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The molybdenum chalcogenide cations MoXX = O, S;n = 1—3) are studied by a combined experimental

and theoretical approach. The monoligated species Ma@ MoS both have {£7) ground states that
formally arise from spin-pairing of Mb(®S) with O ¢P) and S{P), respectively. Similarly, the bent triatomic
MoX," cations exhibit doublet ground statéa{). The trichalcogenides Mofd and MoS* also have doublet

ground states and exhibit simil&g,-symmetrical structures; however, distinct energetic differences are found

in that MoQy™ is much less stable than Mg@$S due to the necessity to ionize a strong Mo double bond

in neutral MoQ. Sequential addition of chalcogenides to molybdenum goes hand in hand with an increase
of the formal oxidation state of the metal. As a result, the ionization energies (IEs) increase with the
electronegativity and the number of the chalcogenide atoms added: IE(Ma®+ 0.3 eV, IE(MoQ) =

8.7+ 0.3 eV, IE(MoQ) = 11.7+ 0.3 eV, IE(M0oS)= 7.7 £ 0.3 eV, IE(M0S) = 8.6 + 0.3 eV, and IE-

(MoS;) = 8.9 + 0.3 eV. Thermochemical considerations in conjunction with the ion/molecule reaction
bracketing technique and theoretical results provide reevaluated values for the bond dissociation energies (in
kcal/mol): Mo"—0O 118+ 2, OMoc™—0 131+ 5, O,Mo™—0 62+ 17, Mo"™—S 88+ 14, SMo —S 100+

14, and $Mo™—S 88+ 14. Notable differences are observed in the gas-phase reactivity of thg"MoX
cations. In general, the molybdenum sulfides are less reactive than the corresponding oxides. The monoligated
MoX™* cations promote €H bond activation of hydrocarbons, while the MgXcations and also MaS are
somewhat less reactive. The high-valent transition-metal oxide Mi€the most reactive species and is

even capable of activating methane.

Introduction organic substrates. In addition, the associated thermochemistry
of the MoX," systems is evaluated by means of adequate
computational methods and the ion/molecule reaction bracketing
technique.

Molybdenum is one of the essential elements in biology. It
serves central functions in redox enzymes of the human‘ody
and is involved in mixed Mo/Fe sulfide clusters, which are
essential for nitrogen fixation by prokaryotic organisms.

Further, molybdenum chalcogenides play a role in various Experimental and Computational Methods

industrial processes. Therefore, the examination of Mo The experiments were performed in a Spectrospin-CMS-47X
chalcogenide interactions and the synthesis of model compoundd-ourier-transform ion-cyclotron resonance (FTICR) mass spec-
attract continued attentioh. trometer equipped with an external ion source that has been

The gas-phase chemistry of molybdenum deserves interestdescribed elsewhefe.Briefly, Mo™ ions were generatedia
because it can provide insight into the intrinsic properties of laser desorption/laser ionization by focusing the beam of a Nd:
the element and unravel features associated with its reactivity YAG laser (Spectron System&,= 1064 nm) onto a target of
when ligated to chalcogenides. The gas-phase chemistry of bargopure molybdenum. The ions were extracted from the source
Mo™ cations has so far only scarcely been studigdmarily and transferred into the analyzer cell by a system of electrostatic
due to the fact that Mbis nonreactive toward most substrates. potentials and lenses. After deceleration, the ions were trapped
This lack of reactivity has been attributed to the inertness of in the field of a superconducting magnet (maximum field: 7.05
the 584 configuration of the Md (8S) ground staté. T). The most abundant isotof8Mo™ was isolated from the
Recently, the gas-phase chemistry of Mo@n = 0—2) has other isotopes using FERET8a computer-assisted protocol
been examined by Cassady and McEIvahgnd in comparison that combines frequency sweeps and single-frequency ion-

to bare Md, the metal-oxide cations MoOand MoQ* are ejection pulses to optimize ion isolation. Generation of the
more efficient as far as €H and C-C bond activation of MoX,*t ions was achieved as follows: (i) sequential oxidation
hydrocarbons is concerned. of Mo™ with pulsed-in Q yields MoO" and MoGQ™, (ii) MoO3s™

Here, we report a combined experimental and computational was generated by reacting Mavith a ca. 1:5 mixture of Q
study of MoX,™ cations (X= O, S;n = 1—3) with respectto  and NO, and (jii) MoS," (n = 1-3) species were prepared by
the electronic ground states, the nature of the bonding, thesequential sulfur-atom transfer to Mavith carbonyl sulfide
energetics of these species, and their reactivity toward selectedas reagent gas. The ions under investigation were then again
isolated using FERETS. For MdSwe faced the problem of
T Dedicated to Professor Peter C. Thieme, BASF Ludwigshafen, on the coincidental mass overlap, because isobaric Mo®as also

occasion of his 60th birthday. ; ; ; i i
¥ Present address: Institute for Molecular Sciences, Myodaiji, 444 present due to reaction of MON!th re‘.‘:'ldual. ar in th‘? m.ass
Okasaki, Japan. spectrometer. In order to avoid unintentional excitation of
® Abstract published irdvance ACS Abstract#ugust 1, 1997. MoS", the MoQ* ions were therefore not ejected in these
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experiments. Instead of this, high-resolution mass spectra weretively, of the chalcogenides in the active space decreases the
acquired at different reaction times and used for the correction computed total energies by 0.6 and 0.9 kcal/mol for Ma@d

of the results for the interfering Mo species. In general, MoS".1® This approach could not be extended to the dichal-
for the purpose of thermalization and removal of excess energy,cogenides, because the MOLCAS version 3 program cannot treat
the ions were collided with pulsed-in methane (maximum more than 12 orbitals in the active space, such that inclusion of
pressure ca. 5 1075 mbar, ca. 2000 collisions). In the case the 2s and 3s orbitals, respectively, is prevented for WMo

of MoOs* this was impossible, because this ion reacts with = O, S). All electrons were correlated at the CASPT2D level
methane (see below); therefore, thglRO mixture and argon  of theory. A first-order correction of the energies with respect
were used instead. The kinetics of all reactions were carefully to the relativistic effec was achieved by computation of the
studied as a function of thermalizing collisions in order to ensure mass-velocity and Darwin terms at the CASSCF level. These
that the ions undergoing ion/molecule reactions were not relativistic corrections were added to the B3LYP, CASSCF, and
kinetically and/or electronically excited. The reactants were CASPT2D energies, which will be referred to as B3LYPrel,
admitted to the cell through leak valves at stationary pressuresCASrel, and CASPT2Drel, respectively. Treatment of the
of (0.6-4.0) x 10°8 mbar (as measured by a Balzers IMG070 trioxide and the trisulfide at the CAS level of theory with
ion gauge). Some of the ions under study, in particular MioO ~ reasonably sufficient basis sets would require outrageous
react rapidly with water, which is inevitably present in the Ccomputational resources and was therefore not attempted.
background of the vacuum system:; others, such as for instance In the B3LYP approach, Dunning/Huzinaga full doufgle-
MoS*, show reactivity toward the residual air in the FTICR. basis sef8 with polarization functions were employed for O
Therefore, the background reactions were measured separatelnd S, while atomic natural orbital (ANO) basis $étwere

and subtracted from the data obtained in the presence of a givert/sed for these atoms in the CASSCF and CASPT2D calcula-
substrate. The first-order kinetics of the reacting ions provided tions. ~ Throughout this study an all-electron basis set
the rate constantg,, which were compared to the gas-kinetic (17513p9d3f)/[7s6p4dFwas used for molybdenum. Calcula-
collision rateskapo.l! Due to the evaluation of the data via tion of the first and second ionization energies of molybdenum

background correction, the accuracy of the rate constants wasdave 7.2 (exptl 7.09) and 16.2 (exptl 16.15) eV, respectively,
not better thant50%. Further, note that the reaction kinetics &t the CASPT2Drel level of theory. However, these basis sets
were only analyzed in terms of the first-order formalism, and @S Well as the active space are by no means complete, and these
radiative and/or collisional stabilization of the encounter Testrictions have to be kept in mind in the discussion of the
complexes resulting in adduct formation was negleétedi thepretlcal results. Bond dlss_00|at|on energies (BDEs) were
the thermochemical analysis of some ion/molecule reactions d€rived from the sum of energies of the isolated molecules and
(bracketing technique), we took into account the circumstances atoms without any further corrections. For the purpose of better

under which reactions occur under FTICR conditions when the Understanding the electronic structures in terms of molecular
reactant ions are properly thermalized; thus, endothermic orbital theory, the CAS wave functions and the associated MOs

reactions do not occur if the reaction enthalpyHg) exceeds were computed and graphically illustrated using the GAMESS

ca. 5 kcal/mol. For reactions withHgr between+5 and —5 program packagé: Al cpmputations were performed on either
kcal/mol, the reaction rates increase fromi0~13 cm® s1 IBM/RS 6000 workstations or a CRAY-YMP computer.

molecule® to the collision limit as a function of exothermicity  Results and Discussion

if no kinetic restrictions apply? The rate constants allow This part is divided in three sections. First, the molybdenum-
refined estimates for the thermochemistry of a given reaction, 5yide cations Mo@" (n = 1—3) are described with respect to

assuming that no kinetic barriers are operative; at least for ynejr genesis, the associated thermochemistry, geometrical and
electron transfer processes, the latter assumption appears t0 bgjectronic features, and the ground-state configurations. For

quite reasonable. However, for transition-metal cations the the evaluation of the gas-phase reactivities, the hydrocarbons

bracketing technique is usually limited to an accuracyt&f methane, ethane, benzene, and toluene were chosen as model

kcal/mol, due to the occurrence of association or competing side g pstrates. Then follows a discussion of the molybdenum

reactions. sulfide cations Mo§™ (n = 1—3). Finally, the results for
Similar to our previous studies of transition-metal dioxidfes,  cationic molybdenum oxides and sulfides are compared with

the computational study of the M@X systems for X= O and each other in order to illustrate the differences and similarities

S was performed in the following way: The geometries were in the chemical behavior of these metal chalcogenides.

optimized using the Becke3LYP functiorf@la density func- Molybdenum Oxide Cations MoO", MoO;*, and MoOs™.

tional theory (DFT) approach implemented in the GAUSSI- Generation and Thermochemistry of MgO(n = 1-3).
AN92/DFT® program; this will be referred to as B3LYP. At  Molybdenum monoxide and dioxide cations can be generated
this level of theory, the stationary points were characterized as from thermalized Mo and oxygen in the sequential reactions
minima on the potential-energy surface by evaluating their 1 and 2. Formation of the molybdenum trioxide cation is
vibrational frequencies and normal modes using analytically impossiblevia this route, i.e. reaction 3, and requires the use
derived first derivatives and numerically calculated force- of dinitrogen oxide as oxidant; for convenience, a mixture of
constant matrices. For MoCand MoS the B3LYP geometries O, and NO was used to generate MgOdirectly from Mo'.
were reoptimized at the CASSCF and CASPT2vels of

theory by employing the MOLCAS version 3 program pack- Mo + O,—~MoO" + O (1)
agel® Due to the minor changes in geometries upon switching
the level of theory (ca0.02 A, including relativistic bond
contraction)t® this costly procedure was omitted for the larger
oxides and sulfides, and the B3LYP geometries were used for
CASSCF and CASPT2D energy calculations. In the CAS MoO," + O, —~ MoO;" + O (3)
calculations the active space included the 4d and 5s orbitals of

molybdenum and the 2p and the 3p orbitals of oxygen and The occurrence of reactions 1 and 2 for thermalized ions
sulfur, respectively. Inclusion of the 2s and 3s orbitals, respec- implies that BDE(M3d—0Q) and BDE(OMJ—0O) are similar

MoO" + 0,—~ MoO," + O 2)
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to BDE(O-0) = 119 kcal/mot® or even exceed it; the absence
of O-atom transfer from ©to MoQO," in reaction 3 suggests
that BDE(QMo*™—0) < 119 kcal/mol, provided no kinetic
barrier exists.

For MoO' we can derive a more precise BDE from the fact
that the rate constant of reaction 1 is significantly lower than
the collision limit kexy/kapo = 0.18). Considering that O-atom
abstraction from triplet dioxygen is unlikely to be associated
with a large barrier, we can assume that the low efficiency of
reaction 1 reflects its endothermicity and thus apply the
Arrhenius equatiof®26resulting in BDE(Mo—O) = 118+ 2
kcal/mol. An alternative way to evaluate BDEs is the use of

Kretzschmar et al.

For molybdenum dioxide cation, the occurrence of reaction
2 with unit efficiency provides a lower limit of BDE(OMo-

O) > 119 kcal/mol. Further thermochemical information is
gained from the examination of reaction 6:
MoO" 4+ CO,— MoO," + CO (6)

The fact that O-atom transfer from carbon dioxide to MoO
can take place requires that BDE(OMe0) is close to or even
exceeds BDE(O€O0) = 127 kcal/mol. The rate constant of
reaction 6 is extremely smalkdykapo = 0.001), indicating
that reaction 6 is slightly endothermic and/or associated with a

thermochemical cycles. For that purpose, we determined thesignificant barrier. However, reduction of MgOby CO does

ionization energy of MoO by the bracketing method: When
MoO™ is reacted with aniline (IE= 7.72 e\?9), rapid electron
transfer (ET) occurs to yield the aniline cation radical concomi-
tant with neutral MoO, whereas in the reaction of Mo®ith
cycloheptatriene (IE= 8.29 e\?) ET does not take place at
all. Considering the requirements for observation of an ion/
molecule reaction under FTICR conditioFthese ET-results
lead to an estimate of IE(MoGy 7.9 4+ 0.3 eV. In order to
evaluate the thermochemistry of neutral MoO, we combined
the literature values aAH;°(MoO) = 74 £ 8 kcal/mof” and

83 £ 5 kcal/moP® to an average, i.eAH°(MoO) = 79 &+ 8
kcal/mol. Together withAH;® of Mo and O as well as
IE(Mo), these data lead to BDE(Me-O) = 119 + 15 kcal/
mol.

Although within the experimental error limits, both values
derived in this work are slightly higher than the literature
reference of BDE(Md—0O) = 113+ 18 kcal/mol?® due to the
different IE(MoO) andAH:°(MoO) used. This literature value
is however inconsistent with the occurrence of reaction 1 for
thermalized Md, which proceeds until complete conversion
of the metal cation. We therefore recommend BDE{M®)
= 118+ 2 kcal/mol as a reevaluated value. Quite recently we
learned about an experimental value of 116.7.4 kcal/mol?®

not take place; thus, reaction 6 is exothermic, suggesting BDE-
(OMo*™—0) = 127 kcal/mol. Bracketing of the IE(Mofpwith
cycloheptatriene (rapid ET, IE7.29 e\?d), toluene (slow ET,

IE = 8.82 e\#9), and benzene (no ET, IE 9.25 e\#) leads to
IE(M0O,) = 8.7 £ 0.3 eV, again, this ionization energy is
somewhat lower than the previous value of IE(Md& 9.2
eV, thus resulting in a larger BDE(OMe-O) as compared

to the older literature value of 113 kcal/n?8l. Combination
with AH{*(Mo0O,) = —2 % 3 kcal/mof” and BDE(Mo™—0) =
118 + 2 kcal/mol as derived above leads to BDE(OMaD)

= 122 £+ 13 kcal/mol, and by incorporating the results for
reactions 2 and 6, respectively, we arrive at BDE(OM®)

131 + 5 kcal/mol. The interesting aspect that
BDE(OMo"—0) exceeds BDE(Mo—O0) by ca. 10 kcal/mol will

be discussed further below in the context of the theoretical
results.

The failure to form Mo@" in reaction 3 suggests an upper
limit for BDE(O2Mo™—0) < 119 kcal/mol. Vice versa, a lower
limit of BDE(O,Mo*—0) > 40 kcal/mol can be obtained from
the formation of Mo@" upon reaction of Mo@" with N,O. A
more narrow bracket of 40 kcal/me{ BDE(O,Mo™—0) < 90
kcal/mol can be obtained from the reaction of MgQwith
methane (see below); unfortunately, further refinement was not

which is in pleasing agreement with our evaluation. Cassady possible due to the lack of thermochemical data for an evaluation

and McElvany have already argued that the literature value
for BDE(Mo*t—0) may be too small due to the failure to observe
reaction 4 under FTICR conditions.

MoO" + H,# Mo" + H,0 4)

®)

Although these authors used an entirely different method for
the generation of Mo@ cations (i.e. laser ablation of molyb-
denum oxide pellets), the present experiments fully confirm the

Mo" + H,0# MoO" + H,

of the energetics of the other reactions of M&O From the
observation of ET from ethyne (IE 11.4 e\®5) to MoOs™,
and its complete absence in the presence,dfo= 12.1 e\?5),
the IE(MoG) can roughly be bracketed as 1#0.3 eV, which
practically coincides with the literature valéerefinement of
the ET bracket was impossible as appropriate reagents with IEs
between 11.4 and 12 eV were not available. Combination of
the IE with AH{°(MoO3) = —82 + 5 kcal/mol and the
thermochemistry derived above for MgO leads to
BDE(O,Mo*t—0) = 62 + 17 kcal/mol.

Computational Study of the M@®O System. Molybdenum

nonoccurrence of reaction 4; however, the reverse reaction 5cation has &S ground-state corresponding to &8 config-

also does not take place with a measurable rate condtant (
10713 cm?® st molecule). Failure to observe either reaction
highlights the ambiguity inherent in deriving thermochemical

guantities from the absence of certain ion/molecule reactions.

In fact, according to the BDE(Mo-0) derived in this study,

uration of the valence sheft. Perfect pairing of Mo (6S) and

the 3P ground state of an oxygen atom gives rise to a quartet
state for MoJ'; spin flipping may also allow for doublet and
sextet states. The density functional theory calculations with
B3LYP predict the doublet state MOQPA) as the electronic

both reactions should occur at room temperature if they were ground state, which is 7.2 kcal/mol more stable than the quartet

controlled by thermochemistry alone. In reality, however, bond
activations of molecular hydrogen or water, respectively, are

state MoJ (“X7) (Table 1). At the CASSCF and CASPT2D
levels, however, Mo® (=) is the electronic ground state,

often associated with substantial barriers en route to the productswhile MoO™ (?A) is higher in energy by 1.2 and 6.3 kcal/mol,
that may prevent reactions 4 and 5 from taking place under respectively. This difference is further pronounced by relativ-

thermal conditions. In general, for the first-row transition metals
M most bare metal cations Mas well as the oxide cations
MO™ exhibit such barriers in the reactions with® and H,
respectively; these findings can be attributed to geometrical
constraints in the cyclic transition structures in conjunction with

istic effects, and according to the CASPT2Drel calculations,
MoO™ (*=7) is 17.2 kcal/mol more stable than MAQ?A).
Further, unlike the quasi-degeneracy of fReandII states in
the lower congener Cro(AE = 2 kcal/mol)3* the two quartet
states MoO (“=~) and MoO' (*IT) are well separated with the

crossings of different spin state surfaces along the reaction“II state lying 13.5 kcal/mol higher in energy at the CASPT2Drel

coordinateg8:30-32

level. The possibility of a sextet ground state for Mo€an
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TABLE 1: Geometries and Total Energies (hartree} of Different Electronic States of MoO," (n = 0—3)

state geometpy B3LYP CAS CASrel CASPT2D CASPT2Drel
'Mo—0 'Mo-0 ﬁo—Mo—o
Mo* 6S —3977.22937 —3975.23835 —4042.87389 —3975.51390 —4043.149 44
MoO* 2A 161 —4052.48303 —4050.167 62 —4117.86833 —4050.61409 —4118.31480
a3 1.64 —4052.47158 —4050.169 61 —4117.88762 —4050.62418 —4118.34219
63~ 1.64 —4052.28832 —4050.008 02 —4117.72240 —4050.49584 —4118.21022
MoO," A 1.67 1.67 108.6  —4127.75196 —4125.13747 —4192.90885 —4125.78705 —4193.55848
A, 1.67 1.67 108.6 —4127.65994 —4125.02802 —4192.79857 —4125.69965 —4193.47020
MoOst  2A; Cs, seelin Figure 4 —4202.954 52
B, Cy, see2in Figure 4 —4202.948 20
SAME Cs, seel in Figure 4 —4202.865 29
B, Cy, see2in Figure 4 —4202.856 54
o] P —75.083 02 —74.81119 —74.863 48 —74.971 45 —75.023 74
0, DY —150.357 90 —149.76026  —149.86452 —150.12424  —150.228 50

a1 hartree= 627.51 kcal/mol? B3LYP geometries; similar results were

obtained at the other levels of theory, see computationaf détddsces

in A and angles in ded' Other states at this levefTI = —4118.320 614+ = —4118.240 73¢ This energy is for vertical excitation from the
quartet state’. Other states at this levefB; = —4193.418 33?B, = —4193.551 12?2A, = —4193.497 819 These energies are for vertical excitation
from the corresponding doublet stateé©ther states at this level'’A; = —4193.440 94/B; = —4193.440 12/B, = —4193.426 52! Because
GAUSSIAN92/DFT can only calculate in Abelian point groups, no symmetry could be assigned to the wave function@gy $kigcture.

E |

rel

4c
2n

13; _1_:1__1_ }1.6ev
-

lo +
Figure 1. Qualitative molecular orbital scheme for M6@*'="); the
energy axis is not calibrated.

be excluded, because MdQ®X") is much less stable than
MoO™ (*Z7) at all levels of theory applied.

The bonding situation in Mo®Ocan be understood in terms
of its molecular orbital scheme (Figure 3). The valence
orbitals can be divided into bonding412s, 1), nonbonding
(19, 30), and antibonding (2, 40) blocks. In Mo (*Z"), all
orbitals of the bonding block are doubly occupied and the
unpaired electrons remain in the three nonbonding orbitals in a
high-spin situation, suggesting a triple bond between Mo and
0. Conceptually, for MoO (*=7) a triple bond between Mo
and O can be rationalized by formation of &ond via donation
of the lone pair of oxygen (2p into the bonding 5s orbital of
molybdenum and overlap of the Adrbitals of molybdenum
with the 2p, orbitals of oxygen forming two perpendicular
bonds. However, this description of thE~ state suffers from
instabilities that considerably weaken the MeO bond; i.e.
donation of the electrons from the electronegative oxygen to
the metal center is not favored. Another possible binding
mechanism involves oxyger?R) interacting with the first
excited state of molybdenum cation MD). Here, the singly
occupied 5s (Mo) and 2pO) orbitals form a strongr bond,
ones bond is realized by overlap of a 4@nd a 2p orbital,
and the second bond results from donation of the lone pair
of oxygen (2p?) to the unoccupied 4gdorbital of molybdenum

cation D). In the latter bonding mechanism a stramgpond

is formed, thus leading to a stabilization of the MeO bond,

but excitation of one electron from a Atb the 5s orbital renders
the triple bond formation energetically unfavorable. Neutral
MoO (°IT) has been discussed in similar terms by SieglF8hn,
who pointed out that the singly occupiedAatbital in neutral
MoO strongly reduces the ability of the metal to accept electrons
from the oxygen lone pairs. Following these arguments, one
should expect a significant strengthening of the-M®interac-

tion upon ionization because precisely the,4alectron is
removed, i.e. MoO I) — MoO" (*=7). Nevertheless,
BDE(Mo*™—0) is even smaller than that of the neutral (118
versus 133 kcal/mol). Therefore, the bond-order formalism
seems to be oversimplified for the description of MoO and
MoO*, and the ionic character of the bonding as well as the
corresponding exit channels should also be considé’&dThe

real situation is best described by a mixture of the two extreme
cases discussed above. Using the MO scheme (Figure 1) and
bonding mechanisms for MoQwe can explain the large energy
gap of 14.1 kcal/mol between the two quartet states MEE™)

and MoO" (*IT) with respect to the much smaller difference (2
kcal/mol) in the case of the lower congener Cr® In the Il
state of MoO the nonbonding 4 orbitals are again singly
occupied in the same way as in ¥ state, but the third single
electron occupies one of the antibonding @rbitals. Due to

the fact that the 4d orbitals of molybdenum are larger than the
corresponding 3d orbitals of chromium, the overlap with the
2p orbitals of oxygen is better for Mo, resulting in an increased
43~/*T1 splitting in MoO"™ as compared to CrQi.e. occupation

of the antibonding 2 orbital in MoO*" (1) is less favorable
than that of the @ orbital in MoO" (“=7). The significant
energy gap between thé and 3 orbitals (Figure 1) can almost
compensate for the exchange energy loss upon spin coupling,
thereby rationalizing the low-lying MoO(*=~) — MoO™ (2A)
excitation. Formally, MoO (?A) involves a spin-pairing of the
electron in the nonbondingo3orbital with one electron in the
two singly occupied & orbitals. However, the relativistic
stabilization of the 5s orbital that lowers ®ut not ) enlarges

the “=~/2A splitting in favor of the high-spin state.

The BDEs(Ma —O0) obtained with CAS and CASPT2D are
significantly lower than the experimental figure (Table 2); also
note the underestimation of BDE{D). Although the com-
puted BDEs may approach the experimental ones upon extension
of the basis seté as well as the electron correlation treatment,
this was not attempted in order to allow for a comparable but
still economic theoretical treatment of the other MoXpecies
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TABLE 2: Experimental Brackets and Calculated Bond Dissociation Energies (kcal/mol) of Mo@" (n = 1—-3)2

exptl B3LYP B3LYPrel CAS CASrel CASPT2D CASPT2Drel
Mo*—0 118+ 2 99.9 118.9 75.3 94.3 87.1 106.1
OMo*—-0 131+5 123.8 1245 98.3 99.0 120.1 120.8
O,Mo*t—0 62+ 17 75.0
0-0 119.2 120.4 120.2 86.5 86.3 113.8 113.6

aThe BDEs are calculated with respect to the ground states at the CASPT2Drel level of theory; (8)MdoO" (“=7), MoO," (?A1), MoOs*+

(%A2), and O ¢P).

at the CASPT2D level of theory. As mentioned above, relativity
is an important factor affecting BDE(Me-O). In fact, the
relativistic correction for BDE(Md—0) amounts to 19 kcal/
mol; note that spirorbit coupling may also be significant but
is not considered in this study. The magnitude of this effect
can be rationalized by inspection of the singly occupied orbitals
in MoO™ (*Z7): The two 1 orbitals do not find a symmetry

haso character (3g Figure 2g) and is derived from get of

Mo (with contributions of 5s) and the two 2pf O; the 3a
orbital represents the antibonding counterpart of theoBaital.
Then, within the valence space several empty orbitals follow:
first, 3ty (Figure 2h), which is the antibonding equivalent of
1b and comprises 4gdand the two 2porbitals. Next is 4a
(4dz + 2-2py, Figure 2i), which represents the antibonding

match on oxygen and thereby remain purely nonbonding. The equivalent of 1g and then 5a(Figure 2j), which by and large

singly occupied @ orbital has slightly antibonding character
and is formed from the 5s orbital of molybdenum and thg 2p
orbital of oxygen. To a first approximation, relativity has the
following effects: (i) radial contraction and energetic stabiliza-

represents the empty 5s orbital on Mo. The valence space is
completed by the two antibonding counterparts of thedral

1b, orbitals, i.e. 2band 2a (Figure 2k,l) which arise form the
combination of 4¢, and 44, with the two 2g orbitals,

tion of the s and p shells and (ii) radial expansion and energetic respectively. Consideration of these orbitals reveals that MoO

destabilization of the (outer) d and f shells As a consequence,
the relativistic corrections are similar for the 4d orbitals of Mo
and the nonbondingdlorbitals in MoO™ and almost compensate
each other. Due to its s-character the singly occupiedrBital

in MoO™ (“Z7) is stabilized by relativity while the 5s orbital is
unoccupied in Mad (8S), resulting in a significant relativistic
strengthening of the Mio-O bond. In summary, CASPT2Drel
predicts BDE(Md—0) = 106.1 kcal/mol, which is by about
10% lower than the experimental figure, mainly due to
incompleteness of the one-particle space, while the
BDE(Mo*—0) of 118.9 kcal/mol obtained with the B3LYPrel

can be considered as a very stable species, because almost all
electrons are located in strongly bonding orbitals. Destabiliza-
tion is only caused by the two, mainly nonbonding electrons in
the 2h orbital and the singly occupied, slightly antibonding 3a
orbital. Thus, we can classify the bonding in MgQ(?A,) as

that of two metal oxygen double bonds and assign a formal
oxidation state oft+V to molybdenum.

Irrespective of the level of theory applied, the computations
predict that BDE(OMd—0) exceeds BDE(Mb—O0) by ca. 10
kcal/mol, and the stability difference amounts to 14.7 kcal/mol
at CASPT2Drel (Table 2). At first sight, this result seems

is close to the experimental figure, though a slight overestimation unexpected because one may argue that an increase of the formal

of the BDE using DFT method&together with fortuitous error
compensation can be assun¥éd.

In analogy to thé=~ ground state of Mo, theory predicts
a doublet ground state for Ma®Othat is formally derived from
spin-pairing between Mo (6S) and two O {P) atomsi**39The
electronic ground state of molybdenum-dioxide cation corre-
sponds to Mo@" (?A;), while the 2B, state is only 4.6 kcal/
mol less stable at CASPT2Drel and even 0.4 kcal/mol more
stable without relativistic correction. Single-point calculations
of the quartet states at the B3LYP optimized geometry of the
2A; state and at the CASPT2D level of theory leads to a very
high excitation energyX50 kcal/mol, see Table 1); thus, these
states can be excluded as possible ground states.

For the description of the bonding situation in molybdenum
dioxide the contour maps for Mg®O (%A,) as derived from the
CAS calculations are shown in Figure 2. Qualitative analysis
of these plots leads to the following orbital descriptions: (i)
two almost degenerate doubly occupiedike orbitals (1a and
1by, Figure 2a,b) resulting from the interaction of the?atbital
of Mo with the 2 orbitals of oxygen and of the 4dorbital
with two 2p, orbitals, respectively; (i) one doubly occupied
o-like orbital (2a, Figure 2c) arising from the overlap of the
4d.—2 of Mo and two 2p orbitals at each oxygen atom along
with some contributions of 5s (Mo); (iii) two doubly occupied
m-like orbitals (1a and 1b, Figure 2d,e), which involve the
2py orbitals on oxygen, which are perpendicular to the plane of
the molecule and the 4gand 44g, orbitals on molybdenum,
respectively; (iv) one doubly occupied orbital that is constructed
from two 2 orbitals and has largely nonbonding charactex,(2b

oxidation state of the metal would lower the BDE. In fact, the
arguments raised above demonstrate that the increase of the BDE
going from MoO" to MoGQ," is due to the high stability of
MoO," and vice versa by the destabilizing factors in MoO
Another factor explaining the high BDE in OMe-O is that

the very stable half-filled 4&dconfiguration at the Mo center

is broken upon addition of the first oxygen ligand. This is no
longer the case for addition of the second oxygen ligand; thus
BDE(OMo"—0) > BDE(Mo™—0). Note that analogous dif-
ferences have been described by Siegbahn for the neutral
molybdenum oxides and a similar explanation has been put
forward36b

An aspect that deserves further discussion is relativity, which
largely differs for molybdenum mono- and dioxides. While in
MoO™ the relativistic correction to the BDE amounts to almost
20 kcal/mol, the relativistic effect on the BDE(OMeO) is
negligible (0.7 kcal/mol). This pronounced difference can be
explained by inspection of the population analysis (Table 3):
As mentioned, relativity stabilizes the s and p orbitals while
destabilizing d and f orbitals. In fact, the population of the 5s
orbital in the metal dioxide Mo@ (A1) amounts to only about
one-third of that in MoO (*=7). As a consequence, the MO
molecule experiences a significant relativistic stabilization, while
relativity affects MoQ" to a much lesser extent.

The calculations of MogF were performed only at the
B3LYP level of theory due to computational restrictions.
According to these results, the ground state of Mo@rises
from the doublet surface and exhibits tl@&,-symmetrical
structurel (Figure 3). The planarC,,-symmetrical structure

Figure 2f), because the coefficients on molybdenum are very 2 is 4 kcal/mol higher in energy and corresponds to a transition

small (the residual on Mo is mainly due to contributions of the
4p, subshell); finally, (v) the highest singly occupied orbital

structure (TS) for a degenerate rearrangemeft dfhe quartet
states were not further investigated, because these are very high
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Figure 2. Contour diagrams of the atomic natural orbitals of M6O
(%A\;) as derived from the CAS calculations. Plots d and | are shown
along one of the MeO bonds. Plots e and k have an offsettd.33

& along thez-axis.

in energy forl as well a®2. At the B3LYP level of theory, the
calculated BDE(@Mo™—0) amounts to 75 kcal/mol. Irrespec-
tive of the tendency for a slight overbinding with DETthis
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TABLE 3: Natural Bond Orbital (NBO) Populations at the
B3LYP Level of Theory for Partical Charges and
Occupancies of 4d and 5s Orbitals at Molybdenum in
MoX,*t Cations (X = O, S; n = 1-3) Together with the
Relativistic Bond Strengthening ABDE,e) Derived from the
CAS Calculations

state Mof) 4d 5s ABDE;g
MoO™ a3 +1.34 4.06 0.60 19.0
MoO;*" Ay +1.72 4.12 0.16 0.7
MoOs* A, +1.86 4.04 0.1
MoS* o +0.90 4.68 0.42 135
MoS;+ A +0.69 5.02 0.29 35
MoSs+ A, +0.3% 5.32 0.31

A" +0.88 4.93 0.19

2 Corresponding to structuré in Figure 5.P Corresponding to
structure8 in Figure 5.

o) 1.89 A
+ N + é
1.72 A MO i} 104.5° ( MO —_— O
//O 112.3° Va
(0] (0) 1.66 A
(0
1 2

Figure 3. Geometries of the trioxides Ma® (°Az) and MoQ* (%B,)
calculated at the B3LYP level of theory (bond lengths in A and angles
in deg).

figure is in accord with the rough experimental bracket of 62
+ 17 kcal/mol. Due to the failure to perform CASSCF and
CASPT2D calculations, a further evaluation of this figure as
well as relativistic corrections are impossible for the time being.
Nevertheless, relativity is expected to be of minor importance
for MoOs™ (?A,) because the 5s occupancy is even lower than
in MoO,™ (?A,) for which ABDE is negligible (Table 3). The
bonding situation in Mo@" (2A,) can best be described by
attachment of an additional oxygen atom®)(to the MoQ™
(éAy) ground state. However, il all Mo—O bonds are
identical, indicating a stabilization by mesomeric resonance.
Structurel is very similar to that of the corresponding neutral
MoOs (fmo—o = 1.70 A, C3, symmetry)36 which contains a
high-valent Mo(VI) oxidation state. This bonding picture also
rationalizes the rather large ionization energy of Md®1.7
eV), because ionization must involve the highest molecular
orbital, e.g. a lone pair at oxygen or a MO s bond; in fact,
similar IEs are found for other transition-metals in their highest
oxidation stateg® e.g. IE(CrQ) = 11.6 eV, IE(WQ) = 12.5
eV, IE(CHReQ;) = 10.2 eV4 |IE(RuQy) = 12.2 eV, and IE-
(OsQy) = 12.3 eV.

Reactiity of MoQ," Cations. Before addressing the reactions
of MoO,* with hydrocarbons, we wish to apply the knowledge
of the electronic ground states for= 1—3 in order to obtain
further insight into the reaction of Mo cations 6 = 0—2)
with dinitrogen oxide. From a thermochemical point of view,
N-O seems to be the reactant of choice for converting metal
cations into their oxides. This is due to the high stability of
the N, molecule, which renders oxygen-atom transfer rather
exothermic for many elements, i.e. BDE(NID) = 40 kcal/
mol. Under FTICR conditions the rate constants of the
oxidation reactions #9 do, however, not correlate with the
associated reaction exothermicities.

Mo" + N,O— MoO" + N,

k<6.0x 10 ®cm 3s *molecule?
AgH° = =78 £ 2 kcal/mol (7)
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MoO" + N,0— MoO," + N, M)
k=5.6x 10 *cm3s *molecule™ 4420 e
AgH° = —87 £ 4 kcalimol (8) _ o9’ | gm0
—E' 0 ) E— 1
MoO," + N,O — MoO;" + N, ] .
k=3.7x 10 *cm 3s *molecule* ? ol ﬁ;’?z&% ¢
AgH® = —26 £ 6 kcal/mol (9) % 78k
. ) . o é MoO*(*2)
In view of the substantial thermodynamic driving forces, Ry +2N;0
considerable kinetic barriers must be operative, in particular in +hg;(z)2++§i>l)
reaction 7. Inspection of the computational results discussed -165 - Mo0;"(%4,)
above reveals that the multiplicity changes from 6 to 4 in Ny 191
reaction 7 and from 4 to 2 in reaction 8, but remains constant

at 2 in the oxidation of Mo@" to MoOs;*. As already discussed
in the literature’! we suggest a simple rationale for the different

rate ConStants. for reactions-9 b§1§ed on spin conservation with N,O; the letterC denotes a curve crossing between the different
arguments. First, the exothermicities quoted above only apply gpin multiplicities. For the sake of clarity, we omitted the crossing with
if the corresponding ground states of the oxides are formed the excited state of #D, which is analyzed in detail elsewhere; see ref
during the reaction. Because® as well as N are singlets, 41a.
spin—orbit coupling must mediate curve crossings in reactions . ) .

TABLE 4: Branching Ratios and Rate Constants in cnf s™!

7 an_d _8_ in order to allow for the necessary changes in spin molecule 1 for the Reactions of MoGy* (n = 1-3) with
multiplicity. Second, the complexation energy ofto metal Selected Hydrocarbons

cations is not very larg#*3 because the anisotropy and the

Reaction Coordinate

Figure 4. Schematic potential-energy surface for the reaction of Mo

polarizability of.the NO molecule are §mal|. As a consequence reactant Sreotgailt Moo MoO,* MoOs*
the cross sections and the probabilities for the occurrence of
reactions 7-9 will only be high if the reactions are exothermic ~ Methane Hcg _ 72
for the corresponding ground states and adequate excited states, Cf_|20 no reaction 20
respectively, or if the curve crossing to the lower spin surface CH,O 1
occurs very early. Thus, if reaction 7 proceeded with spin Kexp <1013 <1013 7x10°%
conservation it would initially involve the highly excited MoO ethane  H 95
(6=") state and hence be endothermic. As a consequence, curve 2H, >
crossing to the quartet surface must occur in the vicinity of the H%% H 100 40
putative transition structure for O-atom transfer such that the Csz'3 20
reaction is therefore very inefficient (Figure 4). A different CH. 40
situation is found for reaction 8 because the quartet state of Kexp 6.7x 107102 23x 10702 154x 10710
MoO," (4A,) is not too energy demanding with regard to the benzene K 70
overall reaction exothermicity, the spin-conserving reaction '(":é) 15 51% 10
pathway is feasible, and curve crossing to the low-spin dioxide CoHe 40
can occur in the exit channel. Lastly, reaction 9 is not subject CeHsO 5
to any spin constraints and indeed takes place relatively MoOs (ET) 35
efficiently despite having the lowest exothermicity of reactions MoOzH 10
7-9. adduct 20 o 35 " "

The reactivity of MoQ* (n = 0—2) toward small hydrocar- i1 ene kﬁ" gbGX 1075 9.9 1070 16210
bons, such as methane and ethane, has been studied by Cassady OH* 4
and McElvany, and their major observations were: (i) single MoO;, (ET) 1 80
and double dehydrogenations dominate in the reactions ¢f Mo Ha 50
and MoO, while the dioxide Mo@" exhibits a preference for H0 25

o . MoO,H 30 20

C—C bond activation as well as loss of neutral water, (ii) adduct 10
addition of oxygen ligands to Mobincreases the reaction rates Kexp 16.0x 1010 9.4x 10°10 18.1x 10°10

as compared o the bare met%l cation, |n ”r.]e with & disruption aValues taken from ref 7 and fully confirmed in our laboratories,

of the inert & system of Mo (°S), and (i) finally, fro.m thg see ref 44 This entry denotes the association of other reactants to

occurrence and nonoccurrence of secondary reactions it wasyjed the corresponding adduct complexes.

concluded that the number of available coordination sites on

molybdenum is the major cause for differences in reactivity. major reaction pathways observed for MgOfurther, MoQ*

So as to check the comparability of our results, we repeatedeven abstracts a hydrogen atom from water, and thus

the reaction of Mo@" with ethane, and our results concur with  BDE(MoOs;*—H) > 118 kcal/mol. In contrast, the lower oxides

those of Cassady and McElvany within experimental etfor. MoO* and MoQt mainly undergo dehydrogenation and

Therefore, the results reported in ref 7 for the reactions of MoO dehydration reactions, respectively, with alkanes, anti®ond

and MoQ* with methane and ethane were adopted. activation also prevails in the reactions of these oxides with
Inspection of Table 4 reveals that MgOhas a much higher  arenes.

reactivity than the lower molybdenum oxides. In particular, Activation of methane by Mog can be explained by the

MoO* and MoQ* cannot activate methane, whereas M6O  mechanisms depicted in Scheme 1. Thus, we propose that

reacts quite rapidly. This trend continues for the other substratesinitially the cation radical of the high-valent transition-metal

and abstraction of hydrogen atoms and electron transfer are theoxide abstracts a hydrogen atom from methane to form a loose
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TABLE 5: Branching Ratios for the Reactions of MoOz™ with Deuterated Methanes CH,—,D, (n = 0, 2, 4}

n ~H* ~D* —H:0 —HDO —D20 —CHO —CHDO —CDO —[CH4-nD1O]°
CH, 0 75 4 20 1
CH;D; 2 50 22 4 4 <1 1 12 6 1
CDs 4 86 5 8 1

a~H+ and~Dr denote homolytic ©H/C—D bond cleavages by Maf leading to MoQH* and MoQD™, respectively? In the thermochemical
considerations the neutral [GB,0] is assumed to correspond to methanol. The position of the deuterium label in the neutral product cannot be
assessed in the experiment.

SCHEME 1 MoS," + COS— MoS;" + CO
{O\* . CH}] A /Ot k=2.9x 10 %cm *s ' moleculé* (12)
MoO;" + CH, — /I/VIu OH | — 0=M‘< — O:Mt
© oH OH; MoS," + COS— MoS," + CO

‘ k=8.2x 10 *cm 3s *molecule* (13)

3 5
MoS," + COS— MoS," + CO

[MoO,|" [MoO;H]" [MoO,CH,]" [MoO,H,]" k= 0.6 x 10—10 Cm—S S—l molecule_l (14)
+ + + +
CH,O0H CH;’ H,0 CH,0

From the occurrence of reactions-104 we can derive lower
) ) ) i o limits of BDE(S\Mo*—S) = 72 kcal/mol o = 0—4), and unlike
complex3, which can either d'r?Ctly d|s§OC|ate into Mgld" the O-atom transfer from JD, spin constraints do not seem to
and CH' or collapse to the intermediatd, followed by  pjay crucial roles. However, no further insight can be gained
rearrangement t&. The latter ions can then account for the from these reactions, and therefore, we examined sequential

losses of neutral water and formaldehyde, respectively. Note sylfur transfer to molybdenum cation using.G8 the transfer-
that the formation of Mo@" concomitant with CHOH forma- ring reagent.

tion was used to derive the upper limit of BDEf@0o"—0) <

90 kcal/mol. Isotopic labeling (Table 5) shows that thetC Mo™ + Cs,— MoS" + CS

versus G-D bond activation of [QJmethane by Mo@" to yield - 10 3 1 —1
MoOsH* and MoQD™, respectively, is associated with a kinetic k7 0.7 10 em “s ~molecule™ (15)
isotope effect oky/kp ~ 2. In addition, analysis of the minor + +
reaction products suggests the operation of an isotope effect in'vIOS +CS—MoS," +CS

the formation of4 and5. Further, upon complete deuteration k=3.3x 10 ®cm ®s *molecule® (16)
of methane the yield of MogD™" increases, most likely due to

hindrance of the subsequent rearrangements by the operatiorMon + CS,# Mos;r + CS

of kinetic isotope effects. In the reaction of MgQwith ethane, k<102 em 2 s molecule® 17)
single and double hydrogen-atom abstractions occur, as well
as ET from the initially formed ethyl radical to Ma@™, to The formation of Mo$" (n = 1, 2) in reactions 15 and 16

yield the neutral hydroxide and ethyl cation. Similarly;-8 suggests lower limits of BDE(®o*—S) = 102 kcal/mol for
bond activation occurs with the arenes, and, due to the low IEsn =0, 1. However, the rather low rate constant of reaction 15,
of benzene and toluene, ET to produce neutral Misintense. i.e. kexgdkapo < 0.001, led us to the suspicion that MoSay
In summary, the reactions of M@® can be considered as evolve from impurities in the carbon disulfide used. Although
typical processes of a radical cation, i.e. atom abstraction andwe carefully purified this reagent,contamination of Cgby
electron transfer; O-atom transfer from the metal oxide to the carbonyl sulfide in the subpercent range cannot be excluded,
substrate is limited to a few side reactidfs. and in fact the apparent rate constant of reaction 15 is larger
Molybdenum Sulfide Cations MoSt, MoS,*, and MoSs*. fora cru.de sample of GS Thgs, we suspect that the observatiqn
Generation and Thermochemistry of Molybdenum Sulfide of reaction 15 is due to an Impurity. The subsequent reaction
Cations In 1981. Freiser and co-workdfglemonstrated that 16 is considerably more efficient and must at least in part arise
ethylene sulfide aillows sequential S-atom transfer to transition- from C rather tha}n COS, because otherwise the mgasured rate
. ) . . constants of reactions 15 and 16 would correlate with those of
metal ions. However, we found that this reagent is not ideal

for th dv of sub ion/molecul ) b reactions 10 and 11. Anyhow, reaction 16 is still slow, and to
or the study of subsequent lon/molecule reactions because, yery first approximation we, again, neglect any activation

several side reactions take place, and moreover, the reagenf,rier for sulfur-atom transfer and apply the Arrhenius formal-
cannot readily be pumped away when introduced via pulsed jgp, (see above), which suggests BDE(SM®) = 100+ 14
that exhibits good pumping properties and reacts at reasonablyapparent failure to observe reactions 15 and 17 leads to brackets
high rates. Sequential sulfur transfer continues up to MoS  of 72 kcal/mol< BDE(SMo*—S) < 102 kcal/mol = 0, 2),
as the final product that does not react further with COS. or BDE(Mo"—S) = 88 + 14 kcal/mol and BDE(8Mo*—S) =
88 £ 14 kcal/mol; the use of the nonoccurrence of reactions 15
Mo™ 4+ COS— MoS' + CO and 17 to derive upper limits seems to be justifiled, bec.ause in
k=26x 10 cm s molecule® (10 the analogous reactions of COS no substantial barriers are
—eox cm “s “molecule " (10) apparent. Using the same methodology as for the molybdenum
+ . + oxides, the ionization energies of the sulfides were determined
MoS™ + COS—MosS,” +CO as IE(MoS)= 7.7 + 0.3 eV, IE(MoS) = 8.6 + 0.3 eV, and
k=5.8x 10 ®cm>s *molecule?* (112) IE(M0S3) = 8.94 0.3 eV, respectively. Unfortunately, these
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TABLE 6: Geometries and Total Energies (hartree} of Different

Kretzschmar et al.

Electronic States of MoS,* (n = 0—3)

state geometpy B3LYP CAS CASrel CASPT2D CASPT2Drel
'Mo-s 'Mo-s Ols—Mo-S
Mo* S —3977.22937 —3975.23835 —4042.87389 —3975.51390 —4043.14944
MoS* ’A 2.04 —4375.41735 —4372.76905 —4441.49760 —4373.23624 —4441.96479
P 2.08 —4375.44567 —4372.81143 —4441.54835 —4373.27943 —4442.016 3%
63~ 2.08 —4375.367 17  —4372.736 27 —4441.47030 —4373.22148 —4441.95551
MoS;m %A 2.09 2.09 105.5 —4773.68547 —4770.41717 —4840.23952 —4771.07233 —4840.894 68
‘A, 2.09 2.09 105.5 —4473.646 05 —4770.36311 —4840.18411 —4771.03225 —4840.85325%
MoSst %A, Cs, seeb in Figure 5 —5171.911 95
2N Dan see7 in Figure 5 —-5171.879 13
AAJ4ED Cs, seeb in Figure 5 —5171.862 31
A" Cssee8in Figure 5 —5171.887 51
S P —398.103 12 —397.50479  —398.58457 —397.66018  —398.739 96
S DY —796.361 97 —795.126 35  —797.28531  —795.46719  —797.626 15

a1 hartree= 627.51 kcal/mol® B3LYP geometries; similar results were obtained at other levels of theory, see computational Ubtsitsices
in A and angles in ded! Other states at this levelIT = —4441.981 134+ = —4441.909 62¢ This energy was derived by vertical excitation
from the quartet to the doublet surfa¢®ther states at this levefB; = —4840.817 512B, = —4840.859 582A, = —4840.856 129 Other states
at this level: “A; = —4840.831 81B; = —4840.838 59/B, = —4840.822 37" Because GAUSSIAN92/DFT can only calculate in Abelian point
groups, no symmetry could be assigned to the wave function foiCHistructure. This energy is for vertical excitation from the doublet state.

TABLE 7: Experimental Brackets and Calculated Bond Dissociation Energies (kcal/mol) of Mo$™ (n = 1—3) at Different

Levels of Theory?

exptl B3LYP B3LYPrel CAS CASrel CASPT2D CASPT2Drel
Mo*—S 88+ 14 71.0 84.5 42.9 56.4 66.1 79.6
SMo"—S 100+ 14 85.8 89.3 63.4 66.9 83.3 86.8
S;Mo*—S 88+ 14 77.4
S-S 102 97.7 97.3 73.3 72.9 92.1 91.7

2The BDEs are calculated with respect to the ground states at the CASPT2Drel level of theory; iSM®M0S" (*27), MoS,* (A1), Mo+

(?A2), and S tP).

data cannot be used for a refinement of the BDEs, because wes within the expected accuracy of this approach. In analogy
are not aware of gas-phase thermochemistry data for neutralto the MoO"/MoO," couple, the computed BDEs(SMe S)

MoS, (n = 1-3). While the thermochemistry derived in these

are significantly larger than the BDEs(Me S) irrespective of

experiments is in reasonable agreement with the theoreticalthe theoretical method applied. The relativistic effects decrease
figures (see below), the accuracy is poor and a more thoroughfrom MoS' to MoS;*; note that this effect is smaller than for

evaluation of the thermochemistry of the neutral and cationic
MoS.”* is desirable.

Computational Study of the Mg'SSystem.The molybdenum-
monosulfide cation exhibits the sarf®™ ground state as MoO
In contrast to the close spacing of tht and“=~ states in the
monoxide, these states are well separated foro&. 18 kcal/
mol with B3LYP and 27 kcal/mol at the CAS level of theory,
respectively (Table 6). At the CASPT2Drel level of theory
MoS" (*Z7) is even 32 kcal/mol more stable than MoGA).
The sextet Mo$ (627) is much higher in energy than the MbS
(*=7) ground state at all levels of theory applied and was not
examined further.

The binding situation in MoSis very similar to that discussed
above for MoO. A notable difference concerns the energy
gap between thedland 3 orbitals, which decreases froxE
= 1.6 eV for the oxide toAE = 0.4 eV in the sulfide. As a
result, the near degeneracy of the and 4>~ states vanishes
for the MoS", because Hund's rule can be applied without
occupying high-energy orbitals. Similar to MdQrelativity is
important for MoS, though the relativistic bond strengthening
ABDE, is slightly reduced following the 5s occupancy (Table
3). The BDEs(Md—S) computed with B3LYPrel and
CASPT2Drel agree with the experimental range (Table 7);
however, the underestimation of BDE(S) at all levels of
theory implies that the description is far from being complete.

The calculated properties of MgSare also very similar to
those of MoQ"; i.e. the ground state corresponds to MbDS

the pair MoO/MoO," completely in line with the smaller
difference in 5s occupation between Mo&nd MoS* (Table
3).

For MoS™ the results are restricted to those obtained with
the B3LYP method, because similar to the trioxide the
computational demands are too high even with CASSCF. In
accordance with the trioxide, Mg@Sexhibits aCs,-symmetrical
doublet ground state?&,) with structure6 as shown in Figure
5. Efforts to locate a stationary point similar to the trioxide
structure2 on the doublet surface of M@S led to theDap-
symmetrical transition structuré lying 20.6 kcal/mol above
MoSs™ (A,). Further, the doublet/quartet splitting for the,
structure6 was assessed by vertical excitation from the doublet
to the quartet surface and displays that the quartet state with
Cs, structure lies 31 kcal/mol above MgS(?Az). B3LYP
predicts a BDE(S-Mo™—S) of 77.4 kcal/mol, which is in
accordance with the experimental value of 88L4 kcal/mol.

As far as the effect of relativity is concerned, the similar 5s
occupancies in Mos (?A;) and MoST (A1) suggest ABDEg
on the order of a few kcal/mol also for MgS(Table 3).

An interesting aspect of the [Mos8 system is that there
exists another minimum on the quartet surface Wo8A"),
which exhibits the @symmetrical structur8 (Figure 5) and is
located only 15 kcal/mol above MgS(?A,). The connectivity
of 8 can be understood as binding betweernfMad a $ moiety,
as implied by the short-SS distance (2.11 A) together with
Mo—S distances of 2.34 and 2.41 A, respectively. Herfce,

(3A1), and the quartet states are substantially higher in energy,represents a 4d element polysulft§é¢® The fact that the high-

such that we refrain from a detailed discussion of the disulfide.
The BDES(SMd —S) computed at various levels of theory are

spin states of transition-metal sulfides, €/goS;™, can exhibit
polysulfide structures can be attributed to the electronic situation

somewhat lower than the experimental figure, but the deviation of the metal center. In the case of M¢d®), two of the sulfur
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Figure 5. Geometries of the trisulfides MaS (?Az), MoS:™ (?A7),
and MoS* (*A") calculated at the B3LYP level of theory (bond lengths
in A and angles in deg).

TABLE 8: Branching Ratios and Rate Constants in cn? st
molecule™? for the Reactions of MoS* (n = 1—3) with
Selected Hydrocarbons

neutral

reactant  product MoS MoS;* MoS;*
methane no reaction

Kexp <1018 <1071 <1018
ethane H 100 100 100

Kexp 29%x 1010 30x101 34x 1010
benzene K 30 no reaction

adduct 70 100

Kexp 4.6x 10710 26x 1010 <1012
toluene H 100 25

MoSH 10 20

MoS, (ET) 5 10

adduct 60

Kexp 109x 101° 76x 100 95x 100

aThis entry denotes the association of other reactants to yield the

corresponding adduct complexes.

atoms can form a bond with Mo whereas the third one can
either donate its lone pair into the empty 5s orbital or form two
single bonds to the other sulfur atoms. In the latter configu-
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Figure 6. (a, top) High-spin/low-spin splittingXE) for MoX,* cations
calculated at the B3LYP level of theory. (b, middle) NBO charges at
molybdenung(Mo) in the MoX,t cations at the B3LYP level of theory.
(c, bottom) Relativistic effectsA\BDE;e) on the BDE(%Mo—X) (n =

0, 1; X= 0, S) at the CASrel level of theory. The symbols) @nd

(m) correspond to Mo@ and MoS™, respectively.

process of choice for the trioxide, hydrogen transfer is the main
for the trisulfide.

Comparison of Cationic Molybdenum Oxides and
Sulfides

In this section the molybdenum oxide and sulfide cations are
compared with respect to electronic ground states, binding
situations, thermochemical properties, and reactivities in order
to show similarities and distinct differences in their gas-phase
chemistry. In general, metal oxides and sulfides show the same
electronic ground states, as expected from the similar valence

ration, the sulfur valences are saturated and the four-memberedstructures of oxygen and sulftf. Yet, differences in thermo-

ring in structureB is formed as a high-spin state. Most probably,
the higher sulfide ions MaS and MoSt that are formed in

chemistry and reactivity arise from the fundamental physical
properties (e.g. polarizability and electronegativity) of the

reactions 13 and 14 also have polysulfide structures. Neverthe-chalcogenide ligands.

less, thermochemical considerations in conjunction with the
theoretical results suggest that struct8rés not involved in
the formation of Mo$" via reaction 12.

Reactiity of MoS™ Cations. The reactivity of the Mog'
cations toward hydrocarbons differs entirely from that of the
oxides. The only processes observed ardHbond activation,
electron transfer, and adduct formation.

Electronic States and Binding Situation¥he molybdenum-
oxide cations and their sulfur counterparts exhibit the same
ground states and closely related structural parameters when
the longer Me-S bonds are taken into account.

A more general way to compare oxides and sulfides is
provided by the high-spin/low-spin (HS/LS) splittings. Through-
out the MoX,™ series, the HS/LS splittings are much smaller

Table 8 reveals that none of the sulfides react with methane (ca 50%) for the sulfides than for the oxides (Figure 6a). This
and the only process observed with ethane is dehydrogenationtrend can be traced back to the fact that the-Nbs-bonds
The reactivity with benzene decreases with increase of the are stronger than the MéeS w-bonds, simply because isovalent
number of sulfur ligands. Toluene, which bears aromatic as hybridizatior?® of the 2s and the 2p orbitals of oxygen is

well as aliphatic hydrogen atoms, readily reacts with MoS
under loss of KL The disulfide is the least reactive of the three

favorable as compared to the 3s and 3p orbitals of sulfur.
Hence, ther — a* splitting is smaller for sulfur such that the

sulfides, as shown by the high percentage of adduct formedszr — x* excitation is more facile and the HS/LS splitting is

with toluene. Mo%' reacts with tolueneia the same reaction

less pronounced. The partial charges at the molybdenum centers

pathways as the trioxide, i.e. electron- and hydrogen transfer, (Figure 6b) reflect the different electronegativities of oxygen

but with an opposite ratio. Thus, while electron transfer is the

and sulfur. Thus, oxygen acts as an electron-withdrawing
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Figure 8. Relative reactivity of MoX* (X = O, S;n = 0-3) derived
from the reactions with methane, ethane, benzene, and toluene. The
symbols @) and @) correspond to Mo@ and MoS*, respectively.

nance slightly reduces this effect. The situation is somewhat
different when oxygen is replaced by sulfur. In the trisulfide
the cationic character of the molybdenum center is much reduced
(Figure 6b) due to electron donation by the sulfur ligands.
Further, one may expect that the IEs are in the same range

Figure 7. (a, top) Bond dissociation energies (BDE) for oxides and of energy, Wlth. the |Es of the su_Ifldes belng Sm‘f‘”er than the
sulfides at the B3LYP level of theory. (b, bottom) Experimental ©N€S of the Q)f'des* due to the higher Po!ar'zab"'ty and lower
ionization energies (IE) for molybdenum oxides and sulfides. The €lectronegativity of sulfur. Whereas this is true for the mono-
symbols @) and @) correspond to Mo@F and MoS*, respectively. and dioxides and sulfides, respectively, it is not fulfilled in the
comparison of the trioxide and trisulfide species, as apparent
ligand, and the positive charge at the molybdenum center from the IEs of MoQ and MoS (Figure 7b). Qualitatively,
increases with the number of oxygen ligands. In contrast, the this difference can be traced back to the fact that ionization
positive charge at molybdenum decreases along the,MoS from thes bond of Mo-S is much less energy demanding as
series, due to the electron-donating properties of sulfur such compared to ionization of a MeO bond. By analogy, we refer
that the charge is more delocalized. The relativistic effects on to the IEs of CQ and COS, 13.8 and 11.2 eV, respectivély,
the BDE (ABDE) are presented in Figure 6c¢; for M@Xno which show a similar difference as do those of Ma&Dd MoS.
values are available. Comparison of the relativistic effects on  Reactbity. In order to compare the influence of ligation on
the BDE shows that the influence of relativity is pronounced reactivity, an appropriate criterion is required that accounts for
for the first ligand but small, if not negligible, for the second. the particular circumstances that prevail in the diluted gas phase.
This alternation can be attributed to the empty 5s orbital ifMo For this purpose, we have recently introduced a relative
(6D) as compared to the significant 5s occupation in MpX  reactivity index R), which is defined afk = (1/i))=ki/kapo for
while the second chalcogenide ligand decreases the 5s occupaa set of reactions wheids the number of reactions examined;
tion, thus decreasindA\BDE;,.. However, the difference in here, adduct formation is not considered as a reaétiofhus,
ABDE; going from MoX" to MoX," is less pronounced for  for a highly reactive specieRis close to unity, i.e. all reactions
sulfur than for the electronegative oxygen ligand. Further, the occur at collision limit, whileR approaches zero for a nonre-
relativistic effects for MoX™ (X = O, S;n = 1, 2) correlate active species that only forms adducts. The relative reactivities
reasonably well with the corresponding 5s occupations (Table of MoX,,* (Figure 8) show an odd/even alternation foeXO,
3). S with Mot as the least reactive species. Thus, all chalcogenide
A particular aspect of the bonding situation is revealed by ligands enhance the reactivity as compared to the bare metal
the polysulfide structures found for MgS which represent a  with the inert 48 configuration.
fundamental difference to the metal oxides for which peroxide In order to rationalize the alternating trends of the MoX
formation is much less likely. Polysulfide formation also ions, we must consider the requirements of bond activation. For
accounts for the continuing sulfur transfer from COS to MoS  C—H and C-C bond activation in terms of oxidative additions
ending up in the Mo§ cation, and even larger metal sulfides at least two electrons and two orbitals are necessary in order to
can be made when other reagents, as for example gaseousllow for a low barrier. The monoxide and monosulfide cations
sulfur/® are used. possess such orbitals and have an additional intrinsic reactivity
Thermochemistry Comparison of the BDEs calculated atthe due to their three unpaired electrons. The active orbitals are
B3LYP level of theory (Figure 7a) reveals an alternation for located at the molybdenum center; hence, the ligands are not
both MoQ" and MoS™ (n = 1-3): The first chalcogenide  actively involved in the reaction and act as spectator ligands,
ligand is more weakly bonded to the molybdenum than the which, nevertheless, disrupt the®mbnfiguration of bare M.
second, while the BDE(@M™—X) is the smallest. Similar odd/ Instead, the dioxide and disulfide cations are less reactive than
even alternations have been reported for ffe@® = 0—6).46 MoX*. This decrease of intrinsic reactivity of M@X can be
The small BDE of the first ligand can be attributed to the attributed to the fact that all but one electrons participate in
occupation of slightly antibonding orbitals and destruction of strong Mo-X bonds to the ligands. As a result, the reactivity
the inert & configuration at Mo as discussed above. Addition of MoX,"™ (2A;) is smaller, because (i) only one electron is
of the second ligand is accompanied by perfect pairing of the available in the doublet states, (ii) oxidative addition at the metal
two nonbonding electrons in MoX(*=~) with the two unpaired center would lead to unfavorable high oxidation states, and (iii)
electrons in O ¥P), thus leading to a higher BDE(XMe-X). the doubly occupied orbitals that form the MX bonds are
Recalling the binding situation in the trioxide, the reason for rather low in energy. Following these arguments bond activa-
the decrease of BDE going from = 2 to n = 3 becomes tion of hydrocarbons by MoX either has to occur in a stepwise,
obvious. Due to the perfect pairing in the dioxide, only one radical-like manner involving the unpaired electron or low-lying,
electron is left at the metal center for the binding of a third doubly occupied orbitals must be involved. Both scenarios are
chalcogenide ligand, though stabilizatioia mesomeric reso-  expected to give rise to high barriers and thus to low reactivities.
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