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Reductive Silylation of Polyoxovanadate Surfaces using 
Mashima’s Reagent 
Sourav Chakrabortya and Ellen M. Matson*a 

Here, we present the first example of reductive silylation for oxygen defect formation at the surface of a polyoxometalate. 
Upon addition of 1,4,-bis(trimethylsilyl)dihydropyrazine (Pyz(SiMe3)2) to [V6O7(OMe)12]1-, quantitative formation of the 
oxygen-deficient vanadium oxide assembly, [V6O6(OMe)12]1- was observed. Substoichiometric reactions of Pyz(SiMe3)2 with 
the parent cluster revealed the mechanism of defect formation; addition of 0.5 equiv of Pyz(SiMe3)2 to [V6O7(OMe)12]1- 
results in isolation of [V6O6(OSiMe3)(OMe)12]1-. This reactivity was extended to reduced and oxidized forms of the cluster, 
[V6O7(OMe)12]n (n = 2-, 0), revealing the consequences of modifying the oxidation states of remote transition metal ions on 
the stability of the siloxide functional group, and thus the extent of reactivity of the cluster surface with Pyz(SiMe3)2. This 
work offers new understanding of the mechanisms of surface activation of reducible metal oxides via reductive silylation, 
and reveals new chemical routes for the formation of oxygen atom vacancies in polyoxometalate ions.

Introduction 
Transition metal oxides are materials used widely in industrial 
catalysis, as both catalyst supports, and active species invoked 
in oxygen atom transfer reactions.1-4 Seminal contributions 
based on in situ and in operando analyses have revealed that 
the reactivity of these materials is dependent on the degree of 
surface activation, typically through the formation of oxygen 
atom defect sites.5-10 In accordance with the Mars van-Krevelen 
mechanism,11, 12 oxygen atom vacancy formation results in the 
formation of a low-valent transition metal ion at the surface of 
the material poised for small molecule activation.5, 9, 13-15 
Typically, surface activation of metal oxides is accomplished via 
high temperature and/or treatment of the material under H2 or 
CO, rendering catalysts active only under energy-intensive 
conditions.16-18 This has motivated researchers to understand 
the mechanism and local electronic consequences of defect 
formation, toward the development of new routes to facilitate 
surface activation.5  
 With relevance to the aforementioned challenges, recent 
work has highlighted the use of silyl transfer reagents (e.g. 1,4,-
bis(trimethylsilyl)dihydropyrazine, Pyz(SiMe3)2) to facilitate the 
reduction of thermodynamically robust metal oxygen bonds 
(Fig. 1).19 The reductive power of this silyl transfer reagent, 
referred to as “Mashima’s reagent”, was first reported in 2014 
by Mashima and coworkers as a salt-free route for the 
formation of low-valent, transition metal compounds.20 In 2016, 
Mashima and Copéret reported the treatment of WO3/SiO2 

materials with Pyz(SiMe3)2 at 70 oC, resulting in the formation 
of an active olefin metathesis catalyst via the reduction of 
surface WVI=O moieties.21  This result eliminated the necessity 
of harsh operating conditions previously required for catalyst 
activation in WO3/SiO2 (> 350 oC), translating to a more efficient 
and general heterogeneous catalyst for olefin metathesis. Later, 
the same research team extended this reductive chemistry to 
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Fig. 1 Overview of presented work. Top of figure highlights seminal 
contributions from Mashima & Copéret invoking surface activation of M=O (M 
= Mo, W) fragments for improved olefin metathesis reactivity of silica 
supported transition metal ions21; bottom of figure highlights the extension of 
these findings in this work, emphasizing the role of electronic communication 
within a network of redox active metals in facilitating O-atom defect 
formation. 

Page 1 of 10 Inorganic Chemistry Frontiers



ARTICLE Journal Name 

2  | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

the activation of molybdenum oxide moieties supported at 
silica surfaces, resulting in the identification of a heterogeneous 
catalyst for olefin metathesis operative at room temperature.22 
 The seminal findings of Mashima and Copéret highlight the 
relevance of Mashima’s reagent for surface activation in 
transition metal oxide systems through oxygen atom vacancy 
formation.21, 22 However, in the case of the aforementioned 
articles, the redox-active tungsten and molybdenum oxide 
moieties are bound to redox-inactive supports, rendering the 
transition metal ions electronically isolated from other redox-
active metal centres. These single site catalysts lack the 
delocalized electronic profiles relevant to bulk reducible metal 
oxides, prompting further exploration into surface activation of 
materials composed of redox-active metal centres capable of 
electronic communication. 

Polyoxometalates are polynuclear inorganic molecular 
assemblies, comprised of transition metal oxyanions linked 
together through bridging oxygen atoms.23-25 The elemental 
composition and delocalized electronic structure of these 
clusters has resulted in their use in studies focused on 
elucidating mechanisms of substate activation at metal oxide 
surfaces.26-28  Over the past five years, our research team has 
developed synthetic routes for the surface activation of 
polyoxovanadate-alkoxide clusters, making use of these 
nanoscopic, redox active assemblies as molecular models for 
the surface chemistry of reducible metal oxides.29 Like plenary 
polyoxometalate motifs, Lindqvist-type polyoxovanadate-
alkoxide clusters possess rich redox profiles.30-33 However, all 
twelve surface bridging oxide moieties are replaced by alkoxide 
ligands, increasing the solubility of polyoxovanadate-alkoxides 
in organic solvent and limiting reactivity to the more 
electrophilic, terminal oxide moieties (V=Ot; Ot = terminal 
oxygen atom). These bridging alkoxide ligands also support low 
oxidation states of the cluster, with the five distinct charge 
states of the assembly, reported to date, being each composed 
of mixed-valent vanadyl ions (e.g. VIV6-xVVx; x = 0-4). This 
attribute renders the cluster core a Robin and Day Class II 
delocalized system.34 Collectively, the distinct physicochemical 
properties of polyoxovanadate-alkoxide clusters provides 
opportunities for our team to probe the reactivity of metal 

oxide assemblies under rigorously anhydrous conditions, using 
spectroscopic techniques reserved for homogeneous 
compounds.35-37  
  Toward understanding the mechanism and electronic 
consequences of surface reductive silylation in redox-active 
transition metals oxides, we report the reactivity of a series 
polyoxovanadate-alkoxide clusters with Mashima’s reagent. 
Activation of terminal V=O bonds at the surface of the cluster is 
accomplished through addition of 0.5 or 1 equiv of Pyz(SiMe3)2 
to [V6O7(OMe)12]n (n = 2-, 1-, 0). We present electronic studies 
that probe the oxidation state distribution of vanadium ions 
within the cluster, detailing the role electronic communication 
plays in facilitating oxygen atom vacancy formation in these 
clusters.  

Results and Discussion 
Reactivity of [VIV5VVO7(OMe)12]-1 with Mashima’s Reagent 

We opted to begin our studies of reductive silylation with 
polyoxovanadate-alkoxide clusters using the monoanionic 
variant of the vanadium oxide assembly, [V6O7(OMe)12]1- (1-
VIV5VVO71-; Scheme 1). This cluster serves as an ideal starting 
point, as the oxidation state distribution of vanadium ions in the 
Lindqvist assembly includes a single, high-valent vanadium 
centre (VV) that can be reduced by two electrons upon 
formation of an oxygen atom defect site. Our research team has 
previously reported the use of this charge state of the 
polyoxovanadate-alkoxide cluster to isolate an assembly 
bearing a single oxygen atom vacancy and a 2e- reduced 
vanadium centre, [V6O6(OMe)12]1- (2-VIIIVIV5O61-, ox. state 
distrib. = VIIIVIV5).38 We hypothesized that similar deoxygenation 
of the cluster surface via V=O bond cleavage would be observed 
following addition of Pyz(SiMe3)2 to 1-V6O71-.  

Addition of 1.0 equiv of Pyz(SiMe3)2 to 1-VIV5VVO71- at low 
temperature resulted in a colour change to red-brown, 
suggesting formation of the oxygen-deficient assembly (Scheme 
1). Following work up, characterization of the product via 1H 
NMR spectroscopy indicated formation of 2-VIIIVIV5O61- in 
excellent yield (94 %; Fig. S1). Analysis of pentanes washes of 

Scheme 1. Reactivity of 1-VIV5VVO71- with various equiv of Pyz(SiMe3)2. 
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the crude reaction mixture by liquid chromatography mass 
spectrometry (LC-MS) confirmed formation of pyrazine and 
hexamethyldisiloxane as by-products of deoxygenation (Fig. S2, 
S3). 

In principle, surface activation of metal oxo fragments via 
reductive silylation occurs via two distinct silyl transfer steps, 
proceeding through a metal-siloxide intermediate. In recent 
work, our laboratory has reported the formation of a siloxide 
functionalized polyoxovanadate-alkoxide cluster, 
[VIV6O6(OSiMe3)(OMe)12]1- (3-VIV6O6OSiMe31-), via addition of 
trimethylsilyl trifluoromethylsulfonate to the fully-reduced, 
dianonic variant of the Lindqvist clusters, [VIV6O7(OMe)12]2-. 
Notably, this compound is identical in formula to the proposed 
product of a single silyl radical transfer to the monoanionic 
polyoxovanadate-alkoxide cluster surface (1-VIV5VVO71-). 
Toward the elucidation of whether 3-V6O6OSiMe3-1 serves as an 
intermediate in oxygen atom vacancy formation, we next 
explored substochiometric addition of Mashima’s reagent to 1-
VIV5VVO71-. The drop-wise addition of frozen slurries of 0.5 equiv 
of Pyz(SiMe3)2 to 1-VIV5VVO71- in dichloromethane was 
performed (Scheme 1). Analysis of the crude reaction mixture 
by 1H NMR spectroscopy reveals formation of pyrazine and 
complete consumption 1-VIV5VV6O71- (Fig. S4). Three new 
paramagnetically shifted and broadened resonances were 
observed at 27.50, 24.12 and -9.79 ppm, matching those 
previously reported for the siloxide-functionalized species, 3-
VIV6O6OSiMe31- (Fig. S5).  

We have previously described the characterization of 3-
V6O6OSiMe31-,39 however with relevance to the mechanism of 
surface activation by silyl radicals reported here, we present the 
infrared and electronic absorption spectroscopies of this cluster 
in comparison to 1-VIV5VVO71- and 2-VIIIVIV5O61- (Fig. 2). Two 
transitions diagnostic of the oxidation state of the Lindqvist 
cluster were observed in the IR spectrum of 3-VIV6O6(OSiMe3)1- 
(n(Ob-CH3) = 1044 cm-1, n(V=Ot) = 955 cm-1; Fig. 2a). These 
values are within error of those reported for the fully-
oxygenated polyoxovanadate-alkoxide, 1-VIV5VVO71- (n(Ob-CH3) 
= 1047 cm-1; n(V=Ot) = 953 cm-1), suggesting minimal change in 
the distribution of electron density across the cluster core upon 
silylation. This result is unexpected, given that silyl radical 
transfer to the surface of the vanadium oxide assembly results 
in the formal injection of an electron into the cluster core, as 
evidenced by the change in oxidation state distributions of the 
vanadium oxide assemblies following silylation (e.g. 1-
VIV5VVO71-: VIV5VV; 3-VIV6O6OSiMe31-: VIV6). Reduction of the 
single VV ion of 1-VIV5VVO7-1 following addition of Mashima’s 
Reagent is more evident in comparing the electronic absorption 
spectra of the starting material and the silylated species; 
quenching of the intervalence charge transfer (IVCT) bands of 1-
VIV5VVO71- is noted in the relatively featureless electronic 
absorption spectrum of 3-VIV6O6(OSiMe3)-1 (Fig. 2b). Taken 
together, these results suggest that silyl transfer affords 
reduction of a single vanadium ion (e.g. VV=O à VIV-OSiMe3), 
and that this reduction event remains localized to the site 
differentiated metal centre, with minimal impact on the charge 
distribution of the remaining vanadyl ions of the assembly. 

The reactivity of polyoxometalates with silyl transfer 
reagents (e.g. Mashima’s reagent) has not been reported. This 
fact is surprising, given the well-established ability of 
polyoxometalate clusters to negotiate cation-coupled electron 
transfer processes, effectively delivering an equiv of “M•” (M = 
Li, Na, K, Cs) or “H•” to the cluster surface.40-43 In contrast, 
significant research effort has focused on the modification of 
the cluster surface through the organo-functionalization of 
polyoxometalates via reactivity with silylium ions. This work has 
leveraged the increased nucleophilicity of terminal oxide 
ligands of Lacunary polyoxometalate assemblies for the 
formation of bridging siloxide moieties at the surface of the 
cluster. Knoth and coworkers reported the first evidence of 
silylation in polyoxometalates,44 resulting in the isolation of [α-
SiW11O39{O(SiR)2]4- via addition of RSiCl3 (R = Et, Ph, C3H5) in 
water. Since then, the functionalization of Lacunary 
polyoxometalates via addition of organosilanes has become a 
well-accepted strategy for the organo-functionalization of these 
metal-oxide assemblies, translating to a wide variety of siloxide-
functionalized polyoxometalates. 45-48 
 The formation of terminal siloxide on the surface of 
polyoxometalates is quite unusual. This unique silylation of 
terminal oxo is evident in the niobium-substituted 
polyoxotungstates. Upon substitution of WVI moieties with a 
NbV heteroatom in the inert, hexatungstate Lindqvist ion, the 
total charge of the polyoxometalate increases (e.g. [W6O19]2- to 
[NbW5O19]3-). This supplemental charge is partially localized on 

 

Fig. 2 Spectroscopic characterization of 1-VIV5VVO71-, 2-VIIIVIV5O61-, and 3-
VIV6O6(OSiMe3)1-: (a) IR spectrum; (b) electronic absorption spectrum 
collected in acetonitrile at 21oC. The inset shows the low-energy region of the 
spectrum to more clearly illustrate IVCT bands. 
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the terminal oxygen atom bound to the Nb centre. The 
increased nucleophilicity of the Nb=O bond enhances the 
reactivity of assembly with electrophiles such as silylium ions, 
resulting in selective Nb=O bond activation at the site 
differentiated metal centre. Indeed, addition of tert-
butyldimethylsilyl trifluoromethyl sulfonate to Lindqvist ion, 
[Nb2W4O19]4- produces a heterometal-substituted 
polyoxometalate bearing a terminal siloxide ligand,49 
[Nb2W4O19Si(CH3)2C(CH3)3]3-. However, there is no evidence of 
direct silylation on [NbW5O19]3-. Alternatively Lindqvist 
[NbW5O19SiR3]2- (R = Et, tBuMe2, iPr, Ph) can be synthesized by 
the reaction of [NbW5O18]2O4– with silanols.50  
 It is presumed that the formation of 2-VIIIVIV5O61-, via 
addition of Mashima’s reagent to 1-VIV5VVO71-, proceeds 
through the isolated intermediate 3-VIV6O6(OSiMe3)1- (vide 
supra). To confirm this proposed route for O-atom defect 
formation, 0.5 equiv of Pyz(SiMe3)2 was added to 3-
VIV6O6(OSiMe3)1-. The immediate colour change of the solution 
from green to red-brown suggested formation of the oxygen-
deficient polyoxovanadate-alkoxide cluster. Conversion of the 
silylated assembly to 2-VIIIVIV5O61- was confirmed via 1H NMR 
spectroscopy (Fig. S6). Cleavage of the siloxide functional group 
from the surface of the cluster following a second equiv of 
•SiMe3 results in formation of (Me3Si)2O, as confirmed by LC-
MS (Fig. S7). These results confirm the proposed mechanism of 
oxygen atom defect formation via step-wise reductive silylation 
of a surface vanadyl ion with Mashima’s reagent. 

Reductive Silylation of [VIV6O7(OMe)12]2-  

To investigate the role oxidation state distribution of the 
Lindqvist core plays in dictating the reactivity of the metal oxide 
assembly, we next explored the reactivity of [VIV6O7(OMe)12]2- 
(4-VIV6O72-) with Mashima’s reagent. In contrast to the mixed-
valent polyoxovanadate-alkoxide, 1-VIV5VVO71- (ox. state distrib. 
= VIV5VV), this reduced derivative of the cluster possesses an 
isovalent oxidation state distribution (VIV6). Slow addition of 0.5 
equiv of Pyz(SiMe3)2 to 4-VIV6O72- results in a gradual colour 
change from teal to light green (Scheme 2). Analysis of the 1H 
NMR spectrum of the crude product (Fig. S8) revealed a broad 
signal corresponding to the starting material (d =23.6 ppm), and 
formation of a new product with three distinct 
paramagnetically shifted and broadened resonances (d = -8.41, 
22.75, and 24.77 ppm). Previously, we have reported the 

synthesis of the dianonic form of the siloxide-functionalied 
assembly, accessed via reduction of 3-V6O6OSiMe3-1 with 
cobaltocene; the 1H NMR spectrum reported for 
[VIIIVIV5O6(OSiMe3)(OMe)12]2- (5-VIIIVIV5O6(OSiMe3)2-) matches 
that of the minor species formed following addition of 
Mashima’s reagent to 4-VIV6O72-.39  

Compound 5-VIIIVIV5O6(OSiMe3)2- could be isolated from the 
starting material via extraction with tetrahydrofuran, albeit in 
low yield (4%). While integration of the 1H NMR spectrum of the 
reaction mixture suggested better conversion (Fig. S8), 
similarities in the solubility of the compound with the starting 
material, coupled with the instability of 5-VIIIVIV5O6(OSiMe3)2- at 
room temperature, rendered isolation challenging.  

In our original report, we described the spectroscopic 
characterization of 5-VIIIVIV5O6(OSiMe3)2-, with attention paid to 
its relevance as a model for hydrogen atom uptake in vanadium 
dioxide.39 Broadly, the electronic profile of 5-
VIIIVIV5O6(OSiMe3)2- resembles closely that of the dianionic, 
fully-oxygenated precursor, 4-VIV6O72-. IR spectroscopy showed 
the expected broad transitions for 5-VIIIVIV5O6(OSiMe3)2-

indicating retention of structural integrity of the Lindqvist core 
(n(Ob-CH3) = 1063 cm-1,  and n(V=Ot) = 939 cm-1) (Fig. 3a). The 
electronic absorption spectrum of 5-VIIIVIV5O6(OSiMe3)2-

features weak transitions at 626 and 1000 nm, resembling those 
of 4-VIV6O72- (Fig. 3b). However, it is worth noting that bond 
valence sum calculations performed via structural analysis 
suggest that the site differentiated vanadium centre generated 

Scheme 2. Synthesis of 5-VIIIVIV5O6(OSiMe3)2-; addition of Pyz(SiMe3)2 to 4-
VIV6O72-. 
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Fig. 3 Spectroscopic characterization of 4-VIV6O72- and 5-VIIIVIV5O6(OSiMe3)2-: 
(a) IR spectrum; (b) electronic absorption spectrum collected in acetonitrile 
at 21oC. The inset shows the low-energy region of the spectrum to more 
clearly illustrate IVCT bands. 
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upon addition of a silyl radical to a single vanadyl moiety is 
reduced (VIV à VIII), resulting in an oxidation state distribution 
assignment for 5-VIIIVIV5O6(OSiMe3)2- of VIIIVIV5. Like that 
described for the addition of Mashima’s reagent to 1-VIV5VVO71-

, addition of the silyl radical results in the reduction of the 
cluster core by a single electron. 

Addition of subsequent equiv of Pyz(SiMe3)2 to 5-
VIIIVIV5O6(OSiMe3)2- does not result in the formation of an 
oxygen deficient Lindqvist ion. This is likely due to the fact that 
VII centres are not expected to be stable in the oxygen-rich 
environment of the polyoxovanadate-alkoxide cluster. This 
result is consistent with both our previously described inability 
to remove an oxygen atom from the surface of 4-VIV6O72-,51 as 
well as the lack of reduction events observed in the CV of 2-
VIIIVIV5O61-.38 However, it is notable that despite the availability 
of five additional VIV=Ot moieties at the cluster surface, no 
additional reactivity with Mashima’s reagent takes place. This is 
likely due to the increased nucleophlicity of the cluster surface 
upon the first silylation event, rendering subsequent additions 
of silyl radicals to the remaining surface V=O moieties of the 
assembly thermodynamically prohibited.  
 Silyl radical transfer to the surface of 4-VIV6O72- broadly 
resembles proton-electron co-doping processes recently 
reported for VO2 (Fig. 4).52, 53 The authors describe the 
hydrogenation of VO2 in the presence of acid and a source of 
electrons (e.g. metal nanoparticle, ascorbic acid). These 
hydrogen atom doping events result in the reduction of VIV ions 
to VIII, as observed by X-Ray photoelectron spectroscopy, and 
concomitant formation of sub-surface O-H bonds within the 
material. If one considers the trimethylsilyl moiety to function 
as a “bulky hydrogen atom surrogate,” as has been reported 
recently by Ménard and co-workers,54 the results described for 
the reactivity of 4-VIV6O72- with Pyz(SiMe3)2 show striking 
similarities to the chemistry described above. The isovalent 
oxidation state distribution of 4-VIV6O72- (VIV6), and coordination 
geometries of individual vanadium centres (pseudo-
octahedral), make the low-valent polyoxovanadate-alkoxide an 
intriguing model for bulk VO2, as demonstrated previously by 
our research group55, 56 Upon exposure of 4-ViV6O72- to •SiMe3, 
reduction of vanadium is observed (VIV à VIII), with 
simultaneous formation of a new siloxide ligand at the surface 
of the assembly. In our approximation, this “V-OSiMe3” moiety 
can be correlated to the reduced “V-OH” substituents formed in 

proton-electron co-doping processes described for the bulk 
material. One noticeable difference in the reactivity of the 
cluster in comparison to that of bulk VO2 is the fact that the 
relative sizes of our cluster compound and •SiMe3 prohibits 
intercalation of a trimethylsilylium ion within the Lindqvist core. 
While limiting the direct correlations of our molecular model to 
the physicochemical behaviour described for the bulk material, 
the reactivity of 4-VIV6O72- with •SiMe3 presents intriguing 
opportunities to study surface localized cation-coupled electron 
transfer processes (e.g. proton-coupled electron transfer) for 
the material that may have relevance to improved efficiency in 
catalysis. Ongoing investigations in our laboratory are focused 
on these types of reactivity.  

Reactivity of [VIV5VVO7(OMe)12]0 with Mashima’s Reagent 

To probe the chemistry of Mashima’s reagent with high-valent 
derivatives of the polyoxovanadate-alkoxide cluster, we next 
investigated the reactivity of the mixed-valent 

 

Fig. 4 Analogies between proton-electron co-doping mechanisms reported for 
VO262-63 and silyl radical transfer to the surface of 4-VIV6O72-. 

Scheme 3. Reactivity of 6-VIV4VV2O70 with Pyz(SiMe3)2. 
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polyoxovanadate-alkoxide cluster, [VIV4VV2O7(OMe)12]0 (ox. 
state distrib. = VIV4VV2; 6-VIV4VV2O70) with Pyz(SiMe3)2 (Scheme 
3). Following addition of 0.5 equiv of Pyz(SiMe3)2 to 6-VIV4VV2O70 

analysis of the crude reaction mixture by 1H NMR spectroscopy 
revealed formation of a 1:1 mixture of the starting material, 6-
VIV4VV2O70, and the previously reported neutral, oxygen-
deficient polyoxovanadate-alkoxide cluster, 
[VIIIVIV4VVO6(OMe)12]0 (7-VIIIVIV4VVO60) (Fig. 5 Fig. S9).51  
 Initially, we hypothesized that the formation of only half an 
equiv of the oxygen deficient assembly was justified as follows: 
reductive silylation of the V=Ot bond in the high valent 
polyoxovanadate-alkoxide cluster is the rate determining step 
of the reaction. Following formation of the siloxide-
functionalized polyoxovanadate-alkoxide cluster, 
[V6O6(OSiMe3)(OMe)12]0, preferential reactivity of Mashima’s 
reagent with [V6O6(OSiMe3)(OMe)12]0 over the fully oxygenated 
species, 6-VIV4VV2O70 occurs. The preferential reactivity with the 
siloxide-functionalized assembly would translate to the 
formation of only ½ equiv of 7-VIIIVIV4VVO60. To probe this 
hypothesis, we added a full equiv of Pyz(SiMe3)2 to 6-VIV4VV2O70, 
theorizing that these reaction conditions would yield complete 
conversion to the oxygen deficient assembly as noted in the 
case of 1-VIV5VVO71- (vide supra). However, analysis of the 
product mixture by 1H NMR spectroscopy revealed, yet again, 
incomplete conversion to 7-VIIIVIV4VVO60 (Fig. S10). 

An alternative explanation for the product distribution 
observed upon addition of 0.5 equiv of Pyz(SiMe3)2 to 6-
VIV4VV2O70 invokes formation of [V6O6(OSiMe3)(OMe)12]0, 
followed by rapid disproportionation of the neutral, siloxide 
functionalized cluster to generate 6-VIV4VV2O70 and 7-
VIIIVIV4VVO60. This mechanism resembles that proposed in a 
recent report from our research group describing proton-
induced oxygen atom vacancy formation in polyoxovandate-
ethoxide clusters.56  In that work, we describe a proposed 
mechanism of O-atom vacancy formation proceeding through 
protonation of a terminal oxido ligand at the cluster surface, 

forming the transient hydroxide functionalized species, 
[V6O6(OH)(OEt)12]1-. Disproportionation the unstable species 
through purported proton coupled electron transfer results in 
the equimolar formation of [VIV5VVO7(OEt)12]1- and 
[VIIIVIV5O6(OEt)12]1-. Similarly, here we can invoke silyl radical 
transfer to a surface vanadyl moiety, in analogy to the reactivity 
of 1-VIV5VVO71- and 4-VIV6O72- with 0.5 equiv of Pyz(SiMe3)2. The 
siloxide moiety in [V6O6(OSiMe3)(OMe)12]0 is unstable in this 
oxidation state of the cluster, resulting in rapid 
disproportionation to generate a 1:1 ratio of 6-VIV4VV2O70 and 
7-VIIIVIV4VVO60 through silyl coupled electron transfer. 

To further support our proposed justification for the 
formation of the observed mixture of products as a result of 
disproportionation of [V6O6(OSiMe3)(OMe)12]0, we attempted 
an alternative pathway to transiently access the neutral 
silylated species. Given the successful isolation of 3-
VIV6O6(OSiMe3)1-, we theorized that exposure of this compound 
to an oxidant would result in generation of the purported 
“[V6O6(OSiMe3)(OMe)12]0” species, which would subsequently 
disproportionate to yield a 1:1 ratio of 6-VIV4VV2O70 and 7-
VIIIVIV4VVO60 (Scheme 3). Indeed, oxidation of 3-VIV6O6OSiMe31- 

with AgOTf (E1/2 = +0.65 V vs. Fc+/0 in dichloromethane57) results 
in formation of equimolar amounts of 6-VIV4VV2O70 and 7-
VIIIVIV4VIVO60 (Fig. 5c, Fig. S11). 

Conclusion 
Here, we present a new route for oxygen atom defect formation 
at the surface of polyoxovanadate-alkoxide clusters. Addition of 
an equiv of Mashima’s reagent to 1-VIV4VVO71- results in the 
formation of the previously reported oxygen-deficient 
vanadium oxide assembly, 2-VIIIVIV5O61-. Atomistic insight into 
the mechanism of defect formation at the polyoxovandate-
alkoxide cluster is offered through substoichiometric 
experiments, offering, for the first time, evidence for the 
formation of a siloxide-functionalized metal ion as an 
intermediate in oxygen-atom vacancy formation via reductive 
silylation. 
 Additional studies present discrepancies in the outcome of 
reductive silylation reactions as function of oxidation state of 
the cluster (e.g. [V6O7(OMe)12]n; n = 2-, 1-, 0). While reactivity of 
the polyoxovanadate-alkoxide with Pyz(SiMe3)2 universally 
proceeds through an initial transfer of a silyl radical to a single 
vanadyl moiety of the Lindqvist core, subsequent reactivity of 
the resultant vanadium siloxide species is dependent on the 
oxidation state distribution of remote metal centres. In its 
reduced form, siloxide formation at the surface of the 
polyoxovanadate-alkoxide cluster is the terminal step of the 
reaction, resulting in isolation of the fully-reduced species, 5-
VIIIVIV5O6(OSiMe3)2-. However, silyl radical transfer to the 
neutral cluster, 6-VIV4VV2O70, results in the transient formation 
of a highly unstable silylated assembly, 
[V6O6(OSiMe3)(OMe)12]0, which rapidly disproportionates to 
generate 6-VIV4VV2O70 and 7-VIIIVIV4VVO60. These insights offer 
design criteria for materials engineering via reductive silylation: 
attention must be paid to the oxidation state of the starting 

 
Fig. 5 1H-NMR (500 MHz, CD3CN, 21 ºC) spectrum of (a) 6-VIV4VV2O70, (b) the 
crude reaction mixture following the addition of 0.5 equiv of Pyz(SiMe3)2 to 
6-VIV4VV2O70 in acetonitrile and (c) oxidation of 3-VIV6O6OSiMe31- with AgOTf  
in dichloromethane. Resonances located at 25.4, 18.3, -12.7 ppm 
correspond to 7-VIIIVIV4VVO60 and the signal at 21.7 corresponds to 6-
VIV4VV2O70.  
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material in selecting reagents for surface activation of reducible 
metal oxides. 

Experimental 
All manipulations were carried out in the absence of water and 
oxygen using standard Schlenk techniques, or in a UniLab 
MBraun inert atmosphere drybox under a dinitrogen 
atmosphere. All glasswares were oven dried for a minimum of 
4 hours and cooled in an evacuated antechamber prior to use in 
the drybox. Solvents were dried and deoxygenated on a Glass 
Contour System (Pure Process Technology, LLC) and stored over 
activated 3 Å molecular sieves purchased from Fisher Scientific 
prior to use. [nBu4N][VIV5VVO7(OMe)12] (1-VIV5VVO71-),31 
[nBu4N]2[VIV6O7(OMe)12] (4-VIV6O72-),30 [VIV4VV2O7(OMe)12]0 (6-
VIV4VV2O70)31 and Pyz(SiMe3)258 were prepared according to 
published procedures.  

1H NMR spectra were recorded at 500 and 400 MHz on 
Bruker DPX-500 and Bruker DPX-400 MHz spectrometers locked 
on the signal of deuterated solvents. All chemical shifts were 
reported relative to the peak of residual H signal in deuterated 
solvents. CD3CN and CDCl3 was purchased from Cambridge 
Isotope Laboratories, degassed by three freeze−pump−thaw 
cycles, and stored over fully activated 3Å molecular sieves. 
Infrared (FT-IR, ATR) spectra of compounds were recorded on a 
Shimadzu IRAffinity-1 Fourier Transform Infrared 
Spectrophotometer and are reported in wavenumbers (cm-1). 
Electronic absorption measurements were recorded at room 
temperature in anhydrous acetonitrile in a sealed 1 cm quartz 
cuvette with an Agilent Cary 60 UV-Vis spectrophotometer. 
Mass spectrometry analyses were performed on an Advion 
ExpressionL Compact Mass Spectrometer equipped with an 
electrospray probe and an ion-trap mass analyser. Direct 
injection analysis was employed in all cases with a sample 
solution in acetonitrile. Liquid chromatography-MS 
measurements were recorded at room temperature in Thermo 
LTQ Velos Ion Trap Mass Spectrometer in acetonitrile.  
 
Synthesis of [VIIIVIV5O6(OMe)12]1- (2-VIIIVIV5O61-) via reductive 
silylation. In a glove box, a 20 mL scintillation vial was charged 
with [nBu4N][V6O7(OMe)12] (1-VIV5VVO71-) (0.052 g, 0.050 mmol) 
and 4 mL dichloromethane. Pyz(SiMe3)2 (0.012 g, 0.056 mmol) 
was dissolved in 2 mL dichloromethane in a separate 20 mL 
scintillation vial. Both solutions were frozen in a liquid nitrogen 
cold well. The frozen solutions were taken out of the cold well 
and Pyz(SiMe3)2 was added drop-wise with a 1 mL syringe in five 
portions (0.4 mL) to the frozen slurry of 1-VIV5VVO71- as it 
thawed. The colour of the mixture changed from green to 
brown/red after addition of approximately 2/3 of the 
Pyz(SiMe3)2 solution. After the complete addition of 
Pyz(SiMe3)2, the reaction was stirred for an additional 10 
minutes. Residual solvent was subsequently removed under 
reduced pressure to give a brown solid. The crude solid was 
triturated with small portions of pentanes (4 mL) followed by 
washing with 2 mL of diethylether. Dichloromethane was then 
used to extract the product. A brown solid was obtained after 
dichloromethane was removed under reduced pressure. The 

identity of the product, 2-VIIIVIV5O61-, was confirmed by 1H NMR 
analysis revealing formation of the desired oxygen deficient 
cluster in excellent yield (94%, 0.048 g, 0.047 mmol). 1H NMR 
(500 MHz, CD3CN, 21 ºC): d = 25.29, 23.89, 3.08, 1.57, 1.34, 0.96, 
-15.51.  
 
Synthesis of [VIV6O6(OSiMe3)(OMe)12]1- (3-V6O6(OSiMe3)1-). In a 
glove box, a 20 mL scintillation vial was charged with 
[nBu4N][VIV4VVO7(OMe)12] (1-VIV5VVO71-) (0.052 g, 0.050 mmol) 
and 4 mL dichloromethane. Pyz(SiMe3)2 (0.0059 mg, 0.026 
mmol) was dissolved in 2 mL dichloromethane in a separate 20 
mL scintillation vial. Both solutions were frozen in a liquid 
nitrogen cold well. The frozen solutions were taken out of the 
cold well and Pyz(SiMe3)2 was added drop-wise with a glass 
pipette in three portions to the frozen slurry of 1-VIV5VVO71- as 
it thawed. After the complete addition of Pyz(SiMe3)2, the 
reaction was stirred for an additional 10 minutes.  Residual 
solvent was subsequently removed under reduced pressure to 
give a green solid. The crude solid was triturated with small 
portions of pentanes (4 mL) followed by washing with 2mL of 
diethylether. Dichloromethane was then used to extract the 
product. After dichloromethane was removed under reduced 
pressure, the product, 3-VIV6O6(OSiMe3)1- was isolated as a dark 
green solid in good yield (82%, 0.046 g, 0.041 mmol). 1H NMR 
(500 MHz, CD3CN, 21 ºC): d = 27.50 (Ob-CH3, 12 H), 24.12 (Ob-
CH3, 12 H), 3.06 ([N(CH2CH2CH2CH3)4]1+, 8 H), 1.57 
([N(CH2CH2CH2CH3)4]1+, 8 H), 1.34 ([N(CH2CH2CH2CH3)4]1+, 8 H), 
0.96 ([N(CH2CH2CH2CH3)4]1+, 12 H), -9.79 (Ob-CH3, 12 H). 
Elemental analysis for C31H81NO19V6Si•0.5 CH2Cl2 (MW = 
1148.17 g/mol) Calcd (%): C, 32.95; H, 7.20; N, 1.22. Found (%): 
C, 32.99; H, 7.21; N 0.89. FT-IR (ATR, cm-1): 1462, 1446, 1248, 
1044 (Ob-CH3), 955 (V=Ot), 874, 840. UV-Vis: (CH3CN): 1000nm 
(e = 505M-1cm-1). 
 
Synthesis of [VIIIVIV5O6(OSiMe3)(OMe)12]2- (5-
VIIIVIV5O6(OSiMe3)2-). In a glove box, a 20 mL scintillation vial 
was charged with [nBu4N]2[VIV6O7(OMe)12] (4-VIV6O72-) (0.060 g, 
0.048 mmol) and 4 mL acetonitrile. Pyz(SiMe3)2 (0.006 g, 0.027 
mmol) was dissolved in 2 mL acetonitrile in a separate 20 mL 
scintillation vial. Both solutions were frozen in a liquid nitrogen 
cold well. The frozen solutions were removed from the cold well 
and left to thaw; Pyz(SiMe3)2 was added drop-wise with a glass 
pipette in three portions to the frozen slurry of 4-VIV6O72-. The 
reaction mixture was stirred for an additional 10 minutes. 
Residual solvent was subsequently removed under reduced 
pressure to give a blue-green solid. The crude solid was 
triturated with small portions of pentanes (4 mL) followed by 
washing with 2mL of diethylether. Tetrahydrofuran was then 
used to extract the product. Following removal of residual 
solvent under vacuum, the product, 5-VIIIVIV5O6(OSiMe3)2-, was 
isolated as a blue-green solid in low yield (4 %, 0.003 g, 0.002 
mmol). 1H NMR (500 MHz, CD3CN, 21 ºC): d = 24.77 (Ob-CH3, 12 
H), 22.75 (Ob-CH3, 12 H), 3.07 ([N(CH2CH2CH2CH3)4]1+, 8 H), 1.58 
([N(CH2CH2CH2CH3)4]1+, 8 H), 1.33 ([N(CH2CH2CH2CH3)4]1+, 8 H), 
0.96 ([N(CH2CH2CH2CH3)4]1+, 12 H), -8.41 (Ob-CH3, 12 H). 
Elemental analysis for C47H117N2O19V6Si•CH2Cl2 (MW = 1348.17 
g/mol) Calcd (%): C, 40.23; H, 8.37; N, 1.95. Found (%): C, 40.47; 
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H, 8.07; N 1.82. FT-IR (ATR, cm-1): 1468, 1416, 1233, 1063 (Ob-
CH3), 939 (V=Ot), 818, 737. UV-Vis: (CH3CN): 1000 nm (e = 126M-

1cm-1), 626 nm (e = 39 M-1cm-1). 
 
Reaction of 6-VIV4VV2O70 with 0.5 equiv of Pyz(SiMe3)2. In a 
glove box, a 20 mL scintillation vial was charged with 
[VIV4VV2O7(OMe)12] 6-VIV4VV2O70 (0.052 g, 0.066 mmol) and 4 mL 
acetonitrile. In a separate vial, Pyz(SiMe3)2 (0.0082 g, 0.036 
mmol) was dissolved in 2 mL acetonitrile. Both solutions were 
frozen in a liquid nitrogen cold well prior to adding the 
Pyz(SiMe3)2 solution to the polyoxovandate-alkoxide cluster, 
drop-wise while the solutions thawed. After the complete 
addition of Pyz(SiMe3)2, the reaction was stirred for an 
additional 10 minutes. Residual solvent was subsequently 
removed under reduced pressure to give a brownish green 
solid. 1H-NMR analysis of the solid product revealed formation 
of equimolar amounts of 6-VIV4VV2O70 and 7-VIIIVIV4VVO60, as 
determined by integration.  
 
Reaction of 6-VIV4VV2O70 with 1 equiv of Pyz(SiMe3)2. In a glove 
box, a 20 mL scintillation vial was charged with 6-VIV4VV2O70 
(0.052 g, 0.066 mmol) and 4 mL acetonitrile. Pyz(SiMe3)2 
(0.0163 g, 0.072 mmol) was dissolved in 2 mL acetonitrile in a 
separate 20 mL scintillation vial. Both solutions were frozen in a 
liquid nitrogen cold well. The frozen solutions were taken out of 
the cold well and Pyz(SiMe3)2 was added drop-wise with a glass 
pipette in three portions  to the frozen slurry of 6-VIV4VV2O70 as 
it thawed. After the complete addition of Pyz(SiMe3)2, the 
reaction was stirred for an additional 10 minutes. Residual 
solvent was subsequently removed under reduced pressure to 
give a brownish green solid. 1H-NMR analysis of the green solid 
confirmed formation of a mixture of products, namely 6-
VIV4VV2O70 and 7-VIIIVIV4VVO60. 
 
Oxidation of 3-VIV6O6(OSiMe3)1-. In a glove box, a 20 mL 
scintillation vial was charged with 3-VIV6O6(OSiMe3)1- (0.039 g, 
0.035 mmol) and 4 ml dichloromethane. AgOTf (0.0107 mg, 
0.042 mmol) was dissolved in 2 mL dichloromethane in a 
separate 20 mL scintillation vial. Both solutions were frozen in a 
liquid nitrogen cold well. The frozen solutions were removed 
from the cold well; the solution containing AgOTf was added 
drop-wise to the frozen slurry of 3-VIV6O6(OSiMe3)1- as it 
thawed. Following complete addition of AgOTf, the reaction 
was stirred for an additional 10 minutes. Residual solvent was 
removed under reduced pressure, resulting in isolation of a 
brown-green solid. 1H-NMR analysis of the crude product 
revealed formation of equimolar amounts of 6-VIV4VV2O70 and 
7-VIIIVIV4VVO60.  
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