe(l)-C(3) 1.818(4) 1.830(8) 

" Numbers in parentheses are estimated standard deviations in the 
last significant digit. 

between the vector from the allyl center of mass to C2 (0 -C 2 ) 
and the vector from the center of mass of the ligand to the 
metal (O-M). The r values vary widely, 97-132°, and do not 
exhibit the relatively narrow range calculated for b\ values. The 
value of T calculated for Iy-C 3H 5Fe(CO) 3 I 2 was 112.2°, 
which is an intermediate value with respect to a range1 l a found 
for other allylmetal complexes. Perhaps the b\ value despite 
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The fully characterized products of the solution phase de­
composition with appropriate isolated yields (moles) nor­
malized to a hypothetical 10-mol quantity of T^-C3H5Fe(CO)3 

monomer were as follows. 

1.6 
0.2 

7.3 

2.2 

Fe(metal) 
CO 

propylene 

Fe(CO)5 

0.07 

0.5 

0.7 

0.6 

Fe3(CO)12 

CH, 
I" 

[^Ye-Fe(CO)6 

CH, J" 
[ T F e - FeXCO), 

OH 

J 
[ F e - Fe(CO)6 

(1) 

(2) 

(3) 

In addition, there were small amounts of uncharacterized 
iron carbonyl clusters (no organic ligands present). No hexa-
dienes were detected in the reaction mixtures. Essentially no 
differences in product distribution were detected in the solu­
tion-phase decomposition effected in sealed tubes and in open 
(with slow nitrogen purge) vessels. 

The ferracyclopentadiene complexes, 1-3, are effectively 

C,H« n6i*2 y Fe(CO)2 OH 

Fe(CO), 

Fe(CO)3 

Fe(CO), 

Fe(CO)3 

derived from one C3H4 or two C3H4 species. Hence, hydrogen 
abstraction must occur at some step. The total number of 
equivalents of H (abstraction) required to account for these 
ferracyclopentadienes was ~ 3 which was about one-half the 
number of equivalents of propylene that was isolated. Hy­
drogen abstraction may occur in a reversible fashion in the 
monomeric allyliron complex as shown in eq 4 or in the dimer, 
eq 5. 

^ -C 3 H 5 Fe(CO) 3 - HFe(C3H4)(CO)3 

[^-C3H5Fe(CO)3J2 

- 7,3-C3H5Fe(CO)3-FeH(C3H4)(CO)3 (5) 

Hydride hydrogen transfer between iron atoms could then yield 
the key mononuclear fragments: 

773-C3H5Fe(CO)3-FeH(C3H4)(CO)3 

— C 3H 5Fe(H)(CO) 3 + C3H4Fe(CO)3 (6) 

Propylene and iron carbonyls could then be produced through 
steps 7-10. 

C3H5Fe(H)(CO)3 - C3H6Fe(CO)3 

C3H6Fe(CO)3 + CO ^ C3H6Fe(CO)4 

C3H6Fe(CO)4 — C 3H 6 + Fe(CO)4 

several 
3Fe(CO) 4 —»-Fe 3 (CO) 1 2 

(7) 

(8) 

(9) 

(10) 
steps 

In fact, the propylene complex, C3H6Fe(CO)4 , was isolated, 
and characterized, from the solution-phase decomposition 
products when the reaction was analyzed after 24 h, and it was 
demonstrated that solutions of the propylene complex yield 
propylene and Fe3(CO) 12 on standing (absence of CO) in so­
lution at 20 0 C. 

The C3H4Fe(CO)3 species could intramolecularly generate 
ferracyclopentadiene complex 3 by reaction 11 and could 

OC / C O 

Fe—CO 

C3H 4 

H,C-C 
/~ 

Fe—(CO)2 

OH 

X 
Fe(CO), 

CH=CH 

Fe(CO)1 

OH 

X 
•*• I FeFe(CO)6 (11) 

generate the two other ferracyclopentadienes by multistep 
interactions with the C3H5Fe(CO)3 monomer or dimer. The 
C3H4 moiety bonded to the iron atom in such intermediates 
could be allene, methylacetylene, or a carbene, -CH-
C H = C H 2 ; the latter can be generated in one step from an 
allyliron complex. Allene itself has been shown to react with 
Fe3(CO)12 to give C9H1 2 and C6Hg derivatives'2 of iron as 
illustrated in 12, 13, and 14 and also allene reacts13 with 
Fe2(CO)9 to give C6Hg and C3H4 derivatives2 illustrated in 

1P ^ Fe(CO), 

/7 
Fe(CO)3 Fe(CO)3 Fe(CO), 

(CO)3Fe Fe(CO)3 

Fe(CO), 

Fe(CO)4 

structures 14 and 15. 
None of the ferracyclopentadiene complexes 1,2, and 3 was 

detected in the reactions of allene with Fe3(CO)12 and 
Fe2(CO)9. We repeated the allene-Fe2(CO)9 reaction and 
could find no trace of complexes 1-3. Also we find no evidence 
for the formation of complexes 12-15 in the solution-phase 

(4) decomposition of [?73-C3H5Fe(CO) 3 j2 -

The characterization of the ferracyclopentadienes 1-3 rests 
on NMR, IR, and mass spectral analyses as well as indepen­
dent synthesis and the preparation of derivatives. Proposed 
structures are illustrated above. Structure 1 has been estab­
lished for the ferracyclopentadiene and methylferracyclo-
pentadiene ring systems by x-ray analysis.14 We also synthe­
sized 1 by a reaction analogous to a known synthesis procedure 
for such heterocyclic iron ring structures, namely, the reaction 
Fe3(CO)12 and 2-ethylthiophene.14 Compound 2 is simply a 
trinuclear analogue of 1 and the structure has been established 
for the tetraphenylferracyclopentadiene analogue by x-ray 
analysis.15 Compound 3 is simply an analogue of 1 with a 2-
hydroxy rather than 2-ethyl substituent. Methylation of 3 gave 
the O-methyl derivative, CH3OC4H3Fe(CO)3Fe(CO)3 . 

Hydrogenation of the Allyliron Complex. Reaction of the 
allyliron complex with hydrogen is complete within less than 
1 h at 20 0 C. The primary product was (propylene)Fe(CO)4, 
which is unstable and slowly produces propylene, Fe3(CO) )2, 
and iron metal. Propane (19:1 propylene-propane) and small 
amounts of the above described solution-phase decomposition 
products of the allyliron complex were also detected. It was not 
possible to distinguish between hydrogen reaction with the 
allyliron monomer or dimer. Either reaction mode should yield 
HFe(C3H5)(CO)3 , which could then yield the observed 
products by the previously cited sequences 7-10. Also possible 
is the oxidative addition of hydrogen to C3H6Fe(CO)3 to give 
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C3H6FeH2(CO)3 which then could yield propane, an observed 
minor product. 

Catalytic and Exchange Reactions of the AUyliron Complex. 
Solutions of [?73-C3H5Fe(CO)3]2 rapidly effect isomerization 
of olefins at 20 0 C. 1-Hexene or 2-hexene was converted to a 
near equilibrium distribution of hexenes within 1 h. This 
isomerization when effected in deuterated alkane solvents did 
not lead to hexenes that contained deuterium. Allene was 
polymerized by such solutions at 2O0C; the yields of the air-
reactive polymer ( - Q = C H 2 ) C H 2 - ) * were 50 and 90% after 
1 and 14 h, respectively. In contrast, the allyliron complex did 
not catalyze the polymerization of vinyl monomers. 

For the isomerization of hexenes, it is difficult to envisage 
a plausible catalytic cycle in which the integrity of the allyliron 
group is maintained throughout the cycle. However, if an 
HFe(CO)3(C3H4) species were generated (vide supra) by in­
ternal hydrogen abstraction then there would be a facile entry 
to a catalytic cycle: 

HFe(CO)3(C3H4) + 1-hexene 
^= H F e ( C H 2 = C H = C 4 H 9 ) ( C O ) 3 + C3H4 (16) 

HFe(CH 2 =CHC 4 H 9 ) (CO) 3 ^= (C 4H 9)(CH 3)CHFe(CO) 3 

^= HFe(CO)3 + 2-hexene (17) 

Alternatively and more likely, the C3H6Fe(CO)3 intermediate 
derived from the solution-phase decomposition product of 
[C3H5Fe(CO)3] 2 could react with a hexene to give (hexene)-
Fe(CO)3 which should rapidly lead to isomerized hexenes 
through 7r-allyliron hydride intermediates as demonstrated in 
the classic study by Casey and Cyr16 of Fe3(CO)]2-initiated 
isomerization of alkenes. Either a C 3 H 4 Fe(CO) 3 or 
C3H6Fe(CO)3 species could be effective in the allene poly­
merization. This polymerization, however, is rather extensive 
within minutes at 25 0 C, which suggests some initial and rel­
atively fast interaction of ^ -C 3 H 5 Fe(CO) 3 and allene. 

Reaction of [7/3-C3H5Fe(CO)3]2 with butadiene to give 
774-C4H6Fe(CO)3 was a slow reaction at 20 0 C and was com­
petitive to the above described thermal decomposition reaction 
of the allyliron complex. Thus the dimer is not a clean source 
of Fe(CO)3 or an Fe(CO)3 precursor. 

Experimental Section 

All operations were conducted with Schlenk techniques under ni­
trogen or in an inert atmosphere box under argon. Reagent grade 
solvents were dried by refluxing over appropriate drying agents in a 
nitrogen atmosphere, lithium aluminum hydride in the case of hy­
drocarbons and sodium benzophenone ketyl for ethers and aromatic 
hydrocarbons. 

Infrared spectra were recorded with a Perkin-Elmer 337 spectro­
photometer. NMR data were obtained with a Varian EM-390 oper­
ated at 90 MHz with internal Me4Si lock. Mass spectra were run by 
Cornell Mass Spectrometry Facility with an AE1-MS9 (70 eV) or 
with a Finnegan 330 GC/MS. Analyses of organic compounds were 
obtained by GLC with a Perkin-Elmer 990 gas chromatograph 
equipped with a flame ionization detector. 

Elemental analyses were obtained from Pascher Mikroanalytisches 
Laboratorium, Bonn, Germany. 

Preparation of ^-C3H5Fe(CO)3Br. A slurry of 10 g (25.5 mmol) 
of Fe2(CO)9 and 7.25 g (60 mmol) of allyl bromide in 200 mL of 
hexane was stirred for 24 h at room temperature. The reaction mixture 
was filtered, and the solid residues were washed with two 50-mL 
portions of hexane. The combined filtrate and washes were evaporated 
toca. 100 mLand the concentrate was held at -20 0C for 24 h. Brown 
crystals formed, and these were collected by filtration and dried under 
vacuum, 3.0 g (42%). 

Preparation of [713-C3H5Fe(COb]2. A reaction slurry of 5.0 g (19 
mmol) of T^-C3H5Fe(CO)3Br and 3 g of zinc dust in 150 mL of ether 
was stirred vigorously. The solution turned dark red and then yel­
low-brown over a 2-h period. Excess zinc was then removed by fil­
tration and a second 5.0-g portion of 77^C3H5Fe(CO)3Br was added. 
The reaction mixture turned red immediately and was stirred for 0.5 

h. The dark red solution was filtered, and the solvent was removed 
from the filtrate under vacuum to give a dark oily residue. The residue 
was extracted with two 150-ML portions of pentane; each extraction 
was vigorously stirred for 15 min before decantation. The combined 
extracts were filtered. The filtrate was evaporated to 150 mL, and the 
filtrate was cooled to —78 0C. After ca. 1 h, a crop of dark red crystals 
was removed by filtration and was dried under vacuum at —78 0C for 
12 h, 3.0 g (43%). This reaction proceeded equally well when 0.5% 
Na(Hg) was employed as reducing agent, although reaction times 
were reduced to ca. 10 min. and the reduction did not appear to stop 
at the anion [r)3-C3H5Fe(CO)3]-. 

Closed System Solution Decomposition of [i73-C3HsFe(CO)3]2. A 
solution of 2.0 g (5.5 mmol) of [r73-C3H5Fe(CO)3]2 in 200 mL of 
pentane was thoroughly degassed by several freeze-evacuate-thaw 
cycles and then stirred at room temperature. The initial dark red so­
lution turned greenish-brown after 24 h and solids began to appear. 
Separation procedures were started after 21 days. The pentane was 
removed on a vacuum line and collected in a —196 0C trap. Volatiles 
passing this trap were collected with a Toepler pump. Carbon mon­
oxide (0.2 mmol) was determined volumetrically. The pentane col­
lected in the —196 0C trap gave a yellow solution when warmed and 
the presence of Fe(CO)5 was confirmed by IR. Vacuum distillation 
of the pentane at -78 0C left 480 mg of Fe(CO)5. The pentane dis­
tillate, trapped at — 196 0C, contained 8.0 mmol of propene by GLC 
analysis (6 ft X Vs in. 15% dimethylsulfolane). No hexadienes were 
detected by GLC (a series coupled set based on 12 ft X Vs in. 3% 
squalane and 7 ft X Vs in. 20% ethyl A'.A'-dimethyloxamate). 

The solid reaction residues were extracted with five 50-mL portions 
of pentane which left 300 mg of black solid. The filtered extracts were 
combined and stripped to ca. 50 mL. A crop of dark green solid, 350 
mg, was removed by filtration and the filtrate evaporated to a dark, 
oily residue. 

The oily residue was redissolved in 20 mL of pentane. The solution 
was divided into four equal portions, and each was chromatographed 
on a silica gel (activated at 120 0C for 24 h) column, 300 X 25 mm. 
Elution with 50% (v/v) benzene in hexane gave four incompletely 
resolved bands (yellow-green-brown-green) which were collected 
together, fraction 1. Elution with ether gave a bright yellow band, 
fraction 2, and a final wash with acetonitrile gave a reddish-brown 
band, fraction 3. The respective fractions from each portion of the 
reaction mixture were combined and the solvents were removed by 
evacuation. 

Fraction 1 was redissolved in 5 mL of hexane which was rechro-
matographed on silica gel, 300 X 25 mm (slow elution with hexane). 
Band la, yellow, was incompletely resolved from band lb, green. The 
combined yellow-green band was split in the center and each half was 
collected. Band 1 c, brown and diffuse, bled slowly off the column while 
band Id, dark green, was more slowly eluted. Band la was separated 
from traces of 1 b by chromatography on alumina (grade I), 150 X 10 
mm, eluting with 10% (v/v) benzene in hexane. Solvent removal gave 
ca. 200 mg (10%) of red-orange oil which was further purified by 
vacuum distillation at 40 0C to a 0 0C probe. This material was tri-
carbonyl[tricarbonyl-(2-ethylferracyclopentadiene)]iron (1): IR (i>co, 
hexane) 2075 (m), 2035 (s), 2000 (s), 1995 (s), 1950 cm-' (w); NMR 
<5 (C6D6, Me4Si) H4, 6.27 (dd, J45 = 5.4, J43 = 2.4 Hz (1 H)), H5, 5.34 
(dd, J54 = 5.4, J53 = 2.4 Hz (1 H)), H3, 5.11 (dt, J34 = J35 = 2.4, J 
= 0.6 Hz (1 H), -CH2-, 2.14 (m (2 H)), -CH3, 0.90 (t, J = 7.5 Hz 
(3 H)); mass spectrum m/e (I) (100 0C sample) 360 (48) 
C6H8Fe2(CO)6, 332 (26) C6H8Fe2(CO)5, 304 (29) C6H8Fe2(CO)4, 
276 (35) C6H8Fe2(CO)3, 248 (100) C6H8Fe2(CO)2, C6H8Fe(CO)4, 
220 (89) C6H8Fe2(CO), C6H8Fe(CO)3, 192 (74) C6H8Fe2, 
C6H8Fe(CO)2, 190 (22) C6H6Fe2, C6H6Fe(CO)2, 169 (14) 
C2H5Fe(CO)3, 164 (12) C6H8Fe(CO), 137 (12) C2HFe2, 
C2HFe(CO)2, 134 (40) C6H6Fe, 131 (47) C6H3Fe, 112(91) Fe2, 
Fe(CO)2, 81 (12) C2HFe2. 56 (65) Fe. 

Band 1 b gave a small amount (< 10 mg) of a green solid contami­
nated with 1, displaying i*co in the 2050-1950-cm_1 region. 

Band 1 c gave a small amount (< 10 mg) of a brown oil, displaying 
ceo in the 2050-1950-cm_l region. 

Band 1 d gave 40 mg of a dark green solid when the solvent was re­
moved and was recrystallized from warm hexane. This material was 
hexacarbonyl[dicarbonyl(2-ethylferracyclopentadiene)]diiron (2): 
mp 138-139.5 0C; IR (KCO, hexane) 2055 (m), 2020 (s), 1990 (m), 
1975 (m), 1875 (m), 1860 cm"1 (m); NMR 5(C6D6, Me4Si) H4, 7.39 
(dd, J45 = 5.4, J 4 3 = 1.8Hz(I H)), H3, 7.18 (t, J34 = J35 = 1-8Hz 
(1 H)), H5, 2.10 (dd, J54 = 5.4, J 5 3 = 1.8Hz(I H)),-CH2-, 1.20 (q, 
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J = 6.6 Hz (2 H)), -CH3, 0.55 (t, J = 6.6 Hz (3 H)); mass spectrum 
m/e (I) (100 0C sample) 472 (5) C6H8Fe3(CO)8, 444 (32) 
C6H8Fe3(CO)7, 416 (6) C6H8Fe3(CO)6, 338 (17) C6H8Fe3(CO)5, 
360 (67) C6H8Fe3(CO)4, C6H8Fe2(CO)6, 332 (44) C6H8Fe3(CO)3, 
C6H8Fe2(CO)5, 304 (60) C6H8Fe3(CO)2, C6H8Fe2(CO)4, 276 (47) 
C6H8Fe3(CO), C6H8Fe2(CO)3, 248 (100) C6H8Fe3, C6H8Fe2(CO)2, 
220 (87) C6H8Fe2(CO), C6H8Fe(CO)3, 192 (71) C6H8Fe2, 
C6H8Fe(CO)2, 190 (32) C6H6Fe2, C6H6Fe(CO)2, 168 (4) Fe3, 
Fe2(CO)2, Fe(CO)4, 164 (9) C6H8Fe(CO), 132 (20) C2HFe2, 
C2HFe(CO)2, 134 (35) C6H6Fe, 112(110) Fe2, Fe(CO)2, 81 (14) 
C2HFe, 56 (74) Fe. Anal. Calcd for C14H8Fe3O8: C, 35.60; H, 1.71; 
0, 27.10. Found: C, 34.80; H, 1.84; O, 27.00. 

Fraction 2 was redissolved in ether, and the solution was rechro-
matographed on silica gel (deactivated with ether), 300 X 25 mm. 
Elution with ether gave one broad yellow band. Removal of the solvent 
yielded 200 mg (10%) of a yellow-brown oil which was purified by 
vacuum distillation at 60 °C to a 0 0C probe. This material was tri-
carbonylftricarbony 1(2-hydroxy ferracyclopentadiene)] iron (3): IR 
(ceo. hexane) 2070 (m), 2035 (s), 2005 (s), 1970 cm"1 (m); v0H 

(hexane) 3580 (w,b); vOH (neat) 3575 (m), 3490 (m), 3380 (m,b); 
NMR 6 (C6D6, Me4Si) H4, 6.12 (dd, 745 = 5.4, Z43 = 2.7 Hz (1 H)), 
OH, 5.33 (s (1 H)), H5, 4.90 (dd, J54 = 5.4, J53 = 2.7 Hz (1 H)), H3, 
4.40 (t, Z34 = Z35 = 2.7 Hz (1 H)); mass spectrum m/e (I) (35 0C 
sample) 348 (47) C4H4OFe2(CO)6, 320 (34) C4H4OFe2(CO)5, 292 
(29) C4H4OFe2(CO)4, 264 (21) C4H4OFe2(CO)3, 236 (100) 
C4H4OFe2(CO)2, C4H4OFe(CO)4, 208 (76) C4H4OFe2(CO), 
C4H4OFe(CO)3, 180 (74) C4H4OFe2, C4H4OFe(CO)2, 154 (72) 
C2H2OFe(CO)2, 152 (10) C4H4OFe(CO), 151 (14) C4H3OFe(CO), 
128 (39) Fe2O, 124 (20) C4H4OFe, 118(13) C4H4OFe2(CO)6

2+, 112 
(36) Fe2, Fe(CO)2, 104 (20) C4H4OFe2(CO)2+, 94 (16) C3H2Fe, 90 
(11) C4H4OFe2

2+, 84 (18) C2H4Fe, 81 (13) C2HFe, 56 (73) Fe. 
Fraction 3 was redissolved in 50% (v/v) THF in acetonitrile and 

was rechromatographed on silica gel (THF deactivated), 300 X 25 
mm. Elution with 50% (v/v) THF in acetonitrile gave a red-brown 
band followed by a red-violet band. In each case solvent removal gave 
30-50 mg of oily residues which contained CO (by IR) but no protons 
(NMR). 

The black solid initially removed from the reaction mixture was 
extracted with 50% (v/v) THF in acetonitrile and filtered. A black, 
magnetic solid, 100 mg, remained which appeared to be iron metal. 
The filtrate was chromatographed in the same fashion as fraction 3, 
above, and gave ca. 100 mg each of the red-brown and red-violet 
materials. These display broad ceo in the 1980-1950-cm-1 region 
and neither melted nor sublimed under vacuum below 250 0C. These 
materials darkened above 150 0C. 

The green solids isolated by filtration from the concentrated reac­
tion mixture were redissolved in 50% (v/v) benzene in hexane and 
chromatographed on silica gel, 300 X 25 mm. Elution with 10% (v/v) 
benzene in hexane resulted in two bands. The first was blue-green and 
yielded 50 mg of Fe3(CO) i2 while the second, dark green, gave 300 
mg of 2 (340 mg total, 13%). 

A closed system reaction was interrupted after 25 h and then worked 
up: 0.55 g (1.5 mmol) of the dimer was dissolved in 25 mLof pentane, 
degassed, and left stirring at room temperature for 24 h. The red color 
of the dimer was slowly discharged over this period and resulted in a 
yellow-brown solution and some dark solids. The pentane and volatile 
reaction products were vacuum distilled at room temperature through 
—22 (CCl4 slush) and -196 °C traps. Pentane and a yellow material 
collected in the —196 0C trap while an orange compound slowly col­
lected in the —22 0C trap. The orange material was condensed into 
an NMR tube containing 0.25 mL of dried and degassed benzene-rf6 
(10% v/v, Me4Si), the tube sealed, and the NMR spectrum recorded. 
No proton resonances were observed; the sample decomposed in 24 
h and gave a pale yellow-green solution with some brown solid. An 
infrared spectrum of the solution indicated the presence of Fe(CO)5 

and Fe3(CO) u-
The yellow pentane solution in the —196 0C trap was warmed to 

—78 0C and the pentane was removed by vacuum distillation over a 
period of 24 h. This left a yellow liquid which was distilled into an 
NMR tube as above. The initial NMR spectrum measured at ambient 
probe temperature (34 0C) was identical with that OfC3H6Fe(CO)4, 
see below. The sample rapidly turned green and deposited green solids 
at 34 0C which were identified as Fe3(CO)i2 (IR). Filtration of this 
mixture gave a solution for which 1H NMR spectra indicated the 
presence of 4 and free propene. The amount of propene complex iso­
lated was estimated to be 50 mg. 

Open System Solution Decomposition of [r)3-C3HsFe(CO)3]2. This 
reaction was conducted exactly as that in the closed system except that 
the pentane solution of the dimer was stirred under a slow (1-2 bub-
bles/min) N2 purge. After 21 days, the reaction mixture was separated 
as detailed above; essentially identical results were obtained. 

Hydrogenation of [7/3-C3H5Fe(CO)3]I. A solution of 1.0 g (2.8 mmol) 
of [r;3-C3H5Fe(CO)3]2 in 50 mL of pentane in a 200-mL bulb was 
degassed, and H2 was added to the vessel (cooled to — 196 0C) such 
that the pressure of the system was 1 atm. The flask was sealed, 
warmed to room temperature, and stirred vigorously for 1 h. The red 
color of the dimer was completely discharged and left a yellow-brown 
solution with much dark solid. The pentane was removed by vacuum 
distillation and collected in a trap cooled to —196 0C. A yellow ma­
terial codistilled with the pentane and gave a yellow solution when the 
trap contents were warmed to -78 0C. An IR spectrum of this solution 
suggested the presence of C3H6Fe(CO)4 and GLC indicated free 
propene and propane (95:5). The pentane was removed from the 
yellow solution by vacuum distillation at -78 0C over 24 h. The yellow 
liquid which remained in the trap was examined by IR, NMR, and 
mass spectrometry. All spectral data were consistent with 
C3H6Fe(CO)4: IR (vco, pentane) 2075 (w), 2025 (s), 2005 (s), 1980 
cm-1 (m); NMR 5 (C7D8, Me4Si, -52 0C) Hi, 2.83 (nonbinomial 
septet, 7av = 5.5 Hz (1 H)), H3, 2.20 (d, 731 = 6.5 Hz), H2, 2.00 (d, 
72i = 10.5 Hz (H3 + H2 = 2 H)), -CH3, 1.35 (d, 7CH3-H, = 4.5 Hz 
(3H)). 

Samples of this material left standing at room temperature for 3-4 
h were quantitatively converted to Fe3(CO) i2 and propene. Dilute 
pentane solutions decomposed slowly over 24 h to give Fe3(CO) 12 and 
a trace of some other green iron carbonyl which displayed i>co in the 
2000-1900-cm-' region. 

The nonvolatile residues were separated by chromatography on 
silica gel in the same fashion as those in the closed system solution 
decomposition, above, and yielded 50 mg of Fe3(CO) i2, 20 mg of 2, 
15 mg of red-brown material similar to that (band Ic) obtained from 
the closed system decomposition, and 100 mg of black insoluble res­
idue. Neither 1 nor 3 was formed (<1 mg). 

O-Methylation of 3. The hydroxyl group of 3 was methylated by 
the method of Sternberg et al.17 A 75-mg sample of 3 was dissolved 
in 5 mL of aqueous 0.1 m sodium hydroxide, and then 0.15 mL of 
dimethyl sulfate added. The solution was stirred for 0.5 h and then 
extracted with five 20-mL portions of ether. The combined extracts 
were washed with 250 mL of aqueous 0.1 m hydrochloric acid in 
50-mL portions and dried over anhydrous potassium carbonate, and 
then the ether was removed. The yellow oil obtained in this fashion 
was chromatographed on silica gel (deactivated with ether), 300 X 
25 mm, eluting with 10% (v/v) ether in hexane. A single yellow band 
was collected and gave 50 mg of a yellow oil on removal of the solvent. 
Spectral data were consistent with the formulation tricarbonyl[tri-
carbonyl(2-methoxyferracyclopentadiene)]iron (5): IR (ceo. hexane) 
2081 (m), 2038 (s), 2011 (s), 1997 (s), 1950 cm-' (w); NMR b (C6D6, 
Me4Si) H4, 6.23 (dd, 745 = 5.6, 743 = 2.8 Hz (1 H)), H5, 5.04 (dd, 
754 = 5.6,753 = 2.8 Hz (1 H)), H3,4.40 (t, 734 = 735 = 2.8 Hz (1 H)), 
-OCH3, 2.91 (s (3 H)); mass spectrum m/e (I) (40 0C sample) 362 
(48) C5H6OFe2(CO)6, 334 (50) C5H6OFe2(CO)5, 306 (36) 
C5H6OFe2(CO)4, 278 (30) C5H6OFe2(CO)3, 250 (100) C5H6O-
Fe2(CO)2, C5H6OFe(CO)4, 222 (88) C5H6OFe2(CO), C5H6O-
Fe(CO)3, 194 (91) C5H6OFe2, C5H6OFe(CO)2, 168 (36) C3H4O-
Fe(CO)2,166 (5), C5H6OFe(CO), 151 (22) C3H3OFe(CO), 138 (28) 
C5H6OFe, 125 (17) C5H6OFe2(CO)2+, 112 (29) Fe2, Fe(CO)2, 56 
(26) Fe. 

Preparation of 1 by an Alternative Procedure. A sample of 1 was 
prepared by the method of Hubener and Weiss.14 A mixture of 15.5 
g of Fe3(CO)i2 and 5 mL of 2-ethylthiophene in 150 mL of heptane 
was heated to reflux temperature for 16 h. The reaction mixture was 
allowed to cool to room temperature. A large amount of black solid 
was removed by filtration. The yellow filtrate was passed through a 
column of alumina (grade I), 200 X 45 mm. A yellow band formed 
and remained fixed at the head of the column. Elution with 10% (v/v) 
benzene in hexane gave a small yellow band followed by a second 
larger yellow band. The first band was presumably a thiaferracyclo-
hexadiene which was not isolated. Removal of the solvent from the 
second band afforded 500 mg of a red oil which was distilled as 1. The 
NMR spectrum of this material was identical with that of 1. 

Reactions Catalyzed by [T -̂C3HsFe(CO)3]Z. A solution of [r)3-
C3H5Fe(CO)3J2 (46 mg, 0.12 mmol) in allene (5 g, 12.5 mmol) in a 
sealed Carius tube reacted rapidly on warming to 20 0C with color 
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Table VI. Positional Parameters and Anisotropic Temperature Factors for Nonhydrogen Atoms" 

Atom 

Fe(I) 
O(l) 
0(2) 
0(3) 
C(I) 
C(2) 
C(3) 
C(l,l) 
C (U) 
C(l,3) 

X 

0.061 59 (6) 
0.0679 (7) 

-0.2649 (7) 
0.0242 (6) 
0.0695 (9) 

-0.137(1) 
0.0393 (8) 
0.1720(5) 
0.2626 (4) 
0.3241 (4) 

y 

0.465 45(5) 
0.3417(6) 
0.5598 (6) 
0.1771 (6) 
0.3878(8) 
0.5238 (8) 
0.2910(9) 
0.6655 (4) 
0.6024 (4) 
0.4660 (4) 

Z 

0.153 70(5) 
0.4504 (6) 
0.2099 (7) 
0.0198(6) 
0.3331 (9) 
0.1805(8) 
0.0655 (8) 
0.2377 (4) 
0.1275(4) 
0.1443(4) 

/Jn 

0.009 32 (7) 
0.0242 (6) 
0.0150(6) 
0.0247 (6) 
0.0125(6) 
0.0118(6) 
0.0112(6) 
0.0171 (7) 
0.0108(5) 
0.0095 (5) 

022 033 

0.008 52(6) 0.007 16(6) 
0.0108 (4) 
0.0154(5) 
0.0160(5) 
0.0110(6) 
0.0109(6) 
0.0090 (5) 
0.0134(6) 
0.0118(6) 
0.0142(6) 

0.0144(4) 
0.0182(5) 
0.0081 (4) 
0.0088 (5) 
0.0095 (5) 
0.0108(5) 
0.0082 (4) 
0.001 16(5) 
0.0133(5) 

012 

0.000 25 (7) 
0.0008 (5) 
0.0030 (4) 
0.0011 (4) 
0.0009 (6) 
0.0014(5) 
0.0005 (4) 

-0.0006 (5) 
0.0000 (4) 
0.0027 (5) 

013 

0.000 10(4) 
0.0029 (4) 
0.0044 (4) 
0.0010(4) 
0.0012(4) 
0.0002 (5) 
0.0000 (5) 

-0.0024(5) 
-0.0036 (4) 

0.0009 (4) 

023 

-0.000 21 (6) 
0.0024 (4) 

-0.0001 (4) 
-0.0024 (3) 
-0.0018(5) 

0.0004 (4) 
0.0005 (4) 

-0.0008 (4) 
0.0006 (4) 
0.0009 (5) 

. " Numbers in parentheses are estimated standard deviations in the last significant digit. 

Table VII. Third Cumulant Elements for Carbonyl Atoms"'' 

Atom 

Ol 
02 
03 
C(I) 
C(2) 
C(3) 

Cm 

14(15) 
-12(14) 

2(15) 
3(11) 

60(15) 
39(12) 

C222 

9(10) 
3(11) 

-4(10) 
-41(13) 

8(9) 
-3(10) 

C333 

9(9) 
15(11) 

-11(7) 
-20 (9) 
-2 (8) 

-10(11) 

Cm 

-1(8) 
-6 (8) 
-6(9) 

1(8) 
-10(9) 
-6 (7) 

C122 

-10(8) 
10(7) 

-10(7) 
10(9) 
3(8) 

-2(6) 

Cl 13 

19(8) 
1(8) 

10(7) 
-6(6) 

-19(8) 
-2 (7) 

C133 

13(6) 
16(7) 

-8(6) 
8(6) 
9(6) 
3(7) 

C223 

0(6) 
-2(6) 

1(6) 
0(7) 

-6(6) 
0(6) 

C233 

6(6) 
-6(6) 
-8(5) 
-6(7) 

2(5) 
-5(7) 

C123 

10(5) 
6(5) 

- 2 (5) 
-4 (6) 
-2(5) 
-3(5) 

" Elements multiplied by 105. * Numbers in parentheses are estimated standard deviations. 

changes from red to green to pale yellow. A 50 and 90% conversion 
of allene to (-C(=CH2)CH2-).x polymer was realized after 1 and 14 
h, respectively. The air-sensitive polymer was purified by separation 
of the crude polymer from hot toluene by addition of w-hexane and 
was identified by its NMR spectrum.18 

[»?3-C3H5Fe(CO)3]2 did not catalyze the polymerization (20 0C, 
sealed Carius tube reactions with N2 or argon atmosphere, 1:100 
complex:monomer ratio) of acrylonitrile, isoprene, ethyl acetate, 
methyl acrylate, methyl vinyl ketone, and vinyl acetate. A slow 
polymerization of methyl vinyl ether and styrene occurred over several 
days. 

Sealed Carius tube reactions (N2 atmosphere) of 1- or 2-hexenes 
and [^-C3H5Fe(CO)3] 2 at 25 0C yielded near-equilibrium mixtures 
of hexenes in 1 h determined by GLC on series coupled set of squalane 
(3%, 12 ft) and ethyl MA'-dimethyloxamate (20%, 7 ft) columns. 

Reaction of Butadiene with [j)3-C3HsFe(CO)3]2. A solution of [?j3-
C3H5Fe(CO)3I2 (500 mg, 1.25 mmol) and excess 1,3-butadiene 
(saturated solution) in 50 mL of pentane turned from red to light 
yellow. After 1.5 days, the solvent was removed and a residue was 
isolated. The residue contained in addition to the typical thermal 
decomposition products of the dimer a small amount of ?)4-C4H6Fe-
(CO)3 and a relatively large amount (150 mg) of a brown, nonmag­
netic solid that was insoluble in all organic solvents. 

Collection and Reduction of X-Ray Data. A multifaceted, ap­
proximately spherical crystal which was 0.45 ± 0.03 mm in diameter 
was selected and sealed under an atmosphere of argon in a soft glass 
capillary. Preliminary precession photographs showed the crystal to 
possess Laue symmetry 2/m with systematic absences hOl, h + I = 
2« + 1, and OkO = In + 1 consistent with the monoclinic space group 
PixJn- The crystal was then transferred to a computer-controlled 
Picker FACS-I four-circle diffractometer for further analysis. The 
crystal was of good quality with an oi-scan width at half-height of 
0.15-0.20° for several intense reflections. 

Thirty reflections above 30° in 28 were carefully centered and their 
angle settings refined by a least-squares procedure to obtain accurate 
cell dimensions at 23 0C. These are a = 8.356 (7) A, b = 9.400 (9) 
A, c = 9.315 (9) A, 8 = 91.13 (2)°, V = 731.42 A3. The calculated 
density for two molecules per unit cell is 1.643 g/cm3. 

Data were collected using Mo Ka radiation (0.710 69 A) from a 
pyrolytic graphite monochromator (002), a 1.7° take-off angle, and 
a scintillation counter. A 8-28 scan technique with a scan rate of 2° 
per minute (in 28) was used to measure all reflections with 4° < 28 
< 55°. Reflections were scanned from 0.7° below Ka\ to 0.7° above 
Ka2. Background counts were measured for 10 s at each end of the 
scanned range. Three standard reflections were measured every 100 
reflections to assess crystal decomposition or movement. No statisti­
cally significant drop in the standards was observed. 

Two full forms of data were collected. The first data set contained 
2764 reflections of which 1443 were judged observed by the criteria 
(|F0|2) > 3<r(|F0|

2). This full data set was used in the Patterson and 
Fourier syntheses and the observed reflections were used in the initial 
least-squares refinement. Final refinement was based on a "best" data 
set obtained by averaging equivalent reflections from both forms of 
data. This procedure reduces the 4583 measured reflections to a set 
of 2015 unique reflections of which 1675 were "observed" by the 
criteria of F0 being greater than 1 a. The data were corrected for Lo-
rentz and polarization effects. Absorption corrections were not applied 
as the multifaceted morphology of the crystal approached sphericity. 
The maximum discrepancy due to this neglect is estimated to be less 
than 4%. 

Solution and Refinement of the Structure. The structure was refined 
using full-matrix least-squares techniques minimizing the function 
W(Î oI - |FC|)2, where \F0\ and |FC| are the observed and calculated 
structure factor amplitudes, and the weight, w, is 4F0

2/a2 (F0
2). The 

agreement indexes R and Rw are defined as R = 2 | |F 0 | — |Fc| | / 
2 |F0 | and Rw = (2w(|F0 | - IFcI)2ZSiVF0

2)1/2. The atomic scat­
tering factors for all atoms were obtained from the compilations of 
Cromer and Waber19 and the anomalous dispersion terms for iron and 
oxygen were taken from the compilation of Cromer and Liber-
man.20 

The iron atom was located from a three-dimensional Patterson 
map.21 One cycle of least-squares refinement based on the iron position 
and using the full data set from the first form of collected data and 
a unit weighting scheme gave the agreement index R = 0.450. The 
subsequent synthesis of a three-dimensional Fourier map revealed the 
locations of the remaining nonhydrogen atoms. With the positions of 
all nonhydrogen atoms input and using a statistical weighting scheme, 
several cycles of least-squares refinement based on the observed re­
flections led to the agreement indexes R = 0.105 and Rw = 0.118. 

The synthesis of a difference Fourier map at this point did not un­
ambiguously reveal the location of the allylic hydrogen atoms. Con­
sequently the positions of the hydrogen atoms were input at idealized 
positions with a C-H bond distance of 0.95 A. The inclusion of the 
hydrogen atoms gave after one cycle R = 0.100 and Rw = 0.109. 

Anisotropic thermal parameters were then included and refinement 
was based on the full averaged data set. During subsequent refinement 
five low-angle reflections were observed to suffer from extinction 
problems and were eliminated. Convergence was reached after four 
cycles of least-squares refinement with agreement indexes Rw = 0.050 
for all data and R = 0.052 and /?„ = 0.048 for observed data. The 
"goodness of fit" was 1.33. Subsequently the third cumulant of the 
probability density function of the structure factor equation was added 
to the refinement to accommodate any libration or anharmonic motion 
of the carbonyls that might cause skewness of the carbonyl atoms.22 
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Four cycles of least-squares refinement yielded convergence with final 
agreement indexes Rw = 0.049 for all data and R = 0.069 and Rw = 
0.049 for observed data. The final "goodness of fit" was 1.32. 

A final difference Fourier contained three peaks of intensity be­
tween 0.51 and 0.73 e/A3 which were associated with the iron atom. 
No other peaks of intensity greater than 0.50 e/A3 were observed. The 
final atomic positional parameters and anisotropic temperature factors 
are listed in Table VI. Cumulant expansion coefficients for the car-
bonyl atoms are listed in Table VII. Lists of observed and final cal­
culated structure factor amplitudes and the root mean square am­
plitudes of thermal vibration are available.23 
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absorption band in the near ultraviolet, the rhenium compound 
at ~ 3 3 000 c m - 1 and the manganese compound at ~29 000 
cm - 1 ; these transitions are believed to involve excitation and 
cleavage of the M-M bond.10-12 

Experimental Section 

The apparatus and experimental procedures have been extensively-
described elsewhere.5'6 In brief, a molecular beam is intersected at 
right angles by a chopped or pulsed beam of polarized light. A small 
fraction of molecules are photodissociated; the resulting photofrag­
ments are ionized by an electron bombardment ionizer, mass selected 

Photodissociation of Molecular Beams. 
Cleavage of Metal-Metal Bonds in Rhenium 
and Manganese Decacarbonyl 

Andrew Freedman and Richard Bersohn* 
Contribution from the Department of Chemistry, Columbia University, New York, 
New York 10027. Received December 16, 1977 

Abstract: Photodissociation of rhenium decacarbonyl has been studied in a molecular beam. The energy distribution of the 
photofragments obtained with incident laser light at 300 nm proves that photodissociation involves only metal-metal bond 
cleavage. Furthermore, two-thirds (~30 kcal/mol) of the available energy is found as internal energy (probably vibrational) 
of the photofragments, with the balance being translational energy. Angular distributions of the photofragments as a function 
of polarization of incident light were measured for both rhenium and manganese decacarbonyl. The anisotropy parameter, 0, 
obtained from the distributions has the same value, 1.9 ± 0.3, in both compounds; this value proves that the first strong ultravi­
olet absorption bands involve parallel transitions and puts upper limits of several picoseconds on the lifetimes of the excited 
electronic states. 
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