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The Fourier transform infrared spectrum of hexacarbonylbis(p-carbonyl)(p-methylene)diiron, Fe2(CO),(p-CO),(p-CH2), has been 
measured in argon and nitrogen matrices. The vibrational spectrum of the Fe,CH, moiety has also been identified. Vibrational 
mode assignments of the methylene ligand have been verified with use of carbon-13- and deuterium-labeled compounds. With 
use of a triatomic approximation the CHI bond angle has been estimated to be 106" on the basis of the methylene CH, symmetric 
and asymmetric stretching frequencies. This is indicative of an sp3 hybridization around the carbon atom. Carbon-I3 NMR studies 
gave a value of 6 = 89.75 (JC+ = 147 Hz) for the methylene carbon. 

Introduction 
The CH2 fragment  bonded t o  one or more metal centers is of 

fundamental  importance to organometallic chemistry and ca ta -  
lysis.1*2 Methylene groups have been observed to bond in a 
terminal fashion t o  meta l   atom^^-^ or in a w-bridging fashion in 
mult imetal  for several well-characterized discrete 
molecular systems. In the la t ter  case, t h e  methylene units have 
been shown to  exhibit fluxional behavior in a bridge G terminal 
equilibrium by NMR s p e c t r o ~ c o p y . ~ ~ ~ ~ ~ ~ ~  The infrared spectra of 
these compounds are of importance in helping t o  identify these 
species a s  intermediates in heterogeneous catalytic systems where 
more definitive s t ructural  analysis may be lacking. A number 
of methylene complexes have been studied by X-ray photoelectron 
spectroscopy;26 however, vibrational spectroscor y for complexes 
of this type is scarce. Some of us recently reported t h e  isolation 
of iron methylene, FeCH2, and possibly diiron methylene, Fe2CH2, 
when Fe a toms were cocondensed with CH2N2 in an argon ma- 
t r i ~ . ~ '  For purposes of comparison t o  these unligated meta l  
systems, we have undertaken the  study of the  vibbrational spectra 
of Fe2(CO)&CH2), Fe2(C0)&I3CH2), and Fe2(CO)&-CD2) 
by conventional and mat r ix  isolation techniques. 

Experimental Section 
The syntheses of the Fe,(CO),(p-CH,), Fe2(C0)8(p-13CH2). and 

Fe2(CO),(p-CD2) complexes were carried out with use of standard 
Schlenk techniques by the method of Pettit.28.29 CD212 and "CH212 were 
obtained from Merck Isotopes, Ltd. The product was sublimed 
Torr, hot H 2 0  bath, 45-55 " C ) ,  but no differences in spectra were 
observed between that compound and material obtained directly from the 
synthesis without further purification. KBr spectra were measured on 
a Perkin-Elmer 1430 ratio recording spectrometer. 

A complete description of the multisurface matrix isolation apparatus 
has been p u b l i ~ h e d . ~ ~  For a typical experiment, the sample was sublimed 
at 45 OC and cocondensed with argon (Matheson, 99.9998%) or nitrogen 
(Matheson, 99.9995%) onto a rhodium-plated copper surface cooled to 
12 K with a closed-cycle helium refrigerator (Air Products Displex, 
CSW-202). The molar ratio of the sample to the matrix gas was about 
1:150, as determined by a quartz crystal microbalance mounted on the 
matrix block. After a 30-min deposition, the infrared spectra of the 
matrix-isolated species were measured with an IBM IR-98 Fourier- 
transform infrared vacuum spectrometer. The frequencies were mea- 
sured over the range 4000-300 cm-' and to an accuracy of 10.05 cm-'. 
Infrared spectra of KBr disks of the same sample were also recorded at 
room temperature. I3C N M R  spectra of Fe2(C0)8(w-13CH,) in tolu- 
ene-d, solution were also measured with an IBM AF300 Fourier-trans- 
form nuclear magnetic resonance spectrometer. 

Results 
Figure 1 shows t h e  infrared spectra  corresponding to  the  w- 

bridging CH, vibrations of Fe2(CO)&-CH2) in argon (Figure 
1A) and  nitrogen (Figure 1B) matrices and in a KBr disk (Figure 
1C). T h e  splitting of bands observed in an Ar matrix may be due  
t o  matr ix  site effects or molecular d i ~ t o r t i o n . ~ '  Frequencies 
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measured a t  2933.2 and 2981.2 cm-' in a nitrogen mat r ix  were 
assigned to  the  symmetric and asymmetric CH2 stretching modes; 
the corresponding bands were measured in an Ar matrix a t  2925.0 
and 2975.6 cm-' and in a KBr disk a t  2915.9 and  2963.1 cm-l, 
respectively. The CH, wagging mode was measured a t  974.4 cm-I 
(Nz), 978.0 cm-' (Ar), and 963.8 cm-I (KBr). A weak absorption 
a t  1379.3 cm-' was measured in a KBr disk and was assigned to  
t h e  symmetric bending mode of t h e  CH2 group;  however, the  
corresponding absorption band was not  detected in either argon 
or nitrogen matrices. The bands a t  759.8 cm-' (Ar), 758.4 cm-I 
(N,), and 764.6 cm-I (KBr) were assigned t o  t h e  CH2 rocking 
mode. Weak features appeared a t  936.5 and  932.8 cm-' in argon 
and nitrogen matrices, respectively. A possible assignment for 
these absorptions would be t h e  CH2 twisting mode, normally IR 
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Table 11. FTIR Frequencies (cm-I) of the Fe2CHz Moiety of Hexacarbonylbis(p-carbonyl)(p-methy1ene)diiron Measured in Argon and in 
Nitrogen Matrices and in a Potassium Bromide Disk 

FedCO),(r-CHJ F~~(CO)B(WL-CD,)  Fe2(C0)8(d3CH2) 
vibrational mode Ar N2 KBr Ar N2 KBr Ar N2 KBr 
u1 CH, sym str 2925.0 2933.2 2915.9 2152.9 2157.2 2146.9 2919.0 2926.5 2910.1 
v3 CH, scissor 1379.3 1025.7 1372.8 
u4 Fe-C str 646.5 646.3 543.8 545.0 626.0 626.8 
us CH, twist 936.5 932.8 723.7 725.0 933.1 928.1 

Yg CH, asym str 2975.6 2981.2 2963.1 2235.8 2243.5 2228.1 2964.5 2971.3 2950.8 
u9 CH, rock 759.8 758.4 164.6 627.7 626.8 753.6 753.1 759.6 

u6 CH, wag 978.0 974.4 963.8 754.5 752.1 747.8 913.6 970.5 959.9 

cn -' Figure 2. CH2 stretching and deformation regions of Fe,(CO),(pCH,) 
(A), Fez(C0)8(p-i3CH2) (B), and Fe2(CO),(p-CD,) (C) in nitrogen 

Figure 1. CH2 stretching and deformation regions of Fe2(C0)8(~CH2) matrices. The strongest peak has an absorbance of 1.44. 
in argon (A) and nitrogen (B) matrices and in a KBr disk (C). The 
strongest peak has an absorbance of 0.31. 1 

inactive for C2" symmetry. A similar corresponding absorption 
was not observed in a KBr disk. 

Portions of the infrared spectra corresponding to the p-bridging 
methylene vibrations of Fe2(CO),(p-CH2) (Figure 2A), Fez- 
(CO)8(p-13CH2) (Figure 2B), and Fe2(CO),(p-CD2) (Figure 2C) 
in nitrogen matrices are given in Table 11. All the measured 
frequencies underwent carbon-1 3 and deuterium shifts as expected 
for a bridged methylene group. 

Figure 3 shows the infrared spectra of the 700-250-cm-' region 
of Fe2(CO),(p-CH2) (Figure 3A), Fe2(CO)8(p-'3CH2) (Figure 
3B), and Fe2(CO;,(p-CD2) (Figure 3C) in argon matrices. The 
absorptions in the 650-500-cm-' region are related to the carbonyl 
deformation modes and will not be discussed in this paper. Below 
500 cm-I, two weak bands appeared at 392.0 and 352.9 cm-' 
(Figure 3A) and did not show any isotopic shift for either Fez- 
(CO)g(p-13CH2) (Figure 3B) or Fe2(Co),(p-CD2) (Figure 3C) 
and thus were assigned to terminal and bridging metal-carbonyl 
stretching The metal-methylene stretching frequencies 
were difficult to locate. The spectrum of the deuterium-labeled 
compound (Figure 3C) indicated significant interactions between 
the carbonyl deformation modes and the methylene vibration 
modes. However, carbon-13 substitution of the p-CH, group 
helped identify the frequencies of the metal-carbon stretching 
mode as 646.5 and 626.0 cm-' for Fe2(CO),(p-CH2) (Figure 3A) 
and Fe2(CO),(p-'3CH2) (Figure 3B), respectively. The corre- 
sponding band appeared at 543.8 cm-' for Fe2(C0),(p2CD2) 
(Figure 3C). 

Figure 4 shows the spectra of the CO stretching and defor- 
mation modes of Fe2(CO),(p-CH2) in argon (Figure 4A) and 

(32) Oxton, I. A. J .  Mol. Strurt. 1982, 78, 77. 
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Figure 3. Fe-C stretching and CO deformation regions of Fe,(CO),(p- 
CHI! (A), Fez(CO)8(p-'3CH2) (B), and Fe2(C0)8(p-CD2) ( C )  In argon 
matrices. The strongest peak has an absorbance of 0.80. 
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with that of Fe2(C0)9 with a C3, (6) symmetry. In solutions, the 
molecule exists as an equilibrium mixture of forms l a  and l b  with 
the predominant isomer being that of the unbridged carbonyl 
ligands. These conclusions were deduced from the infrared spectra 
of this organometallic complex in CH2C12, benzene or hexane, 
which exhibited only terminal C O  stretching absorptions. The 
infrared spectrum of Fe,(CO),(p-CH,) isolated in solid nitrogen 
indicates the presence of both terminal and bridged carbonyl 
ligands. This is reflected in the C-0 as well as in the Fe-CO 
stretching regions, where the frequencies of the terminal CO's 
are higher than those of their bridged analogues. In argon ma- 
trices, the absorption bands associated with the bridged CO 
stretching modes were very weak compared to those in nitrogen 
matrices and in KBr disks; however, the band due to the Fe-CO 
stretching mode associated with the bridged CO was observed. 
Since the extinction coefficients of stretching absorptions due to 
bridging carbonyl groups have been reported3! to be extremely 
sensitive to environments, and the rest of the spectrur of Fez- 
(CO),(p-CH2) in an argon matrix is very similar to the spectrum 
in a nitrogen matrix or in a KBr disk, the structure of this molecule 
in all matrices is thought to be the same as the crystal structure, 
namely the CO-bridged form of la .  

The vibrational spectrum due to the carbonyl ligands present 
in hexacarbonylbis(p-carbonyl)(p-methy1ene)diiron will not be 
analyzed in this paper. Attention, rather, will be focused on the 
(p-methy1ene)diiron vibrational spectrum along with its carbon-1 3 
and deuterium isotopic shifts. The local symmetry of the FeCH2Fe 
group can be treated as C2u. Nine vibrational modes are expected 
from such a molecular system with the group representation 

rvlb = 4Al + A, + 2BI + 2B2 

IR frequencies of FeCH2Fe, Fe13CH2Fe, and FeCD2Fe measured 
in argon and nitrogen matrices and in KBr disks are listed in Table 
11. The assignment of the totally symmetric vibrational modes 
was based on the Redlich-Teller product rule using carbon- 13 
and deuterium isotope labeled frequencies. The frequencies of 
the symmetric CH, bending mode used in these calculations were 
those measured in KBr disks. No frequency assignable to the 
iron-iron stretching mode could be observed. This absorption is 
expected to lie around 260 The other frequency located 
in the carbon-hydrogen stretching region was assigned to the 
asymmetric stretching mode. Three frequencies at 978.0, 936.5, 
and 759.8 cm-' in Ar were measured in the CH2 deformation 
region. The 978.0-cm-' absorption was quite intense and is typical 
of that of the CH, wagging mode. The weaker feature at 759.8 
cm-] was assigned to the CH2 rocking mode on the basis of its 
intensity and by comparison to its counterpart in other organo- 
metallic complexes that have a bridged methylene group (see Table 
111). Finally there remains a fairly weak absorption at 936.5 cm-' 
whose presence is unexpected. This frequency has been assigned 
to the CH, twist mode, which is normally infrared-inactive for 
a molecule of C2" symmetry. The lowering of the molecular 
symmetry in cryogenic matrices either by molecular distortion or 
by low site symmetry is possible. The activation of this mode for 
the compounds Os3(CO)lo(p-H)2(p-CH2) and O S ~ ( C O ) ~ ~ ( ~ -  
CO)(p-CH,) has been observed.35 Neutron diffraction studies 
carried out on Os3(CO),o(p-H)2(p-CH2) have shown36 that the 
methylene carbon atom has a distorted-tetrahedral geometry with 
an Os-C-Os angle of 82.1' and an H-C-H angle of 106.0'. 

The frequencies measured for the bridged methylene in Fe,- 
(CO)8(p-CH2) and in other organic and organometallic com- 
pounds are compared in Table 111. It is interesting that there is 
a fairly good agreement between these values, especially those 
measured in similar organometallic cluster compounds. 

The CH2 bond angle was estimated on the basis of the triatomic 
molecule approximation for the carbon-hydrogen stretching and 
the CH2 bending f r e q ~ e n c i e s ~ ' , ~ ~  of Fe2CH2, Fe2I3CH2, and 
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M - I  

Ac 

A B  

Figure 4. C O  stretching and deformation regions of Fe,(CO),(p-CH,) 
in argon (A) and nitrogen (B) matrices and in a KBr disk (C). The 
strongest peak has an absorbance of 3.00. 

nitrogen (Figure 4B) matrices and in a KBr disk (Figure 4C). 
Although the patterns and intensity of the spectrum in a KBr disk 
are different from those in cryogenic matrices, all the terminal 
CO stretching frequencies appeared above 2000 cm-' in all of the 
three different environments. The bridging CO stretching ab- 
sorption band in an argon matrix was weak compared to the same 
absorption in a nitrogen matrix and in a KBr disk. Since the 
infrared spectra of Figure 3 showed two different metal carbonyl 
stretches indicative of the presence of both terminal and bridged 
carbonyls, it seems unlikely that the structure of Fe,(CO),(p-CH,) 
will be different in argon matrices. All the measured frequencies 
of co vibrations for Fe2(CO)8(p-CH2), Fq(C0)8(p-'3CH2), and 
Fe,(CO),(p-CD,) in argon and nitrogen matrices and in a KBr 
disk are given in Table I (supplementary material). 
Discussion 

Fe2(C0)8(p-CH2), more accurately described as Fe,(Co),(p- 
CO),(p-CH,), first synthesized by Pettit's g r o ~ p , ~ ~ . ~ ~  is a thor- 
oughly characterized organometallic cluster compound. The 
crystal structure of Fe,(CO),(p-CH,) has been 
at  -35 and 22 'C as shown in la ,  where two of the CO ligands 

co 
oc.' / ',&o 

o c q  \' co 
oc co 

0 0 

18 l b  

bridge the two metal atoms. The structure does not show any 
change with temperature; however, crystal disorder exists between 
the two bridging carbonyls and the bridging CH2 unit and does 
not allow determination of bond parameters for the methylene 
group. In this respect, the molecular geometry is isostructural 
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Table 111. Comuarison between the Frequencies u (cm-') of the Bridged CH2 Group in Fe,(CO),(p-CH,) and in Other Organometallic and 
Organic Compohds 

CH2 
Fe-Fe os-os Ru-RU c=c N=N 

I \  
CH2 
/ \  

CH2 
/ \  

CH2 CH2 
/ \  

present work ref  35 ref 6 ref 40 ref 41 
vibrational mode 
U ,  CH, sym str 2925.0 2935" 2949b 2942 2909 3020 
u3 CH, scissor (1379.3)' 1428 1426 1390 1483 1458 
v4 M-C str 646.5 660 905d 99Ie 
us CH, twist 936.5 869 850 (996)' (971)/ 
u6 CH, wag 978.0 96 1 974 972 101 1 961 
us CH, asym str 2915.6 2984 2990 2990 2995 3131 
u9 CH, rock 759.8 811 796 775 1088 1125 

"0s3(CO),,(p-H),(p-CH2). bOs3(CO)lo(p-CO)(p-CH2).  CMeasured in a KBr disk. dC-C symmetric stretch. 'N-C symmetric stretch. 
,Estimated values. 

16.8 
77.3 
82.1 
81.4 
87.4 
87.3 
81.0 
81.0 

106 
107 
106.0" 
110 
109 
92 

108 
110.4" 

33, present work 
39 
36, 42 
44 
39 
43 
25 
39 

"Neutron diffraction study. 

Fe2CD2, respectively. A value of 106' was calculated, which 
coincides with that obtained for the bridged methylene in Os3- 
(CO)lo(p-H),(p-CH,) from the neutron diffraction 
Another neutron diffraction measurement gave39 an H-C-H bond 
angle of 110.4' for p-CH, in Rhz(Cp)z(CO),(p-CH,). Thus, the 
methylene carbon atom is best described in terms of sp3 hybrid- 
ization. This is further supported from the carbon-13 NMR study 
carried out on Fez(C0)8(p-'3CHz), which showed the methylene 
carbon signal at 6 = 89.75 with JC-" = 147 Hz, very close to the 
value of 146 Hz measured for Rhz(Cp)2(CO)2(p-CH2).44 Table 
IV lists some structural parameters for different organometallic 
cluster compounds containing a p-CH, group. The metal-metal 
bond length is quite short in this class of p-methylene transi- 
tion-metal complexes and varies between 2.5 and 2.8 A. The 
metal-metal interactions are necessary to provide enhanced sta- 
bility to the methylene bridging. The M-C-M angle around the 
methylene carbon atom is generally very acute and shows little 
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variation with the nature of the metals involved. Typically, the 
angles fall in the range 76-87'. The H-C-H bond angle is close 
to a tetrahedral value in most cases; however, the only two pre- 
viously determined reliable values listed in Table IV are those 
obtained from the neutron diffraction s t ~ d i e s . ~ ~ a ~ ~ * ~ ~  
Concluding Remarks 

1. The FTIR spectrum of matrix-isolated Fe2(CO),(p- 
CO),(p-CH,) has been measured in solid argon and nitrogen. 

2. Carbon-13 and deuterium isotopic shifts have been measured 
for Fe2(C0)6(p-C0)2(p-'3cH2) and Fe,(co)6(p-co),(p-cD,), 
respectively. 

3. An H-C-H bond angle of 106' was calculated on the basis 
of the triatomic molecule approximation using the carbon-hy- 
drogen stretching and the CH2 bending frequencies of p-CH,, 
p-13CH2, and p-CD,, respectively. 

4. A coupling constant of 147 Hz is seen in the carbon-13 
N M R  spectrum. This is close to the value of Rh,(Cp),(CO),- 
(p-CH,), for which neutron diffraction analysis gives an H-C-H 
bond angle of 110.4', indicating an sp3 hybridization around the 
bridged methylene carbon. 
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