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~bstract 

The reactions of several ligated Fe(L) + cations with the model compound 4-heptanone have been examined by means of tandem and 
~:ourier transform mass spectrometry. For the ligands L (L---HzO, CO, CHzO, C2H 4, CH3CHO, C3H 6, C2H 2, i-Call 8, CH3CN, 
C3H60, C4H 6, and C6H 6) under study, relative Fe + affinities have been evaluated by applying Cooks' kinetic method. In general, the 
ion-molecule reactions of the ligated Fe(L) + cations differ substantially from the behaviour of bare Fe + itself in that C-C bond 
activation as well as consecutive fragmentations are suppressed in favour of exclusive C-H bond activation for Fe(L) ÷ cations. The 
product distributions obtained suggest classification of the ligands L into three categories. (i) The highly unsaturated ligands acetylene and 
1,3-butadiene are actively involved in the reaction in that they induce transfer hydrogenation to yield ethene and butene, respectively, in 
addition, for Fe(CzH2) +, ligand coupling via C-C bond formation is observed. (ii) The other ligands which act as spectator ligands 
display only moderate effects on the intrinsic reactivity of the 4-heptanone-Fe ÷ system; further, it is observed that less energetic reaction 
products are formed with increasing binding energies of the ligands. (iii) Finally, the benzene ligand in Fe(C6H6 )+ prevents any bond 
activation of the incoming ketone and for which adduct formation is observed exclusively. The experimental findings lead to the 
conclusion that the activation barrier associated with the Fe+-mediated dehydrogenation of (functionalized) alkanes amounts to ca. 12 
kcal mol- ~. 
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1. Introduction 

Attempts at selective functionalization of non- 
activated C - H  bonds in organic molecules by transition 
metal complexes are of  general interest as they encom- 
pass quite different areas of  contemporary chemistry [I ]. 
One of the most simple approaches to examine mecha- 
nisms and uncover  fundamenta l  principles of  
transition-metal-mediated C - H  and C - C  bond activa- 
tion processes is provided by gas phase studies of 
reactions of  " n a k e d "  or partially ligated metal ions by 
mass spectrometry. Within the last two decades, this 
approach has led to a significant body of knowledge 
about the elementary steps of  metal-mediated C - H  
bond activation, and also periodic trends in the reactiv- 
ity of  first-, second-, and third-row transition metal ions 
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with various organic substrates became apparent [2]. 
Among the many substrates considered so far, most of  
the mechanistic examinations address the C - H  and 
C - C  bond activation of linear alkanes [3] or their 
monofunctionalized derivatives, e.g. amines [4], alco- 
hols [5], ketones [6], acids [7], and nitriles [8]. 

Extensive studies of  metal-mediated C - H  and C - C  
bond activation of deuterium- or ~3C-labelled but other- 
wise unsubstituted alkanes revealed that often several 
processes compete with each other and that the posi- 
tional integrity of  the isotopic substitution is partially or 
completely lost in the course of  the reaction [2,3]. The 
experimentally observed lack of regioselectivity can be 
traced back to the following reasons. (i) The more or 
less uniform van der Waals sphere of  the alkanes does 
not favour the coordination of a metal cation to a 
particular segment of  the molecule [9]. (ii) There exist 
competing trajectories for the initial insertion of the 
metal into the C - H  and C - C  bonds of an alkane, e.g. 
activation of primary vs. secondary C - H  bonds [3e,f]. 
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(iii) Reversible /3-hydrogen transfer processes within 
the reaction intermediates may result in an overall H -D  
equilibration [10]. In marked contrast, in monosubsti- 
tuted alkanes the metal ion is first coordinated to the 
functional group which serves as a dative ligand. As a 
consequence, this linkage ("docking")  of the 
transition-metal ion to a heteroatom functionality leads 
to a high regio- and even stereoselectivity in metal- 
mediated C - H  bond activation of the hydrocarbon 
backbone [2]. For example, a series of transition metal 
cations mediate selective C - H  bond activation of termi- 
nal positions of aliphatic nitriles and carbonyl com- 
pounds [2,6-8]. In analogy to Breslow's terminology 
[11] these processes have been referred to as "remote 
functionalization" of substituted alkanes in the gas 
phase [12], and a visualization of a simplified mecha- 
nism for C - H  and C-C  bond cleavage of 4-heptanone 
by bare Fe ÷ is depicted in Scheme 1. 

The mechanism of remote functionalization in the 
gas phase was derived from detailed state-of-the-art 
mass spectrometric studies of extensively labelled sub- 
strates [12]. Within this context, the reactions of ke- 
tone-Fe ÷ complexes are particularly telling in that 
competing side reactions hardly occur and so do not 
hamper the analysis of the processes of interest, and, 
moreover, C -H  bond activation occurs with a high 
degree of regioselectivity. For the sake of better under- 
standing of this article it is perhaps appropriate to recall 
the central aspects of previous findings with respect to 
the regioselectivity and the reaction mechanism opera- 
tive in ketone-Fe ÷ systems [6,7,13]. (i) For ketones 
with small side chains, e.g. acetone, a -C-C bond inser- 
tion of the metal and subsequent loss of an alkane is the 
dominant reaction pathway, e.g. (CH3)2CO-Fe +---) 
FeCO+h-C2H6 [14]. (ii) Beginning with an n-propyl 
side chain remote functionalization becomes operative, 
and selective dehydrogenation as well as alkene losses 
from the t o / ( t o - 1 )  positions occur [6b,13,15]. On 
further increase in the length of the alkyl chain(s) the 
regioselectivity decreases, since various positions re- 
mote from the functional group now become accessible 
for metal-mediated C - H  and C-C  bond activation [2]. 
(iii) The intramolecular H - D  kinetic isotope effects 
(KIEs) kH2/kHD associated with dehydrogenation of 

carbonyl compounds by Fe + cations via remote func- 
tionalization range from 2.1 to 3.0 [13,16]. (iv) The 
rate-determining step associated with dehydrogenation 
of 1-Fe ÷ (Scheme 1) corresponds to the reductive 
elimination of dihydrogen from the dihydrido insertion 
intermediate (3 --) 4-Fe+); thus, C - H  bond insertion of 
Fe + (1-Fe + ---) 2) and /3-hydrogen transfer (2 ---) 3) are 
reversible within the time-scale of the experiment. Fur- 
thermore, the reversibility of the initial C - H  bond 
activation in 4-heptanone-Fe ÷ has been shown directly 
by performing an appropriate double-labelling experi- 
ment [6b]. (v) Despite the flexibility of alkyl side chains 
the dehydrogenation at the t o / ( t o -  1) positions occurs 
diastereoselectively, involving a chiral Fe centre in the 
intermediate [7,16]. (vi) The remote functionalization of 
ketones is sensitive to geometric constraints; for exam- 
ple, the t o / ( t o - 1 )  dehydrogenation of (~-methylated 
4-heptanone-Fe ÷ complexes is affected by a large In- 
gold-Thorpe effect [17], while anellation of the alkyl 
chain with a cyclopropane ring prevents direct remote 
functionalization via initial C - H  bond activation [18]. 

In this article, we propose inter alia a scheme to 
estimate the height of the activation barrier for Fe ÷- 
mediated dehydrogenation of ketones via remote func- 
tionalization. The basic idea is to alter the internal 
energy of ketone-Fe ÷ complexes by appropriate ligand 
exchange reactions of Fe(L) ÷ complexes with the ke- 
tone of interest. As has been demonstrated previously, 
ligated Fe(L) ÷ complexes can greatly enhance the se- 
lectivity for metal-mediated C - H  bond activation in 
ion-molecule reactions at the expense of other compet- 
ing processes [19]. In the present study as a representa- 
tive substrate we have chosen 4-heptanone 1 (Chart 1) 
for the following reasons [6b,13]: (i) Fe ÷ cations com- 
plexed to a keto group mediate regioselective function- 
alization of propyl sidechains at the t o / ( t o -  1) posi- 
tions. (ii) The symmetry of 4-heptanone allows a direct 
evaluation of the primary H - D  KIE associated with 
C - H  vs. C-D bond activation. (iii) As indicated in 
previous experiments and as will be demonstrated fur- 
ther below, for ketones with longer side chains the 
activation barrier associated with remote functionaliza- 
tion is even smaller as compared with 4-heptanone-Fe+; 
therefore, the trapping and detection procedures used 

H 

1/F:e+ 2 
R - ~  

T ~  

IL P 

Cleavage 

S c h e m e  I. 

H H \ /  

o / F e ~ ,  . H 2 O ' l ~ ,  
R;L,,J 

3 ,Me ÷ 

o f~)+='] - e_~,) o 7~÷ 

5 0/Fo + 



D. Schri~der, H. Schwarz / Journal of  Organometallic Chemistry 504 (1995) 123 - 135 125 

DD DD 
1 1,, lb  

F o r m  1. 

fi~r 1-Fe + cannot be applied in the same manner for 
larger substrates. (iv) Finally, the volatilities of larger 
substrates which still fulfill the requirement ofsymmet- 
rical alkyl chains, e.g. 4-nonanone or 5-undecanone 
[~b], are substantially lower as compared with 1, and 
therefore reactions of background contaminants in the 
vacuum system as well as minor impurities in the 
precursors may affect the accuracy of the experiments. 

With respect to the use of deuterium-labelled sub- 
strates, a distinct difference of the present approach as 
ccJmpared with previous work should be pointed out. In 
most of the studies referred to in the preceding para- 
graphs, the magnitude of the H - D  KIE associated with 
dehydrogenation served as a direct probe to derive 
information on regio- and stereoselectivity, reaction 
mechanisms, and/or  rate-determining steps. In contrast 
t~ these mechanistic studies, here the KIEs are used 
simply to monitor the energetics of C - H  bond activa- 
tion as well as the existence of competing reaction 
pathways. Finally, the experimental findings together 
with thermochemical data as well as considerations of 
the energetics of ion-molecule reactions in general [20] 
permit the bracketting of the activation barrier associ- 
ated with dehydrogenation of 4-heptanone by bare Fe + 
cations in the gas phase [21]. 

2. Experimental methods and thermochemical esti- 
mates 

Most of the experiments were performed with a 
Spectrospin CMS 47X Fourier transform ion cyclotron 
resonance (FTICR) mass spectrometer, which has been 
described in detail elsewhere [22]. In brief, Fe z cations 
were formed by laser desorption/laser ionization [23] 
of an iron target in the external ion source of the 
instrument. By a system of electric potentials and lenses 
the resulting ions were transferred to the analyser cell 
which is located within a superconducting magnet (max- 
. 56 + imum field strength, 7.05 T). Subsequently, Fe was 
mass-selected using the FERETS technique [24], a com- 
puter-controlled ion ejection protocol which combines 
single-frequency ion ejection pulses with frequency 
sweeps to optimize ion isolation. Owing to the injection 
of the ions from the external ion source into the FTICR 
cell, the mass-selected ions exhibit an excess of kinetic 
energy as compared with thermal motion. In order to 
afford thermalization of Fe z, argon was pulsed in sev- 
eral times (to a pressure and for a time which gives an 
estimate of 200 collisions), pumped out, and the Fe z 

ions were again mass selected; similar procedures were 
applied to Fe(L) ÷ ions [25]. 

• Ligated Fe(L) z cations were generated by ion-mole- 
cule reactions of mass-selected Fe ÷ ions with appropri- 
ate substrates, i.e. Fe(CH20) z was obtained from Fe z 
and dimethylether [2], Fe(CO) ÷ and Fe(C3H60) + by 
reacting Fe ÷ with acetone [14], Fe(H20) z from ligand 
exchange of Fe(C2H6 )z and Fe(CO) z (both ions ob- 
tained from Fe z and acetone) in the presence of water 
[26]. The alkene complexes Fe(C2H4) +, Fe(C3H6) z, 
and Fe(i-CaH8 )z were generated by reacting Fe ÷ with 
propane and /-butane respectively [27]. The complexes 
F e ( C 2 H 2 )  z, F e - ( C H 3 C H O )  +, F e ( C H 3 C N )  +, 
Fe(C4H6) ÷, and Fe(C6H6 )+ were obtained by consecu- 
tive ligand exchange reactions of Fe(C2H4) ÷ with the 
corresponding neutrals [ 16a, 19]; for the sake of simplic- 
ity, throughout this article acetone, butadiene, and ben- 
zene are referred to as C3H60,  C4H 6, and C6H 6. 
Except for water, the reagent gases for Fe(L) z genera- 
tion were introduced to the FTICR cell via pulsed 
valves, such that these reactants hardly interfered with 
further experiments; owing to its relatively low volatil- 
ity and its adsorption on the stainless steel walls of the 
instrument, water cannot be pumped away in the time 
available for the pulsed-valve operation sequence and, 
therefore, had to be leaked in continuously. For the 
subsequent ion-molecule reactions the Fe(L) ÷ com- 
plexes were mass selected, thermalized by pulsed-in 
argon, again mass selected, and reacted with [I,I,I-D3]- 
4-heptanone (la) which was leaked in at typical pres- 
sures of ca. 5 × 10 -9 mbar. Branching ratios were 
derived from the analysis of the pseudo-first-order reac- 
tion kinetics and are reported with a relative error of 
+ 10%. In order to avoid interferences with residual 
background reactants, double-resonance techniques have 
been applied; for example, in the measurement of 
Fe(CO) z, the Fe(C3HrO) + ions formed by ligand ex- 
change of Fe(CO) ÷ with residual acetone were continu- 
ously ejected from the FTICR cell. It should be men- 
tioned that the evaluation of precise intensities in FTICR 
mass spectrometry is associated with some systematic 
pitfalls [28]. In order to minimize these effects all 
spectra were recorded using identical mass windows for 
ion excitation and ion detection using 64K data size for 
the transient which was zero filled to 128 K prior to 
Fourier transformation. Despite the systematic errors 
which may be associated with intensity measurements, 
the technique described here leads to reproducible ex- 
perimental results; furthermore, the measured KIEs as- 
sociated with dehydrogenation of l a  by Fe(L) ÷ com- 
plexes agree quite well with the data obtained from 
unimolecular dissociation of metastable ion complexes 
[13]. When necessary, exact ion masses were deter- 
mined by high resolution experiments (m/Am> 
100000) in order to ensure the assigned elemental 
composition of the product ions. All data were accumu- 
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fated and on-line processed using an ASPECT 3000 
minicomputer. 

Additional experiments were performed with a modi- 
fied VG Z A B / H F / A M D  604 four-sector mass spec- 
trometer of BEBE configuration (B stands for magnetic 
and E for electric sectors), which has been described 
elsewhere [29]. Ligated ketone-Fe ÷ complexes were 
generated as described previously by chemical ioniza- 
tion of mixtures of ketone, ligand, and Fe(CO) 5 in a ca. 
1 : 5 : 1 ratio [6b]. The ions of interest were accelerated 
to 8 keV kinetic energy and mass selected using 
B(1)E(1) at a resolution m / A m  ~ 3000. The unimolec- 
ular dissociations of metastable ions in the field-free 
region preceding the second magnet were recorded by 
scanning B(2) from the parent-ion mass to m /z  = 10 
within 30 s. All spectra were accumulated and on-line 
processed with the AMD-Intectra data system; 5 to 15 
scans were averaged to improve the signal-to-noise 
ratio. 

Chemicals were either commercially available or pre- 
pared according to well-known laboratory procedures 
and purified by distillation and preparative gas chro- 
matography [15]. [D4]-Ethene (Cambridge Isotope), 
[D6]-acetone (Janssen Chimica), and [D6]-benzene (Al- 
drich) were used as supplied. Gaseous formaldehyde 
was generated in an on-line apparatus [16a] by heating 
thoroughly dried para-formaldehyde in a glass tube 
which is directly connected to the chemical ionization 
source of the tandem mass spectrometer by a gas chro- 
matography capillary (50 /xm width, 25 cm length); the 
partial pressure of formaldehyde was adjusted by varia- 
tion of the tube temperature. Because of the condensa- 
tion of significant amounts of para-formaldehyde in the 
inlet lines, the apparatus had to be dismounted and 
cleaned after each use. 

As far as reliable and consistent thermochemical data 
and ligand bond dissociation "energies (BDEs) for the 
species of interest were available, these were taken from 
literature sources [30]. However, for a comparison of 
the reactivity of different Fe(L) + complexes, often more 
accurate relative BDEs of Fe(L) ÷ complexes were 
needed. Unfortunately, the attempt to determine relative 
BDEs from the equilibrium constant of ligand exchange 
reactions of the type Fe(L)+ + L' ~ Fe(L')+ + L by us- 
ing FTICR mass spectrometry failed owing to the inter- 
feting formation of adduct-complexes Fe(L),(L'), +, 
(n, m = 0, 1, 2; n + m = 2) or to side reactions such as 
ligand coupling. As a consequence, equilibria between 
the monoligated Fe + complexes could not be estab- 
lished [31 ]. Therefore, we applied Cooks' kinetic method 
[32] for the evaluation of relative binding energies of 
various ligands to Fe +. Following this approach, the 
ratio of L and L' losses from metastable Fe(L)(L') ÷ 
complexes is related to the equilibrium constant K, 
which can be converted to AAG of the ligand exchange 
reaction, or ABDE values for the two ligands [33]. For 

this purpose mixed bis-ligand complexes of the type 
Fe(L)(L') ÷ were generated by chemical ionization of 
mixtures of Fe(CO) 5 with the ligands L and L' present 
in ratios which gave maximal ion currents for the ion of 
interest. In order to account for the effect of mass 
discrimination in the ion detection, the intensities were 
weighted according to the mass differences when mass 
differences of fragment ions were large, e.g. loss of 
acetylene ( A m =  26) vs. acetone ( A m = 5 8 )  from 
Fe(C2H2)(C3H60) + ( m / z  = 140) [34]. In order to 
monitor the occurrence of possible reactions between 
the ligands (H-D exchange or ligand coupling), in 
several cases one of the ligands was examined in its 
fully deuterated form, e.g. Fe(C2Da)(CH3CHO) +. 
However, it should be noted that Cooks' kinetic method 
is an approximate procedure and is subject to some 
shortcomings [32c], as for example the use of a temper- 
ature (we simply assumed the ion source temperature, 
i.e. 473 K) to describe the internal energy distribution. 
Therefore, these data should complement binding ener- 
gies obtained by other methods; nevertheless, the order- 
ing of the binding energies is reproduced correctly by 
this approach. 

3. R e s u l t s  a n d  d i s c u s s i o n  

The ion-molecule reaction of bare Fe ÷ with 4- 
heptanone leads to a variety of products (Scheme 2) 
which can be explained in terms of remote functional- 
ization of the alkyl side chains by the iron cation in 
terms of Scheme 1 and subsequent fragmentations of 
these products [19a]. For the sake of simplicity, if not 
stated otherwise we will always refer to 1 in the discus- 
sion, even when la  or lb  was examined experimentally. 
As has been demonstrated previously [6b,15], the initial 
reactions of 1-Fe ÷ involve C - H  and C-C bond activa- 
tion of the terminal positions, and the variety of prod- 
ucts can be ascribed to consecutive fragmentations of 
the primary products. These processes as well as the 
mechanistic aspects will not be pursued in the present 
discussion [19a]; we should only like to point out that 
careful analysis of the total product distribution leads to 
a 76:24 ratio of initial dehydrogenation vs. alkene 
losses. 

Obviously, the consecutive fragmentations of the pri- 
mary products originate from the large excess internal 

O 
Fe + ÷ CsH/CCsH 7. 

1 

32% Fe(CTH120) ÷ + H2 

I 6% ~ Fe(CTH100)+ + 2H 2 
20%' 
18% ~ Fe(C6H12 )+ ÷ H2+CO 

Fe(CsH.O) + + C2H 4+H 2 
%4o~__~6 Fe(CaH60)+ + 2 C2H 4 

Fe(C3H6) + + H 2 + CO + C3H e 

Scheme 2. 
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BDE(L-Fe ÷) 

I + Fe(L) ÷ 

1/F.(L) + 4/Fe(L)+ + H2 

Fig. I. Schematic potential energy hypersurface for the remote functionalization of 4-heptanone (1) by bare Fe + and Fe(L) + complexes. The 
qualitative energetics are derived from simple thermochemical estimates (for details, see Refs. [6b], [16a] and [19a]). 

energy of the rovibrationally excited encounter complex 
l -Fe  +, when formed by coordination of the bare metal 
ion to the ketone. As will become obvious further 
below, to a first approximation the energy gain on 
complexation amounts to ca. 2 eV. In contrast, when 
unimolecular fragmentations of metastable 1-Fe + ions 
are probed, the selectivity is larger as seen by (i) the 
absence of consecutive fragmentations and (ii) the slight 

rise in ratio of dehydrogenation to alkene loss to 80 : 20 
[6b,13,15]. This is simply due to the fact that the 
metastable ions stemming from a chemical ionization 
process at ca. 10 -3 mbar and surviving for ca. 1 /zs 
contain less excess internal energy as compared with the 
excited encounter complex 1-Fe ÷ which is formed in 
the absence of any stabilizing collisions under FTICR 
conditions at ca. 10 -8 mbar. 

Table 1 
Ratio of the relative abundances for the unimolecular losses of the ligands L and L' from Fe(LXL') + complexes and differences of the bond 
dissociation energies ABDE (kcal tool- i ) according to Cooks' kinetic method a 

Fe(i~,XL') + Fe(L) + :Fe(L') +b " ABDE c.d Side reactions c 

Fe(H 2OXCO) ÷ 1.4 0.3 
Fe(H 2OXC2 D4) + 52 3.7 
Fe(COXCH 20) + 11 2.3 
Fe(COXC2 D4) + 35 3.3 
Fe(COXCH 3CHO) + 160 4.8 
Fe(COXC3 H 6) + 310 5.4 
Fc(CH 2OXC2 Ha) + 3.2 1.1 
I::e(C2 D4 XCH 3CHO) + 2.6 0.9 
Fe(C2D4XC3 H6 )+ 16 2.6 
Fe(C2 H4XC2 H 2 )+ 40 3.5 
Fe(C2 D4)(i-C4 H s) + I l0 4.4 
Fe(CH 3 C HOXC 3 H 6 ) + 3.9 1.3 
Fe(CH 3 CHOX i-C 4 H s) + 37 3.4 
Fe(CH 3CHO)(C3D60) + 420 5.7 
Fe(C3 H6XC2 H 2 )+ 1.9 0.6 
F:e(C3H6Xi-C4 H 8) + 13 2.4 
F:e(C2 H2XCH3CN) + 29 3.2 
Fe(i-C 4 H 8)(CH 3CN) + 10 2.2 
Fe(i-C4 H 8XC.~ D60) + 12 2.3 
Fe(CH 3CN)(C 3 I)60) + 1.1 0.1 
Fe(CH 3CNXC4H6) + 10 2.2 
I~e(C 3 D6OXC4 H6 )+ 6.5 1.8 
Fe(C4 H6XC6H6 )+ 240 5.2 

H-D equilibration 
C4H6(5%) 
H-D equilibration 

CH4(10%) 
H 2(20%), C 2 H 4(40%) 
H2(15%), C 2 H4(35%) 

HCN(2%) 

CD3CHO(5%) 

ABDE are calculated assuming a temperature of 473 K; see text. b The experimental uncertainty in L : L' is dependent on the magnitude and the 
intensity of unimolecular decay of Fe(L)(L') +, roughly, the errors range from 5% for L: L' = 1 to 20% for L: L' = 500. c ABDE = BDE(L'-Fe +) 
- BDE(L-Fe+) ,  thus, L' is the more strongly bound ligand, d Because of the logarithmic relationship between the abundances for L:L' losses 
and ABDE the errors are dependent on the absolute values and range from ±0.1 to ± 1 kcal moi-  t. e Here, H - D  exchange between the ligands 
or side reactions are mentioned; intensities (in parentheses) are given as percentages of  the intensity for the loss of L. Note that these processes 
have been neglected in the calculation of relative BDEs. 
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One way to moderate the reactivity of a bare metal 
cation is to complex the metal with ligands L. As far as 
the ion-molecule reactions of Fe(L) ÷ complexes with 1 
are concerned, the presence of an additional ligand L 
might cause the following effects. (i) Ligand exchange 
of L for 1 leads to 1-Fe÷; assuming that the Fe(L) ÷ 
ions are sufficiently thermalized, this process will take 
place provided that BDE(1-Fe ÷) is close to or exceeds 
BDE(L-Fe+). The internal energy of 1-Fe ÷ formed in 
this manner can be related to the difference of the BDEs 
and may lead either to a radiative stabilization [35] of 
1-Fe + such that no further C - H  or C-C bond activa- 
tion is possible, or to the dissociation of 1-Fe ÷ via 
remote functionalization which will generally be con- 
fined to the lowest energy demanding process, i.e. the 
dehydrogenation channel (1-Fe +--* 4-FEZ). Alterna- 
tively, remote functionalization may occur within the 
ligated complex giving rise to 4-Fe(L) z and 6-Fe(L) ÷. 
(ii) C - H  and C-C bond activation may be suppressed 
by the additional ligand, such that the only product is 
the 1-Fe(L) ÷ adduct complex which is stabilized via 
radiative or collisional cooling processes [19,31,35]. (iii) 
Within the encounter complex the ligand L may open 
up new chemical pathways, such that the reactivity of 
the ligated complex, 1-Fe(L) +, differs fundamentally 
from that of 1-Fe z itself [36]. An entirely qualitative 
potential energy surface for the reactions of Fe(L) z 
with 1 is depicted in Fig. 1; note that the channels 
leading to 1-Fe ÷, 4-Fe  ÷, and the adduct complexes 
may well compete with each other. 

3.1. Evaluation of the bond dissociation energies of 
Fe(L) ÷ complexes 

As already mentioned, one crucial parameter which 
will determine the products of the ion-molecule reac- 

tion of Fe(L) z with 1 is BDE(L-Fe+). Although for 
some of the ligands under study quite accurate absolute 
BDEs are reported in the literature, the approach ap- 
plied here for the estimation of the activation barrier 
associated with dehydrogenation of 1-Fe z (see below) 
requires even more precise information on the relative 
BDEs of the various ligands. Therefore, before consid- 
ering the ion-molecule reactions of Fe(L) ÷ complexes 
with 1, we address the relative Fe ÷ affinities of the 
ligands from which approximate absolute BDEs can be 
evaluated by anchoring this scale to an absolute value. 

The relative BDEs (Table 1) were determined from 
the intensities of the fragment ions resulting from uni- 
molecular ligand losses of L and L' from mixed bis- 
ligand complexes of the type Fe(L)(L') + according to 
Cooks' kinetic method [32]. The ABDEs derived by 
this approach are internally consistent. For example, for 
Fe(CO) z and Fe(C2H4 )+ a ABDE of 3.3 + 0.2 kcal 
mol-1 is derived from the couple F e ( C O ) ( C 2 H 4 ) + ;  this 
number is in good agreement with the value of 3.4 + 0.4 
kcal mol -I as obtained by combining the data of 
F e ( C H 2 0 ) ( C 2 H 4  )+  and Fe(CO)(CH20) +. As far as the 
internal energy of the ions is concerned, the effective 
temperatures of collisionally activated proton-bound 
dimers have been derived from comparison of measured 
ABDEs with well-known literature values for the corre- 
sponding proton affinities [32c,d]. However, this ap- 
proach is not applicable in our system owing to the lack 
of a reliable, large enough set of absolute BDEs; for 
example, the most recent and accurate absolute BDEs 
for Fe(C2H4) ÷ and Fe(C3H6 )+ [30d] are identical 
within experimental error which not only is counterintu- 
itive but also contradicts the present findings for 
F e ( C 2 H 4 ) ( C 3 H 6  )+.  F o r  the time being, we are left to 
rely on the simple assumption that the internal energy 
distribution of the metastable ions generated by chemi- 

Table 2 
Approximate ligand bond dissociation energies BDE(L-Fe +) (kcal mol - l  ) as calculated from the relative values given in Table 1 and literature 
values for comparison. For the evaluation of the data, BDE(C 2 H4-Fe ÷) = 34.5 kcal mol- t  [30d] was used as anchor point a 

Fe(L) ÷ This work b Literature 

Fe(H20) + 30.8 -I- 0.2 30.6 4- 1.1 [30d] 
Fe(CO) + 31.2 + 0.2 31.3 + 1.8 [30d] 
Fe(CH 20) ÷ 33.4 + 0.2 
Fe(C 2 H4) ÷ 34.5 [30d] 34 + 2 [37]; 34.5 + 1.4 [30d] 
Fe(CH3CHO) + 35.7 + 0.3 
Fe(C3H6 )+ 37.0 + 0.3 37 + 2 [37]; 34.3 + 1.6 [30d] 
Fe(C 2 H2) ÷ 38.0 + 0.5 32 + 6 [38], = 37 [39] 
Fe(i-C4 Hs) ÷ 39.1 + 0.5 
Fe(CH3CN) + 41.3 + 0.7 
Fe(C3D60) ÷ 41.4 -I- 0.7 
Fe(C4H6) + 43.4 -I- 1.0 48 -11- 5 [2a] 
Fe(C6H6 )+ 48.6 + 2.0 55 + 5 [2a] a 

a Differences between deuterated and non-deuterated ligands and entropy effects were neglected, b Experimental errors range from -I-0.3 to -I-2 
kcal mol - t  , depending on the errors of ABDE as determined by applying Cooks' kinetic method (Table 1), however, the absolute error may be 
larger and it relies completely on the accuracy of the anchor point as well as on the definition of temperature. ~ For a theoretical study, see Ref. 
[401. 
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cal ionization corresponds to the ion source temperature 
(473 K). 

In order to convert the ABDEs to absolute BDEs, it 
is necessary to relate the Fe + affinity scheme to a 
reference; for this purpose, BDE(C2H4-Fe +) = 34.5 
kcal mol-1 from Ref. [30d] was taken as an anchor 
point. As demonstrated by the data shown in Table 2, 
the BDEs obtained using this approach compare well 
with previous experimental findings. Moreover, for 
Fe(CO) ÷ and Fe(C2H4 )+ the assumption of an effec- 
tive ion temperature of 473 K leads to ABDE = 3.3 
kcal mol- ~ which agrees well with the difference of 3.2 
kcal mol-I for the absolute BDEs of Fe(CO) ÷ and 
Fe(C2H4) + as reported by Armentrout and Kickel [30d]. 
In principal, Cooks' kinetic method only permits mea- 
surements of ABDE < 5 kcal mol -~, since for larger 
JBDE the experimental errors associated with intensity 
measurements as well as interferences with background 
gases in the mass spectrometer become too large. 
Therefore, in order to cover a wider range of BDEs the 
data have to be evaluated in a stepwise manner with the 
consequence that the experimental errors accumulate 
with the distance from the anchor point. Furthermore, 
with increasing BDEs of the ligands and also with 
increasing ligand sizes the internal energy content of the 
metastable Fe(L)(L') + complexes may rise to higher 
effective temperatures which will directly affect the 
estimated ABDE. As a case in point, we would like to 
refer to the enormous kinetic shifts in the unimolecular 
dissociation of fullerene cations [41]. Therefore, the 
quoted accuracy of +2.0 kcal mol -l  for BDE(C6H 6- 
Fe z ) does not include systematic errors which may 
arise from the definition of ion temperature, entropy 
effects, the occurrence of competing processes such as 
ligand coupling with subsequent fragmentation of the 
r~ew complexes (e.g. C2H 4 loss from Fe(C3Hr)(i- 
C4H8)+), as well as the anchor point chosen. In addi- 
tion, this value relies on a single (and extreme) ratio of 
240 for Fe(C6H6)(C4H6 )+. Because of these sources of 
systematic errors, the disagreement between BDE- 
(C6H6-Fe +) = 48.6 + 2.0 kcal tool -1 as derived in this 
work and the literature value of 55 ___ 5 kcal mol- J [2a] 
,hould not imply that only one of the two values is 
correct; rather, it emphasizes the need for more precise 
~ibsolute metal ligand binding energies in order to assess 
the reliability of the different experimental approaches. 
In fact, the BDE of Fe(CrH6) ÷ derived in this study is 
~n reasonable agreement with a very recent determina- 
tion of BDE(C6H6-Fe +) = 51.4 + 2 kcal mol -I by 
~,rmentrout and coworkers [42]. 

3.2. Ion-molecule reactions of Fe(L) ÷ with 
C 3 n 7 COC s H e (1) 

Basically, under FTICR conditions the products of 
the ion-molecule reactions of Fe(L) ÷ with 1 can be 

I.-L 2. - H2 J(~ ) 
I. - H 2 2.y ": 

4N'e* 

o 
r-eO.) • ÷ /-,,v/l,,,./,.~, 

I 

i 

"LI(~ 

0 7Fe+ 

l~.e ÷ 

o./Fe(L]+ 

I~--~(I.) ÷ 

t~ar~ ~auet 
Funetloaall~ Exchange Forma~ 

Scheme 3. 

classified in terms of three principal reaction products 
(Scheme 3). (i) Two reaction pathways (path a) may 
lead to the formation of the dehydrogenation product 
4-Fe ÷. Either ligand exchange of L for 1 to yield 
excited 1-Fe + is followed by rapid dehydrogenation 
via remote functionalization, or dehydrogenation occurs 
within the excited encounter complex 1-Fe(L) ÷ and, 
subsequently, the ligand L is lost. (ii) Ligand exchange 
of L for 1 may lead to stable 1-Fe ÷ (path b). (iii) The 
excited adduct complex 1-Fe(L) ÷* might undergo ei- 
ther radiative stabilization to yield stable 1-Fe(L) ÷ or 
remote functionalization leading to dehydrogenation 
and/or alkene losses, but not that of the ligand L, such 
that 4-Fe(L) ÷ and 6-Fe(L) ÷ are formed as reaction 
products. For the sake of clarity, the intensities of these 
products will be summed and assigned as adduct forma- 
tion (path c). Experimentally, except for bare Fe + itself 
(see above) and the acetylene complex Fe(C 2 H2) ÷ (see 
below) no further reaction products than 1-Fe +, 4-Fe ÷, 
1-Fe(L) ÷, 4-Fe(L) ÷ and 6-Fe(L) ÷ are observed. 

For all Fe(L) ÷ complexes under study, the additional 
ligand L does not alter the regioselectivity of the Fe ÷- 
mediated bond activations of 1, since dehydrogenation 
to yield 4-Fe ÷ or 4-Fe(L) ÷ as well as alkene losses to 
yield 6-Fe + or 6-Fe(L) + involve the terminal positions 
exclusively, i.e. l a  leads only to H2-HD and C2H 4- 
C2H2D 2 losses respectively, whereas no products of 
C-D bond activation are observed for lb.  Thus, the 
reaction products can be described in terms of the 
remote functionalization mechanism depicted in Scheme 
1 for Fe ÷ as well as for Fe(L) ÷. Not surprisingly, in the 
reaction of Fe(L) ÷ with 1 C-C  bond activation leading 
to unligated 6-Fe ÷ is completely suppressed, reflecting 
the substantially higher energy demand of C -C  bond 
activation as compared with C - H  bond activation en 
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route to dehydrogenation [6b,19]. While this energy is 
available in the ion-molecule reaction of the bare metal 
ion, part of it is consumed by the energy required to 
evaporate the ligand L from the encounter complex 
I-Fe(L) ÷* when Fe(L) ÷ complexes react (Fig. 1). 
Moreover, the data in Table 3 display a clear depen- 
dence of the product distribution on the relative BDEs 
of the Fe(L) ÷ complexes: with increasing BDEs the 
relative abundances of the ligand exchange channel as 
well as of the adduct complexes increase at the expense 
of the dehydrogenation pathway to yield 4-Fe ÷. Like- 
wise, the magnitudes of the KIEs kn2/kno associated 
with formation of 4-Fe + rise from 1.9 for bare Fe + to 
2.9 for acetone-Fe +, which agrees well with the con- 
clusion that the internal energy content of rovibra- 
tionally excited 1-Fe + decreases with increasing BDEs 
of the ligands L in the Fe(L) + complexes which served 
as precursors in the ligand exchange reaction. Further- 
more, the KIE kH2/krw = 2.7 associated with the uni- 
molecular dissociation of metastable 1-Fe + [6b,13] 
supports the assumption that the internal energy content 
of ionic transition metal complexes sampled in 
metastable ion spectra in the microsecond timeframe is 
significantly lower than BDE (1-Fe +). 

However, the product distribution for two of the 
Fe(L) + complexes clearly deviates from this trend, 
namely the complexes of the highly unsaturated hydro- 
carbon ligands Fe(C2H2) + a n d  Fe(C4H6 )+. For the 
butadiene complex, Fe(C4H6) +, the dehydrogenation 
product 4-Fe  + is formed exclusively, and the kinetic 
isotope effect associated with its formation is rather 
low, i.e. kH2/kHo = 1.6. For the acetylene complex 

/ ~15% , Fe(CrH120) + ÷ C2H4 
O 30% Fe(CsHsO)* + C4H 8(Or2C2H4) 

Fe(C2H2) + + C3HT(~C3H 7 ~ Fe(CsH8) + + .C4HsO. 

1 ~ Fe(C4He) + + "CsHIoO" 

Scheme 4. 

Fe(C2H2) + the situation becomes even more complex 
in that C-C bond activation also takes place (Scheme 
4). Consequently, these ligands do not serve as mere 
"spectator" ligands which just mediate the reactivity of 
the metal ion; rather, they participate actively in pro- 
moting new reactions. For example, the butadiene lig- 
and in Fe(C4H6) ÷ serves as an acceptor for the hydro- 
gen being released via Fe+-mediated remote functional- 
ization of the ketone [19a,43]; this process has also been 
referred to as transfer hydrogenation [44]. Thus, while 
C -H  bond activation of the terminal positions still takes 
place [45], the energetics are changed drastically, since 
the butadiene is hydrogenated to butene in the course of 
the reaction, and the heat of hydrogenation ( - 29.5 kcal 
mo1-1) is dissipated as internal energy over the whole 
system. As a consequence the KIE kH2/kHD associated 
with the formation of 4-Fe ÷ decreases to 1.6. For the 
acetylene ligand, the products of the reaction of 
Fe(CzH2) + with 1 demonstrate that not only transfer 
hydrogenation takes place (C2H 2 ~ C2H4), but in ad- 
dition new C-C bonds between acetylene and parts of 
the ketone moiety are formed as demonstrated by the 
appearance of the products Fe(CsH8) + and Fe(C4H6 )+. 
Similar ligand coupling processes with dienes and 
alkynes have been reported previously [46] and will 

Table 3 
Branching ratios of  the three basic reaction channels for the ion-molecule reaction of ligated Fe ÷ cations with [1,1,1-D3]-4-heptanone; for 
notation, see Fig. 1 and Scheme 3 (data normalized to 100%) 

BDE(Fe+-L)  Adduct complexes b Ligand exchange Combined losses KIE associated with 
(kcal mol -z ) a 1-Fe(L)  +, 4-Fe(L)  +, 1 -Fe  ÷ o f L  + H 2 formation of  4 - F e  +c 

6-Fe(L)  + 4 - F e  + 

Fe + __ __ 0 __ d 76 d.e 1.9 

Fe(H20) + 30.8 2 98 2.7 
Fe(CO) + 31.2 1 99 2.5 
Fe(CH 2 O) ÷ 33.4 3 97 2.6 
Fe(C 2 H 4) + 34.5 6 35 59 2.7 
Fe(CH 3CHO) ~ 35.7 15 35 50 2.8 
Fe(C 3 H 6) + 37.0 12 36 52 2.8 
Fe(C 2 H2) + 38.0 35 e 2.8 
Fe(i-C4Hs) + 39.1 27 30 43 2.9 
Fe(CH3CN) + 41.3 16 + 6 6  f 7 11 2.8 
Fe(C~H~O) + 41.4 25 + 4 9  g 13 13 2.9 
Fe(C 4 H 6 ) + 43.4 100 1.6 
Fe(CrHr)  + 48.6 100 

a See Table 2. b Unless mentioned otherwise, the given intensity refers to that of  1-Fe(L)  +. c The experimentally measured ratio of 
[ ( l a -Fe  ÷ ) - H  2 ]+ to [ ( l a - F e + ) - H D ]  ÷ has been corrected for the natural abundance of  the 13C isotopes; experimental uncertainty, 5: 0.1. d On 
principal grounds these processes are impossible for unligated Fe+; the entry in the fifth column refers to dehydrogenation to yield 4 - F e  ÷. e In 
addition, also C - C  bond activation processes, consecutive fragmentations, and for Fe(C 2 H 2)* also ligand coupling take place (Scheme 4). t This 
notation indicates that 16% adduct formation and 66% remote functionalization within the adduct complexes are observed (Scheme 5). ~ For 
notation, see footnote f. 
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therefore not be pursued further. The fact that acetylene 
and butadiene do not act as mere spectator ligands 
excludes these ligands from the comparison of the effect 
of BDE on the ion-molecule reactions of Fe(L) ÷ com- 
plexes with 1. 

For L = CH3CN and C3H60, also C-H and C-C 
bond activation of the ketone without accompanying 
loss of the ligands is observed in that dehydrogenation 
of the adduct complexes (1-Fe(L) + ~ 4-Fe(L) ÷ + H z) 
and alkene losses (1-Fe(L) ÷ --* 6-Fe(L)+ + C2H 4) from 
the terminal positions take place (Scheme 5). These 
bond cleavage processes involve the terminal positions 
~f the ketone exclusively, since only H J H D  and 
C2Ha/C2HzD2 are lost when la  is allowed to react 
with these two Fe(L) ÷ complexes and only H I and 
C2H 4 are formed in the reaction of the [a ,a ' -D 4] 
~sotopologue lb  with Fe(L) + (L = acetonitrile, acetone). 
Although these processes can therefore still be de- 
scribed in terms of the remote functionalization concept 
(Scheme 1), the energetics as well as the rate-determin- 
ing steps differ substantially from those of the unligated 
l -Fe  + complexes. For example, in the reactions of 
Fe(CH3CN) + and Fe(C3H60) + with 1 the ratio be- 
tween C-H and C-C bond activation is reversed to 
27 : 73 and 35 : 65 respectively, as compared with 76: 24 
for the reaction of bare Fe + with 1 and 80:20 for the 
dissociation of metastable 1-Fe +. Furthermore, for L = 
CH3CN and C3I"I60 the kinetic isotope effects kn2/kHo 
associated with dehydrogenation within the ligand com- 
plexes to yield 4/Fe(L) ÷ decrease to 2.0 and 2.3 
respectively, while simultaneously those for the alkene 
losses increase to 2.2 and 2.3 respectively, as compared 
with the reaction of the bare Fe ÷ [13b]. Indeed, the 
larger KIEs associated with alkene losses in the reaction 
of 1 with Fe(L) ÷ indicate that the rate-determining 
steps of C-C bond activation differ substantially from 
those derived for the reaction of the unligated Fe +. As 
far as the change in the branching ratio of H 2 vs. C2H 4 
losses is concerned we propose that the dehydrogena- 
tion channel is disfavoured on energetic grounds: for a 
series of transition metal complexes the first and the 
~econd metal-ligand binding energies BDE(L,M ÷- 
L; n = 0, 1) are quite similar, and in several cases 
BDE(LM÷-L) even exceeds BDE(M+-L), whereas on 
further increase of the coordination number the BDEs 
decrease significantly [30d,47]. Therefore, to a first 

approximation 4-Fe + will experience a larger stabiliza- 
tion by the C-C double bond formed in the dehydro- 
genation process as compared with ligated 4-Fe(L) +. 
As a consequence, dehydrogenation of 1-Fe(L) + will 
be less exoergic than that of 1-Fe + itself, whereas the 
reaction enthalpy of the C-C loss channel will hardly 
be affected. In addition to this thermodynamic reason- 
ing, kinetic factors are likely also to play a role in the 
partitioning of the C-H and C-C bond activation chan- 
nels; however, these effects cannot be assessed from the 
present set of data. 

Despite these mechanistically intriguing changes, the 
occurrence of dehydrogenation as well as alkene losses 
in the reactions of Fe(L) + with 1 demonstrates that 
remote functionalization is not limited to the interaction 
of a bare metal cation with an organic substrate; even 
additional ligands do not prevent C-H and C-C bond 
activation from occurring via this mechanism. We note 
in passing that dehydrogenations of bisligated com- 
plexes of the type 1-Fe(L)~" (L = 1, 4) have been 
observed [16a], although these processes proceed signif- 
icantly more slowly as compared with the reactions 
described here. 

3.3. Activation barrier associated with dehydrogenation 
of l -Fe  + 

In the condensed phase the height of an activation 
barrier E a of a chemical reaction is usually derived from 
the temperature dependence of the reaction rate constant 
expressed in terms of the Arrhenius equation. In gas 
phase ion chemistry this approach is often not possible 
in principle [20]. For example, in an ion-molecule 
reaction in the dilute gas phase, attractive van der 
Waals' interactions will lead to a rovibrationally excited 
encounter complex of the reactants which contains quite 
a lot of excess energy in terms of temperature, even 
when the isolated reactants were thoroughly thermal- 
ized. Moreover, there exist this further fundamental 
difference: any ion-molecule reaction in the diluted gas 
phase represents a microscopic event with a certain 
energy demand, the critical energy, for a particular 
rearrangement process, whereas the Arrhenius formal- 
ism defines a macroscopic activation barrier. Therefore, 
the precise figure for the activation barrier of remote 
functionalization should not be overinterpreted; rather, 
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it serves as a qualitative guide for the understanding of 
C -H  bond activation processes. 

One approach to experimentally estimate gas phase 
activation barriers is based on variation in the internal 
energy content ¢~ of the ion of interest. In FTICR mass 
spectrometry different internal energy contents can be 
achieved by generating rovibrationally excited 1-Fe ÷ 
via ligand exchange reactions of thermalized Fe(L) ÷ 
ions with neutral 1, where ¢~ is dependent on the BDEs 
of 1 and L to Fe ÷, i.e. ¢i < B D E ( 1 - F e + ) -  BDE(L- 
Fe +). Consequently, whenever the internal energy con- 
tent of the 1-Fe ÷ formed in this way is lower than the 
energy demand for further reactions, the complex will 
be stable as such. However, when the internal energy 
content of 1-Fe ÷ exceeds the height of the activation 
barrier associated with the energetically lowest reaction 
pathway, consecutive products from (excited) 1-Fe ÷ 
can evolve. As has been discussed above and illustrated 
in Scheme 1, for 1-Fe ÷ the dehydrogenation pathway 
corresponds to the energetically lowest-lying exit chan- 
nel. Thus, an estimate for the height of the activation 
barrier Ea(H 2) associated with dehydrogenation of 1 -  
Fe ÷ can be derived from the energy difference of 
BDE(I-Fe ÷) and BDE(L-Fe ÷) for that ligand L for 
which consecutive formation of 4-Fe ÷ via excited 1-  
Fe + takes just place, i.e. 1 + Fe(L) +-~ 1-Fe(L) +" --* 
1-Fe+ + L ~ 4-Fe+ + H 2 + L. 

In practice, the situation is not that straightforward, 
since formation of 4-Fe  + can occur via two different 
routes, i.e. either with or without the ligand L (Fig. 1). 
Therefore, the occurrence of 4-Fe  + as such in an 
ion-molecule reaction of 1 with Fe(L) + is not indica- 
tive of the height of Ea(H2). As the most illustrative 
example we would like to refer to the reaction of 
F e ( C 4 H 6  )+  in which, despite the high BDE of the 
butadiene ligand, 4 -Fe  + is formed exclusively which is 
due to transfer hydrogenation and concomitant forma- 
tion of butene. However, what is indicative of the 

magnitude o f  Ea(H 2) is the formation of stable 1-Fe+: 
in terms of gas phase ion chemistry [20], the formation 
of 1-Fe ÷ from Fe(L) ÷ and 1 represents a ligand ex- 
change reaction which should not be subject to signifi- 
cant activation barriers in excess of its thermochemical 
threshold, and it should be facile and rapid if it is 
energetically allowed. Therefore, whenever ABDE of 
the ligand L and 1 is smaller than Ea(H2), ligand 
exchange to yield stable 1-Fe ÷ should compete with 
formation of 4-Fe ÷ via remote functionalization within 
the mixed bisligated complex 1-Fe(L) ÷ (Fig. I). In 
accordance with this, for the most weakly bonded lig- 
ands, L = H20, CO, and CH20, the intensity of 1-Fe ÷ 
is rather low, while it increases for the ligands with 
higher BDEs. Thus, the onset of the signal for 1-Fe ÷ 
determines that point on the energy scale at which the 
internal energy of rovibrationally excited 1-Fe + is no 
longer sufficient to induce its metastable decomposition 
to 4-Fe ÷ prior to radiative or collisional cooling. The 
intensities of the three basic reaction channels are dis- 
played in Fig. 2, and it is apparent that the onset for the 
formation of long-lived 1-Fe ÷ is at a BDE(L-Fe ÷) of 
ca. 34 kcal mol- i. Thus, for ligands with a BDE of less 
than 34 kcal mol-l ,  initial ligand exchange yields "hot"  
1-Fe ÷, which subsequently undergoes rapid dehydro- 
genation to yield 4-Fe ÷. For the ligands with higher 
BDEs ligand exchange to yield long-lived 1-Fe ÷ does 
take place, and we conclude that remote functionaliza- 
tion occurs within the ligand complexes, i.e. ligand loss 
succeeds dehydrogenation. Experimentally, remote 
functionalization within the ligated complexes becomes 
apparent for L = CH3CN and C3H60 as the formation 
of 4-Fe(L) ÷ and 6-Fe(L) ÷, as described above. Fi- 
nally, for the most strongly bonded benzene ligand, any 
further reactivity of Fe(C6n6 )+ with 1 is prevented and 
only adduct formation is experimentally observed. 

The suggestion that remote functionalization of the 
ketone ligand in the adduct complex 1-Fe(L) ÷ does not 

Table 4 
Neutral losses in the unimolecular dissociation of I -Fe(L)  + complexes (data normalized to 100%) a 

L H 2 C2H 4 L L + H 2 1 Other neutrals 

CO 100 
C2D4 h 2 89 9 
CH3CHO 10 5 78 5 
CH 3CN 21 43 28 5 
C3H60 25 35 31 5 
C4H 6 I 3 5 c 90 
C6H 6 l I 13 d 6 

1 
1 
I 

79 

CH 4 (2%) 
CH; (2%) 
CH; (3%) 

a The elemental composition of the neutrals was derived from comparative studies of 1, la ,  and l b  as well as the fully deuterated ligands C3D60 
and C6D 6. b C2D4 was used to distinguish ligand loss from ethene stemming from C-C bond activation of the ketone, c The precise ratio of 
1-Fe + to Fe(C4H6) + amounts to 100: l l ;  thus, according to Cooks' kinetic method, BDE(1-Fe +) - B D E ( C 4 H 6 ) =  2.1 + 0.5 kcai mo1-1, 
however, the intense side reactions may affect the analysis substantially. ~ According to Cooks' kinetic method BDE(C6H6-Fe +) - BDE(1- 
Fe +) = 1.8 :k 0.3 kcal mol-~ ; however, side reactions may also affect the analysis. 
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Fig. 2. Dependence of the product distribution of the ion-molecule 
reactions of Fe(L) ÷ ions with 4-heptanone on BDE(L-Fe ÷ ). For the 
sake of clarity, the intensities of the adduct complexes 1-Fe(L) +, 
4-Fe(L) +, and 6-Fe(L) ÷ are summed up. The arrows indicate the 
onset for the ligand exchange product 1-Fe + and BDE (1-Fe +). 
The full lines serve only to guide the eyes and should not imply a 
certain algebraic function. For the notation of the reaction channels 
and explicit data, see text and Table 3. 

occur for weakly bound ligands L is further supported 
by the unimolecular fragmentation patterns of indepen- 
dently generated mixed bisligated complexes 1-Fe(L) ÷ 
(Table 4): whereas for L = CO, ligand loss is observed 
exclusively, for the ligands with higher BDEs losses of 
H 2 and C2H 4 without loss of the ligand take place (i.e. 
I -Fe (L)  ÷ ~  4-Fe(L)  ÷ +  H2 and 1-Fe(L)  ÷ ~  6 -  
Fe(L)++ C2H4), and these processes gain in intensity 
proceeding from L = C2D 4 to C3H60.  Similar to the 
FFICR experiment, in the unimolecular dissociation of 
the butadiene complex transfer hydrogenation takes 
place, such that the combined loss of CaH6-H 2 domi- 
nates. The benzene complex 1-Fe(C6n6 )+ is almost 
unreactive in that simple ligand losses dominate. Fi- 
nally, we can once again apply Cooks' kinetic method 
for the evaluation of the unknown BDE(1-Fe+): from 
the relative abundances of the unimolecular losses of 
the hydrocarbon ligands and those of 1 from 1-  
Fe(CaH6 )+ and 1-Fe(C6H6 )+, an estimate of BDE(1- 
Fe z) = 46 kcal mo1-1 is obtained. 

Let us summarize the experimental findings and the 
values used in constructing Fig. 1. (i) When excited 
1-Fe z is formed in a ligand exchange reaction of 1 
with Fe(L) ÷ complexes with BDE(L-Fe ÷) < 34 kcal 
mol -~, the species is too hot to survive long enough 
prior to ion detection on the millisecond timescale of 
F r lCR mass spectrometry. (ii) For ligands with larger 
BDEs, formation of stable l - F e  ÷ and remote function- 
alization within the adduct complexes 1-Fe(L) ÷ com- 
pete with each other. (iii) According to Cooks' kinetic 
method BDE(1-Fe ÷) amounts to ca. 46 kcal mol - ' .  
Combining these findings, we can conclude that the 
activation barrier associated with dehydrogenation of 
1-Fe + amounts to ca. 12 kcal mol -I .  Even if we 

assume BDE(C6H6-Fe +) = 55 kcal mo l - ' ,  as derived 
by Freiser and coworkers [2b], the activation barrier 
associated with dehydrogenation of 1-Fe  z would not 
exceed 20 kca l -mol - ' .  Furthermore, this figure repre- 
sents an upper limit for the height of the barrier, since 
other cooling processes which may eventually lead to 
stabilization of 1-Fe + were not considered, e.g. energy 
uptake by the evaporated ligand. 

Although one might argue about the accuracy of the 
activation barrier obtained by this approach, it is appar- 
ent that the energy demand for the FeZ-mediated C - H  
bond activation and subsequent dehydrogenation of 4- 
heptanone is surprisingly small. Such low activation 
barriers are in accord not only with the high regiospeci- 
ficity in the FeZ-mediated remote functionalization of 
ketones [13] and the observation of consecutive neutral 
losses from metastable ketone-Fe z complexes [6b], but 
also with the previously reported observation of di- 
astereospecific C - H  bond activation [7,16] and the op- 
eration of an Ingold-Thorpe effect in the dehydrogena- 
tion of ketone-Fe z complexes [17]. In particular, the 
subtle steric effects which are involved in the two latter 
experiments are due to small energy differences not 
exceeding a few kilocalories per mole; thus, they will 
only become apparent when the activation barrier asso- 
ciated with dehydrogenation is small, since otherwise 
these tiny energetic differences would not matter. 

As has been demonstrated in previous studies, the 
energy demand for the dehydrogenation of ketones with 
alkyl chains larger than propyl is even more facile 
[6a,16]. Therefore, it is not surprising that the genera- 
tion and mass selection of unreacted ketone-Fe ÷ com- 
plexes with ketones bearing larger side chains can hardly 
be achieved under FTICR conditions [19a]. Moreover, it 
becomes questionable whether these ions are stable 
towards collisions with the thermalizing buffer gas (e.g. 
argon). Indeed, all our efforts to mass select thermalized 
2-hexanone-Fe ÷ were always accompanied by signifi- 
cant dehydrogenation to yield the corresponding 5- 
hexen-2-one-Fe ÷ complex, which may be traced back 
to the intrinsic reactivity of the complex and /o r  the 
mass selection procedure [16a,19a]. Moreover, even the 
detection of an ion with such a low threshold towards 
fragmentation may become difficult under the experi- 
mental conditions, since dehydrogenation products may 
also be formed during ion excitation and detection. For 
this reason we did not extend our experiments to larger 
substrates, and we conclude that the energy demands for 
FeZ-mediated dehydrogenation of ketones bearing even 
longer alkyl side chains are even lower as compared 
with that of 4-heptanone. Finally, the finding that in the 
unimolecular dissociation of metastable 1-Fe(CO) ÷ de- 
hydrogenation is not observed indicates that the CO 
ligand raises the activation barrier for bond activation 
substantially, such that only loss of the ligand, but not 
that of H 2, is observed experimentally. 
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4. Conclusions 

Hitherto, not many experimental studies have ad- 
dressed the effects of ligation on a particular gas phase 
ion-molecule reaction in great depth and in a system- 
atic manner. As born out in this study, the additional 
ligands may cause two quite opposite effects: either the 
ligand simply acts as a spectator ("innocent" ligand) 
which moderates the intrinsic reactivity of the bare 
metal ion in terms of energetics, but does not drastically 
change the reaction mechanisms and regioselectivities, 
or the ligand is actively involved in the reaction and 
promotes and participates in new chemical transforma- 
tions. In the present study the acetylene and the butadi- 
ene ligands belong to the latter category in that they 
serve as acceptors for the hydrogen atoms being re- 
leased by Fe+-mediated C - H  bond activation of 4- 
heptanone. Further studies on the role of the functional 
group, e.g. ketones vs. nitriles, on the gas phase chem- 
istry of transition metal ions are indicated. 

With respect to the use of isotopic labelling, our 
approach bears a different intention as compared with 
most of the previous gas phase organometallic studies in 
that the KIE is not used to examine the reaction mecha- 
nism of metal-mediated dehydrogenation itself. Instead, 
the KIE associated with H2-HD losses is used to 
monitor the occurrence of side reactions which would 
prevent the application of the ligand exchange reaction 
scheme used here, its energetic considerations in partic- 
ular. Moreover, the present study demonstrates how 
data from unimolecular dissociation of metastable ions 
in a tandem mass spectrometer can be fruitfully com- 
bined with results of ion-molecule reactions in a FTICR 
instrument. Thus, albeit these experimental approaches 
are indeed quite different, they complement each other 
quite well [ 18,19a,22a]. 

Finally, the fact that remote functionalization of hy- 
drocarbon backbones by metal cations is associated with 
a small activation barrier and is not completely impeded 
by additional dative ligands opens up the fascinating 
perspective to realize regioselective metal-mediated 
functionalization of remote C - H  in the condensed phase 
and may stimulate further research. 
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