J. Phys. Chem. R006,110, 26472654 2647

Gas-Phase Oxidation of Isomeric Butenes and Small Alkanes by Vanadium-Oxide and
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Bare vanadium-oxide and -hydroxide cluster cationg@,", m= 2—4,n= 1-10,0= 0, 1) were generated

by electrospray ionization in order to examine their intrinsic reactivity toward isomeric butenes and small
alkanes using mass spectrometric techniques. Two of the major reactions described here concern the activation
of C—H bonds of the alkene/alkane substrates resulting in the transfer of two hydrogen atoms and/or attachment
of the dehydrogenated hydrocarbon to the cluster cations; these processes are classified as oxidative
dehydrogenation (ODH) and dehydrogenation, respectively. For the dehydrogenation of butene, it evolved as
a general trend that high-valent clusters prefer ODH resulting in the addition of two hydrogen atoms to the
cluster concomitant with elimination of neutral butadiene, whereas low-valent clusters tend to add the diene
with parallel loss of molecular hydrogen. Deuterium labeling experiments suggest the operation of a different
reaction mechanism for XD," and V400" compared to the other cluster cations investigated, and these two
cluster cations also are the only ones of the vanadium-oxide ions examined here that are able to dehydrogenate
small alkanes. The kinetic isotope effects observed experimentally imply an electron transfer mechanism for
the ion—molecule reactions of the alkanes with®o".

Introduction organometallic systeris!®and also provides access to vanadium-

/ ” ) ; e ;
Much of the world's need for both carbon-based materials ©X/d€ and -hydroxide °'”S§§r lons §2:Ho™ ") if appropriate
precursors are employé@2® As reported previously, V&

and its energy demand are based on petroleum or natural gas! . . .
To efficiently convert these resources, which are primarily d?t?yiiﬁgigafsr?th%ﬁ?n? dylglsd ;hif:*% a(lzar?]?)rlle%%%ol?lfnm
composed of alkanes, into more useful materials, catalysts for V! . ng . . u :

selective C-H bond activation need to be employtBespite extension to these earlier studies of mononuclear cafiofs,

the rapid strides made in catalyst development iﬁ the 20th reactions of larger vanadium-oxide and -hydroxide clusters are

replaced by 3d elements, today’s catalysts are still not suf- P

+ + i . <
ficiently active enough to bring about selective, partial oxidation »20s 2nd ViOio" and tche closed-shell cluster ions®;" by
of alkanes. Sauer and co-workePs:

Vanadium oxides represent an important class of transition gxperimental Methods
metal catalysts used in chemical industry, for instance, in the
production of SQfrom SO, for the conversion of propane to

propene, and in the large-scale synthesis of maleic anhydride SRR :
from butan& However, the mechanistic details of oxidation SPray ionization source as described elsewHeTée precursor

reactions occurring on vanadium-oxide surfaces are far from cOmPound ¥OA(OCH);2 has been synthesized in the laboratory
being fully understood. For example, while it is quite likely of Prof. H. Hartl at the Freie UniversitdBerlin according to

that oxygen vacancies are present on the surfaces of vanadiunf'e/l-known literature proceduré8 This hexanuclear methoxo-
catalysts, their precise catalytic function in the active site yet 0X0vanadium cluster is dissolved in an excess of deuterated

remains to be elucidatéd. methanol to exchange the methoxo ligands to fully deuterated

In this context, a number of gaseous vanadium-oxide clustersONes which is achieved after 1, week Of St(?“’?‘ge insGD "’,“
have been studied theoreticdli§ as well as probed experi- ambient temperatuf€.The resulting solution is introduced into

mentally?~14 with the aim of obtaining more insightful informa- e ESI source using fused silica tubing (#% ID) at a flow

tion about structure/reactivity correlations, cluster-size effects, '€ of less than aL/min and a source temperature of 0.

and the role of formal and real charge. Gas-phase studies cartnder harsh ESI conditions, smaller vana(+j|um-OX|de and
provide direct insight into the intrinsic properties of the clusters -Ydroxide clusters of the general formula@H," (m = 2-4,

and moreover also may deepen the understanding of the relevanfl = 1710,0=0, 1, or the deuterated variants) are optq#ﬁad.
reaction mechanism by means of combining mass spectrometricThe cone yoltage is kept at "’}bOUt 190 V to maximize the
experiments with labeling studies and theoretical approd¢hés. fragmentation of the precursor in order to increase the signals

Electrospray ionization mass spectrometry (ESI-M®)as of the desired smaller vanadium-oxide clusters. All data are
opened up new horizons in the analysis of inorganic and collected and averaged over at least 20, and for weaker signals

up to 100, scans.
*To whom correspondence should be addressed. Fe49 30 314 The investigated clusters are characterized by collision-
21102. E-mail: Helmut.Schwarz@mail.chem.tu-berlin.de. induced dissociation (CID) experiments brought about by mass

lon—molecule reactions (IMRs) are investigated using a
guadrupole-based mass spectrometer equipped with an electro-
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(a) CH30H 2 miz 348 CHART 1: Deuterated Hydrocarbons
‘\%E ‘x_4' D D D \\D
g = M )\
— = D DW
VIOZ+ 348 350 352 fj 1a p 1b 2
@ et ; . . oot
£ o shifted to the deuterated speciesnéz 350 to produce ¥OoD™.
g | (0)CD30D 4 Most notable in the present context is the fact that deuteration
- . T N allows essentially pure beams of @D, clusters to be
vo,* 3 @ generated.
E E CID experiments further confirm this conclusion favz
348 350 352 348: The mass-selected ion beam generated from gOOD
Sanny el Ao o ‘JL solution of the \4O7(OCDs)12 precursor only results in the
I S e e e e v ™ formation of vanadium oxides such as YO(Figure 1b).

miz However, CID experiments ofVz 348 from a CHOH solution
Figure 1. CID specira oft/z 348 that derives from (a) {OCHs)zs Ieaq to additional I_ogses_ of 16 and 32 mass units, which can be
in CHsOH and (b) \60/(OCDs)12 in CD;OD at a collision energy of ~ aSSigned to the eliminations of methane and methanol, respec-
40 eV. The insets show the corresponding mass regions of ions evolvingtively (Figure 1a). Both results suggest the existence of a mixture
from the ESI source. of V409" and V4;O7(CH3OH)™ ions in CHOH solution?® In

CD30D solution, however, the latter ions do not interfere

selection of the ions of interest using Q1, followed by interaction anymore because they are shifted 4 mass units higher.
with xenon gas at pressures on the order of 204 mbar in In addition to the major reaction channels, discussed below,
the hexapole at a collision energy of 40 eaf), while Q2 the formation of several minor products is observed occasionally
was scanned to monitor the ionic products. IMRs at quasi- and can be attributed to the presence of impurities in the vacuum
thermal energies were probed in the same manner except thatystem, such as association reactions with water and dioxygen,
Eap was nominally set to 0 eV; the width of the kinetic energy respectively. These products are acknowledged in the analysis
distribution in the hexapole amounts te0.4 eV at half peak  of the data but are not explicitly mentioned any further; rather,
height. In addition, the MO,H™ cluster cations are investigated we focus on dehydrogenation reactions of isomeric butenes and
by IMRs with methanol, which indicate the presence of alkanes by the cluster ions.
vanadium-hydroxide clusters p@n-1(OH)") rather than va- All unlabeled and labeled (Chart 1) reagents are used as
nadium-hydride clusters (H¥O,*).%* Likewise, the bimolecular  pyrchased with the exception b&which was synthesized using
reactivity of the respective clusters toward isomeric butenes asyp established procedwe The introduction into the mass
representatives Of Sma” alkenes as We” as tOWard a|kaneS |Sspectrometer was accomp“shed by Conventiona| vacuum tech_
Stud|ed by II’]tI’OdUCIng these I’]eutl‘a| I’eagents |nt0 the hexapoleniques_ Deuteration Of éD7(OCH3)12 was achieved by dissolv_
at similar pressures which approximately corresponds to single-ing the compound in a 100-fold excess of £ID followed by
collision conditions. 1 week of storage at ambient temperatifrafter this treatment,

A peculiarity of the present system arises from the fact that more than 95% deuterium incorporation is achieved as probed
dioxygen and methanol have the same nominal mass. Givenpy ES| mass spectrometry.

the limited mass resolution of a quadrupole mass spectrometer,

a c.haracterization of the vgna}dium .clus.ters therefore is more paqits and Discussion

difficult, as they may contain isobaric dioxo and/or methanol

ligands. Thus, nontrivial superposition prevents the elucidation In the present work, ESI is used to generate di-, tri-, and
of accurate reactivity data for the respective ions. However, an tetranuclear vanadium-oxide and -hydroxide cations as gas-phase
exchange of the methoxo ligands in the precursor molecule species, thus allowing their reactivities and properties to be
Ve07(OCHg)1, to OCD; groups facilitates largely the assign- examined with a quadrupole-based mass spectrometer. To this
ment, because most isobaric overlaps are prevented. A com-end, ion—molecule reactions with isomeric butenes and small
parison of the abundances of the vanadium-oxide ions generatedlkanes were examined in order to elucidate mechanistic details
from VsO7(OCHg)12 in CH3OH and of those generated from  concerning the oxidative dehydrogenation (ODH) as well as the
CD3OD solution demonstrates the degree of interferences related dehydrogenation (DH) process. In the overall transfor-
(Figure 1). For an illustration, let us consider the signalsvat mation of ODH, a formal reduction of the metal center occurs
347, 348, and 349. The signalratz 347 produced by ESI from  (VyOnHo™ + 2HT + 267 — [V 1OnHo+2] ™), which is brought

a CH;OH solution of the sample can in principle be assigned about by a two-proton and two-electron transfer in the course
to V4O7-2n(CH30OH),(OCHg)™ (n = 0—3). As this signal is of the oxidation of an alkene to a diene and the conversion of
guantitatively shifted tar/z 350 when the ESI spectrum is taken an alkane to an alkene, respectively, for examplglsC~> C4Hs

from a CD;OD solvent, there is only one methoxy unit present + 2H' + 2e~. Two alternative product channels evolve from
in the cluster; that is, one is dealing with,®7(OCDs)*. ODH: Either butadiene is lost as a neutral concomitant with
Similarly, the signals atm/z 348 and 349 are due to two hydrogen atoms being transferred to the cluster cations to
V40g-2n(CH3OH),™ and V4Og—2nH(CH3OH)" (n = 0-—4), form [VmOnHo+2] ™ (ODH1) or water may be lost as a neutral
respectively, and a more specific assignment is possible uponmolecule while the unsaturated hydrocarbon fragment remains
the use of CROD as a solvent. The abundance of the signal at at the metal center to afford ¥D,—1HoCsHe] ™ + H.O (ODH2).

m/z 348 in CD;OD solution pales in comparison with that In marked contrast, DH occurs without reduction of the metal
formed from \bO7(OCHg)12 in CH3OH and suggests interference  center; rather, transfer of the dehydrogenated hydrocarbon to
of V409" (m/z 348) and \f\O,(CDsOD)* (m/z352). On the other  the cluster is accompanied with the evaporation of dihydrogen
hand, the signal atvz 349 taken in CHOH is almost entirely (Scheme 1).



Vanadium-Oxide and -Hydroxide Cluster Cations
SCHEME 1: Product Channels for the Dehydrogenation

of Butene by Vi,OnH," Concomitant with the Release of
Dihydrogen, Water, or Butadiene as Neutral Molecules

DH

“H,

SCHEME 2: Primary Products for the Reactions of
VmOnHo" with Isomeric Butenes (for Details, See Table 1)

ODH1

(OH),

VmOnHo+2l" + C4Hg
[VmOnHoCqHel" + Ha
[VinOn-1HoCqHel™ + HoO
VmOpHg* + CqaHg ——= 5 [V,,0,H,C4Hgl*

[VmOnHoCaH4I* + CoHy

C4H8+ +VOpHo

C4H7* + VmOpHos1

Alkenes. The IMRs of mass-selected vanadium-oxide and
-hydroxide ions with 1-butenejs-butenefrans-butene, andso-
butene lead to up to seven major product channels dependin

on the nature of the cluster (Scheme 2, Table 1). For the majority
of the clusters, the experiments result in the gain of 56 mass

units which is considered as association (A) of the cluster ion
with an intact butene molecule to afford J@,H.CsHg] ™. In
addition, IMRs of \l;OnH,™ also lead to increases by 2 and 54
mass units, which are assigned to ODH1 and DH of the olefin,
respectively, yielding either [MOnHo+2] ™ or a [ViOnHoCsHg]
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cluster oxide cations are completely unreactive with respect to
the formal uptake of two hydrogen atoms (ODH1). This
conclusion becomes obvious upon inspection of Figure 3a in
which the efficiency of this particular reaction for all four butene
isomers is plotted versus the formal valence of vanadium in
the cluster cations: Quite clearly, the ODH activity increases
with the valence of the vanadium.

Whereas oxidative dehydrogenation generally predominates
over mere dehydrogenation, some DH activitymG4Ho™ +
C4Hg — [VmOnHoC4He] ™ + Hy) is observed for several of the
low-valent clusters. Interestingly, DH shows the opposite
behavior with formal valence as compared with ODH: Clearly,
the lower the formal valence of the metal in cluster ions, the
higher the DH activity, as reflected by uptake ofjHg
concomitant with elimination of dihydrogen as a neutral
molecule (Figure 3b).

The observed differences in DH and ODH for the low- and
high-valent cluster ions are consistent with qualitative aspects
of basic bonding concepts. Thus, low-valent ions having
occupied d orbitals are suitable for an interaction with the empty
s* orbital of the alkene ligands according to a Dew&hatt-
Duncanson modé! and hence tend to prefer the DH process.
In contrast, high-valent metal-oxo cations, such g&¥, for
instance, cannot provide occupied d orbitals; rather, due to the
large number of electronegative oxo ligands, they exhibit a
higher H-atom affinity, thus favoring ODH. This result is
supported by the work of Asmis et #Rin which the structures
of divanadium-oxide cluster cations were investigated: The DH
preferring low-valent cluster cations, like,®," and L0,

ontain two or at least one vanadium atom without oxo groups,
hereas the ODH preferring cations, like®" and \,Os™,

are found to provide at least one or two vanadyl groups,

respectively. Equivalently, the most reactive catiogOy"

concerning ODH is calculated to provide even three vanadyl

groups for H uptake?

Taking the two C-H bond activation processes together, a
summation of the ODH and DH reactivities of each of the four

cation. Furthermore, transfer of butene to the cluster cations isomeric butenes demonstrates that 1-butene exhibits the highest
concomitant with loss of water is observed as a minor channel reactivities among the fLalkenes investigated. Isomerts-

(ODH2). Moreover, upon reaction of ¥0,H," with butene,

andtransbutenes show, not surprisingly, very similar reactivities

for some cluster ions, weak signals are observed which areand have only about 70 and 80%, respectively, of the ODH

indicative of C-C bond cleavages (C). For two vanadium
oxides, electron transfer (ET) and hydride transfer)(tdre
observed as well to form £lg™ and GH;" concomitant with
the corresponding neutral species®H, and ViOnHot1,
respectively.

Unfortunately, the experimental setup does not allow for a

further structural characterization of the reaction products formed

in the hexapole collision cell. In particular, we cannot distinguish
between mere association complexes of the typgaQ\Wo-
(C4Hg)]™ and addition products that contain newly formed
covalent bonds in the product ion, that may result from bond
activation of the incoming &g ligand. For the time being,

and DH reactivities observed for 1-butemso-butene does not
undergo DH by any of the vanadium-oxide and -hydroxide
clusters and exhibits an ODH activity of only about 8%. This
finding is consistent with the intuitive view that a lineay C
skeleton may easily convert into a diene ligand, whereas 2-fold
unsaturation of a branched, @nit is more difficult to realize.

Isotope-tracer studies with the deuterated 1-butene€Ep
CHCH; (18) and CHCH,CHCD, (1b) suggest different reaction
mechanisms for the cations®,", V0,7, V,0st, and V4O10"
on one hand as compared with the other reactive vanadium-
oxide clusters investigated. ODH of these two isotopologues is
associated with H/D equilibration, as indicated for the cations

molecular addition is not considered as a bond activation processV,0," and \,Os™ by gains of 2 and 3 mass urfitsand for the
in the comparative analysis of the data but rather considered ascation V,O16" by 2, 3, and 4 mass unit8 These results imply

a simple association.

lllustrations for the diverse reactivities of the vanadium-oxide
cluster ions are given in Figure 2 for the iemolecule reaction
of V307" with cis-butene and for ¥O1¢" with cis-butene and
1-butene (see also Table 1).

In the ion—molecule reactions with butenes regarding ODH,

transfers of H, HD, and B. However, for all other vanadium-
oxide cations studied here, a specific mass increase of 3 units
is observed when reacted witta and an increase of only 2
mass units occurs when reacted with, thus demonstrating
selective 1,2-dehydrogenations at C(3)/C(4). Figure 4 shows the
reactions of O;" and V,4O,0" with 1a as an example with a

the most reactive cluster cations (with decreasing reactivity) are clean uptake of HD by the former and nonselective ODH

found to be the high-valent vanadium-oxide iongOy*, V,04T,
V40107, and \Og™, respectively. In contrast, the low-valent

reactions by the latter clusters. Dehydrogenation of the two
isotopically labeled 1-butenes by the low-valenfO4" cation
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TABLE 1: Normalized Intensities for the Seven Major Channels (ODH1, Oxidative Dehydrogenation Concomitant with the
Loss of Butadiene; DH, Dehydrogenation; ODH2, Oxidative Dehydrogenation Concomitant with the Loss of Water; A,
Molecular Addition; C, Carbon —Carbon Bond Cleavage; ET, Electron Transfer; H-, Hydride Transfer) upon Reaction of
ViOnt and V,0,D" with 1-Butene, cis-Butene, trans-Butene, andIso-Butene*¢

1-butene iso-butene
ODH1 DH ODH2 A C ET H ODH1 DH ODH2 A C ET H
Vo0, 31 11
V,0,D* 17
V03" 5 3 21 11 30
V,03D" 20 11
V04" 36 1 5 3 24
V,0,D* 1 3 2 16 1 21
V,05™ 10 4 3
V,0sD* 8 16 4 21
V304" 2 14 20
V30,D" 4 10
V305" 2 21 28
V30sD™ 21 26
V306" 14 15 39
V30D ™ 1 31 19
V30;* 54 6 7 3 14 25 4 7
V307D+ 8 31
V406" 25 22
\Veras 37 26
V,0,D" 30 5
V4Og™ 37 28
V40gD™ 28 27
V409" 12 23 1 36
V409D" 1 24 27
V4010" 14 5 1 d 38 34 3 2 15 3
V4010DJr 25 e 20 e
cis-butene trans-butene
ODH1 DH ODH2 A C ET H ODH1 DH ODH2 A C ET H
V,0," 19 21 2
V,0,D* 9 8 3 3
V03" 4 7 36 8 3 2 22 9
V,03D* 16 9 14 8
V04" 29 7 35 1 1 1
V,0,D* 4 2 18 1 1 12 1
V205" f 8 1 2
V,0sD* 26 7 13
V304" 14 14
V30,D* 9 2 2 9
V305" 2 29 1 18
V;0sD* 19 2 17
V306" 18 12 1 18 6
V30sD™ 2 24 2 15
V307" 55 9 2 8 10 55 4 6 15
V30;,D* 8 26 2 15
V406" 27 14
V407" 34 18
ViO7D+ 28 21
V4Og" 1 28 19
V40gD™ 26 19
V4Og™ 4 22 6 21
V40D* 1 23 16
V4010" 11 1 1006 13 14 21 2 74 14
V4();|_0DJr 19 e 17 e

a General equations for the seven major channels: ODK)Mo" + CsHg — VimOnHos+2™ + CaHg; DH, ViOnHo™ + C4Hg — ViOnHoCaHet +
Hz; ODHZ, VmOnH0+ + C4H8 e VmOn—1H0C4H6+ + Hzo, A, VmOnHo+ + C4H3 e VmOnHoC4H3+; C, VmOnHo+ + C4Hg - VmOnHoCZHf + C2H4;
E, VilOnHo™ + C4Hg — VOnHo + C4Hs™; H, ViiOnHot + C4Hg — ViOnHot1 + C4H7T. The deuterated variants are listed here as the experiments
are carried out in CEDD to eliminate superposition of GBH and Q; see text? Other cations, such asz@s*, Vs0sD*, V30s", V30D, and
V40D, are not included in the table, as IMRs indicate impurities due to unreactive isobaric interfefdBggstiments are carried out at equal
pressures of butenebFurther, loss of 16 and 14 mass units and addition of 14 mass units (with an intensity<af d4nd 4, respectively) are
observed for the reaction of J@:0" with 1-butene®IMR of V 40,0D* with isomeric butenes resulted in additionniiz 58, which can be viewed
as a product that is formed due to electron transfer and subsequent transfer of deuterium (with an inter®ityNdt measured? Signal used
for normalizatior?”

is also associated with H/D equilibration, as indicated by mass valent cations, that is, ¥s*, show a mass increase of 56 units

gains of 56 and 57 which are assigned to the additions of the with 1b, suggesting a specific 1,2-dehydrogenation to form
appropriate 1,3-butadiene isotopologues concomitant with losseqV OnHo,C4H4D2]+ concomitant with the evaporation of neutral

of HD and H, respectively?? In contrast, the remaining low-  dihydrogen.
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Figure 2. IMR of (a) V307" with cis-butene, (b) MO10" with cis-
butene, and (c) ¥O10" with 1-butenep(butene)= 2.7 x 10~* mbar;
collision energy adjusted to nominally O eV. The insets focus on the

m/z

respective signals as discussed in the text.
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Figure 3. Sum of intensities of (a) Huptake (ODH1) and loss of
water (ODH2) and (b) addition of £ls (DH) for 1-butenegis-butene,
trans-butene, andso-butene versus the formal valence of vanadium in
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the VimOnHo™ clusters.

As mentioned above, the reactions of the high-vales@»
and V,40,¢" vanadium-oxide cations with isomeric butenes also
result in electron and hydride transfé2 The former leads to
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Figure 4. ODH of CD;CH,CHCH, (1) by (a) V07" and (b) V4O10".
p(la) = 2.7 x 10 mbar; collision energy adjusted to nominally 0
ev.

the formation of a GHg* cation concomitant with loss of the
corresponding neutral vanadium oxide (@t + C4Hg —
C4Hgt + VOn). Hydride transfer results in production of the
C4H7" cation concomitant with elimination of a neutral vana-
dium hydroxide (\MOn™ + C4sHg — C4H7™ + Vi OsH). The
abundance of hydride transfer is comparable for both vanadium-
oxide cations, whereas that for electron transfer initiated by
V404" clearly dominates the electron transfer induced b@

for all four isomeres of butene. This result makes sense in that
a o radical like V4O10" can be expected to have a larger
recombination energy than the closed-shell catiosOV.
Moreover, the ionization energies of isomeric butéhase in
agreement with the trend of 1-butene seeking less electron
transfer thartis- andtrans-butene. In addition, a minor signal

is also detected aw/z 69 for the reactions of ¥O;* and V,O1¢"

with all four isomeric butenes which is assigned tgHg" or
C4HsO™ but not investigated any furthét.

The reaction of O;10™ with 1-butene additionally leads to
decreases of 14 and 16 mass units and an increase of 14 mass
units (see Table 1, footnot).3°> The observed gain of 14 mass
units for 1-butene can be assigned to the produgDp{OCH,)]*
concomitant with a formal Cktransfer to the cluster; this
process is most likely accompanied by hydrogen rearrangement
prior to product release which we assign to the elimination of
propene. Some mechanistic details are revealed by labeling
experiments witllaandlb. Clean CH transfer in the reaction
with CD3CH,CHCH, (1a) rules out a participation of the
hydrogen atoms of the terminal methyl group. On the other hand,
the labeling experiment with G&€H,CHCD, suggests partial
H/D equilibration, as indicated by CHD and GiDansfers to
the cluster in a ratio of 1:2.5. A signal for Gitansfer to \\O:0"
is either not existent at all or much too weak to be detected in
the reaction with this labeled alkene. Clearly, while partial H/D
equilibration occurs, the results demonstrate that the rearrange-
ment of the H atoms does not involve the terminal methyl group
of 1a; rather, it is confined to the methylene units of the
substrate. A plausible reaction mechanism is proposed in
Scheme 3.

The decrease of 16 mass units to formOy¢" remains
unchanged regardless of which isotopologue of 1-butene is used.
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SCHEME 3: Proposal for CH, Transfer to a VO Unit of
V4010t Concommitant with H-Atom Rearrangement
Prior to the Elimination of Propene

CH

CHj
. =~
(Va0)VO' +  H,C Z ] CH,

+

/CH\ _CHa “H R /CHZ\ _CHz
(V309)V-O-CH, CH, == {V300)V-O-CH CH,
~H1
.
CHZ\ CHy CHz\ _CHy
(V20g)V-O-CH, ¢H —#= (V304)V-O-CH, CHz

|

CH
(ViOIV(OCH,) + 1P e,
While several alternatives are conceivable, for example, an
O-atom transfer from ¥Oy0" to the neutral molecule, loss of
water from the ODH1 product XD;0H2", or elimination of
formaldehyde from the Ctransfer product [VOg(OCH,)]*,
the labeling experiments are only compatible with a formal
transfer of an O atom to the alkene substPafEhe decrease of
14 mass units is assigned ta®H," and is simply formed by
subsequent ODH1 of isomeric butene byOd".

Some disagreement evolves for the IMRs ofOy" with
1-butenecis-butene, andrans-butene in comparison with the
extensive work of Castleman and co-work&sUpon IMR of
V307" with isomeric butenes, they reported in addition to the
results discussed here the formation afO¢*, VsOsH,™, and
V306C4Hs™. Furthermore, according to Castleman, the electron
transfer product gHg™ and the hydride transfer produci™
are generated as major products in the reactiona¥V with

butenes. While it is quite possible that the respective vanadium-

Feyel et al.

the validity of this conjecture for the experiment conducted by
Castleman et al., the reactivities of thg®D," ions generated
upon ESI were found to be insensitive to the exact conditions
in the ion source, the cone voltage in particular. Moreover, the
considerable amount of adduct formation in our experiments
strongly supports that quasi-thermal ions are formed in our
experiment. This conclusion is after all not too unexpected
because, despite the energizing conditions in the cone region,
the ions emerging from the source subsequently still undergo
multiple collisions in the extraction to the ultrahigh vacuum of
the multipole setup.

Alkanes. As described in the previous section, the cations
V,0;" and V400" were found to be the most reactive ones
investigated in the present study as far as DH and ODH of
butenes are concerned, respectively. Accordingly, the question
emerges whether this also holds true in the reactivity toward
alkanes.

lon—molecule reactions carried out with various small
alkanes, like ethane, propaneputane, andso-butane, show
that only VO, and V4O16" among all examined vanadium-
oxide and -hydroxide clusters are capable of activating saturated
hydrocarbons concerning DH and ODH. Further, the main
channel for \\O1¢" corresponds to ODH1 concomitant with
transferring two hydrogen atoms to the cluster to form the
reduced cation [¥O10H,] ™ (Figure 5 serves as an example for
the reaction with propane). In addition, some transfer of one
hydrogen atom from the alkane to the cluster to form the reduced
cation [V4010H] " is also observed. Furthermore, the spectrum
of V406" shows loss of 16 mass units; this process may
correspond to O-atom transfer to the alkane to form the
corresponding alkanol(s) or loss of water from the ODH product
V4010H,". Eventually, organic products are also formed, like

oxide products are not detected in the present work due to thecharge transfer to produce the cationic alkane concomitant with

minor intensities of these signals, our experiment for tg@N//
butene systems (butene 1-butene,cis-butene, andtrans-
butene) definitively showed oxidative dehydrogenation as a
major route. Furthermore, we observe molecular addition to the
ODH product to form MO;Hx(C4Hg)" as well as 2-fold
molecular addition yielding ¥0;(C4Hs).", respectively, which

neutral 4010, and with hydride abstraction to result in the
cationic alkyl product concomitant with neutral®H (Scheme
4). For the butane isomers, the reaction resulted additionally in
minor signals which are assigned teHg*, CsHg", and GH-*.

On the other hand, mass-selectegDy" was only capable
of activating propaney-butane, andso-butane but showed no

were not reported by Castleman et al. Among others, a feasibleactivation of ethane. The reaction of the low-valent vanadium-

rationale for the different experimental finding might be due to

oxide V,0O," yielded in V,O,(CyHzn)™ concomitant with loss

the different types of cluster ion sources used. While Castlemanof dihydrogen, which was assigned to DH, and in molecular
et al. employed a Smalley-type laser-vaporization source, in ouraddition to form \MO2(CiHan+2)™.

experiments, the ESI method was applied, and it is thus

The normalized intensities for the four alkanes studied are

conceivable that different amounts of excited states or isomeric summarized in Table 2. The standard deviations are anomalously

ions are produced to some extéhiWhile we cannot assess

large, thus preventing a quantitative analysis in terms of

V40q0H"Y
7 V40107
+

CaHy* V401gH2
P
o +
P V40g
B CaHg*
@ 3Hg
&
: .
= 40 50 I{i/”’:‘i'/

1I00 1I80 2:60 3I40 1{20 5IOO

m/z

Figure 5. IMR of V4O;0" with propanep(propane)= 2.7 x 10~* mbar; collision energy adjusted to nominally O eV. The insets focus on the

respective signals discussed in the text.



Vanadium-Oxide and -Hydroxide Cluster Cations

SCHEME 4: Primary Products for the Reactions of
V4040t with Alkanes (for Details, See Table 2

ODH1
[V401gH2l" + CpH2p

[V404gHI" + CpHon+q
V4010" + CpHonap -2 5 [V4Og]* + [CHop4+2.01

CrHone2® + V4019

CaHan+1™ + V4010H

aThe minor formations of ¢Hs*, CsHegt, and GH-" for the reaction
with isomeric butane are not included in the scheme.

TABLE 2: Averaged Branching Ratios for Product
Channels in the Reactions of VO.5" with Small Alkanes?®P

V4O;|_0Jr VZ()ZJr
alkane ODH1 H [OOET H- C3H7Jr C3H5+ C3H5+ DH
n-butane 28 1 4 11 22 2 1 3 14
iso-butane 13 1 4 12 40 3 10 3 18
propane 32 5 6 4 34 8

ethane 42 16 10 0 5

a Experiments are carried out at equal pressures of alkanes, or the'

results are normalized.The experimental error expressed as the
standard deviation of the branching ratio is unusually large (up30);
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As described in the previous section, the labeling experiments
with the labeled buteneta and1b exhibited similar reactivities
and reaction mechanisms for,®;*, V,0,47, V,0s", and
V40107, and yet in the reactivities with alkanes,®™ and
V4010" brings about bond activation. An explanation to this
puzzle is found in a qualitative comparison of their ionization
energies. In contrast toJ@;0" (and V,O,™), the cations YO,
(RE= 8.2 eV) and MOs™ (RE = 9.8 eV) have recombination
energies that are too low to ionize saturated hydrocarbons, such
as ethane (IE= 11.52 £+ 0.04 eV), propane (IE= 10.94 +
0.05 eV),n-butane (IE= 10.53+ 0.02 eV), andso-butane (IE
= 10.68 £ 0.11 eV)%2* Likewise, the closed-shell cation
V3071, which shows the highest ODH activity toward isomeric
butenes, is not capable of any dehydrogenation of alkanes, most
likely due to a misfit of the RE/IE data.

Conclusions

Oxidative dehydrogenation (ODH) and dehydrogenation (DH)
of isomeric butenes are observed for various vanadium-oxide
and -hydroxide clusters, such ag®4*, V,04", V30s™, V307T,
and V4010". The reactivity trends for these two types of
dehydrogenation reactions suggest that high-valent clusters
prefer ODH concomitant with the addition of two hydrogen
atoms to the cluster oxide cations and elimination of neutral
butadiene. In contrast, the low-valent clusters tend to add the

see text. Data are normalized to the most intense peak of the reactiongliene with parallel loss of molecular hydrogen (DH). FeOy*

with isomeric butenes.

reactivity trends. The large deviations may be caused by
superposition of variable amounts of isobaric, but nonreactive

isomers with reactive ones of the mass-selected precursor-ion

beam in the particular case of,®;¢" which is a minor signal
upon ESI and further affected by “aging” of the precursor
solution as described previousy.An example for ion-
molecule reaction of ¥O;0" with propane is shown in Figure
5.

Notwithstanding, the ionization energies of the alkanes agree
well with the result that isomers of butane have the lowest
ionization energy (IE) and show the highest abundance for

electron transfer. In contrast, ethane with the highest IE does

not lead to electron transfer at all. This trend applies for H
abstraction as well, which has the hightest abundancesder
butane and the lowest for ethatfe.

Some further insight into the mechanism is achieved by
isotope-tracer studies of J@;0" with, for example, 2,2-
dideuteriopropane, CGI€D,CH; (2). ODH of isotopically

and V4O0t, the occurrence of H/D equilibration with the
isotopically labeled 1-butenes GOH,CHCH, and CHCH,-
CHCD;, indicates a different reaction mechanism for these
cations than that for the other reactive vanadium-oxide cluster
cations investigated in the present study. Further, oxidative
dehydrogenation of small alkanes is observed only fgdDy"

and dehydrogenation only forXd,*. The difference in reactivity
can be ascribed to the operation of a different reaction
mechanism for YO,¢", in which C—H bond activation of the
alkane does not constitute the rate-determining step; quite likely,
an intracomplex electron transfer mechanism is crucial, the
occurrence of which is subject to a proper balance of the
recombination/ionization energies of the two partners involved

in the reactions.
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