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Summary: The hitherto unknown Fe(CO2)+ cluster is 
conueniently available by ion-molecule reactions o f  “bare” 
Fe+ with 0- butyrolactone in the gas phase. By using the 
technique of Fourier transform ion cyclotron resonance 
(FTICR) mass spectrometry, collision-induced dissocia- 
tion and ligand exchange experiments are conducted and 
the results suggest an Fe+-(C02) structure for the cluster 
with a bond dissociation energy of 8 f 2 kcallmol. While 
this small binding energy is advantageous for using the 
Fe(COz)+ cluster as an ideal precursor to generate other 
interesting Fe+ complexes, as expected all attempts failed 
to bring about an Fe+-mediated coupling of C02 and RH 
(R = H, CH,) to the corresponding carbonic acids. 

Introduction 

Photosynthesis, i.e. the sunlight promoted conversion 
of carbon dioxide and water to carbohydrates, is the most 
important chemical reaction on earth. However, in 
chemical industry only a few processes1i2 take advantage 
of the excessive availability of COO, whose accumulation 
in the atmosphere also has generated major concern.3 The 
reason for the failure is 2-fold in that carbon dioxide 
activation2 is difficult to achieve on both thermochemical 
and kinetic grounds: The molecule’s low heat of formation 
makes it a thermochemical sink, and the small polarity 
and polarizability confer chemical inertness to C02. 
Consequently, activation of carbon dioxide represents a 
challenge as important and demanding as the selective 
chemical transformation of alkanes. Of course, the 
simultaneous coupling of COZ with molecular hydrogen or 
methane (eq 1) is rightly viewed as the ultimate goal in 

C02 + RH - RC02H R = H, CH3 (1) 

C02 activation. Unfortunately, the formations of both 
formic acid (R = H) and acetic acid (R = CH3) are 
endothermic by 3 and 9 kcal/mol, respectively$ and the 
successful transformation poses a scientific problem that 
has been met piecemeal at  best. 
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The coordination of C02 to a transition metal has long 
been thought of as a means not only to avoid the 
thermochemical constraint but also to bring about catalytic 
conversion. Not surprisingly, this appealing concept has 
resulted in numerous theoretical5 and experimental6 
studies on the properties of transition-metal carbon dioxide 
complexes, and there are also several reports on the 
attempted reactivity of these COz complexes with organic 
molecules. While most of the experimental work is 
confined to reactions in solution,’ gas-phase studies on 
the reactions of main group and transition-metal ions with 
C02 are relatively scarce and only recently emergingS8 In 
the present article we will describe our results on the 
hitherto unknown Fe(C02)+ cluster, and we will focus on 
the generation and characterization of Fe(C02)+. The iron- 
(I) cation was chosen on the ground that this transition- 
metal ion exhibits unique properties with regard to the 
coupled activation of molecular oxygen and C-H/C-C 
bonds.g 

Experimental Section 

The apparatus (a Spectrospin CMS-47 X equipped with an 
external ion source) and its operation have been described in 
detail previously.10 The Fe+ ion is formed via laser desorption/ 
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Notes 

Scheme 1 
30h FeC3H: + CO + HtO 

FeC3H6* + CO, 

550' FeCO: + C3He Fe* + oq -E 
FeC2H,0+ + C2H20 

FeC3HeO+ + co 
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ionization11 by focusing the beam of a NdYAG laser (Spectron 
systems, fundamental frequency 1064 nm) onto a stainless steel 
target which is affixed in the external ion source.12 The ions are 
extracted from the source and transferred into the analyzer cell 
by a system of electrostatic potentials and lenses. After decel- 
eration, the Fe+ ions are trapped in the field of a superconducting 
magnet (Oxford Instruments), which has a maximum field 
strength of 7.05 T. For the reaction of Fe+, the metal's most 
abundant isotope (MFe+) was isolated by using FERETSI3 and 
allowed to react with 8-butyrolactone, which was present at a 
pressure of (6.5-9.6) X 1O-g mbar; reaction times are typically 
0.25-10 8. For collisional cooling of excited states possibly formed 
in the generation process and the removal of kinetic energy 
remaining from the transfer, argon or helium was present as a 
buffer gas at  a static pressure of (1-2) X lk'mbar. The pressure 
of the various gases and the j3-butyrolactone were measured with 
an (uncalibrated) ionization gauge (Balzers IMG 070). For the 
collision-induced decomposition (CID)14 and the ligand dis- 
placementlsexperimenta, performed in order to obtain structural 
information on the Fe(C02)+ ion, argon and the other gases were 
introduced in the ICR cell through a pulsed valve.16 High 
resolution and double-resonance experiments were performed 
as described earlier,1"17a and great care was applied to avoid any 
off-resonance excitation of the ions of interest while ejecting 
unwanted signal~.~7b~~ All functions of the instrument were 
controlled by a Bruker Aspect 3000 minicomputer. Methane 
(99.95%), ethane (99.99%), xenon (99.99%), and carbon mon- 
oxide (99.97%) (all purchased from Linde), argon (99.999%, 
purchased from AGA), and propane (99.95%, purchased from 
Messer Griesheim) were used without further purification. 
j3-Butyrolactone was subjected to multiple pump-freeze-thaw 
cycles in order to remove uncondensable gases. WO2 was on- 
line-synthesized by gently warming a mixture of BaWO3 (98%, 
from Sigma Chemical Co.) and &Sod. 

Results and Discussion 

When "bare" Fe+ is reacted with P-butyrolactone, the 
reaction products depicted in Scheme 1 are observed. High 
resolution experiments demonstrate that the signal at  mlz 
100 corresponds to a doublet with the elemental compo- 
sitions Fe(COZ)+ and Fe(CzH40)+ (intensity ratio 1.57:l). 

For the structure of Fe(COZ)+ there are three basic types 
conceivable (Chart 1): (i) an iron-carbon dioxide cluster 
1, for which two modes of complexation (end-on versus 
side-on) are feasible; (ii) the iron cation inserted into the 
0-C bond of carbon dioxide, thus giving rise to the oxo- 
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Chart 1 

Fe+- (C02) 0 = Fe+- co C = Fet- (02) 

- 1 - 2 - 3 - - - 

Scheme 2 
Fe(CO2)' t L - Fe(L)' + C02 

L = C2H4, CO, H20 ,  C3H,, C2Hs, CH4, Xe 

Fe(C02)' t Ar +- Fe(Ar)' t C02 

Table 1. Bond Dissociation Energies (BDEs) of FeL+ 
Complexes 

BDE(Fe+-L) BDE(Fet-L) 
ligand( L) (kcal /mol) ligand(L) (kcal/mol) 

C2H4 34.0 f 2.020 C2H6 15.3 f 1A23 
co 31.3 f CHI 13.7 0.8'8 
H2O 30.6 f 1.218 Xe 9.0 & 2.02' 
C3Hs 19.0 f 2.022 Ar 7.121 

carbonyl structure 2; (iii) finally, a carbide-oxygen complex 
3, in which the 02 subunit has, again, two options (end-on 
versus side-on) to interact with the metal center. While 
an unambiguous distinction of the three connectivities 
1-3 is possible, based on the experiments we are going to 
describe next, the problem of the actual coordination of 
COz (in 1) or 02 (in 3) cannot be solved experimentally 
with the methods presently available to us. 

If Fe(C02)+ is mass-selected and subjected to collisional 
activation with argon, over the entire kinetic energy regime 
applied, the organometallic complex exclusively decom- 
poses to Fe+ and COZ. There is no indication at  all for the 
formations of either FeO+ or FeC+. Consequently, neither 
structure 2 nor 3 is formed in the reaction of Fe+ with 
P-butyrolactone (Scheme 1). This follows immediately 
from a consideration of thermochemical data,4J8 as these 
structures are expected to give rise to FeO+ (from 2) and 
FeC+ (from 3), respectively. Further, when Fe(COz)+ is 
reacted with W02 for 3 s, we observe a complete ligand 
exchange (eq 2). 

Fe(CO,)+ + 13C0, - Fe(l3COZ)+ + CO, (2) 

This is precisely expected to occur for a loosely bound 
ion-dipole cluster like 1, but not for 2 and 3.19 

By employing ligand exchange reactions, we have tried 
to bracket the bond dissociation energy (BDE) of Fe+- 
(COz) (1). As indicated in Scheme 2, ligands L (with L = 
C Z H ~ ,  CO, HzO, C3H8, CzHs, CHI, and Xe) replace COZ 
from thermalized 1, while in the reaction of Fe(COZ)+ with 
Ar no ligand exchange is observed. These results imply 
that BDE(Fe+-(COz)) is larger than BDE(Fe+-Ar), which 
is calculated to 7.1 kcal/m01,~~ and smaller than the 
experimentally determined binding energies of all other 
ligands L studied. From the data in Table 1 and the 
occurrence versus nonoccurrence of ligand exchange 
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Scheme 3 

0 Fe(mJ+RH .\ 
R 1 kcallmol '\\, 

Notes 

CH, 161 \\, Fe(RCO,H)* I 179 

R kcallmol * 
RW,H 

CH, I -112 -94  

processes (Scheme 2) we arrive at BDE(Fe+-(COz)) = 8 
f 2 kcal/mol. It is obvious that the ready availability of 
1 together with the small binding energy of the cluster will 
make Fe(COz)+ an ideal precursor for the gas-phase 
generation of transition-metal complexes which are oth- 
erwise not so easily accessible.2s 

Finally, we would like to address the problem depicted 
in eq 1, i.e. the coupling of COz and RH (R = H, alkyl) to 
generate carbonic acids. As indicated in Scheme 3a, this 
basic reaction is endothermic, leaving aside the existence 
of additional barriers imposed by high-lying transition 
structures of the four-center process. On the other hand, 
as indicated qualitatively by the data given in Scheme 3b, 
in the presence of atomic Fe+, the same reactions are 
strongly exothermic, which is a consequence of the small 
binding energy of COz and the much larger BDEs of Fe- 
(RCOZH).~~*~' 

Scheme 4 
Fe(C&)+ + Hz +* Fe' + HCOOH (1) 

+ H3CCOOH (2) 

(3) 

Fe(CW+ + CH4 4-1 Fe+ 
FHCH,)+ + co2 

However, as repeatedly demonstrated, a favorable 
exothermicity does by no means provide a guarantee that 
the reaction will occur on the time scale of the experiment.% 
This is also born out by the reaction of Fe(COz)+ with Hz 
and CHI (Scheme 4). While no products are observed at  
all with Hz, in the ion-molecule reaction of Fe(COz)+ with 
CH4 it is the simple ligand exchange which wins over the 
formation of CHaCOZH. In retrospect, this negative result 
is not unexpected. If one assumes that the presence of 
the weakly interacting C02 in ligand 1 does not significantly 
alter the electronic structure of the metal ion, in a f i s t  
approximation the reactivity of Fe(COz)+ is expected to 
resemble that of Fe+. For ground-state Fe+, however, it 
has been amply demonstratedm that this metal is not 
capable of spontaneously activating Hz or CKvia oxidative 
addition. Thus, it remains to be seen if third-row 
transition-metal ions, which activate methane,s0 are better 
candidates to bring about the activation of COZ and RH 
(R = H, CH3). 

In conclusion, the Fe(C02)+ cluster is easily accessible, 
ita connectivity and the BDE have been established, and 
the suitability of the cluster for the formation of other 
interesting clusters is obvious. However, further efforts 
are necessary to reach the ultimate goal, i.e., the coupled 
activation of COZ and RH. 
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