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Abstract: The reactions of gas-phase Fe+ with n-pentanenitrile and several deuterium-labeled isotopomers have been studied 
together with low-energy collision-induced dissociation (CID) of Fe(C4H9CN)+ complexes, employing Fourier transform ion 
cyclotron resonance (FTICR) spectrometry. While loss of H2 is due to remote functionalization, ethylene is produced from 
internal positions, generating CH3-Fe+-CH2CN, an isomer of Fe(CH3CH2CN)+. Loss of propene is also observed in low 
abundance, producing an iron-acetonitrile complex. All three processes are in competition with the formation of the ferra-

i i 

cyclobutane complex Fe(CH3)(CN)CH2CH2CH2
+, which, upon reopening, brings about equilibration of the a and (w - 1) 

positions, thus affording a specific, degenerate isomerization of the Fe(C4H9CN)+ collision complex. Collision-induced dissociation 
experiments with isotopomeric reaction products were performed, which provided structural information and revealed the positions 
of the deuterium atoms after the degenerate isomerization. 

Introduction 
The ability to active C-H or C-C bonds in organic substrates 

is a prerequisite for the functionalization of alkanes. Despite the 
many improvements that have been made recently, our knowledge 
on the mechanistic details, and the electronic/steric requirements 
that have to be met in order to design proper catalysts for such 
reactions, is still rather poor.1,2 Gas-phase studies with bare 
transition-metal ions are therefore conducted to improve our 
understanding of the intrinsic metal properties, such as bond 
dissociation energies, without the necessity to account for all the 
complications that arise from the presence of solvent, additional 
ligands, and counterions in the condensed phase.3 The isolated 
metal ions offer the opportunity to probe the principal ability of 
certain transition-metal-containing complexes for oxidative ad­
ditions to C-H or C-C bonds, or for the formation of some 
reaction intermediates that might not be detectable under the 
reaction conditions of ordinary catalytic studies due to rapid 
decomposition. We believe that for a better understanding of the 
gas-phase reactions it is vital to deconvolute the instrumental 
influence (sector versus ICR, for example) as much as possible 
to obtain the inherent chemistry of the systems under investigation. 

We have already shown that two completely different ap­
proaches such as ion/molecule reactions of bare metal ions M+ 

with neutral substrates S in a Fourier transform ion cyclotron 
resonance (FTICR) mass spectrometer4 and metastable or col­
lision-induced decompositions of adduct complexes M(S)+ in a 
sector-field instrument can indeed be compared if some restrictions 
are kept in mind.5,6 This first study, a more general comparison 
of several different metal ions with various substrates, was later 
deepened by a detailed examination of the branching ratios that 
are observed in the case of labeled compounds. Good to excellent 
agreement between both instrumental approaches could be noted 
for the label distributions of individual neutral losses even in cases 
where differences in the branching ratios for competing reaction 
channels were present.7 Still, different research groups, active 
in the field of organometallic chemistry, might not only arrive 
at slightly divergent results due to the instruments used, but also 
because of different operating conditions which may arise out of 
some habits that are not recognized as such. Only if the same 
results are obtained in different approaches, can one feel more 
convinced that, e.g., the metal ions are in their electronic ground 
state and are kinetically not excited. A further comparison was 
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therefore initiated whereby instruments of the same principle, viz 
two FTICR spectrometers, were employed. The FTICR in Purdue 
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Table I. Products That Arise from the Reaction of Fe+ with 
n-Pentanenitrile (1)" 

instrumental method 

TU Berlin FTlCR 
Purdue FTICR 
MI OfI-Fe+4' 

H2 

76 
80 
75 

C2H4 C3H6 

23 1 
20 <1 
21 <1 

"Data are given in 2 products = 100%. 'For experimental data, see 
ref 9. Mn addition, 4% ligand detachment (Fe+) are also observed. 

is of conventional design, while the Berlin group uses an instrument 
with an external ionization source so that a comparison deemed 
appropriate. We also wanted to further the comparison between 
FTICR and sector-field instruments, metastable ion yields, and 
low-energy collision-induced dissociation (CID) results, and hence 
a system was chosen for study that seemed well-understood. 

In gas-phase organometallic chemistry, model systems are 
employed that can be systematically varied so that the influences 
of the metal ion itself, or of substituents as well as further 
functionalities in the substrate, can be distinguished. Probably 
one of the best studied systems is that of nitriles and their reactions 
with bare metal ions,3k~m'7~" and it is only for this system that 
the variation principle has been consequently applied and a large 
amount of data has been collected. Especially the behavior of 
linear nitriles was thought to be well understood as these com­
pounds represent the starting point of our efforts with the nitrile 
model system at the TU Berlin. It seemed therefore obvious to 
choose an example from the n-alkanenitriles for the purpose of 
the comparison. In the course of these studies, we then came across 
some rather unexpected findings that resulted exclusively from 
the chemistry of the model system chosen and that represent 
important observations in their own right. Two hidden degenerate 
isomerizations were discovered, and one proceeds via a ferra-
cyclobutane intermediate. As metallacyclobutanes are proposed 
as intermediates for olefin metathesis,'2 for the cyclopropanation 
of alkenes,13 in transition-metal-catalyzed rearrangements of 
strained carbocyclic rings,14 and for the polymerization of alkenes 
by Ziegler-Natta catalysts,15 the principal ability of iron (formally 
Fev in the proposed structure) to form such a metallacycle may 

(4) Reviews: (a) Gross, M. L.; Rempel, D. L. Science 1984, 226, 261. (b) 
Marshall, A. G. Ace. Chem. Res. 1985, 18, 316. (c) Baykut, G.; Eyler, J. R. 
Trends Anal. Chem. 1986, 5, 44. (d) Buchanan, M. V. Fourier Transform 
Mass Spectrometry; ACS Symposium Series 359: American Chemical So­
ciety. Washington, DC, 1987. (e) Freiser, B. S. In Techniques for the Study 
of Ion-Molecule Reactions; Farrar, J. M., Saunders, W. H„ Jr., Eds.; Wi­
ley-Interscience: New York, 1988; p 61. (0 Wanczek, K. P. Int. J. Mass 
Spectrom. Ion Processes 1989, 95, 1. (g) Wilkins, C. L.; Chowdhury, A. K.; 
Nuwaysir, L. M.; Coates, M. L. Mass Spectrom. Rev. 1989, 8, 67. (h) 
Marshall, A. G.; Verdun, F. R. Fourier Transform in NMR, Optical, and 
Mass Spectrometry; Elsevier: Amsterdam, 1990; Chapter 7. (i) Laude, D. 
A., Jr.; Johlmann, C. L.; Brown, R. S.; Weil, D. A.; Wilkins, C. L. Mass 
Spectrom. Rev. 1986, 5, 107. 

(5) Eller, K.; Schwarz, H. Int. J. Mass Spectrom. Ion Processes 1989, 93, 
243. 

(6) See also: (a) Freas, R. B.; Ridge, D. P. J. Am. Chem. Soc. 1980, 102, 
7129. (b) Larsen, B. S.; Ridge, D. P. J. Am. Chem. Soc. 1984, 106, 1912. 
(c) Hanratty, M. A.; Beauchamp, J. L.; lilies, A. J.; Bowers, M. T. J. Am. 
Chem. Soc. 1985, 107. 1788. (d) Hanratty, M. A.; Beauchamp, J. L.; lilies, 
A. J.; van Koppen, P.; Bowers, M. T. / . Am. Chem. Soc. 1988, HO, 1. 

(7) Eller, K.; Zummack, W.; Schwarz, H. J. Am. Chem. Soc. 1990, 112, 
621. 

(8) Lebrilla, C. B.; Schulze, C; Schwarz, H. /. Am. Chem. Soc. 1987, 109, 
98. 

(9) Czekay, G.; Drewello, T.; Eller, K.; Zummack, W.; Schwarz, H. Or-
ganometallics 1989, 8, 2439. 

(10) (a) Lebrilla, C. B.; Drewello, T.; Schwarz, H. J. Am. Chem. Soc. 
1987, 109, 5639. (b) Prusse, T.; Lebrilla, C. B.; Drewello, T.; Schwarz, H. 
J. Am. Chem. Soc. 1988, UO, 5986. (c) Prusse, T.; Drewello, T.; Lebrilla, 
C. B.; Schwarz, H. J. Am. Chem. Soc. 1989, / / / , 2857. (d) Czekay, G.; 
Drewello, T.; Schwarz, H. J. Am. Chem. Soc. 1989, / / / , 4561. (e) Lebrilla, 
C. B.; Drewello, T.; Schwarz, H. Organometallics 1987, 6, 2450. (f) Eller, 
K.; Schwarz, H. Organometallics 1989, 8, 1820. (g) Drewello, T.; Eckart, 
K.; Lebrilla, C. B.; Schwarz, H. Int. J. Mass Spectrom. Ion Processes 1987, 
76, Rl. (h) Lebrilla, C. B.; Drewello, T.; Schwarz, H. Int. J. Mass Spectrom. 
Ion Processes 1987, 79, 287. (i) Czekay, G.; Eller, K.; Schroder, D.; Schwarz, 
H. Angew. Chem., Int. Ed. Engl. 1989, 28, 1277. G) Hasselbarth, A.; Prusse, 
T.; Schwarz, H. Chem. Ber. 1990, 123, 209. 

(11) Stepnowski, R. M.; Allison, J. Organometallics 1988, 7, 2097. 

0) 
O 
C 
O 

X) 
C 

.O 

< 

O) 

U FeC4HgCN+ 

n - H 2 

• - C 2 H 4 

-H 7 , -HCN 

1.0 2.0 3.0 

Energy c o m (eV) 

Figure 1. Collision-induced dissociation of Fe(H-C4H9CN)+ (1-Fe+) with 
continuous ejection of Fe+ as a function of center-of-mass energy. 
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give some useful hints that might reach far beyond the particular 
example discussed in the following.16 For example, the existence 
of positively charged ferracyclobutane intermediates in alkene 
cyclopropanations with [Cp(CO)2Fe=CRR']+ has not unam­
biguously been determined or ruled out. They may or may not 
be involved albeit after the transition state,133 although recent 
results favor "backside closure" of the cyclopropane ring and, 
hence, would argue against their being involved.13bc Ferra-
cyclobutanes have also been invoked in the Fischer-Tropsch 
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Scheme I 
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synthesis,17 and recently, the preparation of the perfluorinated 

complex Fe(CO)4CF2CF2CF2 could be accomplished.18 

Results and Discussion 

The reaction of bare Fe+ with /J-C4H9CN (1) gives rise to three 
ionic products by losses of H2, C2H4, and C3H6 (eq 1). The 

r—- FeC5H7N+ + H2 (1a) 

• FeC3H5N
 + Fe+ + 0-C4H9CN 

1 
I—» FeC2H3N+ + 

C2H4 

C3H6 

(1b) 

(1c) 

agreement between the results obtained from the two different 
FTICR spectrometers is excellent and needs no further comment 
(Table I). Similarly satisfying results were gained from the 
deuterium-labeled isotopomers of W-C4H9CN, la-d (Chart I), so 
with a view to greater clarity average values are given in the 
following, and we note that the precision is in most cases better 
than ±3% absolute. 

The product distributions observed were found to be quite 
dependent on background argon pressure. With no argon present, 
40% of the products are due to dehydrogenation, 60% due to the 
loss of ethylene, and < 1 % due to the elimination of propene. With 
argon present during the reaction, a shift is observed in the 
products formed (60% H2, 40% C2H4, and <1% C3H6). However, 
when a cooling period for the Fe+ is inserted prior to the reaction, 
an even larger change is apparent. The ratios given in the tables 
correspond to conditions whereby at higher pressures or longer 
cooling times no further changes in the product distribution are 
observed. These results indicate that the Fe+ is initially formed 
with excess energy, and, when argon is present, the Fe+ undergoes 
thermalizing collisions. This effect is already obvious when argon 
is present, but no cooling time is used, so that Fe+ is only partially 
cooled during the isolation/reaction. These experiments illustrate 
that caution must be exercised when studying laser desorbed metal 
ions. 

Low-energy CID was also performed on Fe(pentanenitrile)"1" 
complexes which were formed in secondary reactions by ligand 
displacement. Loss of the intact ligand is the major CID product. 
Therefore, Fe+ was continuously ejected during the CID process 
to increase the sensitivity to other fragments. As shown in Figure 
1, at low kinetic energies, only dehydrogenation is observed. As 
the energy is increased, in addition, loss of ethylene is observed. 
FeC4H6

+ is also formed by the dehydrogenation product subse­
quently losing HCN (see below) and arises due to multiple col­
lisions during the CID process. At higher energies, Fe+-CH3 is 
also formed, and this product is the result of the FeC3H5N+ ion 

fragmenting further (see below). Loss of propene was not observed 
to occur above 1%. The CID results may indicate that the de­
hydrogenation represents the lowest energy decomposition path­
way; this would be entirely consistent with the observed argon 
cooling effect on the ion/molecule reaction product distribution 
discussed above. 

The observed products were not altogether unexpected as it was 
already known from sector-field studies8'9 that hydrogen and 
ethylene were produced from this particular nitrile. Loss of 
propene was not observed before, which can be attributed to the 
much better sensitivity of the FTICR instrument. The 1-Fe+ 

complexes formed in the ion source of the sector-field instrument 
are of only moderate abundance so that the signal-to-noise ratio 
of the spectra was not very good. However, careful reexamination 
of the previously reported metastable ion (MI) spectrum9 of 1-Fe+ 

revealed a tiny bump in the baseline for the loss of propene which 
was not recognized as a peak before. Data for the MI spectrum 
of 1-Fe+, calculated under inclusion of the propene loss, are also 
given in Table I and here as well, very good agreement can be 
noted. 

For the primary products from eq 1, secondary and tertiary 
reactions were observed as well, eq 2-4. Except for eq 2b these 

FeC3H5N+ + /J-C4H8CN 

1 

0.84 

0.01 

FeC5H9N+ + [C3H5N] 

* - FeC6H12N+ + IC2H2N] 

0.15 
FeCgHi4N2 

0.16 

FeC5H7N+ + /J-C4H9CN — \ Q M 

FeC5H9N+ 

FeC10H16N2
+ 

FeC5H8N+ + /J-C4H9CN 

(2a) 

(2b) 

(2c) 

(3a) 

(3b) 

FeC10H16N2
+ (4) 

[C5H7N] 

reactions represent simple additions or ligand-switching processes. 
This interpretation is also in line with the results from the labeled 
compounds, and we therefore will not discuss these reactions 
further. We will, however, come back to eq 2b after the discussion 
of the FeC3H5N+ product. 

Loss of H2 and C2H4 is also observed for the higher homologues 
of 1, and labeling studies8 had revealed that the formation of these 
products could best be described by a mechanism which was 
termed remote functionalization, in analogy to the studies of 
Breslow on biomimetic systhesis." This mechanism, given in 
Scheme I, has since then been found to be quite generally ap­
plicable as it is operative for a large variety of other substrates 
as well.20 The metal ion is complexed to the cyanide group (or 

(17) (a) Hugues, F.; Besson, B.; Basset, J. M. J. Chem. Soc, Chem. 
Commun. 1980, 719. See also: (b) O'Donohoe, C; Clarke, J. K. A.; Rooney, 
J. J. J. Chem. Soc, Faraday Trans. 1 1980, 76, 345. 

(18) Karel, K. J.; Tulip, T. H.; Ittel, S. D. Organometallks 1990, 9, 1276. 

(19) (a) Breslow, R. Chem. Soc. Rev. 1972, /, 553. (b) Breslow, R. Ace 
Chem. Res. 1980, 13, 170. (c) Breslow, R.; Adams, A.; Guo, T.; Hunger, J. 
Led. Heterocycl. Chem. 1987, 9, 43. 

(20) See ref 3k-n and references cited therein. 
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Table II. Products That Arise from the Reaction of Fe+ with Labeled n-Pentanenitriles ( la-d) J 

product 
CH3CH2CH2CD2CN 

(la) 
CH3CH2CD2CH2CN 

(lb) 
CH3CD2CH2CH2CN 

(Ic) 
CD3CH2CH2CH2CN 

(Id) 

H2 

HD 
C2H4 

C2H2D2 

C3H6 

C3H5D 
C3H4D2 

C3H3D3 

81 
19 
73 
27 
83 
17 

100 

4 
96 

100 

29 
71 
25 
75 
28 
72 

b 

<2 
>98 

94 
6 

100 

'Intensities were normalized to 100% for each neutral. 'See ref 22. 

some other functionality for a different substrate) and is thus only 
able to reach some remote bonds upon folding back of the alkyl 
chain. Insertion into a C-H bond of the terminal methyl group 
generates the intermediate 3, which undergoes (3-cleavage of a 
C-H or a C-C bond, followed by reductive elimination of H2 or 
ethylene detachment. This mechanism is not operative or of minor 
importance for nitriles with a very short chain length, as the strain 
induced in 3 would be too high. This can be clearly seen from 
a comparison of the relative amount of remote functionalization 
versus simple ligand detachment, i.e., back-dissociation to Fe+ 

and the intact substrate, in the MI spectra of the Fe+ complexes 
of those nitriles.3"1-9-21 

It seemed natural to assume that in the 1/Fe+ system H2 and 
C2H4 were also produced via remote functionalization, especially 
as high-energy collision induced dissociation (CID) spectra of 
Ic-Fe+ were already reported8 to yield exclusively loss of HD and 
C2H2D2, in line with the mechanism in Scheme I. We will show 
now that, while this assumpion is indeed justified for the dehy-
drogenation, ethylene is for the special case of «-pentanenitrile/Fe+ 

produced by a completely different mechanism involving internal 
positions. The reaction products for the labeled compounds la-d 
are given in Table II. The labeling distributions found for Ic are 
clearly in contrast to the previously published data.8 Reexami­
nation of the old spectra revealed, however, that, in fact, the 
reported numbers were incorrect as the CID spectra showed loss 
of H2 and C2H4 as well. In addition, MI spectra, previously 
unpublished, prove that losses of H2, HD, C2H4, and C2H2D2 are 
also observed in sector-field studies and that no discrepancy to 
FTICR data exists. The correct isotopomer ratios, determined 
from the MI spectra, are 28% H2, 72% HD, and 31% C2H4, 69% 
C2H2D2, in very good agreement with the FTICR data. 

It is immediately obvious that while for lb and Id all reactions 
are highly specific, with 95-100% production of only one isoto­
pomer, respectivley, for la and Ic a different behavior can be 
noted. For each of the three neutrals produced, two isotopomers 
are formed, a major one that accounts for 70-80% of the products, 
and a minor one with 20-30% abundance. For la, the minor 
products correspond to the main products of Ic and vice versa. 
Thus, it inevitably follows that an intermediate must be produced 
that partly equilibrates the a and 7 position of the nitrile and 
leaves the 0 and w position unaffected. The intermediate 9 in 
Scheme II fulfills all these requirements. After formation of the 
collision complex 6 from Fe+ and 1, the reaction will in part 
proceed directly to the products, but in part also to the metallacycle 
9. In 9, the a and 7 positions are indistinguishable, and hence 
reopening of the ferracyclobutane and the reverse reaction back 
to 6 serves to equilibrate la and Ic, thus affording a degenerate 
isomerization. Whether the formation of 9 is accomplished via 
7 or 8 cannot be rigorously decided. An argument in favor of 7 
might be that we will use 7 again as an intermediate en route to 
the loss of ethylene. The very similar branching ratios of products 
formed directly from 6, and after passage through 9, for the three 
neutrals, respectively, would on the other hand speak for an in­
dependent way to 9, e.g., via 8. If 7 were the intermediate to 9 
as well, one would expect a somewhat different branching ratio 
for C2H4 compared to H2 and C3H6. As the reopening of 9 

(21) A more general discussion of this point can be found in: Eller, K.; 
Schwarz, H. Chem. Ber. 1990, 123, 201. 

Scheme II 

-Fe* J ~ = — Products 

< ./ 
CN 

% . S 

proceeds with equal probability to 6a and 6c, i.e., with CD2 in 
the a or 7 position (see Scheme III below), it can be estimated 
that ca. 50% of the products are formed directly and 50% via 9, 
i.e., if a mean value for the labeling distributions of 75 to 25% 
is used. 

In condensed-phase organometallic chemistry an ever-increasing 
number of metallacyclobutanes has been isolated and characterized 
since the discovery of the first platinacyclobutanes,23 and today 
examples are known for several different metals.24,25 This con-

(22) The spectrum of Ic, in addition to the losses of C3H6 and C3HSD, also 
contains a signal for FeC2H3N

+, which formally corresponds to loss of 
C3H4D2, the inclusion of which would result in a labeling distribution of 17% 
C3H6, 44% C3H5D, and 39% C3H4D2. Two strong arguments let us believe, 
however, that this signal is due to a trace amount of some impurity in the 
GC-purified sample. The formation of this ion is observed to be slower than 
the two other propene-loss isotopomers, which rules out a common precursor. 
Furthermore, if C3H4D2 were truely formed from Ic, this could only be due 
to an exchange with other positions in the nitrile. Yet, none of the three other 
compounds la, lb, or Id shows the corresponding exchange. 

(23) (a) Gillard, R. D.; Keeton, M.; Mason, R.; Pilbrow, M. F.; Russell, 
D. R. J. Organomet. Chem. 1971, 33, 247. (b) McGinnety, J. A. J. Orga-
nomet. Chem. 1973, 59, 429. (c) Yarrow, D. J.; Ibers, J. A.; Lenarda, M.; 
Graziani, M. J. Organomet. Chem. 1974, 70, 133. For further examples of 
platinacyclobutanes, see: (d) Jain, V. K.; Rao, G. S.; Jain, L. Adv. Organomet. 
Chem. 1987, 27, 113. (e) Puddephatt, R. J. Coord. Chem. Rev. 1980, 33, 149. 

(24) See, e.g.: (a) Collmann, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, 
R. G. Principles and Applications of Organotransition Metal Chemistry; 
University Science Books: Mill Valley, CA, 1987; Chapter 9 and references 
therein, (b) Finck, W. C; Anslyn, E. V.; Grubbs, R. H. J. Am. Chem. Soc. 
1988, 110, 2406. (c) Lee, J. B.; Ott, K. C; Grubbs, R. H. J. Am. Chem. Soc. 
1982, 104, 7491. (d) Howard, T. R.; Lee, J. B.; Grubbs, R. H. J. Am. Chem. 
Soc. 1980, 102, 6876. (e) Ephritikhine, M.; Green, M. L. H.; MacKenzie, 
R. E. J. Chem. Soc, Chem. Commun. 1976, 619. (f) Ephritikhine, M.; 
Francis, B. R.; Green, M. L. H.; MacKenzie, R. E.; Smith, M. J. J. Chem. 
SocDatton Trans. 1977, 1131. (g) Tulip, T. H.; Thorn, D. J. J. Am. Chem. 
Soc. 1981, 103, 2448. (h) Bruno, J. W.; Marks, T. J.; Day, V. W. J. Am. 
Chem. Soc. 1982, 104, 7357. (i) Bickelhaupt, F. In Organometallics in 
Organic Synthesis 2; Werner, H., Erker, G., Eds.; Springer-Verlag: Hei­
delberg, 1989; p 145. G) Feldman, J.; DePue, R. T.; Schaverien, C. J.; Davis, 
W. M.; Schrock, R. R. In Advances in Metal Carbene Chemistry; Schubert, 
U., Ed.; Kluwer Academic Publishers: Dordrecht, 1989; p 323. 
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Table III. CID Spectra of the Isotopomeric Ethylene-Loss Products Generated from Fe+ and la-d 

precursor nitrile 
ethylene 

isotopomer lost 
ion isolated 

for CID observed reactions 

CH3CH2CH2CD2CN 
la 

CH3CH2CD2CH2CN 
lb 

CH3CD2CH2CH2CN 
Ic 

CD3CH2CH2CH2CN 

Id 

C2H4 

C2H2D2 

C2H2D2 

C2H4 

C2H2D2 

C2H4 

FeC3H3D2N
+ 

FeC3H5N
+ 

FeC3H5N
+ 

FeC3H3D2N
+ 

FeC3H5N
+ 

FeC3H2D3N
+ 

FeC2D2N
+ + CH3* 

FeCH3
+ + C2D2N-

Fe+ + [C3H3D2N] 

a 
FeCH3

+ + C2H2N-
Fe+ + [C3H5N] 

FeC2H2N+ + CH3* 
FeCH3

+ + C2H2N* 
Fe+ + [C3H5N] 

FeC2D2N+ + CH3-
FeCH3

+ + C2D2N-
Fe+ + [C3H3D2N] 

FeC2H2N+ + CH3-
FeCH3

+ + C2H2N-
Fe+ + [C3H5N] 

FeC2H2N+ + CD3-
FeCD3

+ + C2H2N-
Fe+ + [C3H2D3N] 

"The signal-to-noise ratio for this particular spectrum was not sufficient to detect loss of CH3", which represents the by far smallest CID product. 

trasts the gas-phase organometallic chemistry, vhere metalla-
cyclobutanes have been invoked frequently as reaction interme­
diates,26 although a direct detection is still lacking; in fact, the 
available evidence for their formation is scarce and relies mainly 
on indirect information.27 With the present system we are 
therefore able to present another indirect demonstration for the 
viability of bare Fe+ to form ferracyclobutane structures, reaction 
intermediates that cannot be neglected a priori. 

Under consideration of the degenerate isomerization, the in­
terpretation of the dehydrogenation is straightforward. It can be 
seen from Table II that the hydrogen atoms are exclusively 
provided by the oi and 7, i.e., the (a> - 1) position, as was expected 
from the mechanism of remote functionalization (Scheme I). 

A different situation pertains, though, for the loss of ethylene. 
The degenerate isomerization somewhat hampers the interpretation 

(25) For theoretical studies on metallacyclobutanes, see: (a) Eisenstein, 
0.; Hoffmann, R.; Rossi, A. R. J. Am. Chem. Soc. 1981, 103, 5582. (b) 
Rappe, A. K.; Goddard, W. A., Ill J. Am. Chem. Soc. 1980, 102, 5144. (c) 
Rappe, A. K.; Goddard, W. A„ III J. Am. Chem. Soc. 1982, 104, 297. (d) 
Rappe, A. K.; Goddard, W. A., Ill J. Am. Chem. Soc. 1982, 104, 448. (e) 
Upton, T. H.; Rappe, A. K. J. Am. Chem. Soc. 1985, 107, 1206. (0 Rappe, 
A. K.; Upton, T. H. Organometallics 1984, 3, 1440. (g) Backvall, J.-E.; 
Bjorkman, E. E.; Pettersson, L.; Siegbahn, P. E. M.; Strich, A. J. Am. Chem. 
Soc. 1985, 107, 7408. (h) Blomberg, M. R. A.; Siegbahn, P. E. M.; Backvall, 
J.-E. J. Am. Chem. Soc. 1987, 109, 4450. 

(26) (a) Stevens, A. E.; Beauchamp, J. L. J. Am. Chem. Soc. 1979, 101, 
6449. (b) Armentrout, P. B.; Halle, L. F.; Beauchamp, J. L. J. Am. Chem. 
Soc. 1981, 103, 6624. (c) Armentrout, P. B.; Beauchamp, J. L. J. Am. Chem. 
Soc. 1981, 103, 6628. (d) Armentrout, P. B.; Beauchamp, J. L. J. Chem. 
Phys. 1981, 74, 2819. (e) Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 
1985, 107, 67. (0 Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1985, 
107, 2605, (g) Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1985, 107, 
5870. (h) Fisher, E. R.; Armentrout, P. B. / . Phys. Chem. 1990, 94, 1674. 
(i) Tolbert, M. A.; Beauchamp, J. L. J. Am. Chem. Soc. 1984, 106, 8117. (j) 
Byrd, G. D.; Burnier, R. C; Freiser, B. S. J. Am. Chem. Soc. 1982, 104, 3565. 
(k) Jackson, T. C.; Carlin, T. J.; Freiser, B. S. J. Am. Chem. Soc. 1986, 108, 
1120. (1) Chowdhury, A. K.; Wilkins, C. L. J. Am. Chem. Soc. 1987, 109, 
5336. (m) Sunderlin, L. S.; Armentrout, P. B. J. Phys. Chem. 1990, 94, 3589. 
(n) Georgiadis, R.; Armentrout, P. B. Int. J. Mass Spectrom. Ion Processes 
1989, 89, 111. (0) Huang, Y.; Wise, M. B.; Jacobson, D. B.; Freiser, B. S. 
Organometallics 1987, 6, 346. (p) Schilling, J. B.; Beauchamp, J. L. Or­
ganometallics 1988, 7, 194. (q) Jacobson, D. B.; Freiser, B. S. J. Am. Chem. 
Soc. 1983, 105, 7484. (r) Sunderlin, L. S.; Armentrout, P. B. Organometallics 
1990, 9, 1248. (s) Jackson, T. C; Carlin, T. J.; Freiser, B. S. Im. J. Mass 
Spectrom. Ion Processes 1986, 72, 169. (t) Jacobson, D. B.; Freiser, B. S. 
/ . Am. Chem. Soc. 1989, 106, 3891. (u) Jacobson, D. B.; Freiser, B. S. J. 
Am. Chem. Soc. 1984, 106, 3900. (v) Jacobson, D. B.; Freiser, B. S. J. Am. 
Chem. Soc. 1985, 107, 5876. (w) Cassady, C. J.; Freiser, B. S. / . Am. Chem. 
Soc. 1986, 108, 5690. (x) Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 
1985, 107, 7399. 

(27) (a) Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1985, 107, 72. 
(b) Jacobson, D. B.; Freiser, B. S. Organometallics 1984, 3, 513. (c) Peake, 
D. A.; Gross, M. L.; Ridge, D. P. J. Am. Chem. Soc. 1984, 106, 4307. (d) 
van Koppen, P. A. M.; Jacobson, D. B.; lilies, A.; Bowers, M. T.; Hanratty, 
M.; Beauchamp, J. L. J. Am. Chem. Soc. 1989, / / / , 1991. 

for la and Ic, but nevertheless it can be seen that at least 95% 
of the total ethylene originates from the /3 and y position. If 
remote functionalization also contributes to the production of 
C2H4, it has to be for less than 5%. Before we discuss the 
mechanism for this process, it is helpful to examine the structure 
of the ion that results from the ethylene loss, i.e., FeC3H5N+. 
Collision-induced dissociation (CID) experiments28 were performed 
with this ion. Only three signals were observed, eq 5. This 

1—*• FeC2H2N
 + 

FeC3H5N
 + CID 

CH3* 

- * - FeCH3
+ + C2H2N" (5) 

Fe+ [C3H5N] 

spectrum would be in accordance with a CH3-Fe+-CH2CN 
structure. FeC3H5N+, produced from the reaction of Fe+ with 
C2H5CN (this is probably a ternary reaction with Ar, as the 
product is observed only at high pressures and it is formed very 
slowly) gives a different CID spectrum. From this ion, which is 
presumed to have the structure of the adduct complex, Fe-
(CH3CH2CN)+, the exclusive production of Fe+ is observed. The 
secondary reaction described in eq 2b can now be better under­
stood. In this reaction, the CH3-Fe+ fragment is retained, and 
only the CH2CN ligand is lost upon complexation of the pen­
tanenitrile. The small magnitude of this product might point to 
a slightly endothermic or thermoneutral process, an assumption 
that seems reasonable for the loss of a radical. It is tempting to 
interpret the formation of CH3-Fe+-CN2CN with an insertion 
into the C-CH3 bond, affording 7, followed by /3-cleavage and 
ethylene detachment. It has to be mentioned, though, that the 
reversed sequence, insertion into the C(o)-C(g) bond followed by 
/3-cleavage of C-CH3, affords the same intermediate 10. It is, 
however, unlikely that the /3-CC-cleavage could compete so ef­
fectively with the 0-H shift which affords C3H6 (see below). To 
substantiate this proposal, but also to test, if we were able to falsify 
our earlier conclusions (Popper !), concerning the suggested 
mechanism for the degenerate isomerization, we also performed 
similar CID experiments for all the ethylene-loss products in this 
study, except for the very weak ones where experimental difficulties 
were encountered. The result is presented in Table III, and it is 
gratifying to see that not a single exception from the predicted 
pattern can be noted. Scheme III exemplifies the combined 

(28) (a) Cody, R. B.; Freiser, B. S. Int. J. Mass Spectrom. Ion Phys. 1982, 
41, 199. (b) Cody, R. B.; Burnier, R. C; Freiser, B. S. Anal. Chem. 1982, 
54, 96. (c) Cody, R. B.; Freiser, B. S. Anal. Chem. 1982, 54, 1431. (d) Cody, 
R. B.; Burnier, R. C; Cassady, C. J.; Freiser, B. S. Anal. Chem. 1982, 54, 
2225. (e) Burnier, R. C; Cody, R. B.; Freiser, B. S. J. Am. Chem. Soc. 1982, 
104, 7436. (f) Bricker, D. L.; Adams, T. A., Jr.; Russell, D. H. Anal. Chem. 
1983, 55, 2417. (g) Cody, R. B. Analusis 1988, 16, No. 6, XXX. 
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mechanisms for la and Ic and serves to facilitate the interpretation 
of Table III. 

It is believed that ethylene is generated from 7 and not directly 
from 9. Cleavage of 9 to afford ethylene and an alkylidene 
intermediate, in analogy to conventional organometallic chem­
istry,'2'24a is considered less likely for two reasons. First, the same 
argument that favored 8 as the intermediate from 6 to 9 applies 
here as well. If ethylene were produced directly from 9, a 50:50 
labeling distribution for C2H4IC2H2D2 should result from la and 
Ic, because a symmetric metallacycle 9ac is formed in these cases. 
However, no differences were observed in the labeling distributions 
between ethylene on the one hand, and H2 and C3H6 on the other 
hand, for the relative amount of "directly" formed products (see 
above). Second, any alkylidene intermediate produced from 9 
would have to rearrange by a l,2-cyanide shift to generate the 
experimentally observed CH3-Fe+-CH2CN structure; this is a 
step for which no precedent exists. 

For what reasons does 1 differ in the mechanism for ethylene 
loss from its higher homologues, where C2H4 is produced via 
remote functionalization?8"10 The most likely explanation is in 
our opinion the ring strain that would be present in 5 (Scheme 
I), with n = 1 for 2 = 6. Dehydrogenation does not induce a 
comparable strain and can thus be achieved by remote func­
tionalization. Yet, other reasons might also be feasible for this 
special behavior of 1, and we are currently investigating further 
model compounds to give a conclusive answer. 

The loss of propene can be explained by the conventional in-
sertion//?-hydrogen-shift mechanism, once again preceded by a 
degenerate isomerization 6a — 6c. Insertion into the C^-C^) 
bond, followed by a /3-hydrogen shift from C(7) generates propene, 
containing the three terminal carbon atoms. The intensity of the 
propene-loss product was unfortunately too low to allow a further 
characterization by CID experiments, but most likely the 
FeC2H3N+ ion has the structure of a Fe+/acetonitrile complex. 
Reductive elimination of cyclopropane from 9, a common de­
composition mode for metallacyclobutanes in the condensed 
phase,l224a'25 can be excluded on the basis of the labeling results. 

We will finally concern ourselves with the structure of the 
dehydrogenation product, FeC5H7N+. We have already shown 
above that the dehydrogenation proceeds via remote function­
alization; the mechanism would therefore require a 7,5-unsaturated 
nitrile as the product. We performed CID experiments on the 
FeC5H7N+ ion to get further information. The main product that 
is produced is unfortunately the nonstructure-indicative Fe+, but, 
besides several weak fragments, the loss of HCN and the con­
comitant formation of FeC4H6

+ is also observed. This CID 

(29) (a) Grubbs, R. H. Inorg. Chem. 1979, /S, 2623. (b) Hall, P. W.; 
Puddephatt, R. J.; Seddon, K. R.; Tipper, C. F. H. J. Organomet, Chem. 1974, 
Sl, 423. 

fragment seems to be in accordance with the expectations; a 
1,2-elimination of HCN with the production of a conjugated 
double bond, viz butadiene, is probably a facile process for the 
assumed structure. To find further support for this interpretation 
and to clarify the locations of the remaining hydrogen atoms, once 
again CID experiments on all individual dehydrogenation products 
were conducted (Table IV). The result was somewhat surprising, 
but rather informative. 

While the CID spectra of the ions generated from la and Ic 
are in line with the expectations, Scheme IV, parts a and b, the 
simultaneous production of HCN and DCN from lb and Id is 
at first glance puzzling. Both compounds give rise to an identical 
labeling distribution; thus we are facing still another degenerate 
isomerization in this system. A reasonable explanation for this 
finding is presented in parts c and d of Scheme IV. The production 
of an allylic system would easily explain the exchange of exclusively 
the C(J3)ZC(J) hydrogens; it is well-known that the terminal positions 
of an allylic system exchange rapidly.3i'26v'27a'30 The activation 
of the allylic C-H bond most likely precedes the actual CID 
process; otherwise the identical results for lb and Id would be 
hard to explain. A conclusion that can be derived then is that 
a kinetic isotope effect of kH/kD = 2.3 is operative for the hydrogen 
cyanide elimination. Note, however, that this does not apply if 
the CID process samples 12 instead of 14; in this case different 
preferences for allylic versus vinylic positions will influence the 
measured ratio. It might also be conceivable that the allylic system 
is shifted into conjugation with the cyanide group; yet the exclusive 
formation of HCN from the dehydrogenation products of la and 
Ic rules out this possibility. The only reasonable explanation for 
the fixation of the allylic system is an additional complexation 
of the Fe+ ion to the cyanide function, e.g., in a side-on fashion, 
which would be impossibe if both complexation sites were in direct 
proximity.100 

Conclusions 
By analyzing the reactions of bare, gas-phase Fe+ cations with 

a complete set of deuterium-labeled isotopomers of n-pentanenitrile 
(1), the following observations were made. 

(1) The agreement between ion/molecule reactions of Fe+ with 
1 in two different FTICR mass spectrometers and metastable 
decompositions of adduct complexes 1-Fe+ in a sector-field in­
strument is once again good, showing that the results that are 
obtained do not depend on the instrumental approach that is 
chosen. Rather, they reflect intrinsic properties of the organo­
metallic systems in question. Low-energy CID on 1-Fe yields the 
same products observed in the ion/molecule reactions. However, 
products arising from multiple collisions can dominate the spectra. 

(30) (a) Byrd, G. D.; Freiser, B. S. J. Am. Chem. Soc. 1982, 104, 5944. 
(b) Buckner, S. W.; Freiser, B. S. Polyhedron 1989, S, 1401. 
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Table IV. CID Spectra of the Isotopomeric Dehydrogenation 
Products Generated from Fe+ and la-d 

precursor nitrile 
CH3CH2CH2CD2CN 

(la) 
CH3CH2CD2CH2CN 

(lb) 
CH2CD2CH2CH2CN 

(Ic) 
CD3CH2CH2CH2CN 

(W) 

hydrogen 
isotopomer 

lost 

H2 
HD 

H2 

H2 
HD 

HD 

ion isolated 
for CID 

FeC5H5D2N
+ 

FeC5H6DN+ 

FeC5H5D2N
+ 

FeC5H5D2N
+ 

FeC5H6DN+ 

FeC5H5D2N
+ 

CID 
product(s) 

HCN 
HCN 

HCN (70%) 
DCN (30%) 

HCN 
HCN 

HCN (69%) 
DCN (31%) 

C N - Fe * 

(2) A hidden degenerate isomerization via a ferracyclobutane 
intermediate partly equilibrates the a and y positions before any 
neutral products are lost.31 

(3) Loss of H2 proceeds by remote functionalization of the a>/(« 
- 1) positions. The resulting 7,5-unsaturated nitrile reacts further 
by activating the allylic C - H bond from C w ) , generating a hy-
drido-allyl structure. The outer hydrogens of this allylic system 
are rapidly equilibrated, but additional complexation of Fe + to 
the cyanide function fixes the allyl system to the terminal carbon 
atoms. 

(4) Loss of ethylene involves the /3 and y positions and generates 
CH 3 -Fe + -CH 2 CN, a distinguishable isomer of Fe(CH 3CH 2CN)+ ; 
propene stems from the terminal carbon atoms. 

(5) Only CID experiments of isotopomeric reaction products, 
generated from the same precursor nitrile, allowed the structure 
determinations and the elucidation of the deuterium distribution 
after the degenerate isomerization had taken place and the neutral 
products were lost. A distinction between statistical behavior 
(scrambling) and specific processes is thus possible. 

Experimental Section 
The two mass spectrometers were operated under the usual conditions 

previously described by the respective groups.3^'5,7 Briefly, the Purdue 

(3I)A related situation was recently encountered for the unimolecular 
ethylene loss for A-C7H15Si(CHj)3ZFe+ complexes. A ferracyclopentane was 
invoked to explain equilibration of the a/fl and y/S methylene groups: 
Hasselbarth, A.; Priisse, T.; Schwarz, H. Chem. Ber. 1990, 123, 213. 

CID 

HCN 

* DCN 

Ubd 

instrument is a Nicolet FTMS-2000 Fourier transform mass spectrom­
eter modified to a single cell configuration, while a Spectrospin CMS-
47X with an external ion source32 is used at the TU Berlin. Metal-ion 
formation is accomplished in both cases by laser desorption from a 
stainless-steel target, employing the fundamental frequency (1064 nm) 
from a Quanta Ray (Purdue) or a Spectron Systems (TU Berlin) 
Nd:YAG laser. Reagents were introduced by leak valves with variable 
pressures in the 10~8-mbar range. To quench excited states of the metal 
ion, and also for the collision-induced dissociation (CID) experiments,28 

argon is also present at a constant "background" pressure of 1-2 X 10~7 

mbar. Initially, the 56Fe+ isotope is isolated from the other iron isotopes 
and minor steel constituents. For cooling a delay of 1-2 s was inserted 
in the pulse sequence, and the meanwhile formed reaction products were 
ejected afterwards to reisolate the Fe+. To be certain not to inadvertently 
excite the Fe+, ejection chirps sufficiently distinct in frequency from m/z 
56 were used at this stage. Next, the Fe+ is allowed to react for a variable 
time, typically 1-10 s, with the nitrile. After a reaction time of ca. 4 s, 
around half of the original Fe+ ions have formed products, and a reaction 
product is isolated for CID. CID conditions were deliberately chosen to 
resemble single-collision conditions with the collision times quite short 
(<50 ms). Otherwise, multiple collisions and further decompositions of 
CID products complicate the interpretation. 

The labeled nitriles were synthesized according to established tech­
niques, purified by preparative gas chromatography, and characterized 
by NMR and GC/MS. The deuterium content was determined by the 
reagents employed (LiAlD4, 98 atom % D, and CD3I, 99.5 atom % D), 
and in only two cases corrections for incomplete labeling had to be made. 
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