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Electrospray mass spectrometry (ESMS) is used to investigate cationic niobium and tantalum alkoxide clusters
generated in solution by adding equal molar amounts ofBdj¢to the metal ethoxide, M(OEt)The dominant

metal ethoxide cations that were observed in the electrospray mass spectrum correspond tg"MEt)

(OEt);*, My(OEt)", and M\O(OEt),", where M is niobium or tantalum. In separate experiments heterometallic
Nb/Ta ethoxide clusters were produced, and the heterometallic cations present in the electrospray mass spectrum
are NbTaO(OEw), NbTa(OEty", Nb,TaO(OEt);t, and NbTaO(OEt) ;. Collision-induced dissociation (CID)
experiments were completed to provide structural information about the observed metal ethoxide cations. At
low collision energy Ecy < 2 eV), the CID fragmentation pattern of MM OEt)," favors loss of Nk

(OEt)t and neutral NbO(OES$) whereas the fragmentation pattern of;éOEt)," favors loss of TgO-

(OEt)y" and neutral Ta(OE$) In addition, the major CID product of MD(OEt);t and M(OEt)" at low

collision energy is M(OE#)". During CID experiments of M(OE#), four consecutive ethylene molecules

were released leaving M(O}t) which at higher collision energieEfy > 2 eV) liberates two water molecules
resulting in MQ™. The CID fragmentation pattern of crotyl alcohol (EH=CHCH,OH) substituted and
n-butanol (CHCH,CH,CH,OH) substituted metal alkoxides resembles the fragmentation pattern proposed
for M(OEt),*, in which four consecutive organic molecules are shed leaving M{OH)

Introduction ESMS are consistent with the reported speciation in aqueous
solutions. Despite the relatively large number of ESMS studies
A limited number of investigations have attempted to on inorganic complexes, only a few ESMS studies have been
characterize inorganic complexes in solution using electrospray performed on metal alkoxides. For example, Lgver et al.
mass spectrometry (ESMS)Because the use of ESMS is obtained the electrospray mass spectra of Zr(QHi(OEt),,
relatively new to the inorganic chemist, many of these publica- Al(OEt)s, and Si(OE® after the addition of chelating agents
tions have concentrated on validating the use of ESMS to probeand sodium ethoxid& The molecular complexity of the
solution chemistry:"11 One of the benefits of an electrospray dominant ions observed in the electrospray mass spectra agrees
source is that pre-existing ions in solution are observed directly with the previously established polymeric nature of these metal
as a result of the soft transfer of ionic species in solution into alkoxides. Additionally, the ESMS studies confirmed that the
the gas phase. Therefore, the ionic species observed in ESMSligomeric alkoxides retain their structural integrity in the gas
experiments are equivalent to those originally in solution. An phase.
additional advantage of ESMS to inorganic chemistry is that  The current investigation focuses on the production of cationic
the technique results in a clean mass spectrum, which isnjobium and tantalum alkoxides in solution via reactions with
dominated by the principal ions present in solution. tris(pentafluorophenyl)borane. Niobium and tantalum alkoxides,
Numerous ESMS studies on inorganic complexes have beenNb(OR) and Ta(ORy, were selected as the inorganic system
performedi2~15 For example, Hercules and co-workers have of interest because these metal alkoxides contain organic groups
characterized tungstate, vanadate, and perrhenate oxyanionthat may undergo intramolecular-C and C-H activation
using ESMS> From these studies, it was determined that analogous to the intermolecular reactivity reported by Castleman
protonated monomeric oxyanions are prevalent in basic tungstateand co-workerd?:18 Moreover, organotransition-metal com-
and vanadate solutions and that protonated polymeric specieplexes possessing a high degree of coordinative unsaturation
are the major ionic species present in acidic solutions. Mono- are frequently reactive toward activating—& and C-C
meric perrhenate was the only ionic species detected in bothbonds!® Therefore, it seems a valuable endeavor to probe the
the acidic and basic perrhenate solutions. From these studies, iteactivity of niobium and tantalum alkoxide cations toward©
was determined that the ionic metalate species detected byand C-H bond activation using ESMS techniques.
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Experimental Section

All of the cationic metal alkoxide samples were prepared
under nitrogen in an inert atmosphere drybox. Homometallic
metal ethoxide cations were generated by combining equal molar
amounts of tris(pentafluorophenyl)borane (Aldrich) with nio-
bium or tantalum ethoxide (Aldrich); the mixture was then
diluted to 0.1 mM using dichloromethane. Heterometallic Nb/
Ta ethoxide clusters were produced by allowing a solution of
equal molar amounts of Nb(OE@nd Ta(OE®f to equilibrate.
Additionally, the crotyl alcohol- and-butanol-substituted metal
alkoxide clusters were generated by combining 2 equiv of
M(OEt)s with 1 equiv of crotyl alcohol (CHCH=CHCH,OH)
or n-butanol (CHCH,CH,CH,OH) and allowing this solution
to equilibrate. The cationic species of the heterometallic
ethoxides and alcohol-substituted metal ethoxides were then
produced by adding tris(pentafluorophenyl)borane as was previ-
ously described. These samples were placed in glass vials, sealed g 0 o o TTe0 T
with a rubber septum, and transferred from the drybox to the m/z
electrospray mass spectrometer. The conductivity of the solu- _. - ) )
tions was measured in the drybox using a Traceable digital Figure 1. Electl_'ospray mass spectrum of cationic species present in

Nb(OEt) with tris(pentafluorophenyl)borane in dichloromethane at a

conductivity meter. cone voltage of 30 V.
The ESMS experiments were performed on a MicroMass

Q-TOF mass spectrometer. Solutions of cationic metal alkoxides
in dichloromethane were continuously infused into the spray
probe by means of a syringe pump (Harvard Apparatus, model
22), typically at a flow rate of 1@L/min. The desolvation and
block temperatures were set at 70 to effectively spray the
dichloromethane solutions. Additionally, the desolvation gas
flow was typically 0-100 L/h, and the nebulizing flow was
~10 L/h. The Q-TOF mass spectrometer is a tandem quadrupole
orthogonal acceleration time-of-flight mass spectrometer capable
of MS/MS experiments. The cone voltage was typically 30 V
in these experiments except during the collision-induced dis-
sociation (CID) experiments on M(OR), which are described
below. The Q-TOF utilizes a high-performance quadrupole mass
analyzer, incorporating a prefilter assembly to protect the main
analyzer from contaminating deposits, and an orthogonal
acceleration time-of-flight mass spectrometer. A hexapole
collision cell, which is located between the quadrupole and the
time-of-flight region, can be used to induce fragmentation by
the addition of nitrogen gas into the cell and by increasing the m/z

DC voltage applied to the hexapole rods. The ions are extractedrigure 2. Electrospray mass spectrum of cationic species present in
into the TOF mass analyzer, separated in mass by their differing Ta(OEt) with tris(pentafluorophenyl)borane in dichloromethane at a
flight times, and detected by a microchannel plate detector andcone voltage of 30 V.

an ion counting system. Finally, it was necessary to increase .
the cone voltage from 30 to 65 V to perform CID studies on occur at'z528.8 and 556.8, which correspond to B§)sOH"
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M(OR),™. and B(GFs)sOEt", respectively.
Figure 4 shows the CID fragmentation pattern of the cationic
Results species formed upon the reaction of M(QE#jth B(CeFs)s. It

The electrospray mass spectra of niobium and tantalum Should be mentioned that the collision-induced fragmentation
ethoxide with tris(pentafluorophenyl)borane are shown in Patternsare similar for both niobium and tantalum ethoxide with
Figures 1 and 2. It is evident from these figures that similar B(CeFs)s in dichloromethane. The major cations detected during

peaks are observed for both Nb(Qfand Ta(OEg with tris- CID experiments on MO(OEt)," at Ecy < 2 eV are MO-
(pentafluorophenyl)borane in dichloromethane. The major peaks (OEt): ", Mo(OEt)", and M(OEH)", according to reactions-i3
in the electrospray mass spectrum of Nb(QE#)ith tris- in Figure 4. At higher collision energieEcy > 2 eV, the CID

(pentafluorophenyl)borane occurratz 273, 517, 591, and 835  pattern described in reactions-&1 in Figure 4 is followed.
and are identified as Nb(OR&t), Nb,O(OEt) ", Nby(OEt)", and Additionally, the major CID product for both MOEt)™ and
NbsO(OEt);, respectively. Similarly, the dominant peaks found M2O(OEt)* atEcw < 2 eV is M(OEt) ", according to reactions

in the electrospray mass spectrum of Ta(@Ew)ith tris- 4 and 5 in Figure 4. As the collision energy is increased,
(pentafluorophenyl)borane occurratz 361, 693, 767, and 1099,  fragments according to those described in reacticn$l6are
which correspond to Ta(ORf), TaO(OEt);™, Ta(OEt)t, and observed. Finally, the CID fragmentation pattern for M(QEt)
TagO(OEt) ", respectively. Additionally, Figure 3 shows the is shown in reactions-611 in Figure 4. Loss of an ethoxy group
electrospray mass spectrum of the anions present in the solutiondOEt) was not detected during the CID experiments. Instead,
of M(OEt)s with tris(pentafluorophenyl)borane. The major peaks according to Figure 4, four ethylene molecules are sequentially
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Figure 3. Electrospray mass spectrum of anionic species present in
M(OEt)s with tris(pentafluorophenyl)borane in dichloromethane at a M(OEY)(OH);*
cone voltage of 30 V.
©) |-CH,
shed, leaving M(OH)", which then further dissociates by v N
liberating two water molecules to form MO. M(OH),
The electrospray mass spectrum of heterometallic Nb/Ta 10)|-H,0
ethoxide with tris(pentafluorophenyl)borane is shown in Figure 2
5. The major peaks present in the electrospray mass spectrum v
corresponding to heterometallic ethoxide cations occurvat MO(OH),*
605, 679, 923, and 1011, which are identified as NbTaO(OEt)
NbTa(OEty*, Nb,TaO(OEt),*, and NbTaO(OEt) ., respec- (1| -H,0
tively. Reactions 1226 in Table 1 display the CID results at v
Ecm = 2 eV of cationic species formed upon the reaction of MO,*

heterometallic Nb/Ta ethoxides with tris(pentafluorophenyl)-
borane. The fragmentation pathways of the heterometallic Nb/
Ta ethoxide clusters are similar to those of the homometallic
ethoxide clusters shown in Figure 4. It should be noted that we
are unable to detect neutrals in this experimental setup. Theniobium ethoxide, tantalum ethoxide, and the heterometallic Nb/
neutrals lost, which are listed in Table 1, are simply based upon Ta ethoxide with tris(pentafluorophenyl)borane in dichlo-
the difference between the mass-selected cluster and theromethane were determined to be 80.2, 99.3, and 882!,
fragment ion. respectively. Conversely, the conductivities of 0.01 M solutions
Additionally, crotyl alcohol (CHCH=CHCH,OH)-substi- of neat Nb(OE®, Ta(OEt}, and tris(pentafluorophenyl)borane
tuted andn-butanol (CHCH,CH,CH,OH)-substituted metal in dichloromethane were determined to be 0.36, 0.47, and 0.52
ethoxide clusters were produced to determine if these speciesuQ ™1, respectively. Due to the sensitivity of the conductivity
like the metal ethoxides, would lose the R group, as opposed meter, the conductivity measurements were not performed on
to the OR group, during CID experiments. It was determined the 0.1 mM solutions that were electrosprayed. For calibration,
that the dissociation pathways for crotyl alcohol- aroutanol- the measured room-temperature conductivity of 0.01 M tetra-
substituted metal ethoxide clusters are similar to those observedoutylammonium hexafluorophosphate in dichloromethane was
for the metal ethoxide clusters. The main fragmentation channel 142,Q~1. The conductivity of 1:1 tris(pentafluorophenyl)borane
is loss of a neutral organic molecule at lower collision energies, and niobium or tantalum ethoxide is somewhat less, which
similar to reactions €9 in Figure 4. Particularly, during CID  reflects the fact that a solution 0.01 M in metal alkoxide is
experiments on M(OE£OCrotyl),", two C4Hs species and two  actually only 0.005 M in dimer.
C.,H,4 species are released to form M(QH) which then
dissociates into M@ according to reactions 10 and 11 shown Discussion
in Figure 4. Likewise during CID experiments on M(OEt)

Figure 4. Fragmentation pattern of ¥D(OEt)h,", Mx(OEt)", M,0O-
(OEt)y ", and M(OEt)" determined by CID experiments.

(OButyl),™, two C4Hg species and two 4El, species are liberated Numerous past studies have focused on characterizing metal
to form M(OH)*, which then dissociates into MO according alkoxides using electron ionization sources coupled to mass
to reactions 10 and 11 in Figure 4. spectrometers. For example, electron ionization mass spectra

Table 2 shows the results of the conductivity measurementshave been obtained for various aluminum, gallium, and chro-
on 0.01 M solutions of metal ethoxide with tris(pentafluoro- mium alkoxides, and the fragmentation patterns of these species
phenyl)borane. The conductivities of 0.01 M solutions of during CID processes have been obserfeé? Additionally,
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are observed in the mass spectrum as a result of the soft transfer
of ionic species into the gas phase. To the best of our knowledge

only a small number of papers have been published on the

ESMS examination of metal alkoxidé%.

When niobium and tantalum ethoxides in dichloromethane,
in the absence of tris(pentafluorophenyl)borane, were analyzed
using ESMS, poor ion signal was observed, consistent with low
conductivity. This is expected because many neutral organo-
metallic complexes cannot be directly observed by ESMS. There
are different methods that can be used to produce related ionic
species so that these organometallic complexes can be observed
using ESMS. For example-diketones and Schiff bases can
be protonated by the mobile phase to give [MHAlso, neutral
organometallic complexes can form an adduct with an appropri-
ate metal ion, such as sodium or potassium. Furthermore,
generation of cations from neutral organometallics can be
achieved by oxidation of the metal center. Finally, sodium

Ta,0(OEf),,*

- Ta(OE!),*
- Nb,O(OE),,*

methoxide has been used to produce(®D)]JOMe™ from
neutral metal carbonyl complexes, and sodium ethoxide was
used to produce anionic group IV transition metal ethoxide

€1 Nb,0(OE¢),*
T Ta,0(0ED)*

« | Nb(OE®),*

8

1100 130

g
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Figure 5. Electrospray mass spectrum of cationic species present in complexes®27 In the current investigation, various strong

Nb(OEt) and Ta(OE# with tris(pentafluorophenyl)borane in dichlo-

romethane at a cone voltage of 30 V.

TABLE 1: CID Results at Ecyy = 2 eV of the Cationic
Species Formed upon Reactions of Heterometallic Nb/Ta

Ethoxides with B(CgFs)3

Brgnsted acids, such as triflic acid and hexafluoroantimonic acid,
were used in an attempt to produce protonated niobium and
tantalum alkoxides, but both the ESMS and conductivity
experiments revealed that there were essentially no ions present
in these solutions. Therefore, a strong Lewis acid, tris-

cationic heterometallic

(pentafluorophenyl)borane, was used because a common method
to produce transition metal cations in organometallic species is

reaction ethoxide species product ion neutral fost
12 NbTaO(OEY" Ta(OEty* NbO(OEt) by electrophilic attack of tris(pentafluorophenyl)borane on an
13 Nb(OEt)* TaO(OEt) M—Me bond to produce [M][MeB(CsFs)3] ~.28 The ESMS data
14 NbTa(OER* Ta(OEty* Nb(OEt) and the conductivity_ experiments verify th_at catio_nic niobium
15 Nb(OEt)* ® Ta(OEt) and tantalum ethoxides were produced in solution after the

introduction of B(GFs)s.

16 Nb,TaO(OEt);* NbTa(OEty*® NbO(OEt) . N . . )
17 NbTaO(OEt)* Nb(OEty ~n the current investigation, the major cationic species present
18 NO(OEty*  Ta(OEt) in the electrospray mass spectra of Nb(@Et) Ta(OEt} with
19 Ta(OEQ* Nb,O(OEty tris(pentafluorophenyl)borane are M(OEt)M,O(OEt), ™, M2-
20 Nb(OEt)* NbTaO(OEt (OEt)*, and MyO(OEt),". It is evident from Figures 1 and 2
21 NbTaO(OEt);" Tay(OEt)" ® NbO(OEt) that the cationic species observed in the electrospray mass
22 TaO(OEt) " Nb(OEt} spectrum of both niobium and tantalum ethoxide with gtz
23 NbTa(OEfy"  TaO(OEt) are similar in nature. This is not unforeseen because the second-
24 NbTaO(OEY"  Ta(OEt) and third-row transition series of a given group of the periodic
%g L%((g'é?y #‘g&ggfﬁ table, especially the early transition metals, tend to possess

2 The neutral loss is assigned on the basis of the difference between
the selected cluster and the fragment ion formfe@lominant product

atEcy = 2 eV.

TABLE 2: Conductivity of the 0.01 M Solutions of Group V
Transition Metal Ethoxides, B(C¢Fs)s, and Group V

Transition Metal Ethoxides with B(C¢Fs)3

similar chemical and structural propertiés.

In Figures 1 and 2, for which the cone voltage is 30 V, the
intensity of M(OEt)* is quite small compared to that of the
other cations present in the mass spectrum. However, the extent
of fragmentation observed in an electrospray mass spectrum can
be controlled by varying the voltage applied to the cone.
Elevated cone potentials generate ions with increased internal

solution conductivity 4Q) energy where more fragmentation of the principal ions occurs.
B(CoFs)s 0.52 By increasing the cone voltage from 30 to 65 V, it was found
Nb(OEt) 0.36 that the relative intensity of M(OEf) does increase at the
Ta(OEty 0.47 expense of MO(OEt)*, M(OEt)*, and MsO(OEt),", which
#‘g((ggttf\xl"i'tt;‘ BB((CC;FF:))s ggé indicates that M(OEL) is a CID product of the larger cations
Nb(OEt) and Ta(OE with B(CeFs)s 88.2 present in the mass spectrum. By increasing the voltage on the

lithium tert-butoxide, vanadium, zirconium, and hafnium alkox-

cone, it was possible to perform MS/MS experiments on
M(OEt),* by selecting this ion using the quadrupole and

ides, and heterometallic Nb/Ta methoxides have been characterinducing further CID within the hexapole collision cell. The

ized using electron ionization mass spectrometric technifos.

observed fragmentation pattern during CID experiments of

One disadvantage of electron ionization sources is that the massvi(OEt)," is consistent with reactions-6L1 in Figure 4. Again,
spectra are frequently characterized by intense fragment ionsit should be stressed that the CID fragmentation patterns were
and small molecular ion peaks because of the excess energysimilar for both niobium and tantalum ethoxides. Figure 6, which
that the ion acquires during the ionization process. However, shows the CID spectra of Ta(OEt)at Ecm = 1.1, 2.9, 5.1,

by using ESMS, the principal ions that are present in the solution and 7.2 eV, indicates that M(OEt) sequentially releases four
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Figure 6. Electrospray mass spectrum of the CID of Ta(QE®Qt
center of mass energies of (a) 1.1, (b) 2.9, (c) 5.1, and (d) 7.2 eV.

ethylene molecules to produce M(QH)at lower collision
energies. At higher collision energies M(QH further dissoci-
ates and liberates two water molecules, leavingM@he CID
results obtained in this investigation are similar to fragmentation
patterns previously observed for chromium and aluminum
alkoxide specie®??2 Alyea et al. investigated the mass frag-
mentation pattern of chromiunert-butoxide, Cr(CBu),, and
observed a loss of £l to produce the product peak Cf8Di)s-
(OH)*".22 Additionally, Oliver et al. examined the mass frag-
mentation of aluminum isopropoxide tirt-butoxide, Al(CPr)-
(OBu),, and found that there is loss ofs and GHg units to
give the product peak AI(OR)OH)*", which they propose could
proceed by a four-centered mechanitit.is possible that the
ethylene loss during the CID experiments of Nb(QEtand
Ta(OEt)" reported herein proceeds by the sghnelimination

mechanism, which is shown in Scheme 1. It should be noted

J. Phys. Chem. A, Vol. 105, No. 19, 2004637

SCHEME 1
RO OR
\ / RO ORY
/ — M + C,H,
RO O—<CH
Ol RO OH
H—CH,

that during CID experiments of M(OEf), loss of an ethoxy
group was not observed. This attests to the fact that theéOM
bonds in the cationic metal ethoxide are quite strong in nature.
In fact, the strength of the HOCH,CHs bond in ethanol is
3.95 eV, and the strength of the-MD bond is 7.8 or 8.3 eV,
where M is Nb or Ta, respective®. Therefore, during CID
experiments, it seems probable that loss of the organic molecule
from metal ethoxide may occur instead of loss of an ethoxy
group. The fragment ion produced at elevated collision energies
of Ecm = 4 eV is MQ;*. This is quite interesting because during
CID experiments most gas phase niobium and tantalum oxide
cluster cations fragment into M®, which indicates this is a
stable specie%.

Another cationic species that is present in the solutions of
niobium and tantalum ethoxides with Bffs)s is Mo(OEt)™.

CID experiments on MOEt)y™ at low collision energy progress
according to reaction 4 in Figure 4, where M(Qgt)and
M(OEt)s are the major products. The presence of @Et)"

in solution is quite interesting because niobium and tantalum
alkoxides are known by ebullioscopic measurements to be
dimeric, My(OR)o, in solution32 Bradley and co-workers
proposed the structure of dimeric niobium and tantalum alkox-
ides to be a double-bridged alkoxy edge-shared bioctahedral
structure, in which each metal atom is bonded to four terminal
and two bridging alkoxide grou8:3* Additionally, infrared
spectroscopy and variable-temperature NMR studies were
performed on niobium and tantalum alkoxides, which both
confirmed the presence of both bridging and terminal alkoxide
groups®>38 |t is postulated that the structure of fEt)" is
similar to the condensed phase double-bridged alkoxy edge-
shared bioctahedral structure proposed by Bradley and co-
workers with one ethoxide group missing. Therefore, during
CID experiments, fragmentation of #OEt)* could occur at

the bridging alkoxy groups, leaving M(ORgt)and the neutral
M(OEt)s molecule.

M,O(OEt;™ and MsO(OEt)," are also observed in the
electrospray mass spectrum of both Nb(@&t)d Ta(OE# with
B(CsFs)s. The presence of MD(OEt)yt and MsO(OEt)," in
solution is interesting because these species contain oxy bridges
in addition to alkoxy bridges and are therefore referred to as
oxo-alkoxides. The alkoxide chemistry of early transition metals
contains many examples of oxo-alkoxides, and there are a few
ways to explain their presence in solutidhBecause metal
alkoxides are moisture sensitive compounds, oxo-alkoxides can
be produced when small amounts of water are added to metal
alkoxides due to a partial hydrolysis reaction shown in reaction
27.

2M(OEt), + H,0 — (OEt),M(u-O)M(OEt), + 2ROH (27)

However, recently it has been determined that even in the
absence of water metal alkoxides can be converted into oxo-
alkoxides by an ether elimination reaction, which is shown in
reaction 28.

2M(OEt), — (OEt),M(u-O)M(OEt), + R,0  (28)
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Furthermore, it has also been suggested that the presence of €0Et);;". Heterometallic alkoxides typically observed contain
strong Lewis acid can promote oxide and ether formation from a group 1 or 2 metal with a transition mefélHowever, it has
metal alkoxide$® Whereas the presence of oxo-alkoxides been determined that because the medtdoxide bond is labile,
observed in the current investigation may be due to unintentional formation of heterometallic species is observed even between
hydrolysis, the origin of oxo-alkoxides in the solutions of alkoxides of metals as similar as aluminum and gallium or
niobium and tantalum ethoxide with tris(pentafluorophenyl)- niobium and tantalur®® For example, Hubert-Pfalzgraf et al.
borane is not clear. It is possible that the solutions of metal synthesized a mixed Nb/Ta methoxide, NbTa(OMeyvhich
ethoxides with tris(pentafluorophenyl)borane in dichloromethane was determined to have a structure analogous to that ef Nb
were exposed to water even though precautions were taken tou-OMe)(OMe) but with one niobium atom being substituted
prevent this during sample preparation and analysis. It is alsoby a tantalum ator?® CID experiments were performed on
possible that a mechanism similar to the ether elimination shown NbTaO(OEt)", NbTa(OEty", Nb,TaO(OEt),", and NbTaO-
in reaction 28 produced the oxo-alkoxides present in the (OEth,". The major fragment observed at low collision energy
solutions of niobium and tantalum ethoxides with tris(pentafluo- during CID experiments of NbTaO(OEt) is Ta(OEt)T,
rophenyl)borane. Finally, because BEg)s is present in solution consistent with reaction 12 in Table 1, and the main fragment
to produce the cationic metal alkoxides, it is possible that this detected during CID experiments at low collision energy of
strong Lewis acid promotes oxide and ether formation from the NbTa(OEty* is Nb(OEt)* according to reaction 15. Likewise,
metal ethoxides. the main fragment of Nb @ (OEt),t is Ta(OEt)™, consistent
CID experiments were performed on »®OEty" and with reaction 21 in Table 1, and the major fragment ofzNb
proceeded according to reaction 5 in Figure 4 at low collision T@O(OEt);" is NbTa(OEf"™ shown in reaction 16. The CID
energy, where M(OEt) and MO(OE) are the major products. ~ 'esults of heterometallic Nb/Ta ethoxides shown in Table 1
It is thought that the structure of J®(OEty* most likely ~Vvalidate the suggestion that NbO(OFgnd Ta(OER are the
contains both oxy and alkoxy bridges because this allows the Preferred neutral products during these experiments.
metal atoms to obtain high coordination numbers. During CID _ Crotyl “alcohol (CHCH=CHCH,OH)-substituted andn-
experiments, it is postulated that fragmentation occurs at the Putanol (CHCH,CH,CH;OH)-substituted metal ethoxide clus-
oxy and alkoxy bridges, leaving M(OBt)and the neutral MO-  t€rs were produced via alcohol exchange reactions primarily to
(OEt) molecule. Finally, CID experiments were performed on determine if these species, like the metal ethox!des, would Io§e
MsO(OEt),*, and the fragmentation pattern proceeded via @n R group, as opposed to an OR group, during CID experi-
reactions 1 and 2 in Figure 4 at low collision energy. Itis thought MeNts. The reaction of metal alkoxides with an alcohol is
that the structure of MD(OEt),* most likely contains both oxy ~ 9€nerally termed an alcohol exchange reaction, which is shown
and alkoxy bridges. It appears that the preferential dissociation I reaction 26
pathways are governed by the fact thats@EOEt) ;" favors
losing a neutral NbO(OEf)molecule and N{OEt)™, according
to reaction 1, with products from reaction 2 being minor.
However, TgO(OEt)," prefers to lose a neutral Ta(OEt)
molecule and T#Z(OEt)", according to reaction 2, with
products from reaction 1 being minor. Furthermore, at elevated
collision energies the fragmentation pattern ofOELt),"

M(OR), + XR'OH == M(OR), ,(OR), + XROH (29)

The CID results obtained for M(ORt)(OR)", where R is GH-
or C4Hg, indicate that the primary neutral fragments lost at low
collision energies are four organic molecules, leaving M(QH)
For example, M(OE#OCrotyl)," displayed loss of two 54 Da
. . . L fragments and two 28 Da fragments during CID experiments,
(:All(gnlgt)?fi)seggseeﬂrr\?;;ts follows reaction 3 in Figure 4, where which corresponds to loss of48s and GH,. Additionally,
' ) ) during CID experiments on M(OE{OButyl),*, loss of two 56

_The loss of neutral MO(OEf)during CID experiments of  pga ynits and two 28 Da units was observed, which corresponds
niobium and tantalum oxo-alkoxides, J(OEt) " and MO- to loss of GHg and GH4. Whereas the loss of ethylene from
(OEt)2", is noteworthy because this molecule, which has a these cationic species most likely follows tffeelimination
terminal M=O group, is not considered to exist for either | echanism proposed in Scheme 1, the loss #fs@nd GHs
niobium or tantalum. As previously mentioned, it seems that may occur due to @-elimination mechanism.
the dominant fragments in these CID experiments are governed Figure 3 displays the anions that are present in solution, which
by the fact that NJO(OEt) " prefers to lose NiJOEt)™ and correspond to B(§Fs)sOH- and B(GFs);OEt . The presence
neutral NbO(OE® but TaO(OEt)," prefers to lose T#- of B(CeFs)sOEt can be explained by reaction 30
(OEt);" and neutral Ta(OE$) This is consistent with the general

periodic trend that a 3d transition metal is much more likely (c_F).B + M(OEt) — (C.F.),BOEt” + M(OEt)," (30)
than a 5d transition metal to possess a termina®bond?° oo ° oo N
Most of the transition metals form oxide compounds and \yhere the Lewis acid, B(Es)s, directly abstracts an ethoxy
complexes with bridging oxo-ligands, but only a limited number groyp from the metal ethoxide and produces a cationic metal
of these species contain terminal oxo groups, one of which is ethoxide species. It is apparent from Figure 3 that the predomi-
vanadium. Vanadium is the lighter congener of niobium and pant anion in the electrospray mass spectrum i£GBOH".
tantalum, and the corresponding metal ethoxide is vanadiumThe presence of this particular anion in solution may be
oxytriethoxide, VO(OE®, which possesses a termina=\d explained by a reaction of tris(pentafluorophenyl)borane with
bond. The origin of this periodic trend is not well understood, contaminant water in the system. In fact, it has been proposed
although it is most likely related to the changes in energy and py panopoulos et al. that upon addition of water to BR&s,
extension of the metal d orbitals across the periodic t&ble.  reaction 31 occuré

In separate experiments heterometallic Nb/Ta ethoxides were
produced by allowing a solution of equal molar amounts of neat B(C¢Fs); + H,O == (CF),B—OH, = (C¢F5),B—OH H"
niobium and tantalum ethoxide to equilibrate. The heterometallic (31)
cationic species observed in the electrospray mass spectrum are
NbTaO(OEt)y", NbTa(OEty*, Nb,TaO(OEt),+, and NbTaO- The samples might have been exposed to moisture despite the
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(10) Traeger, J. CInt. J. Mass Spectron200Q 200, 387.

(11) Henderson, W.; Nicholson, B. K.; McCaffrey, L. Bolyhedron
1998 17, 4291.

(12) Lau, T.-C.; Wang, J.; Siu, K. W.; Guevremont, R.Chem. Soc.
Chem. Commuril994 1487.

(13) Kenny, J. A,; Versiuis, K.; Heck, A. J. R.; Walsgrove, T.; Wills,
L . . .M. J. Chem. Soc., Chem. Comma@0Q 99.

Niobium and tantalum alkoxide cations were produced in " (14) stewart, I. I.; Horlick, GTrends Anal. Cher.996 15, 80.
solution by the addition of tris(pentafluorophenyl)borane and  (15) Truebenbach, C. S.; Houalla, M.; Hercules, D.JVMass Spectrom.
were investigated using an electrospray mass spectrometer. Th&00Q 35, 1121.

major cations present in solution were determined to be _ (16) Lever, T. Henderson, W, Bowmaker, G. A.; Seakins, J. M.;

precautions taken to prevent this. Therefore, it is possible that
(CgFs)sBOH™ is produced during a reaction of {&s)sB—
OH™H* with the metal alkoxide.

Conclusions

Cooney, R. PJ. Mater. Chem1997, 7, 1553.
M(OEt)4+, MZO(OEt)fr, MZ(OEt)Q+v and '\/IBO(OEt)l2+- CID (17)yDeng, H. T.; Kerns, K. P.; Castleman, A. W., Jr.Phys. Chem.

experiments were performed on the cationic metal alkoxides to 1996 100, 13386.

provide some structural insight. The fragmentation pattern of

NbsO(OEt)," favored loss of N)OEt)"™ and neutral NbO-
(OEt)s, whereas the fragmentation pattern ofsWEOEt),"
preferred loss of T#(OEty*t and neutral Ta(OE$) The
dissociation patterns of M(OEt),* and My(OEt)y* revealed
that M(OEt)™ is the major product at low collision energies.
Finally, CID of M(OEty™ revealed that four consecutive
ethylene molecules are released to leave M(¢@Hyvhich at

higher collision energies liberated two water molecules to

produce MQ™.
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