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The reactions of butadiene and acetylene, both complexed to atomic metal cations M+ (M
= Cr, Mn, Fe, Co, Cu), have been investigated using ion-beam four-sector and Fourier
transform ion cyclotron resonance mass spectrometry. For all metal ions studied, with the
exception of Cu*, the reaction proceeds as a formal [4 + 2] cycloaddition involving
1,4-cyclohexadiene/M* as an intermediate. This subsequently eliminates molecular hydrogen
to generate the corresponding benzene/M* complexes or bare M* and C¢Hs. The Fe'-
mediated reaction has been analyzed in detail, and isotopic labeling reveals that the
cyclization step is rate-determining and that dehydrogenation of the six-membered ring occurs
specifically from the C(1)/C(4)-positions of the butadiene building block. In conjunction with
literature thermochemistry, qualitative potential-energy surfaces for the [4 + 2] cycloaddition
are derived for M = Cr, Mn, Fe, and Co. The reactions are very efficient for Fe* and Co™,
while Cr* and Mn* are less capable of inducing C—C bond formation. Finally, Cu™ with its
closed-shell s°%d®° electronic ground state does not mediate the [4 + 2] cycloaddition at all.
These differences are explained in terms of a model which invokes the active participation
of the transition metal's d orbitals (covalent assistance), rather than mere Lewis-acid
catalysis, which is known to catalyze many Diels—Alder reactions in the condensed phase.

Introduction

Notwithstanding the fact that Diels and Alder?! dis-
covered the [4 + 2] cycloaddition as early as 1928, this
textbook reaction of organic chemistry is still of remark-
able interest in current research? and the influence of
transition metals on this process has been examined at
great length.34 Frequently, transition-metal catalysis
of Diels-Alder type reactions can be ascribed to the
Lewis acidity of the metal center:5 the metal coordinates
to a polar group of the reactant(s) and influences the
relative energies of frontier orbitals, which results in
enhanced reaction rates. In addition, the metal center
can serve as a template by complexing the diene and
the dienophile via & bonds, thus providing favorable
orientations of the reactants. Furthermore, transition-
metal ions may also mediate formal [4 + 2] cycloaddi-
tions in a stepwise manner involving metallacyclic
intermediates.?

While it is difficult to distinguish between these (and
other) mechanistic alternatives in the condensed phase,
more detailed insight can be expected from the inves-

tigation of metal-mediated cyclization reactions in the
gas phase because disturbing effects originating from
solvation, aggregation, or counterions can be excluded
under high-vacuum conditions. In fact, mass spectrom-
etry has proved useful for the investigation of reaction
mechanisms of many metal-mediated processes within
the last two decades.®

Recently, Bakhtiar et al.” investigated the Fe™-medi-
ated [4 + 2] cycloaddition of 1,3-butadiene and acetylene
in the gas phase, which is accompanied by rapid
dehydrogenation to yield benzene/Fet. The present
study is intended to give a more profound insight into
the energetics and the mechanisms of these cyclization
and dehydrogenation reactions.® In particular, a com-
parison of different transition metals will answer the
question if, in addition to their Lewis acidity, the metals’
electronic structures influence their catalytic activity in
Diels—Alder reactions. To this end, two different mass
spectrometric methods have been applied in order to
study the M™-mediated [4 + 2] cycloaddition of acetylene
and butadiene: the unimolecular fragmentation reac-
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tions of butadiene/acetylene/M* complexes have been
monitored by ion-beam mass spectrometry, and the
bimolecular ion/molecule reactions of butadiene/M* with
acetylene have been examined with a Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometer.
With few exceptions,® it has been shown earlier that
these two techniques are complementary and lead to
consistent results for most chemical systems.10

Experimental Section

The experiments were performed with a modified VG ZAB/
HF/AMD 604 four-sector mass spectrometer of BEBE config-
uration (B stands for magnetic and E for electric sectors),
which has been described elsewhere.!! Organometallic cations
were generated by chemical ionization (Cl) of appropriate
precursor mixtures by electrons of 50—100 eV Kinetic energy;
note that the generation of mixed-metal complexes of the type
M(L)(L")" requires a careful optimization of the individual
pressures of the components, because otherwise the homoli-
gated complexes M(L).* or M(L'),* prevail. After acceleration
to 8 keV Kinetic energy, the ions of interest were mass-selected
using B(1)E(1) at a resolution of m/Am = 4000, which is
sufficient to resolve most isobaric ions. Formation of isobaric
impurities is hardly avoidable in the generation of M* com-
plexes from the corresponding organic substrates and volatile
metal carbonyls, i.e. Cr(CO)s, Mn,(CO)10, Fe(CO)s, and Co(NO)-
(CO)3; for example, the butadiene complex 56Fe(CsHe)" is
isobaric with 54Fe(CO),". In some cases the intensities of the
ions of interest were too low to completely resolve overlapping
isobaric peaks, and small contributions (<5%) of interfering
carbonyl complexes were unavoidable. These interferences are
monitored by loss of CO (Am = 28) in the MS/MS experiments.
They disappear upon enhancing the resolution and do not
display mass shifts upon deuterium labeling. For the sake of
clarity, contributions of these CO losses are not included in
the tables given below. Unimolecular dissociations of meta-
stable ions (MI) in the field-free region preceding B(2) were
monitored by scanning this sector; similarly, collisional activa-
tion (CA) was brought about by using helium as a target gas
(80% transmission, T) in the field-free region preceding B(2).
The resulting fragment ions were monitored by scanning B(2).
For a comparison to MI/CA experiments (see below), some CA
experiments were also performed by using B(1)E(1)B(2) to
select the parent ion. Here, fragmentations induced by
collisional activation in the field-free region between B(2) and
E(2) were monitored by means of E(2). MS/MS/MS experi-
ments'? were performed by selecting the organometallic ions
of interest by use of B(1) only. The fragment ions resulting
from unimolecular decompositions in the field-free region
preceding E(1) were selected using E(1)B(2) in order to avoid
the appearance of artifacts!® and subsequently collided with
helium (He, 80% T). The CA spectra were recorded by
scanning E(2); these experiments will be referred to as MI/
CA spectra. All spectra were accumulated and on-line-
processed with the AMD/Intectra data system; 5—30 scans
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were averaged to improve the signal-to-noise ratio. For a
variation of the ionization conditions, the ion-source pressure
was changed, as measured indirectly by determining the
pressure in the ion source housing.

The ICR experiments were performed with a Spectrospin
CMS 47X FT-ICR mass spectrometer equipped with an
external ion source and a superconducting magnet (Oxford
Instruments, 7.05 T).* In brief, M* ions were generated via
laser desorption/laser ionization by focusing the beam of a Nd:
YAG laser (1064 nm) onto a pure metal target.!> The cations
were extracted from the ion source and transferred to the
analyzer cell by a system of electric potentials and lenses. The
isolation of the most abundant metal isotope and all subse-
quent isolation steps were performed by using FERETS,¢ a
computer-controlled ion-ejection protocol which combines single-
frequency ion-ejection pulses with frequency sweeps to opti-
mize ion isolation. Subsequently, the ions were thermalized
by collisions with pulsed-in argon gas?’” and carefully reisolated
to avoid off-resonance excitation.’® Thermalization was as-
sumed to be complete if no further changes in reactivity
occurred upon increasing the number of collisions with argon.*®
Acetylene and 1,4-cyclohexadiene were admitted to the FT-
ICR cell via a leak valve at a constant pressure of ca. 1078
mbar. Butadiene/M* complexes were generated by the fol-
lowing routes:® (i) reaction of the bare metal ions with pulsed-
in propene, affording a mixture of C,Hs/M" and Cs;H¢s/Mt,
which was then converted to C4Hs/M™ by pulsing in butadiene
(M = Fe, Co), (ii) M*-induced dehydrochlorination of chlorobut-
2-ene (M = Cr, Mn), and (iii) association of M* with pulsed-in
cyclohexane?® followed by replacement of the cycloalkane
ligand with pulsed-in butadiene (M = Cu). All functions of
the instrument were controlled by a Bruker Aspect 3000
minicomputer.

Chemicals for the experiments were used as obtained
commercially; butadiene-1,1,4,4-d, (98 atom % D) was pur-
chased from Cambridge Isotope. Acetylene-d, was prepared
from calcium carbide and D,O and introduced into the ion
source without further purification.

For the construction of qualitative potential-energy surfaces
(PESs) the relative energies of the complexes were derived
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Table 1. Metal—-Ligand Bond Dissociation Energies (BDEs) Used in This Study for the Construction of the
Potential-Energy Surfaces

M+ ligand BDE (kcal/mol) ref M+ ligand BDE (kcal/mol) ref
Crt acetylene 294422 a Fe™ acetylene 38.04+0.5 26
butadiene 35.0+ 2.9 a butadiene 434 +1.0 26
benzene 40.6 + 2.3 21 benzene 49.6 +2.3 21
ethene 30+5 22 ethene 34.7+14 27
H,0 309+21 23 1,4-cyclohexadiene 60 £+ 12 a
1,4-cyclohexadiene 50 + 16 a Co™ acetylene 43.0+2 a
Mn* acetylene 19° 24 butadiene 52+ 4 28
butadiene 286+1.4 a benzene 61.1+25 21
benzene 31.8+ 2.0 21 ethene 429+ 1.6 29
ethene 20b 25 carbon monoxide 41.54+1.6 30
H>0 284+14 23 H>O 385+14 23
1,4-cyclohexadiene 36+5 a 1,4-cyclohexadiene 73+ 15 a
Cu* benzene 52.1+2.3 21
ethene 47 +£3 31
1,4-cyclohexadiene 73+ 25 a
aThis work.  Calculated BDE.
from the enthalpies of formation3? of the components and the Chart 1
corresponding bond-dissociation energies (BDEs).3® As for
most ligands no information on multiple bonding to M™ is /_\\\ 04@0 /_\
available, the BDEs of M(L)(L")* complexes (L, L' = ligands) e 5 Y R IYe
are approximated by assuming additivity,®* despite the fact ' ' !
that additivity of BDEs in bis-ligand complexes does not _ _ b ' b
always hold true.®® Some unknown M*—ligand BDEs were _ T _
estimated using Cooks’ kinetic method.3® To this end, bis- 1UM* 1a/m* 1b/M*

ligated complexes of the type M(L)(L')" were generated by
chemical ionization, and the fragments M(L)" and M(L')"
formed upon unimolecular decomposition were monitored. The
ratios M(L)*/M(L")* were converted to ABDEs by assuming an
effective temperature of 473 K.26 Within the context of this
paper, the qualitative ordering of the BDEs is sufficient, and
a detailed description of the results including a discussion of
the experimental uncertainties will be published elsewhere.?’
Using the BDEs of H,O—M™* (M = Cr, Mn, Co), benzene—Cr™,
OC—Co™", and C,;H,—Co™ as absolute references,?%:2330 BDE-
(butadiene—Mn™), BDE(butadiene—Cr"), BDE(acetylene—Cr™)
and BDE(acetylene—Co™) values were determined (Table 1).
Note that our result of BDE(acetylene—Cr*) = 29 kcal/mol
obtained in this manner contradicts the much larger value of
earlier ion-beam measurements (44 kcal/mol)® but is in
reasonable agreement with a recent theoretical estimate (25
kcal/mol)?* and plausibility considerations with regard to the
other BDEs given in Table 1. Unfortunately, it was not
possible to derive BDE(1,4-cyclohexadiene—M*) using the
same method for M = Cr—Co, because in these systems
unimolecular dehydrogenation of the corresponding M(L)(L')*
dominates and ligand losses hardly take place. To obtain a
gualitative value, the inert metal Cu* was subjected to ligand
exchange reactions in the FTICR which lead to a lower limit
of BDE(1,4-cyclohexadiene—Cu™) > BDE(benzene—Cu*) = 52

(32) (a) Lias, S. G., Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.;
Levin, R. D.; Mallard, W. G. Gas Phase lon and Neutral Thermochem-
istry. J. Phys. Chem. Ref. Data, Suppl. 1988, 17. (b) Lias, S. G;
Liebman, J. F.; Levin, R. D.; Kafafi, S. A. NIST Standard Reference
Database, Positive lon Energetics, Version 2.01; NIST, Gaithersburg,
MD, January 1994.

(33) Freiser, B. S., Ed. Organometallic lon Chemistry; Kluwer:
Dordrecht, The Netherlands, 1995.

(34) Benson, S. W. Thermodynamical Kinetics: Methods for the
Estimation of Thermochemical Data and Rate Parameters, 2nd ed.;
Wiley: New York, 1976. For example: AH{(1/Fet) = AH{(Fe') + AH¢
(acetylene) + AH¢(butadiene) — BDE(Fe*—acetylene) — BDE(Fe*—
butadiene).

(35) (a) Rosi, M.; Bauschlicher, C. W., Jr. J. Chem. Phys. 1990, 92,
1876. (b) Tjelta, B. L.; Armentrout, P. B. J. Am. Chem. Soc. 1995, 117,
5531. (c) Schultz, R. H.; Crellin, K.; Armentrout, P. B. 3. Am. Chem.
Soc. 1991, 113, 8590.
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Spectrom. Rev. 1994, 13, 287.

(37) Schroeter, K.; Hornung, G.; Wesendrup, R.; Schrider, D.;
Schwarz, H., unpublished results.

(38) Georgiadis, R.; Armentrout, P. B. J. Phys. Chem. Soc. 1988,
92, 7067.

Table 2. Mass Differences (Am in amu) Observed
in the Unimolecular Decomposition (Ml) and in
the Collisional Activation (CA) Mass Spectra of

Butadiene/Acetylene/Fe™ and
1,4-Cyclohexadiene/Fet 2

Am
spectra  complex 2 4 26 54 55 M+
MIla 1/Fe* >99 <1
la/Fe* >99 <1
1b/Fe* >99
2/Fe* 100
CAP 1/Fe* 100 11 2 1 3
2/Fe* 100 <1 <1

a Intensities are normalized to 3 =100. ° Intensities are given
relative to the base peak.

kcal/mol.?*  An upper limit could not be determined because
appropriate BDEs for Cut ligand complexes are not yet
available. As a rough estimate, we use 2[BDE(ethene—M™)]
as the upper limit. This assumption is justified by (i) the same
number of complexed z-bonds in Cu(CsHs)™ and Cu(C,Ha).*
and (ii) the experimental observation that Cu(C,H,)," does only
undergo sequential exchange of the olefin ligands when reacted
with 1,4-cyclohexadiene, while displacement of both ethene
ligands in a single event does not occur. Thus, we regard
2[BDE(ethene—M™)] as an upper limit and BDE(benzene—M)
as an lower limit for BDE(1,4-cyclohexadiene—M) and use the
average of these figures throughout in the constructions of the
qualitative PESs (see below).

Results and Discussion

When a mixture of butadiene, acetylene, and Fe(CO)s
is subjected to chemical ionization, considerable amounts
of the mixed bis-ligand complex 1/Fe* (Chart 1; M =
Fe) are formed. Mass-selected 1/Fe* reacts almost
exclusively by unimolecular loss of molecular hydrogen
(Table 2). This observation is in agreement with earlier
experiments,’” in which the dehydrogenation of 1/Fe™
was attributed to a formal [4 + 2] cycloaddition and
subsequent dehydrogenation to yield benzene/Fe™.
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Scheme 1
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In general, two different mechanistic pathways are
conceivable for the dehydrogenation of 1/Fe*. (i) In a
formal [4 + 2] cycloaddition the 1,4-cyclohexadiene/Fe™
complex 2/Fet is generated which subsequently elimi-
nates H, to form the benzene/Fet complex 3/Fe* (Scheme
1a). The loss of molecular hydrogen from 2/Fe* can
easily be rationalized by a two-step process. In the first
step, a hydrogen atom from one of the methylene groups
is transferred to the metal, yielding a cationic cyclo-
hexadienyl complex of iron hydride as an intermediate.
Then, activation of a second C-H bond occurs, most
likely coupled with direct formation of the dihydrogen
complex 3/Fe(H,)* and subsequent loss of H», without
involving an iron dihydrido species as intermediate.3°
(i) Alternatively, a 1,4-hydrogen elimination from the
butadiene moiety may occur as the first step, giving rise
to the metallacyclic intermediate 4/Fe™ (Scheme 1b),3
which may eventually undergo coupling of its ligands
to yield 3/Fe™. However, this second pathway is un-
likely to play a dominant role, because the energetic
barrier associated with activation of the vinylic C—H
bonds in butadiene by Fe™ is significant and probably
higher than BDE(C4Hs—Fe™) = 43.4 kcal/mol.?6 This
assumption is based on the unimolecular decay of
butadiene/Fet complexes, where loss of the complete
butadiene ligand is much more prevalent than loss of
H,.4° Adding an acetylene ligand to butadiene/Fe™
should not significantly reduce the barrier for C—H bond
activation. Thus, in 1/Fe™ ligand detachment from the
bis-ligand complex should also be favored over dehy-
drogenation of butadiene. Actually, loss of acetylene,
which represents the more weakly bound ligand in
1/Fet, is only observed to a negligible extent (<1%), in
support of the first mechanistic scenario. The complete
absence of acetylene loss in the MI/CA mass spectrum
of [1/Fe™ — H;] suggests the exclusive formation of the
genuine benzene complex 3/Fe™ (see below). In contrast,
4/Fet, which represents the intermediary [Fe,Cg,Hs]"
isomer in the second mechanism, is expected to lose
C,H; upon collisional activation. As this is not the case,

(39) (a) Holthausen, M. C.; Fiedler, A.; Koch, W.; Schwarz, H. Angew.
Chem., Int. Ed. Engl. 1995, 34, 2282; J. Phys. Chem. 1996, 100, 6236.
(b) Hendrickx, M.; Ceulemanns, M.; Vanquickenborne, L. Chem. Phys.
Lett. 1996, 257, 8. (c) Holthausen, M. C.; Koch, W. J. Am. Chem. Soc.
1996, 118, 9932.

(40) Karrass, S. Ph.D. Thesis, Technische Universitat Berlin, D83,
1994,
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Figure 1. (a) MI/CA spectrum (helium, 80% transmission)
of E(1)/B(2) mass-selected [1/Fe™ — Hj] generated by
unimolecular dehydrogenation of B(1) mass-selected 1/Fe*t
in the field-free region preceding E(1). (b) CA spectrum
(helium, 80% transmission) of B(1)/E(1)/B(2) mass-selected
3/Fe™.

we will not further pursue the mechanism depicted in
Scheme 1b.

In order to confirm the formation of 3/Fe*, the
dehydrogenation product [1/Fet — H;] was character-
ized by collisional activation. A comparison of the
corresponding MI/CA mass spectrum (Figure 1a) with
the CA mass spectrum of genuine benzene/Fe* (Figure
1b) reveals a generally good agreement and supports
the notion that 3/Fe* is formed by dehydrogenation of
1/Fe*. Only the relative intensities of the fragment ions
deviate. However, these differences can be attributed
to different internal energy contents,*! depending on the
genesis of 3/Fe*. To further investigate the correlation
of the internal energy of benzene/Fe* and its fragmen-
tation pattern, CA mass spectra were recorded at
different collision-gas and ion-source pressures (Table
3).

By application of higher collision-gas pressures the
average number of collisions rises, thereby increasing
the mean internal energy of the benzene/Fe™ ions. The
opposite effect is achieved by increasing the pressure
in the ion source. Here, the enhanced number of
collisions leads to a more effective cooling of the ions
during their generation, thus lowering their average
internal energy. Experimentally, enhancement of col-
lision-gas pressure leads to a significant change of the
spectra (rows 1—4 of Table 3) in that the intensity of
Fe(C4H3)™ decreases relative to the signal of Fe™; the

(41) Levsen, K.; Schwarz, H. Mass Spectrom. Rev. 1983, 2, 77.
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Table 3. Dominant Fragments in the MI/CA Spectra of [acetylene/butadiene/Fet — H;] = [1/Fe™ —H;] and
[1,4-cyclohexadiene/Fet — H,] = [2/Fe™] in Comparison to the CA Spectrum of Benzene/Fe™ (3/Fe*) for
Different Collision-Gas Pressures (pre) and lon-Source-Housing Pressures (ps)2

fragment
spectra complex 105ppe (Mbar) ps (mbar) FeC4H3™ FeCsHs™ FeCHt  CgHe™ Fet FeC4Hst/Fe*
1 CA 3/Fe* 1.0 10 100 15 39 7 74 1.35
2 3/Fet 1.4 10~ 73 12 46 7 100 0.73
3 3/Fet 2.0 10+ 55 11 41 7 100 0.55
4 3/Fe* 3.0 10 28 5 33 6 100 0.28
5 3/Fet 1.0 10-° 75 25 76 13 100 0.75
6 MI/CA [1/Fet — Hj] 1.0 10 43 13 74 11 100 0.43
7 [2/Fet — Hj] 1.0 10~ 38 11 49 13 100 0.38

a Intensities are given relative to the base peak.

ratio drops from ca. 1.3 to 0.3. Obviously, at higher
internal energy, loss of the benzene ligand from 3/Fe*
is favored over the structural rearrangement leading to
Fe(C4H3)™. The same trend is observed upon changing
the ion-source pressures (row 1 versus 5), where the
intensity ratio Fe(C4H3)*:Fe™ increases with increasing
pressure. Thus, to a good approximation this ratio
correlates with the internal energy of 3/Fe™. Due to the
experimental observation that the Fe(C4H3)™:Fe™ ratio
is low (ca. 0.4) for the benzene/Fe* ion formed by
cyclization and dehydrogenation of 1/Fe™, we conclude
that 3/Fe™ formed via this route contains a relatively
high amount of internal energy.

For comparison, we also investigated the unimolecu-
lar decomposition of the suggested intermediate, namely
1,4-cyclohexadiene/Fe* (2/Fe*), which leads exclusively
to the loss of molecular hydrogen (Table 2). The
similarity of the MI/CA spectrum of the corresponding
dehydrogenation product [2/Fet — H;] (Table 3, row 7)
with that of [1/Fet — H;] indicates that 3/Fe™ is formed
from both precursors, supporting the role of 2/Fe* as a
plausible intermediate in the course of the dehydroge-
nation of 1/Fe*. Further, in the MI/CA spectrum of the
dehydrogenation product of authentic 2/Fe*, the ratio
of Fe(CsH3)™:Fet amounts to ca. 0.4, which almost
matches the value obtained in the MI/CA spectrum of
the ions formed from 1/Fe*. This congruence implies
that the 3/Fe™ ions generated by dehydrogenation of
1/Fet and 2/Fe* contain comparable amounts of internal
energy. The conclusion is further supported by the fact
that the kinetic energy releases associated with dehy-
drogenation of 1/Fet and 2/Fe* are identical within
experimental error: they amount to ca. 50 meV for each
precursor system.

These results lead to an interesting conclusion with
respect to the activation barriers associated with the
cyclization (1/Fe™ — 2/Fe™) and the subsequent dehy-
drogenation step (2/Fet — 3/Fe*). If cyclization was
hindered by a significantly larger barrier than the
dehydrogenation, the internal energy of resulting 3/Fe™
and also the kinetic energy release associated with the
preceding loss of hydrogen would exceed those of the
ions stemming from metastable 1,4-cyclohexadiene/Fe™.
The experimentally observed overall similarity of these
features for both ions indicates that cyclization and
dehydrogenation have comparable or even identical
thresholds. In this respect, the unimolecular loss of
acetylene from metastable 1/Fe*, though very low in
intensity, adds further mechanistic implications. The
exclusive elimination of C,D, from metastable 1b/Fe*
(even upon collisional activation) demonstrates that the
cyclization to the pseudo-symmetric intermediate 2b/

Fe™ is irreversible within the time scale of the experi-
ment. Otherwise, 2b/Fe™ would be expected to give rise
to labeled and unlabeled acetylene. The same argument
holds true for a comparison of the CA mass spectra of
1/Fe* and genuine 2/Fe* (Table 2): the spectrum of
1/Fe* shows distinct signals due to losses of butadiene
and acetylene (Am = 26 and 54, respectively), while
these fragmentations do not occur for 2/Fe*. Thus, we
conclude that for the net reaction sequence 1/Fet —
3/Fe™, the formal [4 + 2] cyclization (1/Fet — 2/Fet)
represents the rate-determining step (RDS), even though
the activation barrier associated with the subsequent
dehydrogenation is in a similar energy regime (see
above).

It is not a priori evident whether the cyclization step
1/Fe™ — 2/Fe* proceeds in a concerted or a stepwise
manner.*2 Valuable hints on the actual mechanism of
the metal-mediated reaction can sometimes be obtained
by applying deuterium labeling. In general, stepwise
bond formation involving long-lived intermediates is
more likely to be associated with H/D equilibration*3
than is a concerted mechanism, because in the latter
case dehydrogenation occurs rapidly after the rate-
determining cyclization step. However, the nonoccur-
rence of H/D exchange processes by no means rules out
a stepwise scenario via short-lived intermediates. As
shown in Table 2, the deuterium-labeled complex 1a/
Fet undergoes exclusively loss of D, (Am = 4); expulsion
of H, or HD is not observed at all. Further, the complex
containing deuterium-labeled acetylene, 1b/Fe*, elimi-
nates only H,. Loss of HD is not observed, in contradic-
tion to Bakhtiar et al.,” who reported a small amount
of HD formation (3%) in the reaction of butadiene/Fe™
with C,D,, perhaps due to imperfect deconvolution of
the isotope patterns (*2C/13C and H/D). Our results
confirm, however, that dehydrogenation occurs specif-
ically from the 1,4-positions of butadiene, which is fully
in line with a concerted metal-mediated [4 + 2] cycload-
dition reaction, as depicted in Scheme 2 (pathway a).

Let us briefly resume the experimental results with
respect to the mechanistic discussion. (i) The cyclization
is irreversible, i.e. rate determining, and HD equilibra-
tion is not observed. (ii) The activation barrier for
dehydrogenation is located at a energy level close to that
of the rate-determining TS associated with the cycliza-
tion step. These findings point to the presence of a

(42) For a very recent, superb discussion of this fundamental
problem in the context of the retro-Diels—Alder femtosecond dynamics,
see: Horn, B. A.; Herek, I. L.; Zewail, A. H. J. Am. Chem. Soc. 1996,
118, 8755 and references therein.

(43) (a) Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1983, 105,
7492. (b) Jacobson, D. B.; Freiser, B. S. 3. Am. Chem. Soc. 1985, 107,
72.
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Scheme 2
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Table 4. Reactions of Butadiene/M* with
Acetylene and of M+ with Cyclohexadiene

M+ Krel (%)2 ionic product
Reaction of Butadiene/M™* with Acetylene

Crt 5 Crt

Mn* 25 Mn*

Fet 100 Fet (12%); CeHe/Fe™ (88%)

Co* 45 CgHg/Co™

Cu* only adduct formation®

Reaction of M+ with Cyclohexadiene

Crt 20 CgHe/Crt

Mn* 20 C(3|‘|(5/|\/|nJr

Fet 90 CeHe/Fe™

Co* 100 CgHg/Co™

Cu™* 30 CGHG/CUJr ¢

a Rate of reaction keyp relative to theoretical collision rate kapo.*
b The adduct corresponds to intact 1/Cu™ rather than a cyclization
product: (see text). No rate constant is given, because adduct
formation involves collisional as well as radiative stabilization,
and these components were not deconvoluted. ¢ In addition, small
amounts (ca. 5%) of the adduct CgHg/Cu™ and C¢H;" concomitant
with neutral CuH are formed.

significant entropic bottleneck** for the reverse reaction
2/Fe™ — 1/Fe™, proposing that it proceeds via a tight
transition structure, as expected for a concerted mech-
anism. In contrast, entropic constraints should not be
severe for a stepwise bond formation such as the one
suggested by Bakhtiar et al.” (Scheme 2, pathway b).
However, in principle, a stepwise mechanism involving
intermediates with lifetimes slower than the time scale
of the experimental probe employed cannot be ruled out.

For comparison, the bimolecular reaction of thermal-
ized butadiene/Fe™ with acetylene has also been studied
under FT-ICR conditions. In agreement with the re-
sults reported in ref 7, this process proceeds at collision
rate*> and yields benzene/Fet and Fe' as products
(Table 4). Thus, the energy requirements of the associ-
ated transition structures (TSs) are below the entrance
channel of the reactants (C4Hg¢)Fet + CoH,. From a
combination of these results with literature data, a
qualitative potential-energy surface can be derived
(Figure 2a). As discussed above, the barrier for dehy-
drogenation must have a height similar to that of the
cyclization step; however, the latter represents the RDS
due to entropic restrictions.

In a more general context, probing the actual role of
the metal ion in [4 + 2] cycloadditions deserves par-
ticular attention. On the one hand, there is ample
evidence that the Lewis acidity of M™ helps to promote
the cyclization.> This is achieved by narrowing the
HOMO/LUMO energy gap of the relevant orbitals

(44) Lorquet, J. C. Mass Spectrom. Rev. 1994, 13, 233.
(45) Su, T.; Bowers, M. T. Int. J. Mass Spectrom. lon Phys. 1973,
12, 347.

Organometallics, Vol. 16, No. 5, 1997 991

involved in the [4 + 2] cycloaddition. On the other hand,
it is conceivable that specific electronic properties of the
transition metals may determine the reactivity. There-
fore, it is necessary to examine these effects by using
other metal cations in [4 + 2] cycloaddition reactions.
As representatives we have chosen the first-row transi-
tion-metal cations Crt, Mn*, Fe™, Co*, and Cu*, which
classify three different types of metal ions:646 (i) Fe™
and Co™ belong to a class of metal ions which are highly
reactive in C—H and C—C bond activation of various
hydrocarbons, due to the facile formation of insertion
intermediates via oxidative addition.3® (ii) In contrast,
Cr* and Mn* are much less reactive toward hydrocar-
bons, which can be attributed to their spherical 4s°3d°
and 4s'3d° ground-state configurations, respectively.*’
(iii) Finally, in the ground state of Cu* (4s°3d?) the d
shell is completely filled, and virtually no bond activa-
tions of saturated hydrocarbons have been observed for
this metal cation under thermal conditions;?048 at
elevated energies hydride and alkanide anion transfers
from alkanes to Cu™ prevail to yield neutral CuR (R =
H, alkyl) concomitant with formation of carbocations.*®

Similar to the 1/Fet complex, 1/Co* undergoes uni-
molecular dehydrogenation and only loss of D, is
observed for 1a/Co™ (Table 5). Thus, dehydrogenation
of 1/Co* can be explained by the same mechanism as
proposed in Scheme 1a. Losses of acetylene or butadi-
ene are not observed for metastable 1/Co*, which can
qualitatively be attributed to the higher BDEs of Co™
to organic ligands (Table 1). In the FT-ICR experiment
(Table 4), the ion/molecule reaction of butadiene/Co*
and acetylene takes place at 45% of collision rate. This
reduced efficiency, as compared to Fe*, implies that
either the barrier of the RDS is closer to the energy level
of the entrance channel of the reactants (C4Hg)Co™t +
C,H; or more severe entropic constraints pertain (Figure
2b). In analogy to Fe™, the RDS is suggested to
correspond to the cyclization step (1/Co* — 2/Co"),
because Co™-mediated dehydrogenation of 1,4-cyclo-
hexadiene proceeds at collision rate.

Loss of H; is also the most prominent peak in the Ml
mass spectrum of 1/Mn, which leads to the assumption
that 1/Mn* reacts to give 3/Mn™ as suggested in Scheme
la for the Fe™ system. However, loss of acetylene and
particularly generation of Mn™ compete efficiently with
the elimination of molecular hydrogen (Table 5). For-
mation of Mn* is accomplished either by evaporation
of the CgHg ligand from 2/Mn™ or the combined expul-
sion of H; and benzene via 3/Mn™; consecutive losses of
butadiene and acetylene from 1/Mn* are very unlikely,
because liberation of butadiene (Am = 54) is not
observed in the MI mass spectrum. The ion/molecule
reaction of butadiene/Mn* with acetylene to produce
bare Mn* proceeds at only 25% of the collision rate,
suggesting that the RDS is much closer to the entrance
channel compared to the reactions of Fe* and Co™.

(46) Seemeyer, K.; Schroder, D.; Kempf, M.; Lettau, O.; Muller, J.;
Schwarz, H. Organometallics 1995, 14, 4465.

(47) (a) Schilling, J. B.; Beauchamp, J. L. Organometallics 1988, 7,
194. (b) Georgiadis, R.; Armentrout, P. B. Int. J. Mass Spectrom. lon
Processes 1989, 91, 123. (c) Fisher, E. R.; Armentrout, P. B. 3. Am.
Chem. Soc. 1992, 114, 2039, 2049.

(48) For the reactions of Cu™ with unsaturated hydrocarbons, see:
Macmillan, D. K.; Gross, M. L.; Schulze, C.; Schwarz, H. Organome-
tallics 1992, 11, 2079.

(49) (a) Georgiadis, R.; Fisher, E. R. Armentrout, P. B. 3. Am. Chem.
Soc. 1989, 111, 4251. (b) Fisher, E. R.; Armentrout, P. B. J. Phys.
Chem. 1990, 94, 1674.
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Table 5. Mass Differences (Am in amu) Observed
in the Unimolecular Fragmentation of Metastable
Butadiene/Acetylene/M™ 2

Am

2 3 4 15 18 26 M+
1/Fe* >99 <1
la/Fe* >99 <1
1b/Fet >99
1/Co* 100
la/Co* 100
1/Mn*+ 64 2 34
la/Mn* <1 8 63 2 26
1/Cr* 49 26 16 9
la/Cr+ 28 14 22 26 10

a Intensities are normalized to  =100.

Although the Mn*-mediated dehydrogenation of 1,4-
cyclohexadiene is also not very efficient (20% of the
collision rate), a comparison of the entrance channels
(Figure 2c) reveals that the cycloaddition step is rate-
determining in the overall process 1/Mn* — 3/Mn™.
Further, the MI mass spectrum of 1a/Mn™ reveals minor
losses of H, and HD besides the expected loss of D,. This
finding can be explained by H/D exchange via [1,5]-
sigmatropic hydrogen migrations which have been
similarly proposed for cyclopentadiene/MH™ and cyclo-
hexadiene/M™ complexes.”43:46

Metastable 1/Cr™ does also undergo unimolecular
dehydrogenation, along with loss of acetylene and
formation of Cr*; in addition, a loss of Am = 15 is
observed (Table 5). The reduced tendency of Crt to
mediate bond activation is reflected by the small ef-
ficiencies of the ion/molecule reactions under ICR condi-
tions (Table 4). With regard to the energetics of the Cr-
promoted [4 + 2] cycloaddition of butadiene and
acetylene, we arrive at conclusions similar to the ones
outlined above for Mn* (Figure 2¢,d). In contrast to the
Fe™ and Co* cases, dehydrogenation of 1a/Cr* is not
nearly as selective as predicted according to Scheme 1a.
Because H/D equilibration can be ruled out by the
absence of loss of H; from 1a/Cr*, a substantial fraction
of the butadiene/acetylene/Cr* population probably
reacts via multistep sequences which allow for specific
H/D exchange processes. 5a/Crt, for example, can be
formed by different pathways involving C—C and C—H
bond activation steps, and it represents a conceivable
intermediate en route to HD loss (Scheme 3). Subse-
guently, 5a/Cr* may undergo dehydrogenation to yield
the fulvene complex 6a/Crt. At first glance, the expul-
sion of a methyl radical from 1/Crt (Am = 15) is
surprising, and the observation of Am = 18 for 1a/Cr*
indicates that all hydrogen atoms of the methyl group
originate from the terminal positions of butadiene.
Again, this process can consistently be explained by
assuming the intermediate 5a/Cr* which, upon C-C
bond cleavage gives rise to a methyl radical and the
cyclopentadienylchromium cation 7a/Cr*.

Finally, let us examine Lewis-acid effects in the gas
phase by means of a singly charged metal cation without
the additional complications due to d electrons. As the
number of metals available for chemical ionization is
quite limited, we applied the more versatile FTICR
technique. As representative metal cations we chose
the alkali-metal cations Na® and K*; however, the
intensities of the butadiene/M™ or acetylene/M™ adducts
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with these alkali metals were not sufficient for further
experiments. Therefore, we switched to Cu™ which, due
to the closed 3d shell in the Cu™ (1S) ground state, may
serve as a representative Lewis acid. Reaction of
acetylene/Cut with butadiene leads to the exchange
product butadiene/Cu* exclusively, implying that BDE-
(C4Hs—Cu™) > BDE(C,H,—Cu™) = 37 kcal/mol.?* Buta-
diene/Cu™ and acetylene form a [Cu,Cs,Hg] ™ product, but
neither dehydrogenation to yield Cu(CsHe)™ nor loss of
CsHs concomitant with Cu™ formation is observed.
Further, at longer reaction time the [Cu,Cg,Hg]" ions
disappear and [Cu,Cg,H1,]*, most likely Cu(C4He),t, is
formed instead. This observation indicates that the
[Cu,Cs,Hg] ™ ion corresponds to the genuine bis-ligand
complex 1/Cu*, in which at longer reaction times a
second C4Hg molecule replaces the C;H; ligand. How-
ever, bare Cu* is able to dehydrogenate genuine 1,4-
cyclohexadiene to the corresponding benzene complex
3/Cut at a reasonable rate (Table 4). Accordingly,
dehydrogenation as the second reaction step in the
sequence 1/Cut — 3/Cut + H; should not be severely
hindered, which leads to the conclusion that it is the
coupling step in the anticipated [4 + 2] cycloaddition
that cannot be mediated by Cu™ cation.

Most significantly, with regard to the considerable
BDEs of Cu™ to hydrocarbon ligands (Table 1), the latter
result indicates that the Lewis acidity of a metal cation
is not sufficient to mediate the [4 + 2] cycloaddition in
the gas phase.®® Obviously, only transition-metal ions
which possess unoccupied d shells mediate the reaction
1/M* — 3/M* + H,. As bond insertion via oxidative
activation is quite unfavorable in the case of chromium
and manganese cations,*®4” the metals must play
another role in the formal [4 + 2] cycloaddition. We
therefore propose that the cyclization proceeds in a
concerted manner (pathway a in Scheme 2), like a
classical Diels—Alder reaction, while the associated
barriers are lowered by participation of covalent inter-

(50) If catalysis of the cyclization would be due to the Lewis acidity
of the metal cations, the reactivities should somehow correlate with
either the first or the second ionization energies of the metal atoms
(Cr,6.5and 16.5 eV; Mn, 7.4 and 15.6 eV; Fe, 7.9 and 16.2 eV; Co, 7.9
and 17.1 eV; Cu, 7.7 and 20.3 eV). Experimentally, such a correlation
is not observed at all.
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actions with the transition-metal cation;>! that is, the
butadiene/M™ subunit assumes some metallacyclopen-
tene character. This phenomenon is denoted as covalent
assistance and may effectively reduce the electron
density of the diene, thus facilitating the cycloaddition
with the precomplexed acetylene. This explanation also
provides a rationale for the different reaction efficien-
cies, i.e. Cut << Crt < Mn* < Cot < Fe™, which
approximately parallel the trend of these metal ions to
activate C—H and C—C bonds.6:20.4647

Conclusions

The transition-metal cations Cr*, Mn*, Fe™, and Co™
mediate the formal [4 + 2] cycloaddition of butadiene
and acetylene to yield 1,4-cyclohexadiene/M*, which
subsequently dehydrogenates to yield benzene/M* as
the major product.52 The highly exothermic cyclization
step is rate-determining for all these metals and also

(51) Steigerwald, M. L.; Goddard, W. A., I11. 3. Am. Chem. Soc. 1984,
106, 308.
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provides the thermochemical requirements to overcome
the energetic barrier of the final dehydrogenation step.
The efficiency and the selectivity toward cycloaddition
decrease from Fe* and Co* to Mn* and Cr*; atomic Cu™
is not able to mediate [4 + 2] cycloaddition at all. This
behavior points to the operation of a covalent assistance
by the metal cations in this gas-phase analog of a Diels—
Alder reaction, rather than mere Lewis acid catalysis.
However, some experimental evidence points toward the
existence of an entropic bottleneck associated with the
concerted nature of the [4 + 2] cycloaddition. Concise
theoretical studies are necessary to unravel the under-
lying electronic features, and studies in these directions
are underway.
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(52) For a detailed experimental study on catalytic formation of
benzene in the gas-phase reactions of M(C;H4)* (M = Ru, Rh) with
C,H», see: Wesendrup, R.; Schwarz, H. Organometallics, in press.



