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Abstract

The intracluster ion—molecule reactions of (GH;OR), (R = CH;, n-C3H7, n-C4Hg, t-C4Hg) complexes produced by the mixing of laser-
vaporized plasmas and pulsed supersonic beams were investigated using a reflectron time-of-flight mass spectrometer (RTOFMS). The reaction:
of Ti* with dimethyl ether clusters were found to be dominated by the €lishination reaction, which produces TOCH;z),(CH;OCHs),,
clusters tn=1-3). The mass spectra resulting from the reactions*ofiith the other ether clusters indicate the formation of major sequences
of heterocluster ions with the formula*TOCHs)x(OR),(CH;OR),, wherex=1-3 andy = 0-2. These sequences are attributed to the insertion
of Ti* ions into the G-O bonds of the ether molecules within the heteroclusters, followed by alkyl radical elimination. The prevalence of
radical elimination of longer alkyl groups rather than of G#dicals suggests that R elimination from the {CH-Ti*—R] intermediate is the
preferred decomposition pathway after the selective insertion of ®ifiinto the C-O bond of an OR group. Our results also indicate that
consecutive insertions of a*Tion can occur for up to three precursor molecules. The experiments also show that the molecular eliminations
of H, and alkanes, resulting from-@ and C-C bond insertion, respectively, play an increasingly important role as the size of the alkyl
group (R) in the ether molecule increases. The reaction energetics and the formation mechanisms of the observed heterocluster ions are als
discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction derstanding of the behavior of transition metal ions in the

condensed phase.
The study of the chemistry of transition metal ions in the Studies of the reactions of Twith small alkane molecules

gas phase is a rapidly expanding field of research, since thesdave revealed that Tiis very active in the breaking of-¢H

ions play a critical role in a variety of chemistries ranging and G-C bonds, leading to the eliminations of Bind alkanes,

from industrial catalysis to biological activity. It is therefore respectively{9-12] The alkanes were found to be cleaved

importantto understand the fundamental aspects of the intrin-by the metal ion via oxidative-addition reactions, which arise

sic chemistry of these species. The highly reactive propertiesfrom either a GH or C-C insertion[13]. In studies of the

of transition metal ions in the gas phase have been demon+eactions of Ti with water using the selected ion drift tube

strated by several investigations into the reactions of gas-techniqugl11] and guided ion beam tandem mass spectrom-

phase transition-metal ions with a variety of organic species etry[14], it has been reported that the primary reaction chan-

using ion cyclotron resonance (ICR) spectroscfipg] and nel proceeds via Tiinsertion into the ©H bond to form

ion beam techniqug8—8]. These gas-phase studies have pro- a H-Ti*—OH intermediate, which then loses ltb produce

vided insights into the intrinsic chemical and physical prop- TiO*. Another study of the gas-phase ion—molecule reactions

erties of transition metal ions that have enhanced our un-of Ti* with a series of ketones, aldehydes, ethers, and esters
has shown that Tiextracts an oxygen atom from small car-

* Corresponding author. Tel.: +82 638506208; fax: +82 638414893. bonyl compounds and cyclic ethers to form Tif25]. How-
E-mail addresskwjung@wonkwang.ac.kr (K.-W. Jung). ever, the reactions of Tiwith organic molecules remain a
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subject of much debate; the unresolved issues include fundalaser was focused onto a rotating Ti target (Goodfellow,
mental mechanistic concerns such as the relative reactivity99.999%) located 2cm downstream from the nozzle. The
of Ti* toward insertion and elimination reactions, and the laser-vaporized metal ions perpendicularly crossed the ex-
structures surrounding this ion under solvation conditions. pansion stream 1 cm from the target, where they react with the
Although the products of gas-phase ion—molecule reac- neutral ether clusters formed in the pulsed jet. The resulting
tions have been extensively investigated, few studies have exion complexes were then introduced into the RTOFMS cham-
amined the chemical reactions taking place within heteroclus- ber after collimation with a conical skimmer (throat diameter
ter ions. The product distribution of metal ion—solvent het- of 1 mm) positioned 4 cm downstream from the nozzle.
eroclusters provides valuable information about the changes Following a delay of typically 50-20Qs after the laser
in the reaction pathways with increasing cluster size, which irradiation, the positive ions were extracted with a 2.2 keV
reflect the transition from gas-phase to solution-phase reac-pulsed electric field, applied to the repeller. The delay times
tions[16—18] Recently, our group reported the predominant between valve opening, laser firing, and the ion extraction
H-eliminations in the reactions of Tiwith ROH (R=CH, pulse were optimized using a digital delay/pulse genera-
C,Hs, t-(CHz3)3C) clusters, which produce TOR)m(ROH), tor (Stanford Research, DG535). The accelerated ions then
(m=1-3) heterocluster$19,20] The primarily reaction  travel through a field-free region of length 1 m, which ter-
channel proceeds via Tinsertion into the ©H bond of al- minates at a double stage reflectron (R.M. Jordan Co., D-
cohol molecule to form a [ROTi*—H] intermediate, which 850) located at the end of the flight tube. From the reflectron,
then loses H atom. We also found that the consecutive H-the ions travel an additional 64 cm back to a chevron mi-
eliminations by the Tiion can occur for up to three alcohol crochannel plate detector. The output signals from the detec-
molecules within the heteroclusters. This reactivity dfidn tor were sentto a digital storage oscilloscope (LeCroy LT322,
(i.e., bond-selective insertions and consecutive eliminations) 500 MHz), where they were averaged over typically 1000
is a unique property not found in other transition metal ions. shots and further processed on a computer. Spectrophotomet-
Apart from the numerous studies of the reactions &fidn ric grade CHOCH;z (Aldrich, >99%), CHOCH,CH,CH3
with small molecules, no detailed experimental information (TClI, >95%), CHHOCH,CH,CH,CHgs (Aldrich, >99%), and
on the mechanism and energetics of the reactions‘dbfis CH30C(CHg)s (Aldrich, >99.8%) were used after further
with ether molecules is available in the literature. purification through a series of freeze-pump-thaw cycles to
In the present study, we investigated the reactivity &f Ti remove dissolved atmospheric gases and other impurities of
ions with respect to the breaking of the G, C-C, and G-H high vapor pressure.
bonds in ether molecules within heterocluster ions. The prin-
cipal aim of the present work is to develop a quantitative
interpretation of the reaction mechanisms suggested by our3. Results and discussion
observations. To probe the cluster reactivity, we examined
the reactions in heteroclusters produced by laser ablation and3.1. The reactions of Tiions with dimethyl ether
supersonic gas expansion. Studying the variation of the re-clusters
activity of titanium—ether heteroclusters with alkyl radical
size also adds to our understanding of the nature of the alkyl A typical TOF mass spectrum of the products of reaction
radical elimination reactions of the Tion on a molecular between Ti and dimethyl ether (DME, C§OCHg) clusters
level. is displayed inFig. L The spectrum was obtained using a
laser pulse energy of 24mJ/énand an argon stagnation
pressure of 1.5atm. The mass spectrum indicates the for-
2. Experimental methods mation of a major sequence of heterocluster ions with the
formula Ti*(OCHz)m(DME),, (m=1-3) (labeledy, ¢, and
The present experiments were performed using appara-dy,), in which the methoxy groups are thought to be cova-
tus described elsewhefil]. Briefly, the two-stage systemis lently bonded to the titanium ions. The predominance of this
composed of differentially evacuated chambers, which con- sequence indicates that Gllimination is the preferred de-
tain a cluster beam source and a reflectron time-of-flight masscomposition pathway in the reactions of thé Tns within
spectrometer (RTOFMS). The pressures of the source andthe parent Ti(DME), (labeleda,) cluster ions. The intact
TOFMS chambers were maintained at about 20~° and cluster ions TI(DME), stem from the association reaction
6 x 10~/ Torr, respectively during the measurements. Clus- between Ti ions and dimethy! ether clusters, possibly fol-
ters of Ti" ions and ether molecules,'TCHzOR), (R = CHg, lowed by evaporation of some dimethyl ether molecules.
n-CzH7, n-C4Hg, t-C4Hg), were produced by the combination
of laser vaporization and pulsed supersonic expansion. TheTi* +(DME),, — [Ti* (DME), ]
sample gas mixed with helium was expanded from a pulsed _, Tj+(DME), + (m — n)DME 1)
valve (General Valve, series 9, orifice diameter 0.8 mm) with
a stagnation pressure of 1.5 atm. After opening the solenoid The evaporation of some dimethyl ether molecules is due
valve, the third harmonic output (355nm) of an Nd:YAG to the excess kinetic energy of the laser-ablatéddris and
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Fig. 1. Time-of-flight mass spectrum of the cluster ions produced by reac-
tive collisions of laser-ablated Tiand dimethyl ether (CEDCHg) clusters
seeded in 1.5atm. Ar. The laser fluence is 24 m3/@m Ti* (DME)y; by:
Ti*(OCHgz)(DME)p; ¢n: Ti*(OCHz)2(DME)n; dn: Ti*(OCHz)3(DME)n; én:
Ti*(OCH,)(OCHs)(DME),; my: (DME),H*. DME denotes CHOCHs.

also the exothermicity of the ion—molecule association re-
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C—H bond of a DME molecule, a TiHor Ti"fCH,OCHs

ion is expected to form from the HIi*—CH,OCH;] in-
termediate after simple T+C or Ti"—H bond breakage, re-
spectively. However, these product ions are not observed in
the mass spectrum, indicating that thisH insertion re-
action does not occur within the heteroclusters. Thermody-
namic data indicate that thes8—OCH3; bond dissociation
energy is 83.3 kcal/mdR4], which is less than that of the
H—CH,OCH; bond (96.2 kcal/mol)25]. Thus, the insertion

of a Ti* ion into a G-O bond seems more energetically fa-
vorable than insertion into a-& bond. Burnier et al[2]
have reported that Faeacts with dimethyl ether to produce
Fe(CH0)* and CH, through a mechanism involving metal
insertion into the polar €0 bond, followed by @-hydride
shift from the alkoxy ligand. Similarly, the ion—molecule re-
actions of Ti with CHsOCH;z that arise from €O bond
insertion can be represented by the following reactions:

Ti"™ + CH3OCHz — TitOCHsz + CHs 2)
Ti™ + CH3OCHz — TiTCH3+ OCHs (3)
Tit 4+ CH30CH; — TiO™ 4 CoHe (4)
Tit + CH3OCHs — TiTOCH, + CHy (5)

The enthalpies of the observed reaction pathways were
estimated from thermodynamic dd&b—28]and are listed
in Table 1

The electronic state of the Tion that correlates with the
reaction products is theé*B(3cP4s) state, the lowest quartet
state having an s electrd@6]. Recent studies have shown

action. Considering the ionization energies (IEs) of these that the reactions of metal ions with molecules are affected
species, the positive charge should be located on the Ti atonby the electronic state and kinetic energy of the metal ion
because its IE (6.82 eV) is substantially lower than that of the [29]. While we cannot exclude all the possible reactions of

dimethyl ether molecule (10.02 eV). Evidence supporting this

electronically excited Tiions, we believe that the observed

claim has been provided by several beam experiments on thaeaction patterns in the current experiments are mainly due to

formation of metal ion-organic molecule or metal ion-rare
gas cluster§22,23].

Univalent Ti* ions react with CHOCHz molecules, which
contain one type of €0 bond and one type of-@H bond,
via an oxidative addition mechanism. If*Tinserts into the

ground-state reactions. This is because the laser-ablated Ti
ions are likely to be efficiently quenched by their collision
with the supersonic beam of GBCHs/Ar. In addition, the
failure to observe any reaction products from the endother-
mic reaction channels even at high laser fluence supports our

Table 1

Energetics for the possible reaction pathways &fWith ether moleculés

Reactant Insertion site Products Enthalpy (kcal/mol)

CH3OCH;z C—O bond TFOCH; + CHs —2820
Ti*CHs 254
TiO* + CyHe —752
Ti*OCHp + CHy -1100°

CH3OCH,CH,CHjs C—0 bond TrOCH; + C3Hy —26.0
Ti*OCzH7 + CHs —-29.3°

C—C bond TFCH3OCH, + CoHs 28.3°

CH3OC(CHg)3 C—0O bond TrOCHz + C(CHg)s —26.8

Ti*OC(CHs)z + CHa —302°

2 Reaction enthalpies were calculated from the thermochemical data provifse-28]
b The bond energPo(Ti*—OR) (R = CH, CHp, CaH7, C(CHg)3) is assumed to equally(Ti*—OH).

¢ The bond energPo(Ti*—CH3zOCH,) is assumed to eqully(Ti*—CHs).
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FL
Tit + /o\ —> H,C Tit — H,C=0 —Tli*—CH3 — Ti*(OCH,) + CH,
1
H H

Scheme 1.

hypothesis that Tiions in high-lying states make no appre- greatly reduces the ability of Tito break the €0 bonds

ciable contribution to the above reactions. of additional dimethyl ether molecules. We reached similar
The complete absence of *iHz ion signals in the conclusions in our recent studies of the reactions tfafith
mass spectrum suggests that reacti@) is energeti- alcohol clusterfl9,20] Because the Tiion has three valence

cally unfavorable; its enthalpy change is endothermic, electrons, this decrease in reactivity is primarily attributable
25.4 kcal/mol. The TiOformation channel can proceed from  to the large binding energy change that results from triva-
the [HsC—Ti*—OCHg] intermediate through a four-centered lent bond formation with three ligands with methoxy groups.
transition stat§12]. The TiO' ion can also be produced from  This interpretation is consistent with the tetravalent structures
the intermediate by-methyl radical transfer to the metal commonly observed for neutral titanium compounds such as
ion, forming GHg, which is then lost as a neutral prod- TiCl4and Ti(OR), where R = CH, isopropyl, andert-butyl.
uct[30]. However, the fact that only negligible contributions Another observed reaction channel is the molecular elim-
from TiO" ions were observed in the mass spectrum demon- ination of CH; (reaction(5)). The mass spectrum indicates
strates that the £g elimination pathway (either via a four-  that Tit(OCH,)(OCHz)(DME), ions (labeleds,) are formed
centered transition state or Glrigration) is a less efficient  as reaction products but with much lower intensity. The ob-
route than the Cklelimination channel (reactio(2)) that servation of these ions indicates that(DCHs) formed from
produces Ti(OCHs)m(CH3OCHs), ions, even though the  the ion—molecule reaction T# CH3OCH;z can undergo sub-

former process is more exothermic than the latter. sequent Chlelimination reactions with DME within the clus-
We speculate that the methoxy-rich heterocluster ions areters. Reactiorf5) is exothermic with an enthalpy change of

produced as a result of the consumption Sf(IDME),, ions 110 kcal/mol, suggesting that this reaction will occur when

by sequential intracluster ion—molecule reactions: energetically feasibleScheme 1shows a proposed mech-

, ) anism for the reaction of Tiwith DME. This mechanism
[Ti*(DME),J* — Ti*(OCHs)(DME),—1 + CHs (6) is similar to that for the Ti+H,0 — TiO™ + H, reaction, in
[Tit(DME),]} — Tit(OCHz)2(DME),_2+ 2CHz 7 which an B Ti*—O intermediate can form from an-® bond
insertion because Thas three valence electroi@®]. How-
[Ti*(DME),]* — TiT(OCHz)3(DME),_3+ 3CHs (8) ever, the fact that only minor contributions from TiOH,
ions are evident in the mass spectrum demonstrates that the
CHa elimination channel via hydrogen migration is less effi-
cient than the Chlelimination pathway (reactiof?)).

The intensities of the peaks corresponding to(DME),,
cluster ions in the mass spectrumRig. 1 are much lower
than those corresponding to*TOCHs)3(DME),_» cluster
ions, for all clusters withn < 3. As the cluster size increases,

after which TFOCH; is formed via CH elimination. This Eowever,;he peakts _cl;_(r)]rrespondlltng t:aDNtlE)? i:rl]uster Iot'nst f
mechanism is in reasonable agreement with the results of ecome dominant. These results show that the reaclivity o

Allison and Ridgd15], who reported that the ion-molecule the Ti* ion diminishes with increasing solvation by dimethyl
reactions of chIorotita,nium ions Tig! (n=1-3) with DME ether molecules. The same tendency has been found in the

TR : case of the reactions between Mgnd (H:0),: the domi-
lead to methoxychlorotitanium ions, as shown in reactg)n nant products are MgOH)(H,O)n._1 for n< 15, whereas the
TiCI’rj + CH30OCH3 — TiCIn_10CH§ + CH3ClI intact cluster ions M§H20), are the dominant species for

(n=1.23) ) n> 15[32]. This apparent quenching of Glélimination re-
»e actions is perhaps due to an increase in the stabilization of
Ti*(DME);, cluster ions as the degree of solvation increases.
The further reactions of TODCH; ions with sol- Another possibility is that the dimethyl ether molecules sur-
vated CHOCHz molecules give rise to T{OCHs), and rounding each metal ion create an energy barrier in the reac-
Ti*(OCHs)3. A surprising implication of this series of clus-  tion pathway for CH elimination. Because the ease of £H
ter reactions is that CHelimination from CHOCHs by radical transport within the tightly packed TDME);, cluster
the Ti* ion is only possible for up to three dimethyl ether ion solvent cage after-€0 bond cleavage is greatly reduced,
molecules. The absence of cluster ions with the formula the probability that a Chiradical eliminated from CEDCH;
Ti*(OCHz)4(CH30OCHg), in the mass spectrum suggests that Will become trapped is expected to increase with cluster size
the coordination of three OGHgroups around a Tiion [33]. This increase in trapping probability would be expected

The initial interaction between Tiions and DME
molecules within the heteroclusters is envisioned to be with
the more basic site on oxygen atom. The bonding in the as-
sociation complex has been found to involve the formation
of a dative bond requiring electron donation from the DME
molecule to the 3d orbital of the Ti atof@1]. The Ti* ion
then inserts into the €0 bond to form [CH-Ti*—OCHg],
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Fig. 2. Time-of-flight mass spectrum showing the ions produced by the
reactions of Ti with methyl propyl ether (CHOCH,CH,CHjz) clus-
ters. cy: Ti*(OCHg)2(MPE),; dn: Ti*(OCHg)3(MPE),; en: Ti*(OCHy)
(OCH)(MPE); hp: Ti*(OCHg)2(CHsOCHz)(MPE); n: Ti*(OCHs)2
(OC3H7)(MPE),; my: (MPE),H*. MPE denotes CEDCH,CH,CHs.

to suppress Cklelimination reactions in sufficiently large
clusters.

3.2. The reactions of Tiions with methyl n-propyl ether
clusters

The presence of the G&H,CHy group in methyln-
propyl ether is expected to result in cluster reaction path-
ways that are different to those of dimethyl ether, be-
cause CHOCH,CH,CH3 (MPE) contains €0, C-C, and
C—H bonds. Thus, studying the T+ CH30CH,CH,CHj3
system offers an opportunity to investigate the chemi-
cal reactivity of Ti with respect to its insertion reac-

tions with three different chemical bonds. The mass spec-

trum obtained using a laser pulse energy of 28 m3/cm
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propoxy group to form the intermediate [GE-Ti*—C3H7],
leading to TFOCHz formation aftern-CzH7 elimination.
The reaction enthalpies of T+ MPE— Ti*OCHg + C3H7
(AH=-26.0kcal/mol) and Ti+ MPE— Ti*OC3sH7 + CHg
(AH=-29.3kcal/mol) are similar, so the selectivity of this
insertion is presumably due to the electron-rich character of
then-propyl group. The predominant formation of ICH;z
from the [CH;O-Ti*—C3Hy>] intermediate is also plausible,
because the energy required for the bond dissociatign
of Ti*—C3H7 (57 kcal/mol)[26] is much lower than that of
Ti*—OCH;z (111 kcal/mol), assuming thag (Tit—OCH)

is equal toDg (Ti*—OH) [28].

The formation of TH(OCH,)(OCHz)(MPE), (e, series)
indicates that Ti reacts with methyh-propyl ether to pro-
duce Tt (OCH,) and GHg through a mechanism involving
metal insertion into the polar-@ bond followed by an
acidic hydrogen shift from the methoxy ligand. The reac-
tion products TI(OCHz)2(CH3OCH,)(MPE), (labeledhy)
are also observed, but at much lower intensities. This im-
plies that each T{OCHjs), ion reacts further in sequen-
tial C—C bond insertions followed by fHs elimination
to form Ti*(OCHg)2(CH3OCH,). This result demonstrates
that C-O bond insertion competes more strongly with@
bond insertion as the chain length of the alkyl radical
increases.

3.3. The reactions of Tiions with methyl n-butyl ether
clusters

Fig. 3shows a typical TOF mass spectrum of the products
of reaction between Tiand methyln-butyl ether (MNBE,
CH3OCH,CH,CH,CHg) clusters. Methyh-butyl ether pos-
sesses a longer alkyl chain than dimethyl ether and methyl
n-propyl ether, so there is a higher probability of" Tin-
sertion reactions within the heteroclusters. Some of the
prominent peaks in this spectrum correspond to the het-
erocluster ions Ti(OCHz)2(MNBE), (labeledc,), which
can arise from Ti insertion into the €0 bond of ann-
butoxy group to form the intermediate [GB-Ti*—C4Ho]
followed by GHg elimination. The observation of mi-
nor contributions from Ti(OCHz)(OC4Hg)(MNBE), and
Ti*(OCHs)2(0OC4Hg)(MNBE);, labeledp, and g, respec-
tively, also supports our previous conclusion that Tn
insertion occurs preferentially into the-O bond of then-
butoxy group rather than into the methoxy group, as was
observed for the Ti+ CH3OCH,CH,CHgz system.

and an argon stagnation pressure of 1.5atm is presented Another series of dominant peaks in the mass spec-

in Fig. 2 The dominant cluster ions belong to the se-
ries of heterocluster ions, TOCHz)m(MPE), (m=2, 3)
(labeledc, anddy) and Tif(OCHs)2(OCsH7)(MPE), (la-
beledqn), which result from sequential alkyl radical elim-
inations. These alkyl radical elimination reactions occur for
up to three MPE molecules, which is similar to the be-
havior observed for the Ti# CH3OCH; system. The ab-
sence of Ti(OCsH7)m(MPE), ions strongly suggests that
the Ti* ion inserts selectively into the-@© bond of then-

trum correspond to T{CH3OCHCH,)(MNBE),, (labeled
on), formed from alkane (&Hg) elimination reactions in
intact cluster ions Ti(MNBE),. Blomberg and coworkers
have reported that ££1/C,Dg eliminations resulting from
the reactions of Ni ions within n-C4H10/n-C4D19 hetero-
cluster ions follow the initial insertion of Niinto the cen-
tral G-C bond, the weakest bond in the alkaj3]. As
shown inScheme 2the formation of the Ti(CHsOCHCH,)
ion is ascribed to the insertion of a*Tion into the cen-
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Fig. 3. Time-of-flight mass spectrum showing the ions produced by the
reactions of Ti with methyl n-butyl ether (CHOCH,CH,CH,CHjz)
clusters. an:  Ti*(MNBE)n; cn: Ti"(OCHg)2(MNBE)n; i
Ti*(OCHg)(CH3OC4H7)(MNBE)p; 0n: Ti*(CH3OCHCH,)(MNBE)p; pn:
Ti*(OCHs)(OC4Hg)(MNBE)n; an: Ti*(OCHs)2(OCsHg)(MNBE)n; sn:
Ti*(CH3OC4H7)(MNBE),; en: Tit(OCH)(MNBE),. MNBE denotes
CH30OCH,CH,CH,CHs.

tral C—C bond (the weakest bond in the alkyl radical) of
an n-butyl group and subsequefthydrogen migration to
form Ti*(CH3OCHCH,)(C,Hg), from which GHg elimina-
tion occurs.

It is noted that the reactions of *Tiwith MNBE
clusters give rise to the H elimination products by
C—H bond insertion pathways; these products include
Ti+(OCH3)(CH30C4H7)(|V|NBE)n and TF(CH3OC4H7)-
(MNBE), ions (labelediy and s,, respectively). Recently,
Jerzy and coworkers have reported the reactions‘ofvith
ethane, Ti + CoHg — TitCoH4 + Ha, for which Hp elimina-
tion products are observeg85]. For the reactions of Co
Ni*, and Fé ions with hydrocarbons such asids, CzHs,
and GH1g, Hz elimination products have also been observed

Y.-M. Koo et al. / International Journal of Mass Spectrometry 243 (2005) 97-104

be cleaved by the metal ion through oxidative-addition reac-
tions, which were explained as arising fromi€ insertions
leading to 1,2-hydrogen eliminations. The observation of de-
hydrogenation products in the reactions of With MNBE
indicates the possibility of insertion of Tinto the G-H bond

on the extended alkyl chain of an ether molecule.

3.4. The reactions of Tiions with methyl t-butyl ether
clusters

Thet-butyl group is a particularly interesting substituent
because of its high intrinsic stability and bulkiness. A typi-
cal TOF mass spectrum of the products of reaction between
Ti* and methylt-butyl ether (MTBE, CHOC(CHg)3) clus-
ters is displayed irFig. 4 The spectrum in the low mass
region indicates the formation of a sequence of (MTBE)
(labeledmy) cluster ions, which can be attributed to the pro-
tonation of the generated parent cluster ion. Similar results
have also been reported in the electron and chemical ioniza-
tion mass spectrum of MTBE using a Fourier transform ion
cyclotron resonance (FTICR) cdgd1]. These species pre-
sumably derive from electron impact ionization by free elec-
trons escaping from the expanding plasma of laser ablation.
In a recent study of the photoionization of MTBE that used
supersonic expansion and time-of-flight mass spectrometry,
Chambreau and coworkers reported that MTBE does not pro-
duce an intense molecular ion peak, but loses a methyl radi-
cal to form anO-methylated acetone ion, (G}3C = OCHg*
(m/z73)[42]. (CHg)2C = OCH*(MTBE),, (labeledny) clus-
ter ions might be produced by the charge transfer reaction
Tit + (MTBE), — Ti + (MTBE), due to the relatively low
ionization energy of MTBE (9.24 eV) compared with those of
DME (10.02 eV), MPE (9.41 eV), and MNBE (9.40 eV). The
ionized MTBE molecules undergo subsequentleavage
fragmentation within the clusters, which is a characteristic
reaction of tertiary ethers.

The observation of dominant mass peaks corresponding to
Ti"(OCH3)m(MTBE), (m=2, 3) (labeled:, anddy) ions is
quite surprising since the reaction*® MTBE — Ti*O-
C(CHg)3+CHs (AH=-30.2kcal/mol) is more exother-
mic than the Ti + MTBE — Ti*OCHg + C(CHg)3 channel
(AH=-26.8 kcal/mol). Moreover, it is unlikely that the in-
sertion of a Tf ion into the G-O bond of &-butoxy group oc-
curs to form a [CHO-Ti*—C(CHjs)3] intermediate because
of the steric hindrance by thebutyl radical. The preference
in this system for @C(CHzg)3 bond insertion is probably

[36-40] Tolbert and Beauchamp have also investigated the because the electron donatitigutyl group attracts the Ti

reactions of Ti with several deuterium-labeled alkanes by
using an ion beam apparafi®)]. The alkanes were found to

CHO .
N
(I:H
CH,™

[CHSOCHQCHQ —Ti*—CHZCHS] —

~Ti*

ion more effectively. In addition, the elimination ot-dutyl
radical after the formation of a [C3D—Ti*—C(CHs)3] inter-

t

_,..-3(]:H2 —» Ti*(CHiOCHCH,) + C,H,

CH,

Scheme 2.
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Fig. 4. Time-of-flight mass spectrum showing the ions produced
by the reactions of Ti with methyl t-butyl ether CHOC(CHs)s3
clusters. cy: Ti*(OCHg)2(MTBE)n; dn: Ti*(OCHg)3(MTBE)n; in:
Ti*(OCHg)(CH3OC4H7)(MTBE); my: (MTBE),H*; Ny (CH3),C=0OCHs
*(MTBE),. MTBE denotes CHOC(CHg)s.

mediate is energetically more favorable than the elimination
of CHs, n-C3Hy7, orn-C4Hg radicals, as shown in the present
study. The total absence of TDCHz)x(OCsHg)y(MTBE),
ions supports our conclusion that*Tinsertion into the
C-O bond of at-butoxy group in a MTBE molecule fol-
lowed by t-butyl radical elimination is the predominant
pathway.

Further, the observation of mass peaks corresponding to

Ti*(OCHg)(CH30C4H7)(MTBE), (labelediy) ions is pri-
marily attributable to the elimination of asHmolecule af-
ter Ti* insertion into the €H bond of at-butyl radical. The
preference of this system forHlimination from the-buty!
radical is explained by proposing that the reaction path de-
generacy of the nine equivalent-8 insertion sites on the
t-butyl group dominates over the three equivalertHCn-
sertion sites on the methyl group. The hypothesis of,a H
elimination reaction from thebutyl group is also supported
by the fact that H elimination products are not observed in
the Ti* + CH3OCHz; system. However, the lower intensity in
the mass spectrum of thig series than those of C(Ght
elimination products such as* TOCHz)m(MTBE), clusters
implies that G-H activation is energetically less favorable
than activation of the €0 bond of the-butoxy group. The
thermodynamic data show that the-l€ bond dissociation
energy (98.0 kcal/mol[} 3] of thet-butyl group is larger than
that of the G-O bond (84.3 kcal/mol).
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4. Conclusion

The reactions that proceed within mixed titanium-ether
cluster ions were studied using the laser ablation-molecular
beam method. The primary reactions ¢f iins with CH{OR
(R=CHg, n-C3H7, n-C4Hg, t-C4Hg) clusters appear to be
the cleavage of the three bonds in these molecules: ©, C
C—C, and G-H insertions, with GO bond insertion the dom-
inant process. A major sequence of methoxy-rich fragment
ions Ti* (OCHz)m(CH3OR), (m=1-3) is attributed to the se-
lective insertion of Ti ions into the G-O bonds of OR groups
in the ether molecules, followed by R elimination. In addi-
tion, it was found that each Tion can produce alkyl radical
elimination in up to three ether molecules, as a result of con-
secutive insertion reactions of*Tions within the heteroclus-
ters, leading to the formation of TIOCHz)x(OR),(CH3ORY),
(x+y=3)ions. The experiments also show that the chemical
reactivity of Ti"-ether heterocluster ions is greatly influenced
by cluster size and by the nature of the alkyl group of the ether
molecules. By examining the products of the reactions bf Ti
with dimethyl ether, methyh-propyl ether, and methyt-
butyl ether, we conclude that the reaction products resulting
from C-C and G-H bond insertions become more impor-
tant as the size of the alkyl groups (R) in the ether molecules
increases.
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