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The gas-phase reactivity o8sMg+ complexes generated from ionized magnesocene&p) have been
investigated by means of tandem mass spectrometry. Decomposition of metastdddlyCions involves

the metal-ligand dissociation and a hydrogen atom elimination leading to the formation 6favid GH,-

Mg ions. Collisional activation induces further fragmentations, yieldingls®1g* and GH,Mg** ions.

To have some insight into the structure and energetics of these four series of complexes, high-level ab initio
calculations (G2(MP2)) have been performed. In addition, the nature of the metdlgand interaction,

the charge distribution, as well as the characterization of orbitals involved in relevant systems have been
analyzed by using the atoms in molecules theory (AIM) of Bader and the natural bond orbital (NBO) analysis.
The Cp---Mg* binding energy has been estimated to be 74.0 kcal/mol, over the cyclopentadienyl geometry
optimized at the CASSCF level both fé8; and?A, electronic states.

Introduction MgCp* with a variety of H-, N-, O-containing ligands §NNHs,

Over the past years, the study of gas-phase organometallicco' ...) have been reported, but to the best of our knowledge,

ion chemistry has experienced a rapid arowth. This increasedthe structure, the bonding characteristics, and the unimolecular
L y xp pid g ' . reactivity of MgCp™ has not yet been investigated.
activity has been stimulated by the need for physical data on ; . : . : :
. . A From a theoretical point of view, Mgis an interesting open-
organometallic species and a better understanding of the

s . . - ’ shell metallic species with empty low-lying 3p orbitals, a
reactivity of metallic or organometallic ions with a variety of characteristic that provides a good tool for comparison with other
inorganic or organic compounds. P 9 P

. . . . closed- or open-shell monocatiolsThe interest in the gaseous
In this respect a wide variety of mass spectrometric tech-

nique has been used in these studies, giving a large amountChemiStry of Md is derived in part from its role_ in ionospheric
of thermochemical, kinetic, and mechanistic information that processe$: Some data concerning the relative and absolute

has been used to evaluate the energetics of catalytic processe as-phase binding energies of Mg different organic com-

and the feasibility of proposed react?on athwa sy P %ounds have been published by Freiser éP aBeveral other
.ty proposed | P yS- small complexes have been theoretically investigated and

These experimental investigations are more and more comple- :
tod by th tical caleulati that i t onlv th recently compilated.

gfuncteuresy anzort?ir:((:j?n caecnue? Iizgs fora tr?erOVIinnno on yl ¢ As part of our investigatiod3 of bond activation of organic

complexes but also agdescri g?[ion of the asgs]ociated otentialrnOIeculeS by Mg, we report here an experimental mass

enerp surfaces. These stupdies are particularl scgrce foropectrometry study of the decomposition of MgCpusing

trans?t)i/on met a+i6n complexes. The diffigulties ina)ll Lantita- mass-analyzed ion kinetic energy (MIKE) and collision-activated

tive theoretical descri Ft)ion o.f the bonding in coqm ounds dissociation (CAD) spectra. To explain the behavior of this

. . . P : 9 P . system, theoretical high-level ab initio calculations have been

involving transition metals arise from the presence of quasi-

degenerated d electrons that necessitates very high-level ab initid3 erformed for the complexes experimentally detected. Several
gener . fy hig . mechanisms are also proposed to explain both the spontaneous
calculations in order to get accuracy, as shown by Pierloot et

al3 and the activated dissociations.
' . . . In this respect, we have considered those structures resulting
Among neutral organometallic species having no d electrons,

. - . from the attachment to or the-€&C and C-H insertions of Mg
organomagnesium cor_npounds have_ recelve_d conS|de_rabIe hto the cyclopentadienyl radical, as well as the structure
tention because of their importance in organic synthesis. The ¥

magnesocene is one of the most well-known. Prepared for theresulting from the dissociation of MgCp which yields a
_ . T . —MA— +
first time in 1954 by Wilkinson and Cottohjts structural bisligated Mg species such as j8,-Mg—CsHg]*. On the

. . basis of experimental findings, we have also investigated three
features are well establisiednd the %-sandwich” structure
: thers systems, namel Mg**, CsHsMg™, and GH,Mg ™.
has been corroborated by ab initio calculatibnslagnesocene others systems, namelygkiMg™", CaHaMg ™, and GHaMg

(MgCpy) is of particular interest because it has found several In this quk after an initial statement on the experimental
applications as a host molecule for EPR investigafl | as and theoretical methods, we will describe the MIKE and CAD

. . . ) spectra and then rationalize the most outstanding features, using
a precursor for photolytic deposition of magnesium in the

growing electronics/semiconductors indust#y. a theoretical approach performed at a high level of theory using

Even if some studies have also been devoted to the structuret he ab initio G2(MP2) framework.

and bonding patterns of radical Mg&pas well as some other
metallic homologue systems-MCp for several metal$M, little
work has been done on the corresponding cation speciesMgCp  The mass spectrometric experiments were recorded on a ZAB
Recently!? some results for the reaction of the ground state of HSQ mass spectromettr. The ions MgGHs™ were produced
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from magnesocene by electron impact (El) at 70 eV. Metastable A
and collision-induced dissociations occurring in the second free-
field region (2nd FFR) between the magnetic and the electric
analyzers were monitored by scanning the latter one.

The metastable ion reactions were studied by mass-analyzed
ionic kinetic energy spectrometry (MIKES)techniques. Col-
lision-activated dissociatiofs (CAD) were performed by
admitting argon as a target gas into the second drift region
collision cell to reduce the parent ion signal to 70%.

Commercially available magnesocene (Mg(&pyas pur-
chased from Aldrich and was used without further purification.
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The geometries of the relevant systems under study were fully

optimized at the MP2/6-31G** level. We also evaluated the
harmonic vibrational frequencies at this level by using analytical
second-derivative techniques. These harmonic frequencies were
used to characterize the stationary points of the potential energy
surfaces as either minima or transition states and to estimate
the corresponding zero-point energies.

To have as reliable energetics as possible, the total energy
of some of the relevant minima detected was evaluated at the
G2(MP2) level proposed by Curtiss et!'Lising the optimized
geometry and the zero-point corrections (ZPE) at the level
already mentioned. In the framework of this theory, the basis-
set extension energy corrections were obtained at the second-
order Mgller-Plesset (MP2) level. The total energy is
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E[G2(MP2)] = E[QCISD(T)/6-311G(d,p)}

Ayps + AE(HLC) + E(ZPE) Figure 1. (A) Electronic impact (El) spectrum of magnesocene. (B)

MIKE spectrum of the CpMg adduct atm/z 89. (C) MIKE—CAD

where spectrum of the CpMgadduct atvz 89.

density?> H(r), which does not show these exceptional features;
in general, negative values df(r) are associated with a
stabilizing charge concentration within the bonding region. We
have also located the relevant bond critical points (bcp), i.e.,
points where the electronic charge density is minimum along
the bond and maximum in the other two directions, because
the values of the density, its Laplacian, and the energy density
at these points offer quantitative information on the strength
and nature of bonding. To take explicitly into account electronic
correlation effects, this topological analysis was carried out over
the MP2/6-31G** optimized geometries. The AIM analysis was
performed using the AIMPAC series of prograffis.

Ayp, = E[MP2/6-31HG(3df,2p)]— E[MP2/6-311G(d,p)]
and
AE(HLC) =-0.1%n, — 4.81nﬁ

Here, n, and nz are the number ofoc and 8 electrons,
respectively, withn, > ng.

The ZPE value obtained in the MP2/6-31G** calculation is
scaled® by the empirical factor 0.93. It has been shétthat,
in general, the average absolute deviation for G2(MP2) theory

is 1.58 kcal/mol with respect to the experiment in some . . ar
thermodynamical data. NBO analysis of Weinhold et &f. has also been performed

The calculations were performed using the Gaussin94 to obtain the natural total charges for the different atoms of
series of programs. For the calculations concerning neutral €aCh system, as well as a description of the bonding, in terms
cyclopentadienyl, as will be explained later, multiconfigurational ©f the rllatu_ral atomic orbitals (or hybrids) centered on atoms of
calculations at the CASSC¥level were performed using the particular interest.

MOLPRO-962 package program.

To have a deeper knowledge of the nature of the possible Results and Discussion

Mg-containing bonds created, we have performed a topological
analysis of the electronic charge densjyand its Laplacian,

Experimental Reactivity. By electronic impact, magne-
socene produces an abundagtiéMg™ ion atm/z 89, which is

V2p, using the atoms in molecules (AIM) theory of Bader and the base peak of the spectrum as shown in Figure 1A. The

co-workers?* As has been showr?p identifies regions of

unimolecular behavior of thesBlsMg* adduct was investigated

space where the electronic charge is locally depleted, and inand the MIKE spectrum (Figure 1B) of tla'z 89 ion displays

this caseV?p is positive or built up whereas thé?p is negative. two major peaks atvz 88 andmvz 24, showing that gHsMg™

The former situation is typically associated with interactions undergoes fragmentation by the elimination of a hydrogen atom
between closed systems (ionic bonds, hydrogen bonds, or vanH* and the direct cleavage of thelsMg™ adduct leading to
der Waals interactions), while the latter characterizes covalentthe dissociative products Mgion and GHs' radical.

bonds, where the electronic charge is concentrated between the The metastable behavior oM™ (M = Ti, Fe, and Rh)
nuclei. There are, however, significant exceptions to this general has been reported by Zagorevskii and HoliffeS.hese authors
rule, mainly when highly electronegative atoms are involved pointed out the fact that each species decomposes differently.
in the bonding. Hence, we have also evaluated the energySo if the major metastable process is the loss pahd GH,
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TABLE 1: Absolute (hartrees) and Relative (kcal/mol) Energies of the Systems under Study

E; E
system state 0 MP2/6-31G** G2(MP2) MP2/6-31G** G2(MP2)
la 1A; —392.305 149 —392.549 547 0.0 0.0
—392.628 885

Ib A, —392.189 501 —392.446 970 72.6 64.4
Ic Ay —392.152 390 —392.415 891 95.9 83.9
Id A, —392.137 127 —392.400 716 105.4 93.4
CsHs 2B, —193.146 897

2A, —193.146 453
Mg* ’S —199.364 083
Mg* + CsHs S+ 2B, —392.510 980 74.0

2S+2A, —392.510 536 74.3
lla 2A! 0.777 —391.609 334 —391.858 787 0.0
Ib 2A" 0.981 —391.500 736 68.1
lic 2A" 1.901 —391.458 751 94.5
Id 2A" 1.096 —391.454 803 97.0
ET A, —315.048 425 —315.212 975 0.0 0.0
b A —315.035 115 —315.203 922 8.4 5.7
lllc A —315.032 008 —315.198 166 10.3 9.3
Iid 1A —315.017 263 —315.183 102 19.6 18.7
e Ay —315.007 274 —315.174 552 25.8 24.1
Iif A —315.007 815 —315.168 889 255 27.7
llg A —315.006 449 —315.168 677 26.3 27.8
IVa A’ 0.750 —314.428 041 —314.580 545 0.0 0.0
IVb A 0.903 —314.366 683 —314.563 338 38.5 10.8
Ve 2A" 0.977 —314.361 890 —314.544 752 41.5 22.5

a Contamination spin for doublet systems is also includadalues without the ZPE correction.

for CsHsTit and GHsRh™, respectively, the unimolecular
reactivity of GHsFe™ presents the same features gHgMg™
(i.e., elimination of H and metat-ligand dissociation).

Under collisional activation the adductisMg™ acquires

devoted to the reactivity of the ground state of Mgith such
compounds, which are also of interest in the field of ionospheric
reactivity.

The total and relative energies of the different isomers for

sufficient internal energy to fragment by several pathways as gach system are listed in Table 1. In the following discussion

displayed in the CAD spectrum (Figure 1C). As in the MIKE

the relative energies are always referred to the most stable ion

spectrum, the most important fragment ion corresponds to the ¢ each series.

loss of H giving them/z 88 GH4Mg** ion. Several other ions
of mz65,m/z63,m/z62,m/z49,m/z 39, andm/z 24 are present

in this spectrum and are attributed, respectively,deC, CsHz-
Mg*, CsHMget, C;HMg™, CsHst, and Md' ions. It is worth
noting that ions formed under collision conditions can arise from

simple bond cleavage, cyclopentadienyl ring opening, and/or

consecutive neutral losses. Hence, the formationzbf.@lg™

can be explained by the loss of a hydrogen atom from the
primary GHsMg™ ion. In the same way, £IMg* can occur
from C;H,Mg™, which loses a hydrogen atom. These results
suggest the intermediacy of species in which the metal ioh Mg
is bisligated with an acetylene molecule and either s
radical or a GH, moiety.

CsHsMg™ lons: la—Id. Keeping in mind the observed
reactivity, four GHsMg™ structuresl@—Id) have been consid-
ered (see Figure 2). The most stable speldesorresponding
to the association of Mgwith the cyclic radical c-(GHs)* can
be described as g°-bonded structure having @, symmetry
where the metal is located above the center of thids@ing.
The bonding in thé'A; ground state of €H4sMg™ can result
from several contributions as discussed below on the basis of
topological and NBO analysis.

The topological analysis of this species shows that the
interaction is rather typical of an ionic bond. This is mirrored
in the characteristics of the MgCp bond, which presents a

To corroborate this assumption and to elucidate the possiblelow electron density (see Table 2) for the five equivalent bond
pathways leading to the observed products, we propose the studitical points, as well as positive values for the Laplaciefpj

of the four systems &1sMg*, CsH4Mg**, CsHaMg™, and GH,-
Mg *. We will focus our attention on the structures, energetics,
and bonding characteristics of different complexes and will
examine the role of the open-shell ground-sfateof the Mg"

ion on the H radical loss.

Theoretical Results The previous theoretical studieshow
the great difference between the Mg-ligand (L = C;H, or
C,Hy) and the Mg o-ligand (L = oxygen- and nitrogen-
containing compounds) bond energies. In the forme&om-
plexes it is well established that the bonding is mainly
electrostatic, although the open-shell 3s orbital of Mgesents

and energy densityH(r)). Surprisingly, the NBO analysis
predicts a natural charge of 1.8 for Mg. This interesting feature
implies that the structuréa could be considered as a Rig
interaction with the gHs~ anion. The stability of this structure
may be enhanced by the fact that such a redistribution of the
charge allows the systemsids~ to follow Huckel’s rules of
aromaticity. The bonds in thHa system also present a covalent
character as shown in the canonical MO’s involved in the metal
cation bonding. The interaction of the 3$yybrid and 3p, 3p,
pure orbitals of Mg with the 2p orbital of the five carbons leads
to three doubly occupied MO’s, namely;oq, 122, andiyzs (see

some 3p character, which polarizes away from the ligands to Figure 3). The first one is a bonding interaction of a hybrid

reduce the repulsion Mg-L, which consequently enhances the
binding.

3sp of Mg with the z-cloud of the GHs moiety. The other
two (which are the HOMQ's) are made by the interaction of

In the complexes investigated here the ligands are either open-the “pure” 3 and 3g empty orbitals of Mg with the adequate

shell (GHs" and GH3* radicals) or closed-shell ¢84 and GH»

linear combination of the five p orbitals of carbon atoms in

carbenes) systems. To our knowledge, no study has beerorder to maximize the bonding overlap. These three molecular
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Figure 2. MP2/6-31G(d,p) optimized geometries for the minima of
the [G;, Hs, Mg]"™ potential energy surface. Bond distances are in
angstroms and angles in degrees.

TABLE 2: Mg * Natural Charge, Charge Densities §),
Laplacian of the Charge Densities ¥?p), and Energy
Densities H(r)) Evaluated at the Corresponding Bond
Critical Point?2

Mg+
bond ) V2o H(r) charge
la Mg—-C 0.034 0.185  +0.003 1.80
Ib Mg—C 0.051 0.278  +0.003 1.64
Ic Mg—C 0.043 0.231 +0.003 —1.47
Mg—H 0.054 0.242 —0.003 —0.60
Id Mg—C 0.046 0.252 +0.003 1.61
Mg—m 0.023 0.101  +0.003
lla Mg—CH 0.033 0.181 +0.003 1.80
Mg—C 0.034 0.186  +0.003
Illa Mg—C 0.064 0.389 +0.001 1.75
e Mg—-C 0.047 0.257 +0.003 1.63
1if Mg—C 0.040 0.141 —0.002 0.98
IVa Mg—-C 0.034 0.172 +0.003 0.95
IVb Mg—C 0.062 0.378  +0.002 1.71

a All values in au.P This value corresponds to the natural charge of
Mg attached hydrogen.

orbitals can hold the six electrons, according to Huckel’s rules
of aromaticity.

To estimate the Mg --c-(CsHs)* binding energy, we need
the G2(MP2) energy of the4Bls* radical. All the attempts to
optimize this radical at the MP2/6-31G** led to a structure

Berthelot et al.

A starting ROHF wave function was optimized with the
configuration (982(6hy)2(1hy)3(2by)}(1a)? using the correlation-
consistent doublé-Dunning function® in order to generate
the guess wave function for the multiconfigurational calculation
of the 2B; state, which will be considered as the ground state.
The orbital space for the CASSCF functions was chosen by
including the five valence electrons oflds and a total number

of four by- and two a-symmetry-type orbitals as the active
orbital space. The geometry of the cyclopentadienyl radical
has been optimized by imposiiz, symmetry and placing the
molecule in theyzplane, thez being the binary symmetry axis.

To check the validity of active space, we have enlarged this
with one additional virtual orbital of bothyland & symmetries.
This optimized geometry is rather close to the first (see Table
3), consistent with the fact that the new orbitals added present
insignificant occupation numbers in the CASSCF wave function
(less than 0.003). For th#\, state, a similar procedure was
performed, starting with the (98(6b)3(1by)2(2by)3(1a)! ROHF
configuration and using the same active space as fofBhe
state. Inspection of the geometries for both states in Table 3
shows that fofB; a great contribution of the dienic structure is
expected, while for théA, state only the €C perpendicular

to the symmetry binary axis presents double bond character.
This is in agreeement, as we can see in Table 3, with results of
all the other theoretical, previous studies. The maximum
deviations of our results with respect to the previous calculations
are 3% for the bond distances and less than 1% for the bond
angles.

Finally, we used theB; and ?A, optimized structures to
evaluate the absolute energy at the G2(MP2) level (except for
the ZPE correction). The difference between them is only 0.3
kcal/mol at this level of theory. Since this value is under
precision, we cannot ensure the symmetry of the ground state,
but this quasi-degeneracy allows us to estimate thé-MgsHs"
binding energy to be 74.0 kcal/mol. For the similar complex
CsHg---Fe', the binding energy was calculated to be#Z7.0
kcal/mol by Bauschlischer et &ft,compared with an experi-
mental value of 88t 7 kcal/mol. This result corroborates the
fact that the [Mg-Cp]" is highly stabilized by the particularities
of its charge distribution, which allows ring aromaticity.

Among the vibrational frequencies computed for the complex
Mg—Cp" (1a) (see Table 4), there are only two skeletal modes
corresponding to the metating interaction that are of inter-
est: the Mg-ring stretch and the Mgring bend, predicted to
be observed at 477 and 307 chrespectively. All the other
frequencies are attributed to the ring deformations. The
influence of the positive charge in MgCran be estimated if
we compare the Mgring stretch frequency with the value of
330 cn1! reported by Robles et &.for the neutral system.
This is in accordance with the fact that in the ionic species the
interaction of metal with €Hs is stronger.

Structurela can evolve tdb andlc, which results from the
insertion of the metal ion Mginto a C-C and C-H bond of

whose force calculations presented one imaginary frequency.c-(CsHs)", respectively. The structuile, corresponding to the

This transition state corresponds to the opening of the ring,

yielding GH, and GHg* fragments. This result is in accordance
with the fact that the MP2 level is not appropriate for describing
this system, which is well-known to be a Jahfeller distorted
structure as described by several auti®rsSo we have
considered it to be interesting to perform additional calculations
using multiconfiguration SCF (MCSCF) wave functions. The

insertion of the metal into the ring, is about 65 kcal/mol less
stable tharla. This is not surprising if one takes into account
that the system loses its aromatic character. As revealed by its
energy density on the bcp, the-®g—C bonds are essentially
electrostatic in nature. However, by comparison watha lower
electron transfer from Mg has been produced. The covalent
contribution arises here from two three-centered orbitals formed

main problem in this system is the degeneracy of the valenceby the interaction of the linear contribution of the 2p orbitals,

orbitals, which leads to a JahiTeller split of a few kcal/mol
between théA, and?B; states belonging to the,, point group.

in phase with each contiguous carbon, with the 3s and 3p
orbitals of Mg (see Figure 4). The contour maps of the
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Figure 3. Doubly occupied canonical molecular orbitals for sped¢&#volved in the Mg-Cp bonding.
Laplacian of the charge density (given as Supporting Informa- Mg—H subunit, thus mirroring an interaction between the MgH

tion) reveal an almost closed-shell interaction of Mg with the
polarized electronic cloud of terminal carbons in theHE
moiety.

Energetically speakindc is 83.9 kcal/mol less stable than
la. In structurelc, which corresponds to the insertion of Mg
into a C—H bond, the positive charge is mainly localized at the

and the GH4 moiety. Two 3sp hybrid orbitals of Mg overlap
with the appropriate orbitals of carbon and hydrogen atoms.
The charge of Mg is also about 1.5. It is worth noting that
both in Ib and in Ic systems only two out-of-plane-type
mr-orbitals remain doubly occupied, avoiding aromaticity of the
subsystem €H,. The topological analysis points out that the
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TABLE 3: Geometries of the CASSCF/DVZ Optimized Structures for A, and 2B; Electronic States of Cyclopentadienyl
Radical

281 2A2
this work this worle ref 29a ref 29f ref 29e this work ref 29a ref 29f
Bond Lengths (A)
cic2 1.441 1.440 1.457 1.428 1.397 1.401 1.407 1.378
C2C3 1.371 1.370 1.371 1.348 1.356 1.474 1.496 1.486
C3cC4 1.485 1.484 1.509 1.514 1.442 1.359 1.396 1.338
C1H1 1.080 1.080 1.079
C2H2 1.079 1.079 1.080
C3H3 1.080 1.080 1.079
Bond Angles (deg)
C5C1C2 108.4 108.5 108.0 107.6 108.1
cicacs3 107.6 107.6 108.0 108.3 108.0
C2C3c4 108.1 108.2 108.0 107.8 107.9
H1C1C2 125.8 125.8 126.2
C1C2H2 125.6 125.5 126.4
C2C3H3 126.8 126.9 125.1

aC1l and H1 are the atoms containing t8g symmetry axis. The numbering of the other atoms is clockwise. A comparison with previous
theoretical studies is also includédvalues corresponding to enlarged active space (see text).

TABLE 4: Harmonic Vibrational Frequencies (cm~1)
Assigned to (Cp-Mg)*™ Complex la
v symmetry assignment
3329 al CH stretching
3319 el CH stretching
3307 e2 CH stretching
1465 el CC stretching
1417 e2 CC stretching
1303 a2 HCC bending in plane
1129 al CC stretching
1107 e2 HCC bending in plane
1040 el HCC bending in plane
908 e2 CH wagging
869 e2 ring deformation
850 al CH wagging
811 el CH wagging
628 e2 ring torsion
477 al Mg-Cp stretching
307 el Mg-Cp bending

Mg—C bond is an ionic interaction, whereas the g bond
is covalent, as shown by the negative valudi¢f) (see Table
2).

Since one of the main features observed experimentally is
the loss of acetylene under collision conditions, we have also
considered théd species in Figure 2. This species, which lies
93.4 kcal/mol abovda, can be obtained fronb by a C-C
bond cleavage. In this species Mg interacts both with t#ié;C
radical and ther-cloud of acetylene. The interaction between -
Mg and GH; is clearly electrostatic, as demonstrated by the Figure 4. Doubly occupied canonical molecular orbitals for species
charge density at the bcp, which is half that of MgCsH3 lb involved in the CG-Mg—C bonding.

(see Table 2). Besides, the Laplacian of the charge density

(given as Supporting Information) confirmed a closed-shell spontaneous elimination of'ffom the complex €HsMg* can
interaction of Mg with both gHs and GH> subunities (typical ~ probably arise from the most stable structiae This is clear

of ionic linkages), with the electronic cloud of both moieties if one takes into account that the barrier for the Cinsertion
being polarized toward the Mg. The charge of Mg4.6, should be higher in energy than the dissociative mdigand
showing, as observed in the caselaf an electronic transfer ~ bond cleavage leading to Mg+ CsHs". The C-H insertion
from the metal ion to the vinylic radical#8ls that thus acquires ~ of Mg and the opening and the cleavage of the cycle need an
an anionic character. We have also investigated the stability energetic gain. This is consistent with the experimental findings
of such a “sandwich” structure with a cyclopropenic radical displayed in MIKE and CAD spectra (see parts B and C of
[c-(C3sHz)—Mg—C,Hz] ™, but all attempts to optimize this  Figure 1).

geometry failed and lead to the open structigre CsHsMg™ lons: lla—Ild. In Figure 5 we have displayed

In summary, taking into account the estimated binding energy the possible structures that can arise from the elimination of
value between Mgand GHs* (74.0 kcal/mol) and the factthat  the H radical from the different precursors@sMg* ions
the relative stabilities of the other systems considered in this presented in the previous section, even if, as mentioned above,
surface are close to or higher than this value, we may safely the speciesa would be the most probable. It is worth noting
conclude that, from a thermodynamical point of view, the that, apart from the dissociative metdigand reaction, the
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llc
Cs Cs

Figure 5. MP2/6-31G(d,p) optimized geometries for the minima of

the [G;, Hs, Mg]™ potential energy surface. Bond distances are in

angstroms and angles in degrees.
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Figure 6. MP2/6-31G(d,p) optimized geometries for the minima of
the [G, Hs, Mg]*" potential energy surface. Bond distances are in
angstroms and angles in degrees.

interaction of a radical ¢Hs* with the open-shell Mg cation.

hydrogen loss is the sole efficient reaction observed in the MIKE e have investigated, in this part, different possible structures
spectrum. Among the four structures investigated the most for the GH3Mg* system (see Figure 6): those that could be

stable (la) corresponds to the interaction of Mg ion with the
aromatic moiety GHs. Here too, the metal is located above
the center of the €H, ring. The structure resulting from the
simple abstraction of the H attached to Mg in spedesas
also been optimized and evolved without activation|i@
complex. The NBO analysis dfa reveals that the charge on

derived directly fromla—Id and those that could result from
rearrangements, shown later to be more stable.

We can see in Table 1 that the global minimum for thel&
Mg* system corresponds to the complexation of the 1-propynyl
moiety by Mg (systenilla in Figure 6). A value of 1.75 for
the natural charge in Mgreveals without ambiguity the ionic

the Mg (1.8), the ionic bonding characteristics, and the molecular character of the €Mg bond that arises from the interaction of

orbitals involved in the covalent component of the Ming
bonding are the same as for spedi@s The analysis of spin

a likely Mg?" with the 1-propynyl anion, where the natural
charge on the carbon is0.98. This result is not surprising if

density shows that the unpaired electron is mainly located at e consider that the latter is the most stable species among
dehydrogenated carbon, keeping the aromatic structure in thec,H,~ anions3® The Laplacian of the charge density for this

ring.

system (available as Supporting Information) shows a great

The G2(r) calculations show that the process to generateinteraction of Mg with C, and energy density values (see Table

MgCsH,4™ starting from MgGHs™ requires about 120 kcal/mol,

2) become inferior as those observedlfaomplexes, revealing

while the loss of Mg would require only 74 kcal/mol, as have also an increase in the covalent character of-Migbonds.
been discussed. Taking into account the facts that (i) the Structureslilb andllic are less stable by 5.7 and 9.3 kcal/

intensity of the peak atvVz 88 is greater than that observed for
the peak atm/z 240 and (ii) the difference of intensities is

mol, respectively, and they result from the complexation of the
allenide anion H,=C=C)H™ on carbon atoms g and Gz,

reduced under collision conditions (see Figure 1), we can that give rise respectively to allenittlp ) and monosubstituted
conclude that the barriers for both dissociations play an acetylenic (lic ) structures. But even if these three structures
important role and should be higher for Mg loss than for the are the most stable, under our experimental conditions they

dehydrogenation reaction.
Structuredlb, lic, andlld , coming both from the elimination
of H* from Ib and from the ring positions dt, are predicted

cannot originate directly from the s8sMg™* cations under
investigation. On the other hand, the loss eHgfrom Ic, Id,
andlb can lead directly to less stable structutiég , llle , and

to be, respectively, 68.1, 94.5, and 97.0 kcal/mol less stable lif , respectively. The complexation of the cyclopropen-1 anion

than the minimumila (at the MP2/6-31G** level). Here, it
must be noted (see Table 1) that for spetiesandlld a high
value of [$[is predicted, revealing a nonnegligible spin
contamination with higher order multiplicities.

CsHsMg™ lons: llla —lllg. The loss of acetylene from
CsHsMgT gives rise to a complex4EisMg™ resulting from the

gives the structuréllg , which is energetically degenerate with
[lIf (see Table 1) at our level of calculation.

It is worth mentioning thatlle presents almost the same
structure as the subunitsB3Mg of structureld, showing that,
as mentioned above, Id the bonding of the acetylene moiety
is a rather pure electrostatic interaction. The NBO and the
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Figure 7. MP2/6-31G(d,p) optimized geometries for some of the
minima of the [G, Hz, Mg]* potential energy surface. Bond distances
are in angstroms and angles in degrees.

Berthelot et al.

considerable intered#:3* The nonplanar structure is preferred,
which is in agreement with the geometry of the Mg-cationized
form Ilif . The cyclopropenyl anion is known to be an
antiaromatic system not detected experimentally and predicted
to be unbound in the gas pha¥e. This could explain why the
electronic transfer from Mgto the carbon atom does not occur.
The topological analysis (see Table 2) shows that in the case
of Ilif some covalent character is mirrored in the small but
negative value of the energy denskiyr).

CsHMg™ lons: IVa—IVc. Among the different structures
investigated for gH,Mg*" ions only three have been selected
and are displayed in Figure 7. All of them could be considered
as the interaction of Mg with different GH, carbenes and
probably result from the hydrogen atom elimination from the
CsHsMg™ structures described below. The global minimum for
this serieslVa corresponds to the cationization of the cyclo-
propenyl carbene, which can arise from the four cyclic species
llld —1llg . It is worth noting that the linear compountigb
andIVc are less stable than the cyclic ohéa.

For the complexVvb, the NBO analysis shows that the charge
of the magnesium and those of the carbon atom-M(1) are
1.71 and 0.84, respectively (see Table 2); the unpaired electron
has been localized on the methylenic carbon atom CG{3)H
reflecting the distonic character of théb species. On the other
hand, the bonding characteristics of the global minimifa
are quite different; an inspection of canonical orbitals shows
that a 3s orbital of Mg interacts with a 3p orbital of the carbon
atom to give a doubly occupied Mg bonding orbital.

topological analysis ofile presents the same features concern- However, the unpaired electron is located in an orbital with
ing the charge distribution as well as the bonding characteristicsantibonding character between C and Mg, which makes the bond
(see Table 2). The case bff is peculiar in that this structure  less stable. This can be confirmed by the fact that the
is the sole structure where Mg has a charge close to 1 (0.98),0ptimization of the corresponding neutral complex starting from
showing that we have in fact an interaction between the open-theIVa structure leads to Mg-C cleavage.

shell Mg™ monocation and the cyclopropenyl radical cig)". From these theoretical results we propose in Scheme 1
As in the case of the c-@Els)* radical, the cyclopropenyl radical  different pathways that could account for the decomposition
presents a JahiiTeller effect responsible for changes in the patterns of GHsMg™ ions leading to fragment ionssB4Mg°+,
structure and properties. This radical represents the prototypeCsHsMg™*, and GHsMg*™ here under investigation. It must be
conjugated cyclic radical, which has been the subject of mentioned that the formation of linearldsMg* ions (lla —

SCHEME 1: Proposed Mechanisms for Cp-Mg™ Leading to the Reaction Products Observed Experimentally
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