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Heterobinuclear oxometalate anions based upon [CrMoO;]>~, [CrWO-J?~, and [MoWO;]>~ were generated and
transferred to the gas phase by the electrospray process from acetonitrile solutions containing two of the salts
(BugN)2[MO4] (M = Cr, Mo, W). Their reactivities were examined and compared with those of the related
homobinuclear anions based upon [M,07]>~ (M = Cr, Mo, W). Particular emphasis was placed upon reactions
relevant to gas-phase catalytic cycles described previously for oxidation of alcohols by [Mo,0¢(OH)]~ (Waters, T.;
O'Hair, R. A. J.; Wedd, A. G. J. Am. Chem. Soc. 2003, 125, 3384—3396). The protonated anions [MM'Og(OH)|~
each reacted with methanol with loss of water to form [MM'Og(OCHs)]™ at a rate that was intermediate between
those of [M,06(OH)]~ and [M',0¢(OH)] . The butylated anions [MM'Og(OBuU)]~ were generated by collisional activation
of the ion-pairs {Bus;N*[MM'0-]?~} ~. Collisional activation of [MM'Ogs(OBuU)]~ resulted in either the loss of butanal
(redox reaction) or the loss of butene (elimination reaction), with the detailed nature of the observations depending
on the nature of both M and M'. Selective ‘80 labeling indicated that the butoxo ligands of [CrMoOs(OBuU)]~ and
[CrWO4(OBu)]~ were located on molybdenum and tungsten, respectively. This structural insight allowed a more
detailed comparison of reactivity with the homobinuclear species, and highlighted the importance of the neighboring
metal center in these reactions.

Introduction CHNO [Mo,Og(OH)I CH,OH
Two gas-phase catalytic cycles for the oxidation of primary o

and secondary alcohols to aldehydes and ketones, respec- CH;NO, ?

tively, were described recentlyThe protonated dimolybdate

anion [Ma,Og(OH)]~ acted as catalyst in each cycle with [Mo,0L(OH)T [Mo,0,(OCH,)I

nitromethane as oxidant (eq 1, Figure 1). The first cycle

proceeds by three steps: (1) reaction of Pfag(OH)]~ with

alcohol RRHCOH and elimination of water to form cip
[M0,0Os(OCHRR)]~; (2) oxidation and elimination of the
alkoxo ligand as the aldehyde or ketone 'BR; and (3) ) ) o

regeneration of the catalyst by oxidation with nitromethane. E?#]:déhy;agghﬁ?e catalytic cycle for the oxidation of methanol to
Step (2) does not occur at room temperature and requires

the use of collisional activation to proceed. The second cycle The related mononuclear and binuclear anions §{@b1)]~

is similar but differs in the order of reaction with alcohol and [M,05(OH)]~ (M = Cr, Mo, W) were examined in

H,CO

and nitromethane. parallel and significant differences in reactivity (acidase,
RR'CHOH+ CH.NO. — RRCO+ H.0 + CH.NO redox) were apparent as a function of both nuclearity and
32 2 3 1) metal>? Only the dimolybdate center had the correct mix

of properties needed to participate in each of the three steps
of these catalytic cycles. These differences in reactivity
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Gas-Phase Readtity of Heterobinuclear Oxometalate Anions

suggested an investigation of the heteronuclear speciesNb(OEty and Ta(OE®.?3 Their structure and reactivity was
[MM'O7]> (M = Cr, Mo, W; M = M"). examined by collisional activation experiments.

Mixed metal oxide surfaces are involved in a wide variety ~ The present work reports the generation of heteronuclear
of processes involving both acidase and redox catalysié. ~ oxometalate anions based upon [MM]?~ (M, M" = Cr,
Generation of fundamental reactivity trends from gas-phase Mo, W; M = M"). Their reactivity is compared with that of
data on mixed metal oxide ions might provide insights into their homonuclear counterparts {&]%". Isotope labeling
this important class of catalysts. While the reactivity of a Studies identified the site of reaction in the heteronuclear
variety of mixed metal cluster cations has been the focus of anions.

a number of studie%;'® there have been relatively few _ _
studies on mixed metal oxide iof&2t Small bi- and  EXxperimental Section

trinuclear oxometalate cluster cations such as MFe®! Synthesis Tetran-butylammonium salts of mononuclear [G}®,

= Co, V, n = 1-3) and MFeO," (M = Ti, V) were [MoO,]2~, and [WQJ?~ and binuclear [GiO;7]2~ and [Mg,07]2~
generated by reaction of the bare metal clusters Vel were synthesized using standard literature metRbds.

MFe;" with oxygen atom transfer reagents such as ethylene 180 |abeled (BuN),[MO.] were generated by dissolving (BY)-
oxide or dioxygen, but only limited reactivity studies were [MO,] in a solution of!80H, (95 atom %'€0, Novachem) in dried
undertaked? 19 Larger heteronuclear oxometalate clusters acetonitrile (20% v/v) and incubating for approximately one week
Aln,O," were generated by laser vaporization of alumirum ~ to ensure attainment of equilibrium. The level &0 label
indium oxides® Their reactivity toward N@and NO was mcorporatlon_ estlma_ted for each of [Mf® was 90-95% (see
intermediate between those of their homonuclear counterpartd?€!0W). consistent with the content of the water employed. -
A|x+yoz+ and |ﬂ<+y0z+- More recently, pure bismuth oxide Mass Spectrometry (MS).Experiments were carried out using

cluster cations (e.g., BDs") and molybdenum-doped deriva- a modified Finnigan LCQ quadrupole ion trap mass spectrometer
. N N equipped with a Finnigan electrospray ionization source. Solutions
tives (e.g., BiOjMoO;*) were shown to exhibit similar

N . for electrospray were made to approximately 0.1 mg~min
reactivities toward ethane, suggesting that the effect of the ;etonitrile. Sample solutions were pumped into the electrospray

additional MoQ unit on reactivity was negligiblé’ Heats  source through fused silica tubing (i.d. Gh) at a flow rate of 3

of formation have been estimated for the cations CBMO  uL/min. Typical conditions involved nitrogen sheath gas-{30
CrMQ,4*, and CrMQ™ (M = Mo, W) generated from vapors  psi), no auxiliary gas, and a spray voltage ef8kV. The capillary

of Cr,O3; in molybdenum and tungsten effusion cells, voltage and the tube lens offset were tuned to maximize the signal
however no reactivity studies were reportédFinally, of the desired ion. The capillary temperature was set at°200
heterometallic Nb/Ta alkoxides such as NbTa(@EtWyere Experiments involving collisional induced dissociation (CID)

generated by elecrospray of solutions containing both of Were performed by mass selecting target ions using standard
isolation and excitation techniques. All data were collected over

o . an average of at least 15 scans. Detailed descriptions of the
(3) Ertl, G., Kn@inger, H., Weitkamp, J., Ed$landbook of Heteroge- . e .
neous CatalysisWiley: Weinheim, Germany, 1997; 2541 pp. instrumental modifications and experimental procedure used to
(4) Rao, C. N. R.; Raveau, Blransition Metal Oxides: Structure, measure iorrmolecule reaction rate constants can be found

\Ii/ropirti‘es e(and Synthelsgig 80f3(;%ramic Oxidesd ed.; Wiley-VCH: elsewheré.

einheim, Germany, ; pp. . . T
(5) Tews, E. C.; Freiser, B. 9. Am. Chem. S0d987, 109, 4433-4440. _ Chromate, molybdate, and tungstate anions display dlstlnctlye
(6) Huang, Y.; Freiser, B. SI. Am. Chem. Sod.988 110, 387—392. isotope patterns due to the relative abundances of naturally occurring
@) Iésegg’_léngz'; Freiser, B. S.; Gord, J. B. Am. Chem. S0d.989 111, isotopes. This facilitates assignment of ion stoichiometry via
@) Roth, L. M.'; Freiser, B. S.: Bauschlicher, C. W., Jr.; Partridge, H.: comparison of experimental and theoretical isotopomer patterns

Langhoff, S. R.J. Am. Chem. S0d.991 113, 3274-3280. (e.g., Figure 2). However, the broad isotope pattern can also make
(9) Butcher, C. P. G.; Dinca, A,; Dyson, P. J.; Johnson, B. F. G.; small mass changes difficult to detect (e.g., during isotope labeling

;gggrfges'%nzifg’gs R. R Mcindoe, J. Sngew. Chem., Int. Ed.  gyneriments). To avoid this problemsiaglepeak in the isotopomer
(10) Nonose, S.; Sone, Y.; Onodera, K.; Sudo, S.; KayaCkem. Phys. pattern was mass selected and used to follow the course of reactions.

Lett. 1989 164, 427-432. Generation of Heterobinuclear Anions.Heterobinuclear anions

(11) Nonose, S.; Sone, Y.; Onodera, K.; Sudo, S.; Kayd, Rhys. Chem. 12— — . '
1990 94, 27442746, based upon [MMD7]%~ (M = Cr, Mo, W; M= M') were generated

(12) Harms, A. C.; Leuchtner, R. E.; Sigsworth, S. W.; Castleman, A. W., by the electrospray process from acetonitrile solutions containing

Jr.J. Am. Chem. Sod990Q 112, 5673-5674. approximately 0.1 mg mt! of two of the salts (BuN)z[MO,].
13) ?205523"2‘;"%’_55%57 Schimer, D.; Schwarz, H. Am. Chem. So@003 These are presumably formed by a condensation reaction (eq 2).
(14) Koszinowski, K_'; Schitder, D.: Schwarz, HChemPhysCher2003 Sulfficient signal intensity of each of the dianions [M®]2-, the

4, 1233-1237. _ protonated anions [MMDs(OH)]~, and the ion pairgBusN*-
(15) Koszinowski, K.; Schirder, D.; Schwarz, HOrganometallics2004 [MM'O7]2-}~ could be generated to allow further experiments.

23, 1132-11309.
(16) Koszinowski, K.; Schider, D.; Schwarz, HAngew. Chem., Int. Ed.

2004 43, 121—124. (23) Zemski, K. A.; Castleman, A. W., Jr.; Thorn, D. L.Phys. Chem. B
(17) Hettich, R. L.; Freiser, B. Sl. Am. Chem. Sod. 985 107, 6222— 2001, 105, 4633-4639
6226. (24) Nakayama, HBull. Chem. Soc. Jpri983 56, 877—-880.

(18) Jacobson, D. B.; Freiser, B. 5.Am. Chem. S0d.986 108 27—30. (25) Klemperer, W. G.; Liu, R. Sinorg. Chem.198Q 19, 3863-3864.
(19) Harvey, J. N.; Schroder, D.; Schwarz, kHorg. Chim. Actal998 (26) Che, T. M.; Day, V. W.; Francesconi, L. C.; Fredrich, M. F.;
273 111-115. Klemperer, W. G.; Shum, Winorg. Chem.1985 24, 4055-4062.

(20) Parent, D. CChem. Phys. Lett1991 183 51-54. (27) Landini, D.; Rolla, FChem. Ind.1979 213.

(21) Fielicke, A.; Rademann, KChem. Phys. Let2002 359 360-366. (28) Hur, N. H.; Klemperer, W. G.; Wang, R.-C. Inorganic Synthesjs

(22) Lopatin, S. I.; Shugurov, S. M.; Semenov, G Rapid Commun. Mass Ginsberg, A. P., Ed.; John Wiley & Sons: New York, 1990; Vol. 27,
Spectrom2004 18, 112—-116. pp 79-80.
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Figure 2. Comparison of experimental (above) and theoretical (below)
isotope patterns for [CrMogOH)]~. Selected peaks are labeled to aid
comparison.

[MO4(OH)]™ + [M'O4(OH)]” — [MM '07]2‘ +HO (2

Generation of 180-Labeled Heterobinuclear Anions. Heter-
obinuclear anions with the terminal oxo ligands of one metal center
only labeled with180 were generated from solutions containing
labeled (BuN);[M180,] and unlabeled (BiN);[M'O,] (e.g.,
[CrM00O4)?, eq 3).

[Cri®0,(*°*0OH)]™ + [Mo'®0,(**0H)]” —
[lﬁoSCr(lG/l%)MolSOJZ* + lﬁl%Hz (3)

Solutions of'®0-labeled (BuN),[M180,] in BOH,/MeCN (20% v/v)
were diluted with dried MeCN to the optimal concentration for the
electrospray process-0.1 mg/mL). This approach meant th&D-
labeled (ByN);[M180,] did not have to be isolated in substance,
but also meant that small amounts of f#é®H, was present in the
electrospray solution{1.25% v/v180H,/MeCN). This introduced
the possibility of label scrambling with unlabeled @BL,[M'Oy).

To suppress this, contact time between the labeled and unlabeled

solutions was minimized by injecting the two solutions from
separate syringes into a mixing tee-piece, and the mixed solution
was injected directly into the electrospray source. Contact time
between the two solutions was estimated a4 s on the basis of
solution flow-rates and the length and cross-section of the fused
silica tubing used to connect the mixing apparatus and the

Waters et al.

value throughout the experiments. Trial experiments with unlabeled
anions indicated that heteronuclear anions could be generated by
this method, but with lower current intensities and poorer signal
stability than from the conventional single syringe. Experimental
details for the composition of labeled and unlabeled solutions used
in the experiments are outlined in Table 1.

The extent ofl®0 label incorporation was estimated by fitting
theoretical isotope patterns generated by varyfialabel incor-
poration to the experimental isotope pattern. The isotope patterns
for the mononuclear species [M@H)]~ often contained interfer-
ence from overlap with [M@]~, complicating an accurate estimate
of 180 label incorporation for this ion. Instead, the binuclear anion
[M20s(OBuU)]~ was chosen as a representative species to estimate
180 incorporation as it could be generated from the ion pair
{BusNT[M,07]27}~ in high yield and free from overlapping peaks
(see below, eq 5). ThEO label content of this ion is expected to
accurately reflect the label content of [MJ® in solution. Estimated
180 label incorporation for mononuclear [MP>~ in each of the
experiments is detailed in Table 1. Comparisons between experi-
mental and theoretical isotope patterns for selectively labeled species
can be found in the Supporting Information.

Theoretical Calculations. Hybrid density functional theory
(DFT) calculations employing the B3LYP functional were carried
out using the Gaussian 03 progréh.he 6-31H+G** basis sets
were used for hydrogen, carbon, and oxygen, whereas the effective
core potential of Stevens et al was used for chromium, molybdenum,
and tungsterR? Unscaled zero point energies are included for all
species. Structures were visualized using MacMd&PGartesian
coordinates and energies of optimized geometries for isomers of
[MM'Og(OCHz)]~ (M, M" = Cr, Mo, W; M = M') are included in
the Supporting Information (Figures S83).

Results

Generation of Heteronuclear Anions. Although both
dichromate and dimolybdate are readily available, the
ditungstate dianion has not been isolated in the condensed
phase. However, it can be generated by the electrospray
process from acetonitrile solutions of (B)[WOQ,], and is
presumably formed via condensation of two tungstate centers
(c.f, eq 2)-3233Heterobinuclear anions based upon [MD]2~
were generated by a similar approach involving acetonitrile

(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
QO.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.
Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian 03revision
B.04; Gaussian, Inc.: Wallingford, CT, 2004.
(30) Stevens, W. J.; Krauss, M.; Basch, H.; Jasien, PC&. J. Chem.

1992 70, 612-630.
(31) Bode, B. M.; Gordon, M. Sl. Mol. Graphics Modell1998 16, 133~

138.
(32) Deery, M. J.; Howarth, O. W.; Jennings, K. R.Chem. Soc., Dalton

Trans.1997, 4783-4788.

electrospray source. In addition, the approach also ensured that(33) Truebenbach, C. S.; Houalla, M.: Hercules, D.]MMass Spectrom.
contact time between the two solutions was maintained at a constant ~ 200Q 35, 1121-1127.
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Table 1. Composition of MeCN Solutions andO Label Content of Anions Used to Generate Selectively Labelled [G(RBu)]- (M = Mo, W)ab

Composition of Electrospray Solutions 180 Content (atom %)
experiment syringe 1 syringe 2 [ofica [MO4%*

1 (BU4N)2[CI’O4] (BU4N)2[M01804] + 1.25%}180H2 0 92
2 (BuN)2[Cr'80,] + 1.25%%80H; (BusN)2[MoOy)] 93 87
3 (BuN)2[Cr80,] + 1.25%%80H; (BusN)2[M0oO4] + 12.5%60H; 92 8
4 (BwN)2[CrOy) (BusN)2[W180,] + 1.25%*80H, 0 93
5 (BU4N)2[CI’1804] + 1.25%1%0H, (BU4N)2[VVO4] 93 89
6 (BwN)2[Cr80,] + 1.25%%80H; (BusN)Z[WO4] + 3.75%60H; 93 20

aThe assigned label content of [Cf® and [MOQy)2~ was estimated from [GDs(OBU)]~ and [MoOg(OBU)]~, respectively. The assigned label content
of [CrMOg(OBU)]~ is detailed in Table 5? The concentration of (BiN),[CrO,4] and (BuN):[MO4] in each syringe was 0.1 mg/mL. The content&dH,
and®0H; in each syringe is expressed as %v/ACHMeCN.

(a) Table 2. Reaction Rates for the Reaction of [M®E(OR)]~ with
0
. MeOH
€
3 .05 R MM’ rate ¢°
§ H Cr, <0.001 <0.00001
< -1.0 CrMo ~0.004 ~0.00003
E Ccrw 0.14 0.0010
2 45 Mo; 6.9 0.049
£ MoWw 20 0.14
20 Wa 78 0.57
o 0.1 02 03 04 05 Bu (o <0.001 <0.00001
(b) 0 CrMo ~0.004 ~0.00003
= crw 0.15 0.0011
8 05 Mo, 2.3 0.017
c Mow 6.2 0.045
2 W, 13 0.095
T -1.0 <
g a Data for [MpOg(OH)]~ are taken from ref 12 x 10~ cm® molecule®
= * s™L. ¢ Reaction efficiencyg = kexfkapo.
a . equivalent homobinuclear anions {W(OH)]~ are listed in
-20 ; ! " Table 213 The reactivities of the heterobinuclear centers

Reaction delay, RD (5) were intermediate between those of their respective homobi-

- 3. First order plots f tion of (@) [C HOI- with CH nuclear counterparts (Table 2).

igure S. Irst order plots Tor reaction of (a, r\l\@(]D Wi 3- . . _

OH, and (b) [CrWQ(OBU)]~ with CHsOH. The partial pressures of GH The presence of chromium in [Cqu@H)] anc.i'
OH were 2.5x 102 and 3.8x 10! molecules cm?, respectively. [CrWOg(OH)]~ induced a dramatic decrease in reactivity

relative to that of [M@Os(OH)]~ and [W,Os(OH)]~, respec-
tively. [CrMoOs(OH)]~ reacted extremely slowly with
methanol. The experimental rate constantdfx 104 cm?
molecule! s™! was slightly higher than the upper limit
estimated for protonated dichromate JOgOH)]~,3* but is

solutions containing a mixture of (BN),[MO,4] and (BuN).-
[M'O4 (eq 2). For example, an equimolar mixture of
(BusN)2[CrO4] and (BuN)z[M0O,] yielded peaks assigned
to the dianion [CrMoG]%", its protonated form [CrMo@
(OH)]", and the ion paif BuiN*[CrMoO/]* "} . Equivalent 3 qrgars of magnitude lower than that for [May(OH)] .

species based upon [CrWB" and [MoWG]?" could be 5 jzjitatively similar observations are apparent for [Cr/O
generated, and sufficient yields of each allowed further (OH)]~, which was significantly more reactive than jOs-

investigation of their reactivity. , _(OH)]~, but about 500-fold less reactive than J@§OH)]~.
The composition of heterobinuclear anions was determined 16 "veaction rate observed for [MOW@H)]~ was also

by comparison of experimental and theoretical isotope ; iermediate between those of [M2(OH)]~ and [W-Os-
patterns. The significantly different masses and relative (OH)]" (Table 2).

abundances of the naturally occurring isotopes of chromium,
molybdenum, and tungsten allowed an unequivocal assign-
ment of the metal composition of these species (e.g., Figure
2, [CrMoOs(OH)]7).

Reaction of [MM'Og(OH)] ~ with Methanol. Each of the
anions [MMOg(OH)]~ reacted with methanol to form
[MM'Og(OCHg)]~ with loss of water (eq 4) in a reaction
equivalent to that observed for [MOs(OH)] ™.

These kinetic data revealed that each metal center in
[MM'Og(OH)]~ has a significant effect on reactivity toward
methanol. In particular, the presence of the more electro-
negative chromium atom appears to reduce significantly the
basicity of ligand hydroxo and its ability to abstract the
proton from methanol required for elimination of water.

Reaction of [MM'O¢(OBu)]~ with Methanol. The butoxo
anions [MMOg(OBU)]~ were generated by collisional activa-

(MM 'Oa(OH)] + CH30H — [MM 'Oe(OCH3)] + Hzo (34) The upper bound for the rate constant of reaction betwee@{@H)]~
4) and CHOH was estimated previously &b x 104 cm? molecule™?
s L. This has been lowered further tol x 10714 cm? molecule®

These reactions all followed smooth pseudo-first-order s 1 by using higher concentrations of methanol. This allows the slow

A . _ reaction observed for [CrMaffOH)]~ (k ~ 4 x 10714 cm® molecule®
kinetics (e'g" F'QUfe 3a for [CrWéCOH)] ) Rate constants s1) to be distinguished from the lack of reaction observed for
for the heterobinuclear anions [ME(OH)]~ and the [Cr206(OH)] .

Inorganic Chemistry, Vol. 44, No. 9, 2005 3359



Table 3. Branching Ratio for Collisional Activation of
[MM'Og(OBU)]~ Anions?

MM’ loss of butanal loss of butene
Cr, 100 0
CrMo 100 0
Crw 100 0
Mo 97 3
MoW 80 20
W, 0 100

aData for [MyOg(OBuU)]~ are taken from ref 1.

tion of the respective ion-paifBuN*[MM'0O;]%"}~ (eq 5),

a reaction equivalent to that described previously for the
dimolybdate ion pair{ Bu;N"[M20;]>"} ~.* Each of the
butoxo anions reacted with methanol to form [MD4-
(OCHg)]~ with loss of butanol (eq 6). These reactions all
followed smooth pseudo-first-order kinetisg., Figure 3b
for [CrWO(OBuU)]"), and rate constants are given in Table
2. An additional clustering reaction was observed for the
ditungstate anion, presumably the result of a stabilizing
termolecular collision between the iemolecule complex
{[W206(OBU)]-+CH30H} ~ and a helium atom (eq 7).

{Bu,N'[MM'0,]*}~ — [MM'O4OBu)]” + NBuU, (5)
[MM'O4(OBU)]” + CH,OH — [MM'O4OCH,)]~ + Bu(?é—)l
[W,04(0OBU)]” + CH,OH — {[\NZOG(OBu)]---CHSOH}(_? )

The qualitative observations for reaction of [M®(OBuU)]~

with methanol were analogous to those described above for

[MM'Og(OH)]; i.e., species containing a chromium center

were relatively unreactive and rate constants for the hetero-
e

nuclear species were intermediate between those of th
relevant homonuclear species.

Collisional Activation of [MM 'Og(OBuU)]~. Mass selec-
tion and collisional activation of the butoxo anions [MM4-
(OBU)] revealed competition between oxidation and loss

of the butoxo ligand as butanal (eq 8) and the non-redox

elimination of butene (eq 9). Branching ratios for each of

Waters et al.

[CrMoOg(OBU)]~ eliminated the butoxo ligand as butanal
in a reaction that is equivalent to that observed previously
for [Cr,06(OBU)]~ and [Ma:0s(OBuU)] .t Similarly, [CrWOs-
(OBuU)] eliminated butanal in a reaction equivalent to that
observed for [G4O(OBuU)]™ but in contrast with the loss of
butene from [WOs(OBU)]~ (Table 3). These observations
indicated that the presence of the stronger oxidant chromium
in [CrWOs(OBu)]- promoted aldehyde elimination and
dominated the tendency of tungsten to eliminate alkene.
[MoWOg(OBuU)]™ eliminated both butanal and butene, with
the former pathway dominating. This behavior was intermedi-
ate between that of [M@s(OBuU)]~ (almost exclusive loss
of butanal) and [WOs(OBU)]~ (exclusive loss of butene,
Table 3).

Oxidation of [M, M', Os, H]~ with CH3NO,. The
molybdenum analogue [Mp Os, H]~ was assigned to a
mixture of two isomers on the basis of experimentally
observed reactivity and DFT calculations. Approximately
80% of the [Mg, O, H]™ ion population reacted with
nitromethane to yield [M%,05(OH)]~ and close the catalytic
cycle for the oxidation of alcohols (eq 10; Figure'Ijhis
was assigned to the reduced hydroxo isomer'}@g(OH)]".
Approximately 20% of the [Mg Os, H] ™~ ion population was
unreactive toward nitromethane, and this was assigned to
the oxidized hydrido isomer [M$,0¢H] . DFT calculations
predicted these two isomers to be very similar in energy.
Calculations predicted the hydroxo isomer {&Ds(OH)]~
was favored for chromium, and the lack of reaction of
[CrV,05(0OH)]~ with nitromethane was attributed to it being
a poorer reductant than [MgOs(OH)] . In contrast, calcula-
tions predicted the hydrido isomer {WOsH]~ was favored
for tungsten, and its lack of reaction with nitromethane was
attributed to its maximum oxidation state. The reactivity of
the mixed metal equivalents [M, MOs, H]~ toward CH-
NO, was examined to investigate their reactivity in the final
step in the catalytic cycle (Figure 1) and to investigate the
possibility of isomeric forms.

[M0,0(OH)]” + CHNO, — [M0,04(OH)]” + CH3I\£OO)
1

the homobinuclear and heterobinuclear centers are sum- Neither [Cr, Mo, @, H]~ nor [Cr, W, O, H] reacted

marized in Table 3. No significant differences in branching
ratio were detected as a function of collision energy. The
product ion from loss of butanal corresponds to an ion of
stoichiometry [M, M, Os, H]~. Two isomers were proposed

with CH3NO,, allowing an upper bound to be placed on their
rate constantsk(< 5 x 104 cm® molecule® s™). This
was consistent with the lack of reaction observed for the
chromium analogue [CsOs(OH)]~. In contrast, approxi-

for the dimolybdate analogue on the basis of theoretical mately 50% of the [Mo, W, @ H]~ ion population reacted

calculations and the experimentally observed reactivity.
These were assigned to a reduced'Meenter with ligand
hydroxo [M0/,05(OH)]~ and an oxidized MY, center with
ligand hydrido [HM@Og] . The presence of different metal
centers in [M, M, Og H]~ introduces an additional compli-

with nitromethane to yield [MoWEOH)]~, with the re-
maining 50% being unreactive. The observations of reactive
and unreactive components were consistent with similar
observations for [Mg Os, H]~. The reaction rate for the
reactive component of [Mo, W, H]~ appeared close to

cation, and the structure of these product ions is not that of the collision ratek(~ 1.5 x 10~° cm® molecule*

considered further.

[MM'O4(OBu)] — [M, M, O, H] ™ + cHSCHZCHZCHZ(g
— [MM'O4(OH)]™ + CHSCHZCH=CH2(9
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s1), although a more accurate measurement was not at-
tempted.

Site of Reaction in Heteronuclear SpeciesThe experi-
ments detailed above described differences in reactivity
between protonated and alkylated heteronuclear anions and
their respective homonuclear counterparts. A more detailed
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Figure 4. Predicted structural isomers and relative energies for [Cri1oO
(OCHg)]: (a) the methoxo ligand at a chromium terminal site, (b) the
methoxo ligand at the bridging site, and (c) the methoxo ligand at a
molybdenum terminal site.

Table 4. DFT Predicted Relative Energies (kcal mylfor Different
Isomers of [MMOg(OCHs)]~

Location of Methoxo Ligand

M M’ terminal M bridging terminal M
Cr Mo 2 16 0
Cr w 4 20 0
Mo w 2 25 0

interpretation of this reactivity is complicated by the pos-
sibility of different structural isomers of [MMD(OR)]~. For
example, although collisional activation of the ion pairs
{BuyN*[MM'0O;]>7}~ (eq 5) resulted in & alkylation to
yield [MM'O(OBuU)], the site of alkylation is unclear. This
is illustrated for the case dfBusN*[CrMoO;]?>"}~ where
alkylation might occur at a chromium oxo ligand, a molyb-
denum oxo ligand, or at the bridging oxo ligand. Each
possibility would give rise to an isomer of [CrMe@Bu)]~
with the butoxo ligand at a different site. This situation
contrasts with previous studies of dianiatetraalkylammo-
nium cation ion pairs in which the dianion was designed so
that only one of the anionic centers was nucleophilic, thus
ensuring reaction occurred at this sité®

(egs 6 and 8) were employed to investigate the site of the
butoxo ligand. These experiments involved selectit@
labeling of the terminal oxo ligands of one metal center only.
The method is based upon previous observations that
collisional activation of [M@Ogs(**0CH;)]~ resulted in loss

of 80CH, and reaction of [MgOs(OBuU)]~ with CH;**0OH
resulted in formation of [MgOs(**0CH)] ~ with loss of Bu®-

OH.! The oxygen of the alkoxo ligand is lost in both cases.
Scheme 1 outlines the approach for the specific case of loss
of butanal from [CrMo@OBuU)]~ labeled at the molybdenum
oxo ligands.

Selectively labeled species were generated by the elec-
trospray process from solutions containid® labeled
(BusN)2[MO,4] and unlabeled (BiN);[M'O4]. This is il-
lustrated for the example of [CrMo{3~ labeled at molyb-
denum. The methodology developed entailed injection of
separate solutions of unlabeled [GIO and *¥O-labeled
[MoO4)?~ (~92 atom %) at equal flow-rates into a mixing
tee-piece, followed by direct transfer of the mixed solution
into the electrospray source. Both of the homonuclear ion-
pairs{ BusN*[Cr.0;]*"} ~ and{Bus;N*[Mo0,0;]*"} ~ as well
as the heteronuclear ion pdiBu;N"[CrMoO;]?>"} ~ were
generated by this method. The yield of the heteronuclear ion
pair was significantly less than that obtained by direct
injection of a mixture of the two solutions, however sufficient
signal intensity could be obtained to allow for further
experiments. The composition of the solutions used in each
of the experiments is detailed in Table 1.

The'®0 label content of [M@]?~ in solution was estimated
from the respective butoxo species JB4(OBu)]~. These
ions were chosen as they could be generated cleanly from

Theoretical calculations based on density functional theory the jon-pairs{ BuyN*[M,O;]~ in high yield and free from

(DFT) were employed to provide insights into the relative
stability of different structural isomers of [MI@s(OR)]".
Calculations were carried out for the methoxo equivalent
[MM'Os(OCHg)]~ in order to reduce computational expense
(Figure 4, Table 4, Figures SB3 in the Supporting
Information). These indicated that the isomer with the
methoxo ligand located at the bridging site was disfavored
by at least 16 kcal mol (Table 4). The most stable isomer
(by 2—4 kcal mol™) in each system was predicted to be the

one with a terminal methoxo ligand on the least electroneg-

ative metal center (Sanderson electronegatifity"', 1.67
< MoV, 2.20< CM, 3.37). However, the similar predicted
energies for isomers with methoxo ligands at different

overlapping peaks (eq 5). Fitting of the isotope patterns
indicated that the'80 contents of [GiO(OBuU)]- and
[M0,06(OBuU)]~ were 0 and 92 atom %, respectively (Figure
5a and b). These values provided an indication of ‘i@
label content of [Cr@]?~ and [MoQy]?™ in solution (Table

1, expt 1). The absence dfO label incorporation into
[Cr,06(OBuU)]~ indicated that [Cr@]>~ did not undergo
exchange with freé®OH, present in the [Mog)?~ solution

on the time scale of the experiment (Table 1, expt 1).

The isotope pattern for [CrMogfOBuU)]~ was fitted by
assuming the label incorporation of the terminal oxo ligands
of the chromium and molybdenum centers was equivalent
to that estimated for mononuclear [Gi® and [MoQ]?",

terminal sites suggested an experimental probe was require¢espectively, in solutiof” This assumption was consistent

to investigate this further.
Isotope labeling experiments based upon reaction with
alcohol and elimination of aldehyde from [M&s(OBuU)]~

(35) Gronert, S.; Azebu, Drg. Lett.1999 1, 503-506.

(36) Gronert, S.; Fong, L.-MAust. J. Chem2003 56, 379-383.

(37) The label content of species based upon [KNF- might also be
examined by cluster fragmentation to generate two mononuclear

with the condensation mechanism proposed for formation
of these species (eq 2). This indicated no label incorporation
at the chromium terminal oxo ligand sites Gr&nd 92 %
label incorporation at the molybdenum terminal oxo ligand
sites MoQ (Table 5, expt 1). The label incorporation of the
single bridging oxo ligand was estimated by fitting of the

species. However, such fragmentation is not observed under the presentheoretical isotope pattern generated using the above esti-

experimental conditions, with collisional activation resulting in either
the loss of neutral fragments (e.g., eq 8) or no fragmentation. Attempts
to use higher collisional activation energies to induce cluster frag-
mentation only resulted in loss of ion signal, most likely due to
significant loss of ions from the ion trap.

(38) Huhey, J. E.; Keiter, E. A.; Keiter, R. lLlnorganic Chemistry4th
ed.; Harper-Collins: New York, 1993; pp 18890

mates for Cr@and MoQ and by varying Cr@Mo to fit the
experimental isotope pattern. This suggested 15 % incorpora-
tion at the bridging oxo ligand site (Table 5). The theoretical
isotope pattern generated on the basis of these estimates was
in good agreement with the experimental isotope pattern

Inorganic Chemistry, Vol. 44, No. 9, 2005 3361
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Figure 5. Experimental (above) and theoretical (below) isotope patterns for binuclear ions generated from a solutigN)efGBDu] (natural abundance)
and (BuN)z[MoO,] (92 atom%?180) in MeCN (Table 1, expt 1). (a) [@Ds(OBU)]™: theoretical isotope pattern generated assuriidgincorporation of
0 atom%. (b) [MeOs(OBuU)]~: theoretical isotope pattern generated assuridgincorporation of 92 atom%. (c) [CrMaDBuU)]~: theoretical isotope
pattern generated assumitf incorporation of 0 atom% at C¢2 atom% at Mo@and 15 atom% at CrgMo (Table 5, expt 1).

Scheme 1

o "o °
o;/Cr\o/Mo\:ow cip
9 818 - 185, N(C4Ho)3
(Cato)N®

m/z 510

o "o
” ” CID 18 -
o;/Cr\ /Mo:om Y s [Cr,Mo, 03, 03 H]
c|> 018 -T2, CsH,CH'®0 m/z 253
(S]
m/z 325
o "o
Il Il cip -
O;/Cr\ _Mo=qe " o [Cr,Mo,04, "0y H]
8 o8 -74, C3H,CH'®0 miz 251
|
C4Hg
m/z 325

(Figure 5c). An equivalent theoretical isotope pattern could was consistent with the significantly faster rate of exchange
conceivably be generated by switching the estimates for CrO expected for [Mo@ 2~ compared with [Crg}?.39:40

and MoQ sites, however this would be inconsistent with the ~ Unwanted labeling of [Mo@)?~ was suppressed by inclu-
experimentally observed label content of [GFO and sion of a 10-fold excess 8fOH, in the precursor [MoG}?~

[MoO4)?" in solution.

solution (Table 1, expt 3). This significantly reduced the

Attempts to generate [CrMofIDBU)]” labeled at the  €xtent of.unwanted. labeling of [MaF~ in golution, with
chromium terminal oxo ligand sites were complicated by the label incorporation of [M@s(OBu)]” estimated as 8%.
exchange of unlabeled molybdate with fr&®H, in the Furthermore, the label incorporation of [Og(OBuU)]~ was

labeled [CrQ]? solution following mixing. Initial experi-

(39) Hinch, G. D.; Wycoff, D. E.; Murmann, R. KRolyhedron1986 5,

ments generated [M@s(OBuU)]~ with an estimated label 487—495.
incorporation of 87%, indicating that unlabeled [Mg® (40) Gamsjger, H.; Murmann, R. K. Oxygen-18 Exchange Studies of Aqua

and Oxo-ions. InAdvances in Inorganic and Bioinorganic Mecha-

in solution underwent almost complete exchange with free nisms Sykes, A. G., Ed.. Academic Press: London, 1983; Vol. 2, p
180H, in solution following mixing (Table 1, expt 2). This 317-380.
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Table 5. Estimated Level of8O Incorporation (atom %) into Anions 100- 250.9
[CrMOG(OBU)]™ (M = Mo, W)2 (a)
180 Incorporation
experiment Cr@ Cro,M MOy
el
1 0 15 92 g
2 93 90 87 2 50+
3 92 90 8 3 5207
4 0 20 93 h B s :
5 93 90 89 -74 = CH,CH,CH,CH'80
6 93 85 20
aExperiments £3 M = Mo, experiments 46 M = W. |252.9
AW

maintained at 92%, consistent with minimal exchange of 240 250 260 270 280 290 300 310 320 330 340
labeled [C#80,4)?~ with the excess of freé®OH, present in
solution following mixing. These data were consistent with (b)
the significantly slower rate of exchange expected for
[CrO4)%> compared with [Mo@?.3°4° The experimental
isotope pattern for [CrMogdOBuU)]~ was fitted assumingO
incorporation of 92 % at CrQ8 % at MoQ, and 90 % at
CrO,Mo (Table 5 expt 3, Figure S5).

Equivalent techniques were used to generate and assign
the 80O content for [Cr'WQOBU)]~ and results are sum-
marized in Tables 1 and 5 and Figure S6. The signal for the
ion-pair species{ BuuN*T[CrWO;]?>"}~ was considerably
weaker than that observed f6Bu;N*[CrMoO;]?"}~, and 240 250 260 270 280 290 300 310 320 330 340
was further reduced by the presence of the excess water in m/z
the electrospray solution. The conditions used represented &igure 6. Mass selection and collisional activation of [CrMgOBU)] .
compromise between suppression of unwanted labeling andA single peak vz 325) was isolated in each case. (a) Labeled at M6
acceptable ion intensity. While the tungsten center could be ?stg;“(;/‘;;gg &ngfss.leigfs‘? expt 1). (a) Labelled at €(2 atom %
labeled specifically (Tables 1 and 5; expt 4), labeling of the ’ '
chromium center was accompanied by 20% labeling of the The observations were consistent with the source of butanal
tungsten (Tables 1 and 5; expt 6). This was, however, being a terminal butoxo ligand at molybdenum, suggesting
adequate to distinguish between the two sites. alkylation at a molybdenum oxo ligand (Scheme 1). The

The experiments described above exploited the fact thatcomplementary experiment for [CrM@@Bu)]~ generated
[CrO4)%> undergoes exchange with solvent water at a rate from { BusN*[CrMo0O-]?>"} ~ labeled at chromium (CrQ92;
that is significantly slower than those of [Mg® and MoO,, 8 atom %'0; Table 1, expt 3) resulted in the
[WO,4)? 3940 Consequently, the rapid and similar rate of predominant loss of 72 Da, consistent with losséd-
exchange of [MoG}?~ and [WQj?>~ meant that the anion  butanal (Figures 6b). The observations were again consistent
[MoWOe(OBuU)]~ could not be labeled selectively by this with the source of butanal being a terminal butoxo ligand at
procedure. the molybdenum site.

Collisional Activation of Labeled [CrMO 5OBuU)] . Analogous experiments were carried out for [Cr¢wO
Access to [CrMo@OBuU)]” and [CrWQ(OBuU)] labeled (OBuU)]” labeled selectively at the terminal oxo ligands of
selectively at the terminal oxo ligands of one metal allowed one metal center (Tables 1 and 5; expts 4 and 6; Figures
the site of the butoxo ligand to be probed by elimination of S11 and S12). The observations were entirely equivalent to
butanal (e.g., Scheme 1). those described above for [CrMe@Bu)]~ and indicated

Collisional activation of [CrMoQOBuU)]~ generated from  that the butoxo ligand of [CrWEOBU)]™ is located at a
{BuyN*[CrMoO7]?>"} ~ labeled at molybdenum (MaQ92 terminal tungsten site.
atom %0) resulted in a mass loss of 74 Da (Figure 6a), Reaction of Labeled [CrMOg(OBuU)]~ with Alcohol.
consistent with elimination offO-butanal (Scheme 1). The [CrMoOg(OBuU)]” and [CrWQ(OBuU)] reacted with alcohols
weaker peak corresponding to a mass loss of 72 Da isROH with loss of butanol to form [CrMogOR)]- and
consistent with loss offO-butanal due to the presence of [CrWOs(OR)]", respectively (eq 6). This reaction was also
MoO; ~ 8 % (Table 5, expt 1). The assumption of a clean used to investigate the site of the butoxo ligand in selectively
loss of ligand MoQ@with butanal allowed a theoretical isotope labeled [MMOg(OBU)]".
pattern for product [Cr, Mo, € H]~ to be generated. The [CrMoO(OBU)]™ reacted extremely slowly with methanol
agreement between experimental and theoretical isotope(k ~ 4 x 1074 cm® molecule® s % Table 2) but more
patterns supported this assumption (Figure 7a and b). Inrapidly with the more acidic alcohol GEH,OH (k = 3.3
contrast, theoretical isotope patterns generated assuming< 10°1* cm?® molecule s1). This faster rate of reaction
clean loss of either %O, or CrQ,Mo oxo ligands were in meant that lower concentrations of alcohol were required,
much poorer agreement with experiment (e.g., Figure 7c). and allowed for improved instrument resolution. Reaction

252.9
1004

324.8

Rel Abund
3

-72 = CH,CH,CH,CH60

250.9 L
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Figure 8. Mass selection and reaction of [CrMe@Bu)]~ with CFs-
CH,OH. A single peakrtyz 325) was isolated in each case: (a) labeled at
MoOx (92 atom %'€0) (Tables 1 and 5; expt 1), and (b) labeled at CrO
(92 atom %180) (Tables 1 and 5; expt 3).

analogous to that described above for [CrM@Bu)]~ and
[CrWOs(OBU)]".

[CrMoOg(OH)]~ labeled at chromium was generated from
solutions of'80 labeled [CrQ@)?~ and unlabeled [Mog)?~
in @ manner analogous to that described above for [CrMoO
(OBuU)]” (Tables 1 and 5; expt 3). Estimates of label
incorporation equivalent to those for [CrMe@Bu)]~
provided good agreement between experimental and theoreti-
cal isotope patterns for [CrMaIDH)]~ (CrQ, 92; MoQ,
8; CrQ,Mo, 90 %*0; Figure S19). The more acidic alcohol
CFRCH,0OH was again used to allow for lower concentrations

Figure 7. Experimental and theoretical isotope patterns for product
[Cr,M0,05,H]~ generated by collisional activation of [CrMe@Bu)]~
labeled at Mo@(92 atom %'80; Tables 1 and 5; expt 1): (a) experimental;
(b) theoretical pattern assuming clean loss of Ma@h butanal; (c)
theoretical pattern assuming clean loss of Gr@h butanal.

of CRCH,0OH with [CrMoOs(OBuU)]~ labeled at molybde-
num (MoQ, 92 atom %0, Tables 1 and 5; expt 1) led to
loss of *80-butanol (Figure 8a). This was consistent with
elimination of a labeled molybdenum oxo ligand with
butanol. A theoretical isotope pattern for product [CrMeO  of alcohol and improved instrument resolution. [CrMpO
(OCH,CFs)]~ based on the assumption of loss of Ma@th (OH)]~ labeled at chromium reacted with €FH,OH with
butanol was in good agreement with experiment, consistentloss of water to form a product ion assigned to [CrMeO
with this conclusion (Figure 9a and b). The complementary (OCH,CFs)]~. Mass selection and reaction of a single peak
experiment for the equivalent anion labeled at chromium led demonstrated loss of a mixture ¥OH, and'®0OH, (Figure

to loss of'%0-butanol (Figure 8b, Figure S16). The observa- 10). Furthermore, theoretical isotope patterns for product
tions indicated the presence of a terminal butoxo ligand at [CrMoOs(OCH,CF;)]~ based on the assumption of clean loss
molybdenum, and are consistent with conclusions from the of a terminal chromium, terminal molybdenum, or bridging
loss of butanal from these species. Equivalent experimentsoxo ligand with water were in poor agreement with experi-
for selectively labeled [CrWgOBU)]™ indicated the pres-  ment (Figure S21). This indicated that oxo ligands from both
ence of a terminal butoxo ligand at tungsten (Figures S17 the chromium and molybdenum centers were eliminated as
and S18), again in agreement with conclusions from loss of water.

butanal.
Proton Mobility in [CrMoO (OH)] . The heteronuclear
anions [MMOg(OH)]~ exhibited significant differences in

3364 Inorganic Chemistry, Vol. 44, No. 9, 2005

These data contrasted with the observation of clean loss
of an oxo ligand from the molybdenum center in equivalent
reactions of [CrMo@OBu)]~ with CRCH,OH (e.g., com-
rate of reaction toward methanol compared with their pare Figures 8a and 10), and indicated that label scrambling
homonuclear counterparts (eq 4; Table 2). This suggestedhad occurred in [CrMogfOH)]~. This meant that the
an investigation into the site of reaction in these speciestechnique of selective labeling was not appropriate to
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selectively labeled anions might provide insight into the
mechanism of formation of these species. For example,
estimates for the bridging oxo ligands of [CrMg(OBuU)]~

and [CrWQ(OBu)]~ were close to those estimated for the
terminal chromium oxo ligands (Table 5). This might indicate
that condensation between [G(OH)]~ and [MOs(OH)]~

(M = Mo, W) involves loss of an oxygen of [M§OH)]~

with water (e.g., eq 11; Table 5, expt 1)

[CrO4(OH)]™ + [M'®0,(**0H)]” —
[0,CrOM*®0,)*” + ®0OH, (11)

Location of Butoxo Ligands. The sites of the butoxo
ligands of [CrMoQ(OBu)]- and [CrWoQ(OBuU)]” were
established by®O tracer experiments using both collision-
induced dissociation and ietmolecule reactions. Reactions
involving ligand loss (Figures-69) indicated that the butoxo
ligand was terminal and located on the less electronegative
center (i.e., Mo or W rather than Cr). These data were also
consistent with the theoretical calculations, which indicated
a slight preference for Mo or W over Cr (Table 4). In
contrast, the H atom and/or OH group of [CrMgOH)]~
appears to be mobile, precluding isotope labeling experiments
using the current methodology (Figure 10).

Information about the site of butoxo ligands in [CriO
(OBuU)]” (M = Mo, W) allowed further interpretation of

) ) o reactivities of related sets of anions. For example, the butoxo
Figure 9. Experimental and theoretical isotope patterns for product

[CrMoOs(OCH,CF3)]~ generated by reaction of [CrMe@DBu)]~ labeled ligand is bound to tung?’ten m_ both [CrW@Bu)]i_and
at MoQ, (92 atom %?80; Tables 1 and 5; expt 1) with GEH,OH: (a) [W.0O6(OBU)], but the neighboring metal center varies from
experimental; (b) theore_tical pattern assum_ing the clean loss of; MidkD chromium to tungsten, respectively. This allowed the effect
butanol; and (c) theoretical pattern assuming the clean loss of @t . .
butanol. of the neighboring metal center to be evaluated. In contrast,
the butoxo ligand is bound to chromium in pOg(OBuU)]~
1007 2487 but to tungsten in [CrWEOBU)]~, however the neighboring
%89 3507 metal center is chromium in both cases. This allowed the
effect of the metal at which the butoxo is bound to be
2 +80 = + CF,CH,0H -180H, evaluated.
81 +82 =+ CF4CHOH -0k, Reaction of [MM'Og(OBuU)]~ with Alcohol. The rates of
@ reaction of [CsO0s(OBU)]~, [CrM0oOg(OBU)]~, and [MaOs-
(OBuU)]” with MeOH (eq 6) vary by a factor of at least 2000
| in the order Cy < CrMo < Mo, (Table 2). This highlights

the important role of both metal centers in this reaction. In
s particular, the presence of chromium appears to reduce
Figure 10. Mass selection and reaction of [CrMg@H)]~ labelled at re"’_‘CtIVIty. S|gn|f|car1tly.' For example’ the pres_,ence of a
CrO: (92 atom %280; Tables 1 and 5; expt 3) with GEH,OH. The neighboring chromium in [CrMogOBuU)]™ results in a 500-
observed mass increases of 80 and 82 Da are consistent with addition offg|d reduction in reactivity relative to that of [MGG(OBU)T
CFRCH,OH and | f a mixture of8OH, and60OH;, tively. L .
FCHOH and loss of a mixture 2an 2 fespectively (Table 2). The observed order of reactivity correlates with

investigate the site of reaction in [MKs(OH)]~. This label ~ the basicity of ligand butoxo being diminished by the
scrambling might be due to migration of the proton and/or Presence of a neighboring center of greater electronegativity
intact hydroxy groups within [CrMog)OH)]~ either prior ~ (Cr*', 3.37> Mo, 2.20)? The same trend is observed when
to or during reaction with alcohol. Mo is replaced by W (Table 2).

Branching Ratios for Aldehyde/Alkene Elimination.
Collisional activation of the butoxo anions [M&s(OBuU)]~

Formation of [MM 'O-]?>". Heterobinuclear anions based led to elimination of butanal or butene (eqgs 8 and 9), with
upon [MM'O]?>~ were proposed to be formed in a condensa- the detailed observations dependent on both metal centers
tion reaction between [M§OH)]~ and [MO3;(OH)]~ (eq (Table 3). Each of the anions containing Cr favored the redox
2). The label incorporation at the bridging oxo ligand in loss of butanal, consistent with the stronger oxidizing power

250 270 290 310 330 350 370

Discussion
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of C.4L In particular, the butoxo ligand of both [CrWO Each of the protonated anions [M®@(OH)]~ (M = Mo,
(OBuU)]” and [W,Os(OBuU)]™ is located at tungsten, yet they W; M = M’) reacted with methanol with loss of water to
exhibit markedly different reactivity. While [YDs(OBU)]~ form [MM'O¢(OCHs)]” at a rate that was intermediate

underwent clean loss of butene, the presence of the neigh-between those of [MDs(OH)]~ and [M,0s(OH)]~ (eq 4;
boring chromium in [CrW@OBU)]™ resulted in the exclu-  Table 2). For example, the presence of chromium in
sive loss of butanal. This is consistent with a mechanism of [CrMoOg(OH)]~ and [CrWQ(OH)]~ induced a dramatic
formal hydride transfer to the neighboring metal atom if it decrease in reactivity relative to that of [Mas(OH)]~ and

is sufficiently oxidizing (below). The conclusion is supported [W,0s(OH)]~, respectively. Collisional activation of the ion-
by theoretical calculations that suggest close contact of thepairs {BusN*[MM'0;]2"}~ provided access to the butoxo
o-H of the alkoxo ligand with the neighboring metal center anions [MMOg(OBuU)]~. Collisional activation of these
(Figure 4), as well as similar deductions based upon both butoxo anions resulted in either the loss of butanal (redox
theoretical and experimental work on related condensedreaction) or the loss of butene (elimination reaction), with

phase systenfg 46 the detailed observations depending on the nature of both
M and M (egs 8 and 9; Table 3). For example, [Mo\WO
Hp _| ) (OBU)]~ elimingted a mixture of butanaM80%) and butene
H—&? (~20%), consistent with the loss of butanal from [Mg-

</ \o (OBuU)]™ but butene from [WOs(OBu)]~. The product ions

Q,c" | from loss of butanal correspond to ions of stoichiometry [M,

/br\O/W"éo M', Os, H]~, and the reactivity of each of these toward

o nitromethane was examined (Figure 1). Neither [Cr, Mg, O

H]~ nor [Cr, W, G, H]™ reduced nitromethane, consistent

Reaction of [M, M", Og, H] ~ with CH sNO.. Neither [Cr,  wjth a similar lack of reaction observed for [CiOs, H]~
Mo, Gs, H]™ or [Cr, W, G, H] reacted with nitromethane.  and the presence of chromium in each species. In contrast,
This was consistent with the lack of reaction reported approximately 50% of the [Mo, W, QH]" ion population
previously for [Cp, Os, H]~,* and indicated that the presence reacted with nitromethane to form [MoW@H)]~, while
of chromium in these species prevented reduction of ni- the remaining 50% was unreactive. This was consistent with
tromethane. In contrast, [Mo, W,¢0H]~ exhibited reactive  the presence of isomeric forms corresponding to a reduced
and unreactive components. This was consistent with pres-hydroxo isomer [MOW@OH)]~ (reactive) and an oxidized
ence of a reduced hydroxo isomer (reactive component, hydrido isomer [MoWQH)]~ (unreactive), equivalent to
~50%) and an oxidized hydrido isomer (unreactiv®0%), those proposed previously for [MoOs, H] .1
equivalent to those proposed previously for the reactive and  The site of reaction in the butoxo species [CrM(OBU)]-
unreactive components of [MoGOs, H]™ (~80 and 20%,  and [CrwQ(OBuU)]~ was investigated by selective labeling
respectively). The increased proportion of unreactive com-  of the oxo ligands of one metal center only. The experiments
ponent for [Mo, W, @, H]™ is consistent with the presence syggested the butoxo ligand was located at Mo and W,
of tUngSten favoring the hydrlde isomer, and also consistent respective|y_ These structural insights allowed a more
with the presence of only the unreactive hydride isomer for getailed comparison with the related homobinuclear centers,

[W2, Og, H]™.* and highlighted the significant effect of the neighboring metal
) center in both reaction with methanol and elimination of
Conclusions butanal. For example, the presence of a neighboring Cr in

[CrWO4(OBuU)]- compared with W in [WOs(OBuU)]™ re-
sulted in a 100 fold reduction in reactivity toward methanol,
and a preference for the elimination of butanal rather than

Heterobinuclear oxometalate anions based upon
[CrM0O7]?, [CrWO4]?", and [MoWGQ]?~ were generated
by the electrospray process from acetonitrile solutions
containing two of (BuN),[MO,4] (M = Cr, Mo, W) (eq 2). butene.
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