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ABSTRACT:The chemistry of vanadium has seen remarkable activity in the past 50
years. In the present review, reactions catalyzed by homogeneous and supported
vanadium complexes from 2008 to 2018 are summarized and discussed. Particular
attention is given to mechanistic and kinetics studies of vanadium-catalyzed reactions
including oxidations of alkanes, alkenes, arenes, alcohols, aldehydes, ketones, and sulfur
species, as well as oxidative C� C and C� O bond cleavage, carbon� carbon bond
formation, deoxydehydration, haloperoxidase, cyanation, hydrogenation, dehydrogen-
ation, ring-opening metathesis polymerization, and oxo/imido heterometathesis.
Additionally, insights into heterogeneous vanadium catalysis are provided when
parallels can be drawn from the homogeneous literature.
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1. INTRODUCTION

1.1. Properties of Vanadium

Vanadium (element 23, symbol“V”) is the lightest of the
group 5 elements.1 It was originally discovered in 1801 by
Andres Manuel Del Rio, a Spanish mineralogist who isolated
the element from a sample of Mexican“brown lead” ore with
the composition Pb5(VO4)3Cl (known today as vanadinite).2

Del Rio found that its salts exhibit a wide variety of colors, and
as a result, he named the element panchromium (Greek for“all
colors”). Later, Del Rio renamed the element erythronium
(Greek for“red”) because most of the V-containing oxy salts
he isolated turned red upon heating. In 1805, the French
chemist Hippolyte Victor Collet-Descotils incorrectly charac-
terized Del Rio’s new element as an impure sample of
chromium, and Del Rio retracted his claim.2,3 In 1831, the
Swedish chemist Nils Gabriel Sefstro�m rediscovered the
element in a new oxide he found while working with iron
ores.4 Later that same year, Friedrich Wo�hler con� rmed del
Rio’s earlier work.5 Sefstro�m called the element vanadium after
Vanadi�s (an alternate name for the Norse Vanir goddess
Freyja, whose attributes include beauty and fertility), because
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of the many beautifully colored compounds vanadium
produces. In 1869, Henry Roscoe produced the� rst samples
of the metal by reducing vanadium dichloride with hydrogen.6

In 1927, high purity vanadium metal was isolated by reducing
vanadium pentoxide (V2O5) with calcium metal.7

Vanadium is the 20th most abundant element in the earth’s
crust and sixth most abundant among the transition metals.1

The metallic form of the element is rare in nature because it
readily combines with most nonmetals; it is quite reactive
toward oxygen, nitrogen, and carbon, especially at elevated
temperatures. The element is present in about 65 di� erent
minerals, but much of the world’s production is obtained from
vanadium-bearing magnetite (Fe3O4). In 2015, South Africa,
China, and Russia accounted for almost 96% of the estimated
79400 t of worldwide vanadium production. Vanadium is also
present in aluminum-containing ores [e.g., bauxite (a mixture
of Al(OH)3, � -AlO(OH), and� -AlO(OH)] and in deposits of
crude oil, coal, oil shale, and tar sands. Concentrations of over
1000 ppm have been reported in some Venezuelan crude oils.
An estimated 100000 t of vanadium per year are released into
the atmosphere by burning fossil fuels.

Vanadium metal can be recovered by a multistep process
that begins with the roasting of crushed ore with NaCl or
Na2CO3 at high temperature to give sodium metavanadate
(NaVO3). An aqueous extract of the latter is acidi� ed to give
“red cake”, a polyvanadate salt, which can then be reduced with
calcium metal. A number of other methods are also in use; all
of these produce vanadium as a byproduct of other recovery
processes. Puri� cation of vanadium is possible by the crystal
bar process developed by van Arkel and de Boer in 1925.8 It
involves the formation of the metal iodide, in this case
vanadium triiodide, and the subsequent decomposition to yield
pure metal:

2V 3I 2VI2 3�)+

Commercial vanadium metal, of about 95% purity, costs about
$20/lb. Vanadium of much higher purity (99.9%) costs about
$1600/lb. Approximately 85% of vanadium produced is used
as the alloy ferrovanadium (FeV) or as a steel additive. The
considerable increase of strength in steel containing small
amounts of vanadium was discovered in the early 20th century.
Vanadium forms stable nitrides and carbides, resulting in a
signi� cant increase in the strength of steel. From that time on,
vanadium steel was used for applications in axles, bicycle
frames, crankshafts, gears, and other critical components.
There are two groups of vanadium steel alloys. Vanadium high-
carbon steel alloys contain 0.15% to 0.25% vanadium, and
high-speed tool steels have a vanadium content of 1% to 5%.
The latter is used in surgical instruments and various cutting
tools. Vanadium mixed with aluminum in titanium alloys is
used in jet engines, high-speed airframes, and even dental
implants. The most common alloy for seamless tubing is
“Titanium 3/2.5” containing 3% aluminum and 2.5%
vanadium, a preferred titanium alloy in the aerospace, defense,
and bicycle industries. Vanadium stabilizes the beta phase of
titanium metal and increases its strength and temperature
stability.

Vanadium has the electronic con� guration [Argon]4s23d3.
Compounds with vanadium in oxidation states ranging from
+5 (d0) to � 3 (d8) are known.1 The chemistry of vanadium is
noteworthy for the accessibility of the four adjacent oxidation
states +2 (d3) to +5 (d0) in aqueous solution. Vanadium forms
aquo-complexes whose colors are violet [V(H2O)6]

2+, green

[V(H 2O)6]
3+, blue VO2+(aq), and yellow VO2

+(aq). The
standard aqueous redox processes are shown below.1

EVO 2 H e VO H O 1.00V2 (aq) (aq)
2

(aq) 2 (1) 0�)+ + + = ++ + Š +

V EVO 2 H e H O 0.34V2
(aq) (aq)

3
(aq) 2 (1) 0�)+ + + = ++ + Š +

EV e V 0.26V3
(aq)

2
(aq) 0�)+ = Š+ Š +

Vanadium(II) compounds are reducing agents, and
vanadium(V) compounds are oxidizing agents. Vanadium(IV)
compounds often exist as vanadyl derivatives, which contain
the VO2+ center. Coordination numbers of 4 (square planar
and tetrahedral), 5 (square pyramidal or trigonal bipyramidal),
and 6 (octahedral) are common.

The organometallic chemistry of vanadium is well-
developed, and cyclopentadienyl derivatives are fairly common.
Vanadocene dichloride, (C5H5)2VCl2, is a versatile starting
reagent that� nds applications in synthetic organic chemistry.
It can be reduced to (C5H5)2VCl and (C5H5)2V. Blue-black
vanadium carbonyl, V(CO)6, is a rare example of a
paramagnetic (17 e� ) metal carbonyl. It can be prepared via
the reductive carbonylation of VCl3 in diglyme (e.g., with Na),
followed by acidi� cation of isolated [Na(diglyme)2]V(CO) 6.
Reduction of V(CO)6 yields diamagnetic, 18 e� [V(CO) 6]

� ,
which may be further reduced with sodium in liquid ammonia
to yield [V(CO)5]

3� .
Indigenous vanadium is composed of one stable isotope,

51V, and one radioactive isotope,50V. The latter has a half-life
of 1.5× 1017 years and a natural abundance of 0.25%.51V has a
nuclear spin of 7/2, which enables51V NMR spectroscopy and
provides beautiful isotopic patterns in EPR spectra of
paramagnetic vanadium compounds.

The most commercially important compound is the yellow-
brown vanadium pentoxide, V2O5. It is obtained by burning
� nely divided metal in an excess of oxygen or by decomposing
ammonium metavanadate, NH4VO3.

2NH VO V O 2NH H O4 3 2 5 3 2� + +

V2O5 is a key component of modern sulfuric acid production.
At 700 K, it catalyzes the mildly exothermic aerobic oxidation
(� H = � 197 kJ/mol) of sulfur dioxide (SO2) to sulfur trioxide
(SO3). In this reaction, sulfur is oxidized from +4 to +6, and
vanadium is reduced from +5 to +4:

V O SO 2VO SO2 5 2 2 3+ � +

The vanadium catalyst is regenerated by oxidation with air:

2VO O V O2 2 2 5+ �

This so-called contact process was patented in 1831 by British
chemist Peregrine Phillips.9 Similar oxidations are used in the
production of bulk organic compounds, including maleic
anhydride, phthalic anhydride, adipic acid, and oxalic acid.

Vanadium forms a number of binary halides, VFn (n = 2� 5),
VCln (n = 2� 4), VBrn (n = 2� 4), and VIn (n = 2� 3).1 The
high-valent examples are prepared by a direct combination of
the elements at elevated temperatures; all are Lewis acids that
form coordination compounds with Lewis bases. The lower-
valent halides can be prepared by chemical or thermal
treatment of the higher halides.1

The role of vanadium as a trace element necessary for
biological/life processes has been investigated for many
decades. A de� ciency condition in humans is apparently
unknown, but vanadium may have a medicinally relevant role
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in the treatment of diabetes.10 Certain marine ascidians or sea
squirts concentrate vanadium up to one million-fold from
surrounding seawater, but the mechanism is obscure. Biology
exploits vanadium’s oxidation state variability in the vanadium-
dependent haloperoxidases, which were discovered in marine
brown algae and seaweed in the 1980s.11 These are surprisingly
robust marine enzymes that oxidize halide substrates using
peroxide as an electron acceptor. There is even a vanadium
nitrogenase (Figure 1) (i.e., a vanadium analog of the well-
known iron� molybdenum enzyme that reduces dinitrogen to
ammonia in the root-nodules of many plants).12,13 Vanadium
nitrogenase is produced by certain bacteria grown in
molybdenum-de� cient environments but exhibits lower activity
than Mo-Nase.

Vanadium has signi� cant e� ects on cellular growth, redox,
and signaling processes, as well as enzyme function. The
vanadate anion, VO4

3� , is a phosphate mimic that has been
used as a probe of the enzymes that transfer phosphates in cell
signaling (e.g., phosphatases and kinases). Not surprisingly,
vanadium shows many interesting biological properties
resulting from this activity, not the least of which is its ability
to enhance the action of insulin, the key hormone in diabetes
mellitus.14

1.2. Scope of this Review

The chemistry of vanadium has seen remarkable activity in the
past 50 years. Because of the broad application of vanadium
compounds in catalysis, many research papers and reviews
have been published, but to the best of our knowledge, no
attempt has been made to survey the mechanisms of vanadium
catalysis across a wide range of transformations. In the present
review, we focus only on the recent research progress (2008�
2018), with an emphasis on mechanistic and kinetics studies of
homogeneous vanadium-catalyzed reactions. We have attemp-
ted to present appropriate background information prior to
2008 when applicable. Our aim is to provide the readers with
an overview of reactions catalyzed by homogeneous and
surface-grafted vanadium complexes along with their possible
catalytic mechanisms. Additionally, insights into heterogeneous
vanadium catalysis are provided when parallels can be drawn
from the homogeneous literature.

With regard to these recent studies, for homogeneous
reactions of vanadium complexes, Tatiersky and co-workers
reviewed peroxo-vanadium complexes that are active catalysts

for the oxidation of organic compounds.15 Seven other review
articles were published from 2011 to 2015 on oxidation
chemistry. Conte and co-workers gave a general overview of
the mechanistic details of vanadium-catalyzed oxidations of
organic substrates in the presence of peroxides.16,17 Kirillov
and Shul’pin reported the coordination chemistry of the
pyrazinecarboxylate ligand toward vanadium and its use as a
catalyst in the oxidation of various organic substrates by
di� erent oxidants, highlighting the main selectivity, kinetic, and
mechanistic features of these oxidative transformations.18

Pombeiro also covered the catalytic chemistry of oxovanadium
complexes for the oxidation of organic compounds, such as
alcohols, ketones, epoxides, aldehydes, organohalides, and
carboxylic acids, using molecular oxygen as the oxidant.19,20 A
similar review on catalytic aerobic oxidation of organic
compounds by vanadium compounds was reported by Kirihara
in 2011.21 Oxygen transfer reactions by vanadium complexes
were reviewed by Licini and co-workers.22 Vanadium also plays
an important role as a catalyst for ole� n homo- and
copolymerization. A number of reviews covering various
aspects of vanadium-catalyzed polymerization have been
published. In 2002, van Koten and co-workers24 and, in
2003, Gambarotta23 described the challenges and problems of
vanadium-based Ziegler� Natta polymerization. Nomura,25

Redshaw,26 and Li27 wrote detailed reviews on vanadium
complexes bearing a variety of chelating ligands for precise
ole� n oligomerization and polymerization. Nomura and Zhang
wrote a microreview on the reactivity of (imido)vanadium(V)-
alkyl complexes toward alcohols and ole� ns.28 These
complexes exhibit high activity for ring-opening metathesis
polymerization (ROMP) of cyclic ole� ns such as norbornene.
In addition, reviews on vanadium-catalyzed aerobic carbon�
carbon cleavage,29 deoxydehydration of biomass,30 asymmetric
sul� de and� -hydroxy acid oxidations, epoxidations, cyanations
of aldehydes, Friedel� Crafts reactions, Michael additions, and
oxidative couplings of polycyclic phenols,31 and oxybromina-
tion of organic substrates (arene and alkenes)32 have also
appeared in the recent literature.

Heterogeneous vanadium catalysis has been extensively
reviewed in the past 10 years. Supported vanadium oxide
species and solid-state compounds containing vanadium are
active and selective for a variety of catalytic transformations
beyond oxidative dehydrogenation of alkanes. Prominent

Figure 1.(a) FeV cofactor in the turnover state and (b) FeV cofactor in the resting state (Protein Data Bank ID, 5N6Y). Bond distances are in
Angstroms (Å). Adapted with permission from ref13. Copyright 2018 by American Association for the Advancement of Science. Color legend: V
(green), N (blue), S (yellow), Fe (gray), C (black), and O (red).
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among the gas phase chemistries catalyzed by vanadium-
containing materials are methanol oxidation to formalde-
hyde,33� 35 selective oxidation of butane to maleic anhydride
(practiced commercially),36 selective oxidation of propene to
acrolein and ammoxidation of propene to acrylonitrile
(practiced commercially),37 and selective catalytic reduction
of NOx by ammonia (SCR) (commercial for stationary
emitters).38� 44 Vanadium-based solids catalyze the selective
oxidation of hydrocarbons and alcohols in the liquid phase
using H2O2 and hydroperoxides, although in most cases it is
unclear whether the active catalyst is really a surface species or
simply solution species formed by leaching of the solid.
Questions about the nature of the active species and the
reaction mechanisms remain at the forefront for both
homogeneous and heterogeneous systems. However, some
questions are speci� c to the solid materials. Among these are
the participation of monomeric, polymeric, and crystalline
phases as possible active sites in supported vanadates, the role
of bifunctionality (e.g., redox + acid sites or redox + base sites),
and whether the support is a structural promoter, an electronic
promoter, or both. In 2013, Wachs and co-workers wrote a
comprehensive review on supported vanadium oxides on high
surface area oxide supports (SiO2, Al2O3, etc.), focusing on
their application as oxidative catalysts.45 Several other reviews
cover this topic, including: (1) Maurya and co-workers on
supported vanadium complexes on solid supports and their use
as catalysts for oxidation and functionalization of alkanes and
alkenes,46 (2) Chieregato and co-workers on structure�
reactivity relationships in catalytic gas-phase oxidation
reactions,47 (3) Ve�drine and co-workers on vanadium
phosphate catalysts for partial oxidation reactions,48 (4)
Guerrero-Pe�rez on the history of supported vanadium oxide
as a catalyst,49 and (5) Chu and co-workers on selective
oxidation of light alkanes.50 Vanadium-based polyoxometa-
lates51 and metal organic frameworks52 also have been used to
catalyze oxidation reactions. Although vanadium catalysts for
oxidative dehydrogenation are not used commercially, there is
signi� cant literature precedent on this subject, especially for
propane to propylene.53� 55 In 2017, Julkapli and co-workers
studied a Mo3VOx heterogeneous catalyst for the conversion of
biomass56 and Jiang and co-workers investigated the use of
vanadium oxides in energy conversion (e.g., photovoltaics and
photocatalytic hydrogen evolutions).57 It has been proposed

that the structure of the vanadium active site plays an
important role in catalysis.58� 60 For example, Wegener and co-
workers described in-depth design strategies for the molecular-
level synthesis of supported vanadium catalysts, with major
emphasis on advanced spectroscopic techniques (e.g., solid
state NMR, UV/visible di� use re� ectance, UV/Raman, and X-
ray absorption spectroscopies) to characterize supported
catalysts.61 This strategy enables a better understanding of
catalyst structure and its function in catalytic reactions.62

2. CATALYTIC APPLICATIONS OF HOMOGENEOUS
VANADIUM SYSTEMS

In this section, we describe mechanistic and kinetic studies of a
variety of reactions catalyzed by molecular vanadium
complexes. In particular, we outline oxidative reactions
involving alkanes, alkenes, arenes, alcohols, carbonyl groups,
C� C and C� O bond cleavage, and sulfur, followed by
oxidative and nonoxidative C� C bond formation, deoxydehy-
dation of biomass, haloperoxidase, cyanation, hydrogenation,
and� nally ring-opening metathesis polymerization.
2.1. Alkane Oxidation

The oxidation of alkanes by vanadium systems is usually
achieved with vanadium-oxo or vanadium-dioxo precatalysts in
the +3, +4, or +5 oxidation states. The most common oxidants
include H2O2, tert-butyl hydroperoxide (TBHP), O2, and
potassium persulfate (K2S2O8). The combination of such
oxidants with the vanadium species is said to form vanadium-
oxo-peroxo complexes in either the +4 or +5 oxidation state,
which are the active catalysts for alkane oxidation. In addition,
acid cocatalysts can be added, which often increase conversion.
Radical mechanisms of oxidation are proposed for most
vanadium-catalyzed alkane oxidation systems. Due to the
nature of radical reactivity, these mechanisms are complicated
and studies toward complete understanding of the processes
are ongoing.

In 2001, a seminal paper by Shul’pin and co-workers
proposed reaction mechanisms for the vanadium-catalyzed
formation of HO• and HOO• radicals, which were proposed
to be responsible for many alkane oxidation reactions.63 This
investigation focused on tetrabutylammonium vanadate
reactions promoted by pyrazine-2-carboxylic acid (HPCA)
(note that HPCA additives have been shown to be bene� cial in
the oxidation of organic substrates by other metals such as Fe,

Scheme 1. Mechanism for Radical Generation in the Presence of [tBu4N][VO 3], HPCA, and H2O2, As Proposed by Shul’pin
and Co-workers63
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Mn, Re, and Ru64). The authors concluded that coordination
of the carboxylate anion (PCA) to the vanadium is a
prerequisite for catalysis. The proposed mechanism of radical
formation is shown inScheme 1. In this system, compound1a
undergoes V� O homolytic cleavage to release the HOO•
radical, and the HO• radical is produced by O� O bond
homolysis of the vanadium hydroperoxide species1b. The
combination of HO• and HOO• radicals generated in the
catalytic pathway (Scheme 1) promote the alkane (RH)
oxidation through a cascade of oxygen- and carbon-based
radicals to produce the alkylhydroperoxide (ROOH) (Scheme
2). The alkylhydroperoxide is then reduced in the reaction
media or by addition of reducing agents such as PPh3 to form
alcohol products and/or decompose to the corresponding
ketone.

In this case, the HPCA was essential for catalysis. Since the
mechanism inScheme 1requires several proton transfers, it
was hypothesized that PCA helps to facilitate such transfers.
This led to the proposal of the“robot’s arm mechanism” for
the involvement of PCA in proton transfer. In this mechanism,
the PCA plays the role of a“robot-manipulator’s arm” utilizing
the neutral nitrogen functionality to shuttle protons from the
coordinated H2O2 to di� erent oxygen ligands. This trans-
formation could occur via several mechanisms. An example of
the “robot’s arm mechanism” is shown inScheme 3.
Alternatively, HPCA, which is not coordinated to the
vanadium center can e� ect the same proton transfer, either
in the zwitterionic form or as a carboxylic acid with an
intermolecular hydrogen bond, via six-membered transition
states (Scheme 4).

In 2005, Bell and co-workers investigated the vanadate/
HPCA/H2O2 system previously reported by Shul’pin and co-
workers via theoretical methods.65 They found that the
“robot’s arm mechanism” of Shul’pin is indeed the lowest
energy pathway for proton transfer (over direct, intramolecular
transfer); however, they calculated that the anionic oxygen
atom is responsible for the transfer instead of the pyrazine
nitrogen. They also concluded that HOO• radicals are not
formed by the direct homolysis of a V� OOH bond as Shul’pin
suggested but instead are formed via a series of steps involving
lower activation barriers.

In 2009, considering the results of Bell and co-workers as
well as other reports of vanadium-catalyzed alkane oxidation
without the use of an HPCA cocatalyst, Shul’pin and co-
workers proposed a new mechanism for radical formation, this
time including“water assisted” proton transfer, which they

found to be more e� ective than the“robot’s arm mechanism”
proposed earlier.66 This study included spectroscopic, kinetic,
and DFT (density functional theory) data on [Bu4N][VO 3]/
HPCA as well as a vanadium triethanolaminate complex
(vanadatrane) also in combination with HPCA. The authors
reported that both species behave similarly in the reaction
mixture and likely follow the same mechanism(s). While many
species are formed in the reaction mixture, the catalytically
active species are identi� ed as monoperoxo vanadium
compounds containing one PCA ligand. The authors calculate
two possible pathways (cycle 1 and cycle 2,Scheme 5) and
note that cycle 1 is preferred since the activation barrier for
proton migration to the oxo ligand, forming2a, is lower in
energy than the corresponding migration to the peroxo ligand,
forming2b. Like their initial mechanism (Scheme 1) HOO•
radicals are generated from V� OOH bond homolysis from
V(V) compounds (compounds2a and2c in Scheme 5), and
HO• radicals are generated from O� OH bond homolysis from
V(IV) compounds (compounds2b and2d in Scheme 5).

Many more examples of alkane oxidation with vanadium
complexes were reported in the last ten years. Two examples
were found of simple vanadium salts capable of catalyzing
alkane oxidation. Yuan and co-workers described the activation
of methane to formic acid with VOSO4 in the presence of
H2O2.

67 With the use of acetonitrile as a solvent, under 3.0

Scheme 2. Radical Cascade Leading to the Formation of Alkyl-Hydroperoxides As Proposed by Shul’pin and Co-workers63

Scheme 3. Possible Role of V-Coordinated PCA in Proton Transfer between Coordinated H2O2 and Vanadium-Oxo Ligand As
Proposed by Shul’pin and Co-workers63

Scheme 4. HPCA-Assisted Proton Transfer via Six-
Membered Transition States with HPCA Starting in Its
Zwitterionic Form (Top) or Amino Acid Form (Bottom) As
Proposed by Shul’pin and Co-workers63
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MPa of methane at 333 K for 4 h, a methane conversion of
6.5% was realized with 70% selectivity to formic acid. The
authors suggested that a V(V) species formed in situ is the
active catalyst and propose a radical mechanism based on
radical scavenger experiments. Shul’pin and co-workers
demonstrate the ability of sodium metavanadate (NaVO3) to
oxidize light alkanes in either acetonitrile or water (lower
conversions in water) using H2O2 as the oxidant and sulfuric or
oxalic acid as a cocatalyst.68

Vanadyl acetylacetonate (VO(acac)2) is a commercially
available compound that can act as an oxidation catalyst under
the right conditions. Stepovik and Potkina reported the
oxidation of alkylarene C� H bonds with VO(acac)2 (as well
as the Co and Cr derivatives) using TBHP as the oxidant.69

Similarly, Asadullah and co-workers demonstrated the ability of
VO(acac)2 to oxidize hydrocarbons using K2S2O8 as the
terminal oxidant and CF3COOH (HTFA) as the solvent.70 In
this system, alcohols and ketones are produced, with the
alcohols reacting with HTFA to produce esters. Yamanaka and
co-workers used VO(acac)2 to oxidize adamantane to
adamantanone, adamantanols, and its esters using O2 as the
oxidant.71 They found that propionic acid was a better solvent
than acetic, butyric, valeric, or hexanoic acids. Interestingly,
they also found that the addition of the Lewis acid, Eu(OTf)3
(OTf = tri� ate), as a cocatalyst increased the oxidation rate 3.8

fold due to increased electrophilicity of the vanadium center.
Spectroscopic studies led the authors to surmise that the active
species, when Eu(OTf)3 is present, is a vanadium-peroxo
complex coordinated to both propionic acid and tri� ate.
Pokutsa and co-workers studied the e� ect of oxalic acid on
cyclohexane oxidation with VO(acac)2 and H2O2.

72,73 They
showed that, upon addition of oxalic acid to VO(acac)2, a
vanadyl(IV) oxalate is formed in situ. They also� nd that, while
VO(acac)2 forms mostly cyclohexanol and cyclohexanone, the
addition of oxalic acid increases the yield while promoting a
vast increase in the isolation of cyclohexylhydroperoxide. The
authors concluded that this di� erence is due to a shift from a
mainly free radical mechanism for VO(acac)2 to a mixed
radical/nonradical mechanism upon the addition of oxalate.
Radical trap experiments were conducted, and the authors
pointed out the di� culties in such assessments due to radical
side reactions. More recently, Pokutsa and co-workers reported
a more thorough mechanistic investigation on this system and
also concluded that the formation of nonradical intermediates
in the oxalate system was the cause of the increased product
selectivity and yield.74

During the time frame investigated (2008� 2017), one
example was found of a vanadium metallocene, namely
Cp2VCl2, capable of catalyzing alkane oxidation.75 In this
report, TBHP was used as the oxidant, with Cp2VCl2

Scheme 5. Two Possible Mechanisms for HO• and HOO• Radical Generation As Proposed by Shul’pin and Co-workers66
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catalyzing selective benzylic oxidation to ketones (through
benzylic alcohols) without oxidation of the arene. Substrates
with various substitutions at the 4-position of the phenyl ring
were tested, and all were tolerated. Cp2VCl2 was shown to give
higher yields than VO(acac)2, VOF3, VOCl3, VO(OiPr)3, and
V2O5 under similar conditions. A radical mechanism was
suggested.

Pombeiro and co-workers published several manuscripts on
metal compounds containing tris(pyrazolyl) ligand sets that are
active precatalysts for cyclohexane oxidation.76� 80 An array of
vanadium complexes, including {VCl3[HC(pz)3]},

76,77 3;
{VCl3[SO3C(pz)3]},

76,77 4; [VO2(3,5-Me2Hpz)3][BF4],
79 5;

{VO2[SO3C(pz)3]},
79 6; {VO2[HB(3,5-Me2pz)3},

79 7;
{VO2[HC(pz)3]}[BF 4],

79 8; [VO[HB(pz)3]}[H 2B(pz)2],
79

9 ; { V O C l 2 [ H O C H 2 C ( p z ) 3 ] } , 7 8 1 0; a n d
{VOCl2[CH3SO2OCH2C(pz)3]},

80 11, were prepared and
are shown inFigure 2. Iron and copper analogues of3 and4
were also prepared. Initially, oxidation of cyclohexane to
cyclohexanol and cyclohexanone was accomplished with3, 4,
and the iron and copper analogues at room temperature using
H2O2 as the terminal oxidant. The iron analogues were most
active under these conditions, with TON values up to 690.
Vanadium complexes3 and4 exhibited intermediate activity
with TON values up to 170, while copper complexes were
found to be least active, with TON values up to 43. In a follow-
up report,3 and 4 were tested for cyclohexane oxidation in
neat substrate at 140°C using O2 as the oxidant, both with and
without acid cocatalysts (2,3-pyrazinedicarboxylic acid
(HPCA), 2,6-pyrazinedicarboxylic acid, 3-amino-2-pyrazine-
carboxylic acid, and picolinic acid).76 Without acid addition,3
slightly outperformed4, with yields of 13.3% and 10.1%,
respectively. Addition of acid cocatalysts resulted in increased
yields of oxygenated products, with HPCA giving the greatest
increase (16% conversion for3 + HPCA, 12.1% for4 +
HPCA). Compounds5� 9 were then shown to catalyze
carbonylation of methane and ethane to carboxylic acids at 80
°C using HTFA and K2S2O8, as well as the peroxidative
oxidation of cyclohexane and cyclopentane to alcohols and
ketones at room temperature in water/acetonitrile.79 Radical
mechanisms for all transformations were proposed. In a 2013

report, the authors again tested for the oxidation of
cyclohexane, but this time using10 as the precatalyst.78 In
this report, many oxidants, including benzoyl peroxide, H2O2,
urea-H2O2 adduct, TBHP, andmeta-chloroperoxybenzoic acid
(m-CPBA), were employed with TONs up to 1100.
Compound11, along with similar complexes of iron, nickel,
and copper were used for the oxidation of cyclooctane in
MeCN at 60°C using H2O2 as the terminal oxidant.80 Nitric
acid and pyridine were also explored as additives. Yields up to
17% were realized with11, while the copper complex reached
21%. Iron and nickel were less active, with yields up to 15%
and 6%, respectively. The addition of dilute HNO3 increased
yields, while the addition of the same amount of pyridine
decreased yields.

Pombeiro and co-workers provided several other inves-
tigations into alkane oxidation with vanadium complexes. Four
reports of multinuclear vanadium complexes catalyzing alkane
oxidations were found,81� 84 as well as a comparison of
vanadium, iron, and copper complexes containing 1,6-bis(2-
pyridyl)-2,5-dithiahexane ligands.85 Finally, the authors
reported the use of Amavadin and related vanadium
compounds for the conversion of ethane to propionic and
acetic acids.86 The study concluded that the formation of
acetic acid proceeds through two pathways: by the oxidation of
ethane without C� C bond cleavage and by C� C bond scission
followed by carbonylation of the resulting methyl group by
CO. The carboxylation of ethane to form propionic acid in the
presence of CO was proposed to proceed through a path of
sequential radical formation of C2H5• , C2H5CO• , and
C2H5COO• , eq 1, while in the absence of CO the C2H5•
radical reacts directly with the HTFA solvent, forming
propionic acid and a CF3 radical, eq 2. A thorough
consideration of mechanistic pathways and radical formations
was presented.

Two additional reports were found for the oxidation of
cyclohexane with vanadium complexes. In the� rst report, two
tetradentate dioxo vanadium(V) compounds containing
N,N,N,O ligands were found to e� ect the formation of
cyclohexylhydroperoxide with >70% selectivities.87 The second
report consists of a vanadium(IV) precatalyst with a tridentate

Figure 2.Vanadium complexes containing tris(pyrazolyl) ligands for cyclohexane oxidation.76� 80
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N-heterocycle ligand.88 The authors found that production of
cyclohexanone is greater than cyclohexanol when the reaction
is performed in MeCN, and the trend reverses when methanol
or ethanol is used, indicating the role of solvent in the
decomposition of the initially formed cyclohexylhydroper-
oxide. In addition, a purely computational study by Goddard
and co-workers explored pincer phosphinito vanadium
complexes for propane monooxygenation.89

As described above, the catalytic processes involved in the
oxidation of alkanes with vanadium complexes are often
improved by the addition of acid, whether it be a chelating acid
like HPCA or oxalic acid, which might act as a ligand to the
vanadium center, or simpler acids such as HNO3 or H2SO4.
While mechanistic proposals have been made for some systems
with chelating acids (vide supra), less is known about the role
of acid promotion in general in these systems. Surely, acids
may act as proton shuttles similar to the water-assisted proton
transfer described above. One additional report by Shul’pin
and co-workers may provide some insight into this. In 2011,
the group investigated the [nBu4N][VO 3]/H 2O2 system again,
but this time using HTFA as the acid promoter.90 While
HTFA can bind the vanadium in a� 3-coordination mode, the
authors determined this not to be the case in their system.
Instead, HTFA promotion was ascribed to oligovanadate
formation in acidic medium. These oligovanadates show higher
catalytic activity versus the monovanadate. They concluded
that the higher activity of the oligovanadates is due to a
modi� cation of the reaction mechanism for radical formation.
The divanadate produced in acidic medium proceeds through
a less energetically demanding pathway and was found to be
more active by a factor of ca. 1200 with respect to the
monovanadate catalyst. The divanadate stabilizes key transition
states involved in H-transfer to the oxo ligand in the rate-
limiting step (12b,c � 12d, Scheme 6), via six-membered
dimetallocyclic intermediates. A proposed mechanism for
radical generation with divanadate, starting with the initial
H2O2 complex12a, is shown inScheme 6. The existence of
oligovanadates in solution was demonstrated in a separate
manuscript where aperoxovanadium trimer, [Bu4N]-
[V3O3(O2)6] ·2H2O, is isolated and crystallographically char-
acterized.91 While most investigations into vanadium-catalyzed
oxidation of alkanes conclude that transformations occur via
the generation of HO• and HOO• radicals, one report of a
divanadium-substituted phosphotungstate proposes hydroxyla-
tion of alkanes by nonradical routes.92 In this case, the active
site of [� -H2PV2W10O40]

3� is the [V(� � OH)] 2 core at the top
of the cluster (Figure 3, left). In the proposed catalytic cycle
for this process, the [V(� � OH)] 2 core of13a initially reacts
with H2O2 to release water and form the� -OOH species13b
(Figure 3). The reversible loss of water from this complex
yields the active V(� -O2) complex13c, which is able to

directly oxidize alkanes to hydroxide products. The addition of
a radical scavenger did not a� ect the results, indicating that
radical processes are not involved. Interestingly, the catalyst
was found to oxidize secondary C� H bonds preferentially over
weaker, tertiary C� H bonds, also supporting a nonhomolytic
C� H bond cleavage mechanism. Several other examples of
vanadium-containing polyoxometallate93� 96 and coordination
polymer97 catalysts were also reported to catalyze the oxidation
of alkanes.
2.2. Alkene Oxidation

Over the past 10 years, a large number of vanadium
compounds containing similar ligands have been synthesized,
characterized, and shown to be active in alkene oxidation
reactions. Catalytic oxidation of alkenes into epoxides and
carbonyl compounds is of great interest. Carbonyl compounds
have industrial signi� cance and are widely used as solvents,
perfumes, and� avoring agents, or as intermediates in the
manufacture of plastics, dyes, and pharmaceuticals. Common
ligand sca� olds for vanadium-catalyzed epoxidation include
Schi� base and salen types; however, simpler vanadium
compounds such as VO(acac)2 have also been shown to be
active in this area.

The oxidation of alkenes with vanadium complexes in the
presence of O2, H2O2, or organic peroxides has been proposed,
based on kinetics, spectroscopic, and theoretical data, to
precede via three plausible general routes:16 (i) a Sharpless-
type mechanism, (ii) a Mimoun-type mechanism, and (iii) a
biradical mechanism. Due to the signi� cant experimental
di� culties in the acquisition of reliable mechanistic informa-
tion on this topic, a long-standing debate on the operative
mechanism in catalytic ole� n oxidation is ongoing. A common
initial step (Scheme 7) for all three proposed mechanisms is
formation of the active peroxo-vanadium(V) species [VV(�
O)(OOH)]. 98 The [VIV(� O)] complex undergoes oxidation
to yield the more stable dioxo-vanadium(V) species [VV(�
O)2] or the oxo-hydroxo-vanadium(V) intermediate [VV(�
O)(OH)], when the reaction is performed in the presence of a

Scheme 6. Catalytic Cycles for the Formation of HO• and
HOO• Radicals Based on� -oxo Complexes As Described
by Shul’pin and Co-workers90
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base. These fragments further react with a second equivalent of
oxidant to yield the peroxo-vanadium(V) active species,
[VV(� O)(OOH)], which is in equilibrium with the hydroxide
isomer [VV(OH)(OO)].

In the Sharpless mechanism, a nonradical pathway, the
oxidation proceeds via a concerted one-step process in which
nucleophilic attack by the ole� n results in direct insertion of
the peroxo oxygen into the double bond (Scheme 8a) to yield
the desired product and regenerate the initial active catalyst
[VV(� O)]. In the Mimoun-type mechanism (Scheme 8b),
also a nonradical route, thealkene substrate initially
coordinates to the vanadium center ([VV(OH)(OO)]). After
coordination, insertion into the V� O bond forms a� ve-

membered cyclic intermediate which then eliminates the
oxidized product (i.e., epoxide) and regenerates the [VV(�
O)] catalyst. Further elaboration of the epoxide product under
reaction conditions gives rise to aldehydes, ketones, carboxylic
acids, and alcohols. DFT calculations have been performed
that suggest that this mechanism may be ruled out because of
the high activation energy (� G = 43.6 kcal/mol) for the� rst
step (ole� n insertion).99 In the radical pathway (Scheme 8c), a
superoxo-complex, formed via ring-opening of the peroxo
species, reacts with the substrate to yield a biradical
alkylperoxo intermediate, which rearranges to form the
oxidized product and initial [VV(� O)] catalyst.

In general, peroxo-vanadium species [VV(� O)(OOH)] or
[VV(OH)(OO)] react with di� erent substrates (alkanes,
alkenes, arenes, thiol, alcohols, etc.) via di� erent mechanisms,
both nonradical (Sharpless and Mimoun) and radical. While all
three represent plausible routes, the Sharpless and biradical
mechanisms are often thought to be lower in energy than the
Mimoun mechanism and are more frequently proposed in
these systems. To date, the elucidation of the di� erent steps

Figure 3.Molecular structure of [� -H2PV2W10O40]
3� with [Et4N]+ cations and hydrogens omitted for clarity (left) and catalytic mechanism for the

nonradical oxidation of alkanes (right) as proposed by Mizuno and co-workers.92 Color legend: V (yellow), O (red), W (blue), and P (green).

Scheme 7. Activation of [VIV(� O)] Complex to Yield the
Active [VV(OH)(OO)] Catalytic Fragment

Scheme 8. Proposed (a) Sharpless, (b) Mimoun, and (c) Bi-Radical Reaction Mechanisms for the Oxidation/Epoxidation of
Alkenes
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and proposed mechanism has been challenging, and no clear
example of structure� reactivity correlation has been reported.

Several reviews have been published which discuss
oxidations of, among other substrates, ole� ns with vanadium
complexes.16,19,22,64,100We refer the reader to these reviews for
more detailed information. Even simple compounds such as
[nBu4N][VO 3] have been shown to e� ect alkene oxidation
under mild conditions.101 More complex systems such as
vanadium-substituted polyoxometallates have been shown to
be useful for the epoxidation of ole� ns.102,103 The thorough
investigation by Mizuno and co-workers102describes a reaction
mechanism similar to that described earlier by the same group
for the oxidation of alkanes inFigure 3. The rate law has been
derived based on kinetic and spectroscopic experiments, and
the authors concluded that at high substrate concentrations,
the rate-determining step changes from the oxygen transfer
step, which regenerates13a and releases the product, to the
dehydration of13b to form 13c (as in Scheme 3). Two
investigations of epoxidation reactions with VO(acac)2 were
published in 2012.104,105 One report utilized H2O2 as the
terminal oxidant and ethylene or 1,3-butadiene as the
substrate104and the other, by Waroquier and Van Speybroeck,
considered TBHP as the oxidant and cyclohexene as the
substrate.105 The latter report carefully describes many
speciation and equilibrium phenomena occurring between
inactive and active complexes in this system including peroxide
binding modes, H-transfer, radical decomposition reactions,
and ultimately the epoxidation mechanism. Both reports
conclude that a Sharpless-type mechanism is most favorable
due to free energy calculations and speciation pro� les. Two

experimental reports utilizing VO(acac)2 as the precatalyst for
the oxidation of allylic alcohols were also found.106,107

A series of vanadium(IV) compounds with bidentate Schi�
base ligands have been reported by Grivani and co-workers as
active alkene oxidation catalysts using TBHP as the
oxidant.108� 111 These precatalysts have L2VO and L2VOS
structures (where L = bidentate Schi� base ligand and S =
solvent;Figure 4, panels a and b). Solvent e� ects revealed that
more polar solvents retard the activity. It was postulated that
polar solvents compete with TBHP for coordination of the
vanadium center, thus decreasing the number of active
vanadium-peroxo complexes in solution and ultimately low-
ering yields. Vanadium(IV) complexes containing two
bidentate O,O-donor ligands (4-acyl-5-pyrazolone) of the
formula L2VOX, similar to the N,O-donating Schi� base
complexes above, were shown to oxidize styrene in the
presence of H2O2 (Figure 4c).112 Similarly, in situ generated
vanadium carboxylates (phthalate, salicylate, or benzoate) were
shown to oxidize anethole to anisaldehyde using H2O2.

113

Other reports of the epoxidation of alkenes with vanadium
complexes containing similar bidentate O,O ligands were also
found.114� 116

Building o� the vanadium-hydroxamic acid (V-HA)-
catalyzed asymmetric epoxidation of allylic alcohols� rst
reported by Sharpless,117 Yamamoto developed similar chiral
vanadium (as well as Mo, Zr, and Hf) catalysts containing
doubly deprotonated C2 symmetric bishydroxamic acid (BHA)
ligands, which exhibited higher activities and stereoselectiv-
ities.118In 2014, Han and co-workers demonstrated that the in
situ generation of vanadium complexes containing BHA

Figure 4.Vanadium(IV) complexes containing bidentate (a and b) N,O-donor ligands108� 111 and (c) bidentate O,O-donors.112

Scheme 9. Formation of Enantio-Enriched Hydroxyfuroindoline Products with VO(acac)2
119

Scheme 10. Synthesis of [VO(acac)(R-BIAN)]Cl123
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ligands allowed for the enantioselective epoxidation of
tryptophols followed by intramolecular epoxide opening to
form enantio-enriched hydroxyfuroindoline derivatives accord-
ing toScheme 9.119Yields up to 89% witheevalues up to 90%
were realized. The authors found that electron-donating and
bulky protecting groups on the indole substrate lead to
improved enantioselectivity. Two other examples of vanadium-
catalyzed alkenol cyclizations were reported by Hartung and
co-workers.120,121 In 2015, Noji and co-workers reported the
use of binaphthylbishydroxamic acid (BBHA) to promote
oxidation of allylic alcohols.122 In this one-pot procedure
VO(acac)2 or VO(OEt)3 were combined with BBHA, TBHP,
and substrate in toluene. The precatalyst structure was not
determined crystallographically but was proposed to contain 2
deprotonated BBHA ligands.

In 2015, Calhorda and co-workers reported cationic vanadyl
complexes of the formula [VO(acac)(R-BIAN)]Cl (BIAN =
1,2-bis[(R-phenyl)imino]acenaphthene, where R = H, CH3,
and Cl) capable of ole� n oxidation.123 The precatalysts were
synthesized by the protocol shown inScheme 10. These
complexes e� ectively catalyzed the oxidation of cyclohexene,
cis-cyclooctene, pinene, limonene, and styrene using either
H2O2 or TBHP as the oxidant with conversions up to 92%.
Kinetic and analytical measurements as well as DFT
calculations led the authors to conclude that both outer
sphere (Sharpless-type mechanism) and inner sphere (Mim-
oun-type mechanism) processes occur simultaneously during
catalysis (Scheme 11). DFT calculations were made using

methylhydroperoxide and ethylene as models for the oxidant
and substrate, respectively. The authors concluded that the
vanadium(IV) complex [VO(H-BIAN)(� 2-O,O-MeOO)]+ is
likely the active species.

While the compounds described above with bidentate
ligands tend to form L2VO or L2VOX species, similar catalysts
have been generated utilizing tridentate124� 133 or tetraden-
tate134� 142ligands with N, O, or S functionality. While tri- and
tetra-dentate ligands may, in some cases, o� er less� exibility in
terms of ligand lability, many examples of vanadium complexes
with these motifs are active catalysts for alkene oxidation under
the right conditions. This observation is consistent with the
� ndings of Shul’pin that the metal� ligand bonds in vanadium
complexes containing N and O donors are easily cleaved in the
presence of peroxides to form active vanadium-peroxo

complexes.63 Nevertheless, it appears that ligand sterics and
electronics do ultimately a� ect the mechanisms involved in
catalysis. For instance, one theoretical investigation99 con-
cluded that the Sharpless mechanism is lowest in energy for a
� ve-coordinate vanadium(IV) salen precatalyst (Figure 5a),

while another report131 favors a radical HO• /HOO •
mechanism for the six-coordinate vanadium(IV) precatalyst
containing benzimidazole ligands (Figure 5b). In the latter
case, the observed conversion of styrene to benzaldehyde,
which occurs via C� C bond cleavage, is consistent with the
proposed radical mechanism (vide infra). In the case of
vanadium-oxo complexes containing rigid porphyrin ligands
that likely do not dissociate, the vacant site trans to the oxo
ligand can be used for peroxide activation.143

In addition to the monometallic complexes described above,
bimetallic vanadium catalysts have also been reported for ole� n
epoxidation. The bimetallic nature of the catalysts does not
seem to impart special reactivity for ole� n epoxidation. In cases
where the two metal centers are isolated from each other,144,145

each complex contains similar N and O binding sites as in the
monometallic examples. In examples where multiple vanadium
centers are bridged by oxide ligands,146� 150 dissociation of
monomeric fragments or activation of the V-(� -oxo) bond can
occur similar to the dissociation of chelating ligands, as
described above. Note that ole� n epoxidation employing
heterogeneous vanadium catalysts and H2O2 as the oxidant is
rare, likely due to facile decomposition of the peroxide on the
surface.
2.3. Arene Oxidation

The oxidative derivatization of simple arenes is a high value
transformation for industrial� ne chemical synthesis. Phenol is
an important molecular precursor to many high value
aromatics and resins. More than 90% of phenol is produced
using the cumene process, in which benzene undergoes
hydroarylation with propene followed by oxidative cleavage
to produce phenol and acetone. This process is inherently
ine� cient due to the requirement for multiple chemical
transformations and byproducts. In contrast, direct oxidation
of benzene to phenol would be highly desirable from an
economic perspective. The direct and selective oxidation of
other arenes is also of interest to the catalysis community. A
number of vanadium complexes have been shown to promote
e� cient hydroxylation of benzene in the presence of peroxide
oxidants, and the mechanism has been studied in detail for the
VO(O2)pic (pic = pyridine-2-carboxylate) system. Mimoun
and co-workers proposed a mechanism where VO(O2)pic
undergoes reversible V� Operoxohomolysis, followed by the key
step of radical addition into the� -system of the arene to form a
Meisenheimer complex-like intermediate (Scheme 12).151

Notably, this mechanism is consistent with the absence of a
primary kinetic isotope e� ect (kH/ kD � 1). A more detailed

Scheme 11. Catalytic Cycle for the Oxidation of Ole� ns by
[VO(acac)(R-BIAN)]Cl As Proposed by Calhorda and Co-
workers123

Figure 5.Vanadium(IV) precatalysts thought to proceed via either
(a) Sharpless-type or (b) biradical mechanisms as proposed by
Kuznetsov99 and Maurya,131 respectively.

Chemical Reviews Review

DOI:10.1021/acs.chemrev.8b00245
Chem. Rev.XXXX, XXX, XXX� XXX

K

http://dx.doi.org/10.1021/acs.chemrev.8b00245


study to elucidate the broader mechanism of this process,
including the complex vanadium speciation, was later reported
featuring the formation of an uncharacterized arene adduct
intermediate (Scheme 13), which further reacts with VO(O2)-
pic to a� ord the hydroxylated arene.152 Note that the reaction
in Scheme 13is not balanced; however, further details were
not provided in the original manuscript.

Vanadyl tetraphenoxyphthalocyanine (VOPc,14) was
identi� ed by Sain and co-workers in 2009 to be an e� cient
and selective catalyst for arene hydroxylation (Scheme 14).153

A conversion of 22.4% with 100% selectivity for phenol were
observed in the VOPc catalyzed direct oxidation of benzene at
2.5 mol % catalyst loading, in acetonitrile at 65°C for 8 h with
one equivalent of aqueous hydrogen peroxide. In contrast,
VO(acac)2 a� orded only 11% conversion under identical
conditions, and a series of heterogeneous vanadia catalysts led

to even lower conversion and decreased selectivity (V2O5
dispersed on Al2O3, TiO2, and ZrO2 promoted the reaction
in 10, 5, and 7% conversion and 93, 91, and 92% selectivity,
respectively). Interestingly, increasing the catalyst loading
resulted in only marginal increases in conversion, while
increasing peroxide stoichiometry had a pronounced e� ect,
suggesting competition between productive and unproductive
pathways for the decomposition of the peroxide oxidant. This
catalyst system was also applied e� ectively to the oxidation of
other simple arenes, such as toluene and anisole. Similar
activity and selectivity were also reported for a tridentate ONO
Schi� base supported vanadium catalyst in the period covered
by this review.154

Keggin-type polyoxometallates (POMs) have also been
shown to be e� ective catalysts for direct arene oxidation.51

Mizuno and co-workers have demonstrated that the POM of

Scheme 12. Proposed Mechanism of Arene Oxidation by VO(O2)pic Reported by Mimoun and Co-workers151

Scheme 13. Key Steps in the VO(O2)pic-Catalyzed Oxidation of Benzene Proposed by Di Furia, Modena, and Co-workers152

(L = acetonitrile,n = 1� 3)

Scheme 14. VOPc Catalyzed Direct Oxidation of Benzene with High Selectivity
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formula [� -PW10O38V2(� � OH)2]
3� can act as a sterically

hindered, nonfree-radical electrophilic oxidant, in the presence
of hydrogen peroxide, and that this system is e� ective for
hydroxylation of a wide variety of arene substrates.155 In the
hydroxylation of anisole, this catalyst system was found to be
highly active (TON = 405, TOF = 540 h� 1) and highly
selective for oxidation at the para position (o:m:p = 4:<1:95)
(Scheme 15). Good selectivity for arene hydroxylation was

observed in this system, even in the presence of easily activated
benzylic C� H bonds. Speci� cally, ethylbenzene was hydroxy-
lated with 77% selectivity (12% 1-phenylethanol observed),
and diphenylmethane was hydroxylated at the aromatic
positions with 97% selectivity. In contrast, traditional
molecular vanadium complexes such as VO(acac)2 tend to
be selective for benzylic oxidation under these conditions. A
kinetic isotope e� ect (kH/ kD) of 1.0 was measured for the
hydroxylation of toluene, indicating that C� H bond cleavage is
not relevant to the rate-limiting step. Addition of the radical
scavenger BHT did not have an impact on the rate, selectivity,
or yield of the reaction, and no biphenyl formation was
observed for any substrate. Finally, more electron-rich
substrates were more reactive in this system, which is opposite
of the reactivity trend observed in free radical arene
hydroxylation. These data together are consistent with a
nonfree-radical electrophilic oxidation mechanism.

This oxidation system was extended by Kholdeeva and co-
workers to the oxidation of pseudocumene (PC) (Scheme
16).156Similar to the observations of Mizuno, it was found that
under peroxide-de� cient conditions, good selectivity for
monohydroxylation of the arene could be achieved. Under
these conditions, trimethylphenol (TMP) could be isolated in
64% yield relative to hydrogen peroxide. On the other hand,
when excess hydrogen peroxide was used, further oxidation to
trimethylbenzoquinone was observed in up to 17% yield and
41% conversion. A follow-up theoretical and kinetic study157of
this system demonstrated the active species contained the
same [V2][ � � � 2:� 2-O2] core as suggested by Mizuno for the

oxidation of alkanes92 and alkenes,102 as shown inFigure 3.
The same group would also apply this catalyst to the oxidation
of trimethoxytoluene (TMT) to 2,3-dimethoxy-5-methyl-1,4-
benzoquinone, or coenzyme Q0 (CoQ0), which was achieved
with 70% conversion of TMT and 73% selectivity for CoQ0
(Scheme 17).158

Tang, Hu, and Zhu reported a DFT study of the mechanism
of benzene hydroxylation by VO2

+ and hydrogen peroxide in a
water/acetonitrile medium (Scheme 18).159 In their study,
three catalyst structures were considered: VO(O2)(MeCN)4,
(O2) 2V(� -O)2V(O2)(MeCN), and (O2) 2V(� -O)2VO-
(MeCN). For each catalyst system, the mechanism inves-
tigated involved benzene, followed by C� H activation to form
a vanadium-bound phenyl group, and� nally C� O bond
formation to eliminate phenol. In these calculations, it was
found that the dimeric species generally followed this
mechanism with a lower overall barrier, which the authors
attributed to the cooperative role of the two vanadium centers
and dynamic charge distribution across the dimeric species. It
should be noted that the authors did not consider other
mechanisms that have been proposed for other systems, and
this mechanism is inconsistent with the lack of primary isotope
e� ect that is commonly observed in vanadium-catalyzed arene
hydroxylation.

Rajagopal and co-workers investigated the oxidation of
phenol to catechol by oxovanadium(IV)-salen complexes, such
as parent compound15 and its derivatives with hydrogen
peroxide as the terminal oxidant (Scheme 19).160The reaction
proceeds by a Michaelis� Menten-like mechanism, with
saturation kinetics observed at high substrate concentration.
The rate was enhanced by electron-donating substituents on
both the aromatic positions of the salen ligand and on the
phenolic substrates. The authors hypothesize that the catalyst
substrate adduct responsible for the observed Michaelis�
Menten-like behavior is the intermediate16, where the arene
� -system is interacting with the peroxo oxygen bound to
vanadium, while the structure is stabilized by hydrogen

Scheme 15. POM Catalyzed Arene Hydroxylation Proposed
to Proceed by an Electrophilic, Non-Free-Radical
Mechanism

Scheme 16. Polyoxometallate-Catalyzed Oxidation of Pseudocumene Reported by Kholdeeva and Co-workers156

Scheme 17. Polyoxometallate Catalyzed Oxidation of
Trimethoxytoluene Reported by Kholdeeva and Co-
workers158
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bonding of the phenolic O� H to the distal oxygen of the
hydroperoxide ligand.

Phenol oxidation by vanadium-containing polyoxometalates
has also been reported and was studied by Kholdeeva and co-
workers for the conversion of 2,3,6-trimethylphenol (TMP) to
2,3,5,-trimethyl-p-benzoquinone (TMBQ), which is a key
intermediate in the synthesis of vitamin E (Scheme 20).161

Phosphotungstate TBA4H[ � -PW10V2O40] was found to be
highly active and selective for this transformation (>99%
conversion and selectivity in only 5 min of exposure to the
reaction conditions). In contrast, polyoxotungstates
T B A 4 H 2 [ � - S i W1 0 V 2 O 4 0 ] a n d T B A8 [ { � -
SiW10Ti2O36(OH) 2}2(� -O)2] displayed lower activity and
much lower selectivity (78% and 38% selectivity, respectively;
Scheme 20). TBA4H[ � -PW10V2O40] was studied by both51V
and 31P NMR spectroscopy under catalytically relevant
conditions, and a potential reactive intermediate characterized
as a bridging hydroperoxo group was identi� ed. The catalyst
could also be isolated from the reaction conditions with no
change in structure and recycled without loss of activity.

The catalytic activities of phenylene-bridged salen complex
17 and its cyclohexanediyl-bridged congener for oxidation of
3,5-ditert-butylcatechol to the correspondingortho-quinone

Scheme 18. Computational Barriers to Benzene Hydroxylation for VO(O2)(MeCN)4, (O2)2V(� -O)2V(O2)(MeCN), and
(O2)2V(� -O)2VO(MeCN) by a Direct C� H Activation Mechanism Proposed by Tang, Hu, and Zhu159

Scheme 19. Proposed Mechanism of Oxidation of Phenol to
Catechol by Vanadyl Salen Complexes Reported by
Rajagopal and Co-workers160

Scheme 20. Polyoxometalate Catalyzed Oxidation of TMP
to TMBQ
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were evaluated by Neelakantan and co-workers (Scheme
21).162 The kinetics of these transformations were monitored
by UV� vis spectroscopy, and it was found that the overall
kinetic pro� le was also Michaelis� Menten-like, with saturation
kinetics at high substrate concentrations. In the proposed
reaction mechanism, the catechol coordinates to the vanadium-
(IV) salen complex, forming an ate- complex, followed by
electron transfer from the catechol to the salen ligand. This
was supported by the observation of an EPR signal consistent
with a ligand-centered radical. DFT studies were also
presented to support the viability of this electron transfer
event. The partially oxidized catechol then dissociates from the
vanadium center, and both the substrate and catalyst are
oxidized by one-electron by molecular oxygen to form the
quinone product and regenerate the catalyst. The byproduct of
the aerobic oxidation is hydrogen peroxide, which was
observed spectroscopically, as well as titrated with iodide.

Michaelis� Menten-like kinetics were also observed for
oxidation of 3,5-ditert-butylcatechol when catalyzed by
zwitterionic vanadium(V) Schi� base complex18 (Scheme
22).163 Notably, a species consistent with dinuclear vanadium
complex19 was observed by ESI-MS analysis of the reaction
mixture. The authors suggested that this may be a catalytically
relevant substrate-catalyst adduct. Also reported in the time
frame covered by this review was the application of salen
complex20 to the oxidation of phenol to catechol by Titinchi
and co-workers (Figure 6a).164 McLauchlan and co-workers
reported the synthesis and characterization of a structurally
interesting vanadium(IV) complex with a facially coordinating
Tpms� ligand (tris(pyrazolyl)methanesulfonate) in a� 3-N,N,O
coordination mode,21; this complex was also shown to
catalyze the aerobic oxidation of 3,5-ditert-butylcatechol
(Figure 6b).165 Ramadan and co-workers studied the aerobic
oxidation of 4-tert-butylcatachol with a series of pyridyl
vanadium complexes such as22 (Figure 6c).166 The authors

of this study� nd a correlation between the V(III)/V(IV)
redox potential of a catalyst and its activity and by extension
suggest that the V(III)/V(IV) redox couple is active in the
catalytic mechanism.
2.4. Alcohol Oxidation

The oxidation of alcohols is among the most important
transformations of organic molecules. A century of inves-
tigations into the catalysis of this process has a� orded a diverse
array of terminal oxidants and metal catalysts capable of
participating in this reaction. More recent work has focused on
O2 as an inexpensive and environmentally benign alternative to

Scheme 21. Mechanism for Catechol Oxidation by Salen Complex 17 Proposed by Neelakantan and Co-workers162

Scheme 22. Oxidation of di-tert-Butylcatechol Promoted by
Zwitterionic Complex 18, As Well As a Potential
Catalytically Relevant Intermediate, 19, Observed by ESI-
MS
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chromate, permanganate, hypervalent iodide, sulfoxides, or
other traditional terminal oxidants. The� rst examples of
aerobic alcohol oxidation required precious metals such as
palladium to mediate the reaction. However, copper and
vanadium have emerged as attractive, inexpensive, and earth
abundant alternatives. Ru, Au, Fe, Ir, Os, and Co catalysts have
also been investigated, with varying degrees of success.167

Similar to the bulk of other vanadium-catalyzed oxidation
processes, mechanistic proposals for vanadium-catalyzed
alcohol oxidation can be broadly categorized into one- and
two-electron catalytic manifolds. Early work on the stoichio-
metric oxidation of alcohols in acidic aqueous media by
[VO2]

+ indicated a radical mechanism based on kinetic isotope
e� ect data, the initiation of radical polymerization reactions,
and the acid/base stability of trialkyl orthovanadate esters
under the reaction conditions.168 More recently, Shul’pin and
co-workers demonstrated that the oxidation of isopropanol in
H2O2/[

nBu4N][VO 3
� ]/HPCA systems occurs via HO• and

HOO• radical formation,169 in agreement with their results
with alkane oxidation (section 2.1). On the other hand,
Uemura and co-workers found that VO(acac)2-catalyzed
oxidation of propargylic alcohols was una� ected by radical
inhibitors 2,6-d2.8i-tert-butylphenol (BHT) or galvinoxyl,
suggesting a two-electron mechanism.170 Based on this
observation as well as the disappearance of vanadium(IV)
signals by EPR in the presence of oxygen, Uemura and co-
workers suggest the formation of a vanadium(V) alcohol
adduct followed by hydride transfer from the� -position of the
alcohol to the vanadyl oxygen. In the context of an aerobic
oxidative enantioselective kinetic resolution, Toste and co-
workers found that a phenylcyclopropyl radical trap remained
intact under the reaction conditions, further supporting a two-
electron mechanism of oxidation.171

Silsesquioxane dioxovanadate(V) complexes (22) were
investigated by Limberg and co-workers as an attractive
molecular analogue to silica-supported vanadium oxidation
catalyst systems.172 Intriguingly, poor activity was observed for
most substrates with the notable exception of cinnamyl
alcohol. Closer inspection of this anomalous result revealed
that the reaction proceeded with a signi� cant induction period
during which time not only was the intended product, i.e.,
cinnamaldehyde, produced, but also traces of cinnamic acid
were formed by overoxidation. The vanadate metal center
could be abstracted by the newly formed acid a� ording the
dicinnamate vanadate complex (23), which was capable of
promoting the aerobic oxidation of further equivalents of
cinnamyl alcohol at a substantially greater rate (Scheme 23a).
23 could also be directly synthesized by the combination of
[ nBu4N][VO 3], and cinnamic acid. Independently synthesized
23 was subjected to the catalytic reaction conditions and no
induction period was observed. In order to gain insight into the
mechanism of the reaction, the authors� rst sought to
determine the fate of the reduced vanadium center after

oxidation of an alcohol substrate. Subjecting dioxo complex23
to an excess of 9-hydroxy� uorene a� orded two equivalents of
vanadium(IV) complex24. The deuterium isotope e� ect at the
� -position of 9-hydroxy� uorene was then evaluated by
comparing the relative rates of the protio substrate with the
isotopologue 9-deutero-9-hydroxy� uorene, which a� orded a
value of 3.9, consistent with C� H bond scission in or
preceding the rate-determining step. It was then observed that
the introduction of O2 to reduced species24 a� orded a
mixture of dioxo23 and peroxo25. On the basis of these data,
the authors suggested the catalytic cycle shown inScheme 23b,
wherein two equivalents of23 e� ect the oxidation of one
alcohol molecule, a� ording two molecules of reduced
vanadium(IV) species24, which react with one equivalent of
dioxygen to form a one-to-one mixture of23 and 25. 25 is
proposed to rapidly oxidize a further equivalent of alcohol,
regenerating23 and closing the catalytic cycle. It should be
noted that another mechanistic possibility is that one
equivalent of23 is capable of oxidation of an alcohol molecule
to form a transient vanadium(III) species, which rapidly
comproportionates with a further vanadium(V) molecule to
a� ord two equivalents of vanadium(IV) complex24. The
authors suggested the hydrogen atom abstraction from the
alcohol substrate is likely rate limiting, citing work by Mayer
and co-workers proposing that the large reorganization energy

Figure 6.Additional vanadium complexes applied to the oxidation of phenols and/or catechols in the time period covered by this review.

Scheme 23. (a) In Situ Formation of Active Dicarboxylate
Catalyst and (b) Proposed Catalytic Cycle for the
Vanadium(V) Cinnamate Catalyst System
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in this process leads to an elevated intrinsic barrier due to the
large changes in bond order of the vanadium dioxo.173

Limberg and co-workers followed up this work with a pair of
reports that circumvent the problem of slow hydrogen atom
abstraction by forming a dimeric species in which the intrinsic

barrier due to reorganization energy is partially alleviated due
to smaller changes in bond order when a� -oxo group performs
the abstraction.174,175 In this system, a crucial observation was
that at low catalyst loadings the reaction was second order with
respect to26, consistent with a dimeric active species, while at

Scheme 24. (a) Proposed Catalytic Cycle for Vanadium Complex 26 Promoted Alcohol Oxidation and (b) Substitution of
Sulfur with a Non-Coordinating Ethyl Group Disfavors Dimer Formation, and by Extension Attenuating Catalytic Activity and
Providing Evidence That the Dimeric Species Displays Enhanced Activity169,170

Figure 7.Dinuclear and oligomeric vanadium complexes shown to promote alcohol oxidation.
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higher loading where speciation already favors dimer27, the
order in26approaches one. In addition, a kinetic isotope e� ect
at the � -position was measured at 2.8, consistent with the
activation of that bond in or before the rate-determining step.
In the proposed catalytic cycle, the monomeric vanadium(V)
dioxo species26 undergoes rapid and reversible dimerization
to form the bis-� -oxo dimer27, which is capable of hydrogen
atom abstraction from the alcohol substrate which is proposed
to be rate limiting. This is followed by rapid abstraction of a
second hydrogen atom unit to collapse the substrate into the
oxidized product and generate the reduced V(IV)/V(IV)
dimer species28. The reduced species is then reoxidized to
regenerate dioxo26 as well as an equivalent of peroxo species
29, which can rapidly oxidize a further equivalent of alcohol to
close the catalytic cycle (Scheme 24a). In their follow up to the
original report, Limberg and co-workers provided compelling
evidence to support the role of the dimeric species in
solution.175 This is achieved by substituting the sulfur atom
in the diphenolate ligand with an ethyl linker, which prevents
the stabilizing sulfur� vanadium interaction in the dimeric
species (Scheme 24b). This modest ligand substitution
translates into over an order of magnitude decrease in rate,
underscoring the importance of dimer formation in decreasing
the reorganization energy during hydrogen atom abstraction.

A number of other dinuclear or oligomeric vanadium
catalysts proved e� ective in alcohol oxidation (Figure 7).
Cyclic tetramer30 (VO4(3-OH-pic)4; 3-OH-pic = 3-
hydroxypicolinate) was reported by Ogawa and co-workers
and compared to the monomeric analogue VO(3-OH-pic)2.

176

Under an elevated pressure of O2 (1.0 MPa) at 120°C in
ethanol, the tetramer was found to catalyze the oxidation of
diphenylmethanol to benzophenone with a greater turnover
number (2500 vs 860) and turnover frequency (52 h� 1 vs 18
h� 1) than the monomeric species. Furthermore, the tetramer
was easily recoverable by extraction from the reaction mixture
with diethyl ether and could be recycled with no loss in
activity. Complex31 represents a relatively rare example of the

catalytic application of a polyoxovanadate (POV), as opposed
to the more common class of heterometallic polyoxometallates
(POMs).17731e� ected the aerobic oxidation of benzyl alcohol
derivatives with good selectivity (generally >95%) and was also
shown to be recoverable and recyclable without any change to
its oligomeric structure. The authors suggested that the two
exocyclic vanadyl units represent the catalytic sites after
reversible dissociation of the ethylimizadole ligand. Dinuclear
vanadium complex32 was shown to oxidize benzyl alcohols
with high selectivity with hydrogen peroxide as the terminal
oxidant in acetonitrile; however, the role of vanadium
nuclearity remains unclear in this system.178 Ogawa and co-
workers also reported the synthesis and catalytic application of
two heterotetranuclear clusters, V2O2( � -MeO)2( � -
WO4) 2(4,4�-tBu2bpy)2 (33W) and V2O2( � -MeO)2( � -
MoO4)2(4,4�-tBu2bpy)2 (33Mo).

179 Both complexes e� ected
the oxidation of 1-phenylethanol to acetophenone in water,
with tungsten cluster33W achieving a two-fold higher turnover
number than molybdenum cluster33Mo (TON = 630 and 280,
respectively).

While one-electron mechanisms dominate mechanistic
proposals, Hanson and co-workers provided strong evidence
for a base-assisted two-electron oxidation mechanism in a
seminal stoichiometric mechanistic study,180,181 which was
followed up by a series of papers applying this mechanistic
manifold to catalytic aerobic alcohol oxidation.182,183 Dipico-
linate vanadium(V) isopropoxide complex34 was found to be
stable at room temperature in the absence of added base in
acetonitrile for days, and when heated to 100°C in acetonitrile
for 3 weeks, only 25% of the complex was consumed. In
contrast, after 30 min at 100°C in acetonitrile with two
equivalents of pyridine, complex34 was undetectable by1H
NMR spectroscopy; instead, the vanadium(IV) oxo complex
35 was observed along with 50 mol % of both acetone and
isopropanol (Scheme 25). In order to determine if the
oxidation progressed by a one- or two-electron pathway, two
radical trap probe molecules were employed (Scheme 26).

Scheme 25. Pyridine-Promoted Decomposition of 34 to A� ord Half an Equivalent of Acetone and Isopropanol

Scheme 26. Thermolysis of Complexes 36 and 38 in Which No Carbon� Carbon Bond Fission Was Observed, Providing
Support for a Two-Electron Oxidation Mechanism
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First, cyclobutoxide complex36 was subjected to thermolysis
in pyridine-d5 at 100°C, and in conjunction with complex35,
the only organic products observed were a one-to-one mixture
of cyclobutanol and cyclobutanone, indicating a two-electron
oxidation mechanism. If the mechanism had proceeded
through hydrogen atom abstraction at the� -position, radical
ring-opening of the four-membered ring would be expected to
a� ord acyclic oxidized organic products. Further, upon
thermolysis of complex37 under similar conditions, the
expected one-to-one mixture oftert-butylphenylketone and
2,2-dimethyl-1-phenyl-1-propanol were observed without any
evidence of carbon� carbon bond� ssion products, such as
benzaldehyde, as would be expected in a radical process. When
37was thermolyzed in acetonitrile in the absence of any added
base,37disappeared at a much slower rate (� 2 weeks) and the
major organic product was benzaldehyde, which was formed in
92% yield. Furthermore, the addition of 9,10-dihydroanthra-
cene to the thermolysis of37 in pyridine had no e� ect on the
product distribution, and no anthracene could be observed. In
acetonitrile, the oxidation of the probe molecule to anthracene
was observed in 12% yield with respect to the oxidizing
equivalents of vanadium.

The net one-electron reduction of vanadium in this
stoichiometric organometallic process could be explained by
either (1) two vanadium molecules participating in interactive
one-electron oxidations of the alkoxide or (2) an initial two-
electron oxidation of the alkoxide, corresponding to a two-
electron reduction of vanadium to form a transient vanadium-
(III) complex, followed by comproportionation with a further
equivalent of vanadium(V) to form two vanadium(IV)
molecules (Scheme 27a). It is not uncommon in the literature
for authors to observe a net one-electron reduction of the
metal center and neglect the latter two-electron mechanistic

possibility. In order to determine the kinetic competency of
this comproportionation process,� -oxo vanadium(III) dimer
38 was treated with two equivalents of the vanadium(V) dioxo
species39 in pyridine-d5 at room temperature. The result of
this reaction was rapid and quantitative formation of
vanadium(IV) complex35, indicating that the two-electron
reduction followed by comproportionation is a viable reaction
pathway.

The mechanism of the reaction was further probed by1H
NMR kinetics. The reaction of34 to form 35, acetone, and
isopropanol was� rst-order in34, zero-order in isopropanol,
and had a complex order in pyridine that approached� rst-
order at high pyridine concentrations. The reaction was shown
to be entropically disfavored by Eyring analysis. A Hammett
plot from a series of para-substituted pyridines was consistent
with the buildup of positive charge on the pyridine molecule in
the rate-determining step, and the rate of the reaction
correlated well with the pKa of the added substituted pyridine.
These data together are consistent with a pathway involving
reversible association of pyridine to vanadium complex34 to
form 34-pyr, followed by rate-determining deprotonation of
the alkoxide ligand to form40-pyr, which would rapidly
collapse to the observed products (Scheme 27b).

While Hanson and co-workers were able to provide
compelling evidence for a two-electron alkoxide oxidation
mechanism, no catalyst turnover was observed for this system.
In a follow up to this work, Hanson and co-workers reported a
screen of eight structurally unique vanadium-oxo complexes
toward the goal of achieving e� cient aerobic oxidation of
activated alcohols under mild conditions.184Aerobic oxidation
of 4-methoxybenzyl alcohol in the presence of 2 mol %
vanadium catalyst and 10 mol % triethylamine as a base
promoter was used as a screening reaction (Scheme 28). As

Scheme 27. (a) Comproportionation of Vanadium(V) Complex 39 and Vanadium(III) Complex 38. (b) Simpli� ed
Mechanistic Pathway for the Base-Assisted Decomposition of 34
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expected, dipicolinate complex34 was a poor catalyst for this
catalytic application, as were 8-quinolinate-2-carboxylate
complex,41, V(O)(acac)2, and V(O)(OiPr)3. Complexes of
more electron-rich ligand frameworks were generally more
reactive, with bis(8-quinolinate) complex42 by far the most
e� ective catalyst, a� ording quantitative conversion of the
aldehydic product. This catalyst also required a base cocatalyst,
with only 4% conversion in the absence of the additive. The
reaction was general to a variety of activated alcohols,
including allylic and propargylic but did not a� ord signi� cant
amounts of oxidation for aliphatic alcohols. Notably, 2-
allyloxybenzyl alcohol was oxidized to the corresponding
aldehyde without any detectable ring closure, which would be
expected to occur if a radical intermediate were present in the
alcohol oxidation mechanism (Scheme 28b).

The mechanism of base-assisted alcohol oxidation operant
for catalytically active complex42 was investigated in depth in
a series of empirical and computational studies (Scheme
29).183Complex43, the benzyl substituted analogue of42, was
found to decompose in the presence of base in a mechanism
quite similar to the previously studied complex34. The
products of this reaction were vanadium(IV) complex44 as
well as a one-to-one mixture of benzaldehyde and benzyl
alcohol. This process was complete in under 1 h, whereas in
the absence of base the reaction had only progressed to 12%
conversion in 72 h. The reaction was� rst-order in43, and,
notably, a clean� rst-order dependence on trimethylamine was
also observed in contrast to the complex base dependence
observed for complex34, suggesting that no pre-equilibrium

association occurs with coordinatively saturated complex43.
The reaction was strongly entropically disfavored, displayed an
unusually high kinetic isotope e� ect of 10.2± 0.6 for thed2-43,
labeled at the benzylic position, and a Hammett study of the
para-substituent of the benzyl alcoholate ligand was consistent
with the buildup of negative charge at the benzylic position.
These data are each consistent with the proposed base-assisted
oxidation mechanism.

Evidence of two-electron and/or base-assisted mechanisms
for aerobic alcohol oxidation were reported in a handful of
other systems. Kerton and co-workers reported the synthesis of
a series of tetradentate ligands to support vanadium(V) oxo
complexes (45� 48).185 Each compound was characterized by
NMR spectroscopy, MALDI-TOF mass spectrometry, and
UV/vis spectroscopy. The catalytic activity of these complexes
toward aerobic oxidation of 4-methoxybenzyl alcohol was

Scheme 28. (a) Catalyst Screen in Order to Achieve Mild and E� cient Base Assisted Aerobic Oxidation of 4-Methoxybenzyl
Alcohol and (b) Radical Trap 2-Allyloxybenzyl Alcohol Is Oxidized without Ring Closure, Arguing against a Radical Oxidation
Mechanism

Scheme 29. Base-Assisted Reaction of Benzyl Alcoholate
Complex 43 to Form 44 and Half an Equivalent of Both
Benzaldehyde and Benzyl Alcohol
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evaluated (Scheme 30a). Each of the four complexes was
moderately active under these conditions, with complexes45

and 46 being more active (90 and 85% conversion,
respectively) than47 and 48 (70 and 75% conversion,
respectively), which the authors attribute to greater stability of
45 and46 under the reaction conditions. All four complexes,
however, were signi� cantly less active than complex42
reported by Hanson and co-workers. Notably, only trace
conversion was observed in the absence of added triethylamine
as a cocatalytic base. The authors suggested that the oxidation
mechanism is likely similar to the base-assisted oxidation
described by Hanson and co-workers.180,183,184 In a further
example of vanadium-catalyzed alcohol oxidation proposed to
proceed via a two-electron mechanism, Whitehead and co-
workers were able to e� ect the oxidation of a variety of both
activated and nonactivatedsecondary alcohols to their
corresponding ketones with a polyoxovanadate of stoichiom-
etry Cs5(V14As8O42Cl) (49) with tert-butyl hydrogen peroxide
as the terminal oxidant.186When phenyl cyclopropyl methanol
was employed as a substrate, no ring-opened products were
observed, suggesting the absence of homolytic abstraction of
the � -C� H bond. As a result, the authors proposed a two-
electron mechanism for the oxidation. It is interesting to note
that unlike the cases above, no cocatalytic base is added to this
reaction, and so a distinct two-electron mechanism, possibly

involving direct hydride transfer to the vanadium-oxo might be
operant in this system.

A number of other vanadium-catalyzed alcohol oxidations
appeared in the time frame covered by this review. Vanadyl
sulfate, in conjunction with bipyridyl ligands, was shown to
e� ciently catalyze the oxidation of benzyl alcohol derivatives
in water at 90°C under a pure oxygen atmosphere.187 It was
also found that a saturated aqueous solution of MgSO4 as
solvent accelerated the reaction, and the addition of a
substoichiometric amount of diphenylmethanol to initiate the
reaction could facilitate reactivity toward more challenging
substrates.188 A unique vanadium(IV)-oxo complex bearing a
perrhenate ligand of the formula [VO(ReO4)(4,4�-tBubpy)2]-
[0.25SO4·0.5ReO4] was shown to e� ciently catalyze aerobic
oxidation of benzylic and propargylic alcohols at relatively mild
temperatures (60°C). However, the exact role of the
perrhenate ligand remains unknown at this point.189Tridentate
ONS (50)190 and ONO (51)191 donor ligand supported
vanadium(IV) oxo metal centers were shown to catalyze the
oxidation of activated and nonactivated alcohols with peroxide-
based oxidants. The latter of these two reactions was inhibited
by radical traps such as CBrCl3 or diphenylamine. Additional
examples of tridentate ONO Schi� base complexes such as
52192and53193were also shown to promote alcohol oxidation
with peroxide as the terminal oxidant. Bis(acylpyrazolonate)
complex54 oxidized benzyl alcohol derivatives in the presence
of hydrogen peroxide, which is proposed to occur through a
vanadium(V) peroxo intermediate based on the observed
disappearance of d� d transitions in the UV� vis spectrum in
the presence of peroxide.194 [nBu4N][VO 3] or other vanadyl
precursors were shown to be e� ective cocatalysts for the
initiation of alcohol oxidation byN-hydroxyphthalimide by the
generation of phthalimide-N-oxyl radical.195 Three groups
reported examples of oxidative kinetic resolutions of� -
hydroxyketones196 and � -hydroxyesters197,198 with all three
enantioselective transformations promoted by enantio-en-
riched ONO tridentate Schi� base ligands (Figure 8).

The study of homogeneous vanadium catalysis o� ers an
important tool for understanding the mechanism of heteroge-
neous alcohol oxidation, and in turn, insights from
heterogeneous catalysis can inform on homogeneous catalyst
design. The oxidation of alcohols, in particular methanol, has
been studied extensively on supported vanadia catalysts both
experimentally and computationally.199� 209 The formation of
formaldehyde has been the primary reaction studied, but
dimethyl ether, dimethoxymethane, methyl formate, and
carbon oxides are also formed, depending on reaction
temperature and the support.210A variety of evidence indicates
that crystalline V2O5 is not very active for methanol oxidation
in comparison to monolayers on most supports. Experimen-
tally, the support has been shown to have a dramatic in� uence
on the activity, resulting in changes of 2 orders of magnitude.
Within the range of potential monolayer structures, the
importance of species containing V� O� V moieties (dimers,
trimers, and polymers) compared to isolated or monomeric
moieties is still the subject of debate. The di� culty in pinning
down the answer to the question of whether monomers or
multimers are more important is largely due to the absence of
tools that can account, quantitatively, for their presence in
what is typically a mixture on the support. It should also be
noted that the supported catalysts often require much higher
reaction temperatures than molecular analogues. For the
purpose of simplicity, computational studies of both the

Scheme 30. (a) Base-Assisted Oxidation of Benzylic
Alcohols Catalyzed by Vanadium Complexes 45� 48 and (b)
Oxidation of Phenyl Cyclopropyl Methanol, Catalyzed by
POM 49, A� ording Phenyl Cyclopropyl Ketone without
Any Observable Ring-Opened Products As Would Be
Expected for a Radical Mechanism of Oxidation
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activity and reaction mechanisms of various possible structures
have focused on monomers, and even within this restricted

scope, there is a remarkable range of behaviors revealed in
computational results.

Noteworthy among the computational studies on the
oxidation of methanol to formaldehyde by isolated vanadia
are the publications by Sauer,202,203 Bell,204� 207 and
Metiu.208,209 The range of possible mechanistic pathways are
captured inScheme 31, which di� er according to whether the
initial methoxy surface intermediate,� OCH3, is bonded to
vanadium or a cationic support vacancy.203 All computational
results assign the rate-determining step to C� H bond
activation. InScheme 31, the C� H hydrogen is abstracted
by either the vanadyl oxygen (V� O) or by a support oxygen.
With silica and rutile titania supports the� rst option is favored,
whereas for anatase titania supports, the second option is more
favorable. The transition state has a biradical character,
consistent with homolytic C� H bond dissociation and similar
to the rate-determining step for alkane activation in oxidative
dehydrogenation in the context of heterogeneous catalysis
(vide infra) and alkane hydroxylation in the context of
homogeneous catalysis (vide supra). On silica, the vanadium
is reduced from 5+ to 3+ at the point where formaldehyde
desorbs. On anatase titania, the two electrons end up in
subsurface Ti d-states. When ceria is the support, vanadium
remains in the 5+ oxidation state throughout the catalytic
cycle. Electrons are transferred to form Ce3+ cations near the
active site that are reoxidized by O2 at the end of the cycle.
This highlights the importance of redox activity in the support
during the catalytic cycle. With ceria, the mechanisms shown in
both panels a and b ofScheme 31are possible pathways.

Computational results from Andre�s and co-workers on a
model for titania-supported vanadium are in agreement with
other studies that the most stable surface intermediate species

Figure 8.Additional examples of structurally characterized vanadium
complexes shown to e� ect catalytic alcohol oxidation.

Scheme 31. Mechanistic Pathways for the Oxidation of Methanol to Formaldehyde Starting from (a) V-OCH3 and (b) Surface-
OCH3
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consisted of a tetrahedrally coordinated vanadium site with one
vanadyl oxygen, two oxygens bridging to Ti, and a methoxy
group as the fourth ligand.211 However, they found that an
alternative� ve-coordinate vanadium could play a role in the
overall oxidation via a second pathway. Microkinetic modeling
to evaluate the importance of the alternative path was not
performed. Consistent with other publications, the rate-
determining step was found to be C� H bond homolytic
cleavage in an adsorbed methoxy group via a biradical
transition state to form V� OH and a weakly adsorbed
formaldehyde. The alternative, but less favored, H atom
transfer to form Ti� OH also proceeds via a biradical transition
state.

Using calorimetric titration measurements, Baldychev and
co-workers determined the redox isotherms for bulk V2O5,
ZrV2O7, and AlVO4 along with the analogous supported V2O5/
Al2O3, V2O5/ZrO 2, and V2O5/TiO 2 materials.212 Since the
redox isotherms are a direct measure of the equilibrium P(O2)
for each material, the measurements correspond to their
intrinsic reducibility. Interestingly, while the redox isotherms of
the bulk compounds spanned a� Grange of 200 kJ/mol at 700
°C, the isotherms were essentially the same for the supported
vanadates and di� ered substantially from their corresponding
bulk compounds. Since the local structures about the vanadia
moieties are thought to be similar between corresponding bulk
and supported materials, it is apparent that the inherent oxygen
binding is not controlled by the local structure. The methanol
oxidation rates catalyzed by all of the materials were
approximately the same when normalized to the quantity of
surface vanadia. This similarity, particularly between bulk and
supported counterparts, is consistent with the computational
results where the rate-determining step is hydrogen atom
transfer to the vanadyl site (V� O) to form V� OH rather than
to the bridging V� O� Ti site to form Ti� OH.211

The paper by Kaichev and co-workers210 provides a nice
introduction to the state of understanding about supported
vanadia-catalyzed methanol oxidation including the nature of
the active sites, the factors controlling selectivity, the rate-
determining step, etc. Their results emphasize the role of
vanadia speciation (monomers, dimers, trimers, crystals) in
determining activity. Reactions were performed at compara-
tively low temperatures (100� 250°C) where methyl formate
and dimethoxymethane are formed in addition to form-
aldehyde and carbon oxides. From their results, they concluded
that the primary role of the support was in determining the
nature of vanadia speciation, that the polymers exhibit the
highest activity, and that the electronic properties (electro-
negativity) of the support cation have little in� uence on the
activity. That vanadia polymers (or at least vanadia species in
close proximity201) are more active for methanol oxidation
than monomers has been a common observation. However,
the conclusion that the primary in� uence of the support is on
whether or not polymers are formed is at odds with prior work
and, in our view, is a consequence of a lack of proper materials
used for comparison. In particular, the vanadia on alumina and
silica supports was largely in the form of inactive V2O5 crystals
and not as monomers, dimers, and polymers. Other studies
have prepared vanadia supported on silica and alumina with
molecular speciation by methods not employed in this work.
Only by comparison of supports with similar vanadia
speciation can the inherent in� uence of the support be
revealed.61

The role of the vanadium oxidation state in determining
activity is also under active investigation. In a very detailed
surface science study, Agnoli and co-workers investigated the
preparation, electronic and geometric structure, and methanol
reactivity of reduced vanadium oxide clusters supported on the
TiO2 (110) surface.213 Under the conditions of preparation
and evaporation of vanadium metal under low pressure oxygen,
the surface vanadium forms clusters, identi� ed as V4O6, with V
in the +4 oxidation state. These clusters are able to convert
adsorbed methanol to formaldehyde and water with high
selectivity at room temperature with a corresponding reduction
of the vanadium to +2. This result points to the enhanced
reactivity of reduced vanadia in methanol chemistry. While the
paper does not provide data on whether the V2O6/TiO 2
system can complete a catalytic cycle or whether the low
oxidation state of vanadium can be maintained under the
higher oxygen partial pressures typical of practical catalysis, it
does point to the enhanced reactivity of reduced vanadium
oxides. This result may be relevant to reactions carried out
under more reducing conditions such as nonoxidative
dehydrogenation or to the mechanism of hydrogenation by
molecular hydrogen.
2.5. Aldehyde/Ketone Oxidation

Aldehydes and ketones are among other classes of molecules
for which oxidation reactions can lead to useful products. For
example, the oxidation of furfural, an industrially available
aldehyde obtained from vegetable waste, has been accom-
plished in both homogeneous and heterogeneous catalytic
systems.214 In 2015, Poskonin and Badovskaya compared the
oxidation of furfural by aqueous H2O2 using Mo, Cr, Nb, and
V catalysts.214 The proposed mechanism for vanadium is
shown inScheme 32. When sodium vanadate is combined in

solution with H2O2, the vanadium(V) diperoxo55ais formed.
The electrophilic peroxide then incorporates the nucleophilic
carbonyl group of furfural to form the oxonide complex55b.
Compound55b is unstable and decomposes by a Baeyer�
Villiger type of rearrangement to form the vanadium(V)-
oxoperoxo complex55c and the organic product, formylox-
yfuran, which can decompose to several products in the
reaction medium. The reaction of55cwith H2O2 regenerates
the diperoxo catalyst55a.

In 2015, Chen and co-workers reported vanadium-catalyzed
complementary� -oxidative carbonylation of styrene deriva-
tives in the presence of aldehydes, according toScheme 33.215

They found that ligand choice is essential in determining
reactivity; VO(acac)2 catalyzes� -hydroxy carbonylation while

Scheme 32. Mechanism for Vanadium-Catalyzed Oxidation
of Furfural, As Proposed by Poskonin and Badovskaya214
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VOX2 (X = OTf� , Cl� ) catalyzes� -peroxy carbonylation. The
proposed complementary reaction mechanisms are shown in
Scheme 34. In these mechanisms, the vanadium(IV)
precatalyst56a� rst reacts with TBHP to form the vanadium-
(IV) peroxohydroxo complex56b. Compound56b then
produces atert-butoxy radical,tBuO• by homolytic cleavage
of the O� O bond with concomitant electron transfer, forming
the vanadyl(V) hydroxo compound56c. When L = Cl� or
OTf� , 56creacts further with TBHP to form atert-butylperoxy
radical, tBuOO• , and regenerates56a. When L = acac,
compound56c is stabilized andtBuOO• radicals are not
formed to any signi� cant extent. In both cases, hydrogen atom
abstraction of an aldehyde by thetBuO• radical a� ords an acyl
radical which can react with the styrene substrate to form the
more stable benzylic radical56d. When L = Cl� or OTf� , 56d
reacts with thetBuOO• radical generated earlier to form the
peroxidation-carbonylation product. When L = acac,56d
reacts instead with56c to form the hydroxylation-carbon-
ylation product and regenerating56a.

Two reports of polyoxometalate-mediated oxidations of
aldehydes/ketones were found for the time period covered. In
the � rst, Keggin-type POMs of the composition
H3+xPMo12� xVxO40 (x = 1, 2) were used for the oxidation of
cyclohexanone to adipic acid using O2 as the oxidant.216 The
authors conclude that the mechanism changes depending on
reaction conditions. When the reaction was conducted in an
aqueous medium without organic cosolvents or when the
catalyst-to-cyclohexanone ratio was high, the prevailing
mechanism was redox-type, with direct involvement of the

POM in the reaction. When an acetic acid cocatalyst was
employed, or when the catalyst-to-cyclohexanone ratio was
low, the reaction proceededvia a radical autoxidation
mechanism. The autoxidation mechanism was more selective
toward adipic acid. In a second report, similar heteropoly acids
of the formula H3+nPMo12� nVnO40 (denoted HPA-n, wheren =
2, 3, and 8) were used to catalyze the oxidation of aldehydes to
carboxylic acids in the presence of O2.

217 The proposed
mechanism is shown inScheme 35. At low pH in the presence
of oxygen, HPA-n forms the solvated,cis-dioxo cation
[VO2(H2O)4]

+ (denoted VO2
+). VO2

+ then coordinates the

Scheme 33.� -Hydroxy Carbonylation by VO(acac)2 (Left) and � -Peroxy Carbonylation by VOX2 (Right)

Scheme 34. Mechanisms for Peroxidation-Carbonylation and Hydroxylation-Carbonylation of Styrene in the Presence of an
Aldehyde As Proposed by Chen and Co-workers215

Scheme 35. General Mechanism for the Oxidation of
Aldehydes to Carboxylic Acids with Heteropolyacids
(HPA)217
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aldehyde to form intermediate57a, which then interacts with
O2 via a vanadium-assisted pathway to form57b, which
immediately undergoes vanadium-assisted decomposition to
yield the carboxylic acid and water and regenerating VO2

+. In
one� nal report, vanadium methoxides bearingN-salicylidene-
tert-butylglycinate ligands were used to oxidize� -hydroxy
ketones in the presence of O2.

196

2.6. Oxidative C� C and C� O Bond Cleavage

The valorization of biopolymers such as lignin, cellulose, and
hemicellulose provides an attractive and renewable alternative
to traditional petroleum-based carbon sources to meet the
rising global energy demand. Lignin in particular composes
15� 30% of lignocellulosic biomass by weight and 40% by
energy content and is extracted as a byproduct of pulp and
paper manufacturing in excess of 50 million tons per year.218

However, only limited techniques exist for the e� cient and
selective disassembly of these high molecular weight
biopolymers into economically viable chemical feedstocks.
Lignin is an amorphous irregular polymer of three main
monomeric building blocks,p-coumaryl alcohol, coniferyl
alcohol, and sinapyl alcohol (Figure 9, top). The� ve most

common linkages found in many varieties of lignin are� -O-4,
5� 5, � -5, 4-O-5, and� -1 linkages (Figure 9, bottom).219 The
development of catalytic processes for the selective cleavage of
these polymer linkages has great potential for capitalization of
this underleveraged resource. In addition to lignin degradation,
selective carbon� carbon bond cleavage is a valuable trans-
formation in many areas of the commodity and� ne chemical
industry. While catalysts containing Ni, Pd, Ti, Fe, Ir, Co, Cu,
Ru, and Re have also been employed,220 vanadium-based

catalyst manifolds have emerged as a promising technology for
the oxidative degradation of lignin and other oxygenated
hydrocarbons.

Much of the early work in the area of vanadium-catalyzed
degradation of lignin and cellulose was promoted under harsh
conditions by polyoxometalate vanadium complexes, aqueous
[VO2]

+, or simple vanadyl complexes with relatively low
selectivity, and little was known about the mechanisms of these
transformations.29 In the past decade, the appearance of new
ligand frameworks to support vanadium metal centers has
enabled the isolation of a variety of mechanistically relevant
intermediates and has facilitated a number of detailed
mechanistic studies in this area.

The � rst example of a discrete molecular complex for which
both stoichiometric and catalytic oxidative carbon� carbon
bond cleavage could be studied was vanadium(V) dipicolinate
oxo pinacol complex58, reported by Baker, Thorn, and co-
workers (Scheme 36).181 A solution of58 in pyridine was
converted over the course of 4� 6 days at room temperature to
a mixture of vanadium(IV) complex35, as well as one
equivalent of acetone and half an equivalent of pinacol.
Unexpectedly, under more forcing conditions (100°C, 48 h),
two molecules of35 could e� ect the oxidative cleavage of a
further pinacol equivalent, producing vanadium(III)� -oxo
dimer38, two equiv of acetone, and one equiv of water. This
represents the� rst isolation of a reduced vanadium(III)
complex as a byproduct of such a reaction. Both35 and38 are
prone to reoxidation by molecular oxygen, rendering a catalytic
application of these transformations feasible. Indeed, catalytic
aerobic oxidative cleavage of pinacol was achieved with 5 mol
% loading of vanadium(V) isopropoxide complex34 at 100°C
for 3 days in 1-methyl-2-pyrrolidinone, 97% conversion of the
oxidative cleavage of pinacol to acetone was observed.

A more general screen for the vanadium-catalyzed aerobic
oxidative carbon� carbon bond cleavage in tertiary 1,2-diols
promoted by vanadium(V) oxotrichloride was performed by
Kirihara and co-workers.221 Similar reactivity was also seen by
Ishii and co-workers, promoted by an unusual vanadyl complex
supported by bipyridyl and perrhenate ligands.189

Baker, Gordon, Thorn, and co-workers then applied the
dipicolinate ligand framework to a series of 1,2-hydroxyether
lignin model complexes (Scheme 37).222Similar to their initial
observations in the stoichiometric oxidative cleavage of
pinacol, complex59, derived from pinacol monomethyl
ether, underwent clean conversion to35 as well as half of an
equivalent of acetone, 2-methoxypropene, and pinacol
monomethyl ether after 6 h at 100°C in pyridine. In contrast,
substrates derived from 1,2-hydroxyethers with C� H bonds
alpha to the alcohol moiety such as complex60 underwent
only alcohol oxidation, with no carbon� carbon bond cleavage
observed. However, when the thermolysis of60was conducted
in DMSO instead of pyridine, a distribution of 30% benzoin
methyl ether, 66% methanol, and benzaldehyde (in a 1:2
ratio), and 100% 1,2-diphenyl-2-methoxyethanol relative to the
oxidizing equivalents of vanadium was obtained in addition to
vanadium(IV) DMSO complex61 (Scheme 38). The authors
postulate a mechanism for this transformation involving initial
removal of an electron from the carbon� carbon bond to form
benzaldehyde and methoxybenzyl radicals followed by
subsequent oxidation of60by a second equivalent. Subsequent
hydrolysis releases a second benzaldehyde equivalent and
methanol. However, testing this hypothesis proved di� cult due
to incompatibility with radical traps such as BHT and

Figure 9. (Top) Three monomeric units of lignin,p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol. (Bottom) Five most
common monomer linkages found in many varieties of lignin.
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Scheme 36. Stoichiometric and Catalytic Oxidative Carbon� Carbon Bond Cleavage Reported by Thorn and Baker181

Scheme 37. Stoichiometric Thermolysis of Vanadium Complexes 59 and 60

Scheme 38. Product Selectivity for Catalytic Degradation of 1,2-Diphenyl-2-methoxyethanol Promoted by Vanadium Complex
34 in DMSO and Pyridinea

aYields expressed in terms of theoretical maximum based on the initial amount of substrate.
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triphenylphosphine. The products of catalytic degradation of
the lignin model compound 1,2-diphenyl-2-methoxyethanol
promoted by vanadium isopropoxide complex34 also di� ered
as a function of solvent. Heating this substrate to 100°C in
DMSO for 20 h in the presence of 5 mol %34 a� orded
predominantly benzaldehyde (73%), methanol (6%), and
benzoin methyl ether (13%), with traces of benzoic acid and
methyl benzoate (yields expressed in terms of theoretical
maximum based on the initial amount of substrate). When the
reaction was performed in pyridine at 100°C with 10 mol %
34, benzoic acid and methyl benzoate were instead the major
products at 85 and 84% yield, respectively, with less than 10%
of benzaldehyde, methanol, and benzoin methyl ether. Benzoic
acid and methyl benzoate are proposed (and con� rmed in a
later contribution223) to be secondary products from the
further degradation of benzoin methyl ether, which forms
rapidly under these conditions.

Toste and co-workers targeted lignin model complex62, a
more sophisticated simulacrum of the� -O-4 linkage, with a
screen of simple vanadyl complexes, as well as various Schi�
base complexes (63� 69, Scheme 39).224 Unexpectedly, it was
observed that a major product of these catalytic degradations
was � ,� -unsaturated ketone70, a redox neutral cleavage
product. The remainder of the mass balance was accounted for
by simple oxidation of the benzylic alcohol position (72). This
nonoxidative cleavage pathway was a minor component of the
reaction mixture for most catalyst motifs tested; however, it
could be favored in the case of ONO tridentate Schi� base
complexes66� 69, with the greatest selectivity observed for
larger bite angle ligands68 and 69. While this process was
nonoxidative in nature, higher conversion levels were observed
under an aerobic atmosphere. This apparent inconsistency was
recti� ed by the observation that a dimeric vanadium(IV)
complex was precipitating from solution under anaerobic
conditions, and this catalyst deactivation pathway could be
mitigated by reoxidation in the presence of molecular oxygen.
A series of control experiments were conducted to shed light
on a potential mechanism for this transformation. Oxidized
byproduct72 was not carried onto70 under the reaction
conditions, even in the presence of a substituted benzylic
alcohol, indicating that the reaction does not take place by
sequential oxidation and then elimination and instead occurs

intramolecularly. When the benzylic alcohol was replaced by a
methyl ether, the reaction did not proceed e� ciently; however,
the terminal aliphatic alcohol could be replaced with a methyl
ether without signi� cant changes to the catalytic conversion or
product ratio, suggesting that ligand exchange at the benzylic
alcohol position may be relevant to the catalytic cycle. Finally,
removal of the aryl ether all together disrupted the formation
of the unsaturated ketone product, and only benzylic oxidation
was observed. These data together are consistent with the
mechanism shown inScheme 40. Ligand exchange at the
benzylic alcohol is followed by hydrogen atom transfer from
the benzylic position to the vanadium-oxo. Homolytic cleavage
of the adjacent ethereal C� O bond results in enolate
formation and ejection of an aryloxyradical. Collapse of the
enolate eliminates water and results in the formation of
unsaturated product70. The resulting vanadium(IV) complex

Scheme 39. Non-Oxidative C� O Cleavage Promoted by Schi� Base Catalysts 63� 69

Scheme 40. Proposed Catalytic Cycle for the Non-Oxidative
Degradation of Lignin Model 62
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reacts with the newly formed oxyradical, regenerating
vanadium(V) and closing the catalytic cycle. Jones and co-
workers225 reported derivatives of68 toward the catalyst
structure optimization for C� O cleavage in 1-phenyl-2-
phenoxyethanol, which was also studied by Xu and co-
workers.226

In a series of reports, Hanson and co-workers evaluated
catalysts developed in their laboratory for the oxidative
degradation of the closely related model complex
73.223,227,228The vanadium complexes applied to this catalytic
degradation of the� -O-4 linkage model included dipicolinate
complex34, bis(8-quinolinate) complex42, and tridentate
biscatecholate complex74. 10 mol % of complex34 a� orded
predominantly benzylic alcohol oxidation product75 (65%) in
DMSO at 100°C for 48 h (Scheme 41). 14% of the material
was converted to unsaturated ketone77, presumably by a
mechanism similar to that proposed by Toste and co-
workers.224

Finally, aldehyde and carboxylic acid compounds78 and79
were detected in 2 and 11% yield, respectively, and are
presumed to be secondary products from the further
degradation of75. When pyridine was used as solvent for
this reaction, roughly equal amounts of benzylic oxidation and

nonoxidative C� O cleavage product were observed. In
contrast, 10 mol % of catalyst42 at 80°C in pyridine did
not enable the nonoxidative C� O cleavage pathway, and the
only product observable in the reaction mixture was the
benzylic oxidation product75, which was produced in 55%
yield. The implementation of catalyst74 in toluene a� orded
similar results to catalyst34; however, an additional product,
that of� -hydroxyketone76, was detected at 14% yield.

In addition to the monomeric units and linkages shown in
Figure 9, another important descriptor for lignin is the number
of phenolic functional groups. Phenolic sites can represent a
signi� cant portion of the lignin structure and might provide an
attractive handle for reactivity in catalytic lignin degradation.
Indeed, spruce lignin is thought to incorporate 15� 30 phenolic
groups per 100 monomer units.229 In order to test the
reactivity of vanadyl complexes toward the oxidative cleavage
of phenolic lignin linkages, Hanson and co-workers targeted
phenolic model complex80 (Scheme 42). When Schi� base
complex69OiPr was applied to this system, the results were very
similar to those observed in the case of nonphenolic substrate
62; a mixture of benzylic alcohol oxidation (44%) and
nonoxidative C� O cleavage (32%) were observed. When
bis(8-quinolinate) complex42 was employed, however, an

Scheme 41. Catalytic C� O and C� C Bond Cleavage of Lignin Model Complex 73 Promoted by Vanadium Catalysts 34, 42,
and 74

Scheme 42. Oxidative C� C Cleavage of Phenolic Lignin Model 80, Catalyzed by 69OiPr and 42
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entirely new set of degradation products, dimethoxyquinone
83 (44%) and substituted acrolein84 (45%), were observed in
addition to81 (27%). In order to gain further insight into this
process,80-d1 was synthesized with a deuterium label at the
benzylic C� H position. 69OiPr reacted with80-d1 at a
qualitatively slower rate but a� orded the same ratio of
products, consistent with the proposed mechanism for this
C� O cleavage process (vide supra). When catalyst42 was
employed in the oxidative cleavage of80-d1, the selectivity for
products83 and84 was signi� cantly increased (54 and 57%,
respectively) relative to81 (<3%). Additionally, the deuterium
label was incorporated into the formyl position of84. These
observations indicate that the mechanism of C� C cleavage in
this reaction does not involve initial activation of the benzylic

C� H bond. Hanson and co-workers also successfully applied
vanadium complex42 toward a similar oxidative C� C bond
cleavage in phenolic� -1 linkage models, which is particularly
notable due to the lack of aryl ether moieties susceptible to
cleavage by other catalysts such as69OiPr.

230

In order to gain further insight into the origins of selectivity
between the C� O and C� C cleavage processes for phenolic
lignin model80 promoted by vanadium complexes69OiPr and
42, a computational study was undertaken by Fu and co-
workers.231 On the basis of their computational� ndings, a
modi� ed mechanism for the C� O cleavage reaction is
proposed in which spin crossover leads to a vanadium(III)
intermediate before homolysis of the C� OAr bond. Addition-
ally, a novel mechanism is proposed for the carbon C� C bond

Scheme 43. Proposed Mechanism for Carbon� Carbon Bond Cleavage Catalyzed by 42

Scheme 44. Eight Monophenolic Compounds Released from Aerobic Degradation of Dioxasolv Lignin Catalyzed by Vanadium
Complex 69OiPr
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breaking process (Scheme 43). This mechanism is initiated by
hydrogen atom abstraction from the phenolic O� H by the
vanadium(V)-oxo to generate a phenoxyl radical and a
vanadium(IV) complex. The authors proposed that the
resulting vanadium(IV) complex reacts with dioxygen to
form a vanadium(V) peroxo complex, which then recombines
with the peroxyl radical to form alkyl peroxo intermediate85.
Rate-determining homolysis of the O� O bond in85a� ords an
oxy radical, which rapidly progresses to cleave the CAr� Csp3
bond, producing the quinone and a carbon-centered radical,
which undergoes oxidation by vanadium and elimination of
water to a� ord the substituted acrolein fragment. The authors
suggest that the di� erence in selectivity observed between
catalysts69OiPr and42 is explained primarily by accelerating
the hydrogen atom transfer step in the case of the C� C
cleavage mechanism promoted by42. This hydrogen atom
transfer is proposed to occur via a spin crossover mechanism,
which is signi� cantly lower in energy for42 due to a much
lower singlet� triplet energy gap for42 compared to69OiPr
(29.7 kcal/mol compared to 42.3 kcal/mol, respectively). The
authors suggest that this di� erence arises because the HOMO
and HOMO� 1 are largely orthogonal in42, whereas in69OiPr,
signi� cant overlap in the HOMO and HOMO� 1 leads to
increased repulsion of unpaired electrons.

Toste and co-workers also applied catalyst systems69OiPr
and42 to lignin samples isolated fromMiscanthus Giganteus
using the Organosolv process.232 Treatment of the lignin
extract with 10 wt % of both69OiPr and42 led to a decrease in

average polymer molecular weight as evidenced by gel
permeation chromatography (GPC). Two-dimensional (2D)
NMR experiments showed that� -O-4 linkages were selectively
cleaved by catalyst69OiPr. In addition, GC/MS sampling of the
degradation mixture allowed the analysis of monomeric
degradation products released under these reaction conditions
(Scheme 44). The three main products identi� ed were vanillin,
syringic acid, and syringaldehyde in 7.8, 6.7, and 5.9% yield,
respectively.

5-Hydroxymethylfurfural (HMF) represents a promising
biomass feedstock molecule as the possibility of production
from monomeric sugars and potentially cellulose has been
demonstrated.233 Typically, under oxidative conditions
(Scheme 45), HMF is simply converted to 2,5-diformylfuran
(DFF), 5-formyl-2-furancarboxylic acid (FFCA), and/or 2,5-
furandicarboxylic acid (FDCA). However, it was observed by
Xu and co-workers that vanadyl complexes such as VOSO4 and
VO(acac)2 could e� ect the oxidation of HMF to maleic
anhydride without proceeding through any oxidized inter-
mediates such as DFF, FFCA, or FDCA.234Yin and co-workers
later observed similar reactivity with a vanadium-substituted
heteropolyacid of stoichiometry H5PV2Mo10O40.

235 The
authors suggested that this oxidative cleavage is initiated by
the electron transfer-oxygen transfer (ET-OT) mechanism
demonstrated by Neumann and co-workers for the stoichio-
metric carbon� carbon bond cleavage in primary alcohols
promoted by vanadium-substituted Keggin polyoxometa-
lates.236

Scheme 45. Proposed Mechanism for Aerobic Vanadium-Catalyzed Oxidation of HMF to Maleic Anhydride

Scheme 46. Proposed Mechanism of C� C Cleavage in [VO2]
+-Catalyzed Conversion of Carbohydrates to Formic and Lactic

Acids
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The conversion of cellulose and its derived carbohydrates
directly into low molecular weight molecules that can drop
into the existing industrial chemical network is of great value. A
number of reports have appeared that describe progress in this
area with vanadium catalyst systems. In 2014, both Marsh and
co-workers237 and Wang and co-workers238 reported studies
on the implementation of [VO2]

+ in acidic water for the
conversion of cellulose and glucose into formic and lactic acid.
Wang’s report includes a detailed study of the reaction network
involved in this process. On the basis of the observation of
[VO] 2+ under catalytically relevant conditions, Wang proposes
a mechanism involving a binuclear vanadium complex that
undergoes a concerted one-electron cleavage process (Scheme
46). Vanadium-substituted polyoxometalates have also been
shown to be e� ective catalysts for the transformation of
carbohydrates to formic acid,239� 246 as well as to synthesis
gas.247

Also during this period, Shul’pin and co-workers reported
the cleavage of the carbon� carbon double bond in isoeugenol
to a� ord vanillin, catalyzed by the H2O2-vanadate-pyrazine-2-
carboxylic acid reagent (Scheme 47a).101 This transformation
is thought to be initiated by the generation of oxy radicals at
vanadium that can add into the isoeugenol double bond to
form a benzylic radical, which then combines with dioxygen.
This oxygenate is then cleaved by vanadium. Kamal and co-
workers also reported an interesting 1,2-diketone cleavage/
amidine coupling, which is proposed to occur via addition of
the amidine into the diketone to form a double hemiaminal
(Scheme 47b). This is then cleaved by a mechanism similar to
that proposed by Wang and co-workers238 in the vanadium-
catalyzed cleavage of carbohydrates (vide supra).248

2.7. Sulfur Oxidation

The enantioselective oxidation of sul� des to sulfoxides has
been of great interest in recent decades due to their usefulness
as precursors for the asymmetric synthesis of biologically
relevant molecules. In fact, it was reported in 2006 that
sulfoxidation was the most common oxidation reaction in the
synthesis of candidate drug molecules.249 In many cases,
enantiopure chiral sulfoxides are desired, so catalysts that
produce sulfoxides with higheevalues are preferred in order to
avoid separation of enantiomers. Chiral ligand sca� olds are
therefore often utilized in these systems. A representative
example of sul� de oxidation with methylphenyl sul� de
(thioanisole) oxidized to the chiral sulfoxide is shown in
Scheme 48, along with the overoxidation product, methyl
phenyl sulfone. Note that limiting sulfone production is
desirable in most cases.

The � rst examples of asymmetric oxidation of sul� des to
sulfoxides by metal complexes were reported in 1984.250,251

These systems utilized Ti(OiPr)4 with TBHP as the oxidant
and diethyltartrate as the source of chirality. The use of
Ti(OiPr)4 in these systems has drawbacks, however, as the
compound is moisture sensitive and large amounts of catalyst
are needed to achieve reliable product enantioselectivity. The
asymmetric oxidation of sul� des to sulfoxides was demon-
strated with vanadium catalysts containing salen ligands in
1986,252and systems based on vanadium complexes have since
become a preferable alternative to the titanium systems, as the
vanadium complexes utilized are most often oxygen and
moisture stable. In addition, higher enantioselectivities are
observed with vanadium and lower catalyst loadings are
necessary. Many examples of vanadium-oxo(-peroxo) com-
plexes known to catalyze the oxidation of sul� des to sulfoxides
and sulfones are in the literature, and this chemistry has been
reviewed.16,253,254

Like vanadium peroxo reactions with alkenes, mechanistic
pathways to sul� de oxidation include both nonradical
(Sharpless-type) and radical pathways, although the latter are
proposed far less frequently (vide infra). The key step in the
radical mechanism, as proposed, is the formation of a radical
cation� anion pair. Once formed, the radical sulfur fragment
quickly reacts with the radical oxygen to form the sulfoxide
product (Scheme 49).16 In nonradical processes, also referred
to as metal� oxygen shift mechanisms, nucleophilic attack of
the sul� de on the electrophilic peroxide (or hydroperoxide, as
suggested by Pecoraro and co-workers256,257) oxygen in an
SN2-like fashion generates the sulfoxide product (Scheme 50).
While many examples of vanadium complexes able to catalyze
sul� de oxidation have appeared in the literature in the last ten
years, little new mechanistic information has been reported in
this period.

Bonchio and co-workers demonstrated how ligand character
can shift the mechanism between nonradical and radical.255 In
this report, VO(O2)OCH3 acts as an electrophilic oxidant
toward various sul� des, while VO(O2)(PIC)(H 2O)2 (PIC =
picolinic acid anion) oxidizes the same substrates via a radical

Scheme 47. (a) Ole� n Cleavage Reported by Shul’pin and Co-workers,101 and (b) 1,2-Diketone Cleavage Reported by Kamal
and Co-workers248

Scheme 48. General Scheme for the Oxidation of
Thioanisole to Sulfoxide and Sulfone Products
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mechanism. It is postulated that the picolinato ligand decreases
the electrophilicity of the peroxide oxygen, disfavoring
electrophilic oxidation and shifting the mechanism to a radical
one. In a separate report, Ballistreri and co-workers also
concluded that VO(O2)(PIC)(H 2O)2 oxidizes sul� des via a
radical mechanism in which initial sul� de coordination to the
metal center is required.258In addition, the electron density on
the sulfur atom can a� ect the reaction; in catalysts proposed to
proceed via the nonradical pathway, the presence of electron-
withdrawing groups lowers yields.259This is presumably due to
the reduction of electron density at the sulfur, which renders it
less nucleophilic.

Romanowski and co-workers have provided several reports
utilizing vanadium(V) complexes with tridentate Schi� base
ligands (similar to those employed earlier by Junnosuke and
co-workers260) for sul� de oxidation.261� 265 For these systems,
they propose a mechanism similar to that inScheme 50but
which also includes initial coordination of sulfur to the
vanadium center,261 demonstrating the stark e� ects of oxidant
and substrate choice. However, the formation of a biradical
intermediate was not discussed in the original manuscript. In
very similar systems, yields range from 20 to 92%, withee
values of 0� 46%. H2O2 was found to be the best oxidant, while
the use of bulkier oxidants such as cumene hydroperoxide
reduced yields. Bulky substrates such as benzylphenyl sul� de
also produced lower product yields than less sterically
demanding substrates such as methylphenyl sul� de. Many
other examples of sul� de oxidation with tridentate Schi� base
vanadium complexes were also found,266� 278 and these motifs
seem to be the most popular for this transformation. A report
by Pessoa and co-workers compared tridentate amino alcohol-
derived Schi� base ligands with reduced variants in which the
Schi� base imine functionality has been converted to an
amine.279 Experimental work shows that, in most cases, the

complexes containing the imine functionality give higher yields
and ee values than those with reduced congeners. DFT
calculations suggest the Sharpless nonradical mechanism is
operative for this class of catalysts, and that the activation
barrier of the reaction catalyzed by the amine complexes
described above is about 22 kJ/mol higher than that of the
Schi� -base imine complexes, consistent with the experimental
results. The authors comment that this result is contrary to
their expectations and to previous results with V-salen and V-
salan compounds in which the amine functionality of the salan
ligand is bene� cial over the imine in salen compounds.

New reports of catalysts containing salen, salan, and
salophen ligands were also found.280� 283 Nonradical mecha-
nisms similar to that inScheme 50are proposed in these
systems as well.281 Vanadium thiolate compounds containing
SNS ([VO2L

NS2][HNEt 3], where LNS2 = 2,2�-(pyridine-2,6-
diyl)bis(1,1�-diphenylethanethiolate)) and SNNS (VOLN2S2,
where LN2S2 = 2,2�-(2,2�-bipyridine-6,6�-diyl)bis(1,1�-dipheny-
lethanethiolate)) binding modes were also shown to be active
for this transformation and are proposed to proceed via a
nonradical mechanism.284 One report of a vanadium(V)
silsesquioxane trisilanolate catalyst was found, and the role of
Lewis base coligands in decreasing catalytic activity was
discussed.285 In one report, VO(acac)2 was used to prepare
tris- and bis-sulfoxide ligands.286 VO(acac)2 was also used to
oxidize sul� des to sulfones with ClO2 as the oxidant. It is
proposed that chlorine radicals are formed in this system
leading to chlorinated side products.287

(Mono)amine triphenolate,288 diphenolate,289 and various
diethanolate290 complexes (known also as vanadatrane), as
well as (di)amine diphenolate291 complexes were also shown
to have sul� de oxidation capabilities. A nonradical, electro-
philic oxygen transfer mechanism was proposed for the
triphenolate compounds. Martinez and co-workers reported
supramolecular hemicryptophane-oxovanadium(V) catalysts,
with vanadatrane-like tripodal cores similar to the amino-
phenolate and aminoethanol complexes above, which are
remarkably e� cient and selective toward sul� de oxida-
tion.292,293 The authors also reported a similar bowl-shaped
aminotriethanol-oxidovanadium(V) compound with even
higher activities (TON up to 105).293 They proposed that
the presence of a hydrophobic chiral pocket above the metal
center, which accommodates the hydrophobic sul� de and
releases the hydrophilic sulfoxide, is responsible for the
enhanced catalytic activity and enantioselectivity. In addition,
competitive inhibition and substrate size-selectivity demon-
strated that the catalytic reaction occurs inside the hemi-
cryptophanes.

Multimetallic clusters containing vanadium have also been
found to be active in sul� de oxidation. A report by Bian and
co-workers describes a novel vanadium(IV) octamer cluster
that catalytically oxidizes sul� des using TBHP as the
oxidant.294 Interestingly, the activity is increased in the

Scheme 49. Radical Mechanism for the Oxidation of Sul� des As Proposed by Bonchio and Co-workers255 and Reviewed by
Conte and Co-workers16

Scheme 50. Mechanism of Non-Radical Sul� de Oxidation
Proposed by Pecoraro and Co-workers256

Chemical Reviews Review

DOI:10.1021/acs.chemrev.8b00245
Chem. Rev.XXXX, XXX, XXX� XXX

AF

http://dx.doi.org/10.1021/acs.chemrev.8b00245


presence of serum albumin. Keggin heteropolyacids where Mo
is partially replaced by V, Bi, or Bi� V show higher activity
toward sul� de oxidation than the unsubstituted clusters.295,296

It was also shown that increasing the reaction temperature
favors overoxidation to the sulfone. A polyoxoniobate-
polyoxovanadate297 catalyst was also reported.

In summary, while reports of tridentate Schi� base vanadium
catalysts far outnumber those with other structural motifs, it
has been demonstrated that many ligand frameworks can
support and promote vanadium-oxo/-peroxo catalysts under
desired conditions. Electronic e� ects, both a� ecting the metal
center and the sulfur group on the substrate can greatly
in� uence yields and enantioselectivities and even change the
mechanism of oxidation. For example, decreasing the electro-
philicity of a peroxide oxygen through addition of a picolinate
ligand can shift the oxidation mechanism from nonradical to
radical,255 while in nonradical systems, decreasing the
nucleophilicity of the substrate sulfur atom with electron-
withdrawing groups can lower product yields.259 In addition,
steric constraints at the metal center can have large e� ects,
with more steric crowding often leading to lower yields. In the
systems described above, most are thought to proceed through
nonradical mechanisms in which the catalyst acts as an
electrophilic oxygen transfer reagent through inner-sphere
processes.

2.8. Carbon� Carbon Bond Formation

Transition metal catalyzed bond-forming reactions have
revolutionized modern synthesis in the pharmaceutical and
� ne chemical industries. While precious metals such as
palladium have been leveraged to great e� ect in this
area,298,299 the development of base metal catalysts capable
of e� ecting these transformations would be of immense
economic and ecological bene� t. Nickel300 and copper301

catalyzed processes are well-known and have been the topic of
intense research, and more recently signi� cant progress in
iron302 and cobalt303 catalyzed coupling reactions has also
been reported. Vanadium, in contrast, has received little
attention as a catalyst for coupling reactions. Nonetheless,
vanadium has been shown to e� ect a number of catalytic
carbon� carbon bond formations, both oxidative and redox
neutral in nature.

2.8.1. Oxidative Coupling. Oxidative couplings are the
most commonly reported types of carbon� carbon bond
forming reactions promoted by vanadium. Oxidative C� C
coupling reported in the time frame of this review fall into two
classes: (1) homocoupling of phenolic substrates to generate
biaryl products and (2) aminoalkylations. Homocoupling of
phenols is generally performed with asymmetric catalysts in
order to produce enantioenriched biphenols, which are widely
employed as chiral auxiliaries and precursors to chiral catalysts.
Carrick and co-workers� rst demonstrated that simple
vanadium complexes such as VCl4 or VOCl3 could e� ect the

Scheme 51. Enantioselective Homocoupling of Naphthols with a Dual Activation Strategy, Promoted by Dinuclear Vanadium
Complex 86
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coupling of 2-naphthols to racemic 1,1�-bi-2-naphthol
(BINOL) derivatives in 1969.304 In 2001, the groups of both
Chen305 and Uang306 independently were able to render this
process enantioselective by chelating the vanadium center with
tridentate, amino acid derived asymmetric Schi� base ligand
frameworks. Takizawa, Sasai, and co-workers employed a dual
activation strategy in order to improve this process. By
tethering two vanadium centers to the same ligand framework,
both naphthol substrates could be activated by vanadium and
brought together without additional entropic cost (Scheme
51).307,308 This dinuclear catalyst system (e.g., complex86)
features three elements of chirality, two sites of point chirality
on the amino acid moiety and axial chirality at the biaryl
linkage. In some cases, this enhanced chiral environment leads
to increased levels of enantiomeric purity of coupled naphthols
and phenols. Most relevantly, the dual activation strategy leads
to a marked increase in the rate of the reaction. Dinuclear
complex86 (5 mol %) catalyzes the oxidative coupling of 2-
naphthol� 48 times faster than its mononuclear analogue,
complex87 (10 mol %).

Takizawa, Sasai, and co-workers further reported the
successful extension of this strategy to aqueous reaction
environments,309 to polycyclic phenolic substrates,310 and to
the one-pot oxidative dimerization and Lewis acid promoted
cyclization of these polycyclic substrates to a� ord enantio-
enriched oxahelicenes,311 which are of high value in materials
science and electronics.

Furthermore, it was demonstrated that for naphthol
derivatives of low oxidation potential, the sense of
enantioinduction could be inverted by switching from
mononuclear to dinuclear vanadium catalysts.312 The authors
propose that these substrates are coupled by an outer sphere
radical anion mechanism in the presence of an isolated
vanadium catalytic center. This leads to a change in enantio-
induction, as opposed to the dual activation mechanism for
which both naphthols are coordinated in the inner sphere of a
vanadium center, and no discrete carbon-centered radical
intermediates are proposed.

Kozlowski and co-workers extended this reactivity to the
oxidative homocoupling of 2-hydroxycarbazoles using mono-
meric vanadium catalyst88 (Scheme 52).313,314 Regioisomers

could be controlled by the addition of steric bulk to the ligand
framework, and in addition, it was observed that adding
electron-withdrawing groups to the ligand backbone stabilized
lower oxidation states of vanadium, which, in turn, accelerated
the oxidation process. This reaction was also found to be
inhibited by TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl),
suggesting that the reaction proceeds through radical

intermediates. The reaction could also be extended to the
homocoupling of phenols, which are generally more resistant
to oxidation than naphthols, with good regio- and
enantioselectivity.

Vanadium-catalyzed aminomethylation of carbon nucleo-
philes was� rst reported in 2002 by Uang and Hwang (Scheme
53).315 In this work, it is reported that vanadium complexes

such as VO(acac)2 react with amine-N-oxides such asN-
methylmorpholine-N-oxide (NMO), resulting in their decom-
position to iminium ions, which can then be trapped by
nucleophilic attack, forming a carbon� carbon bond. This
aminomethylation process was extended to heterocycles such
as imidazo[1,2-a]pyridines and indole by DeBoef and co-
workers in 2015 (Scheme 54).316 The authors reported that

the same regiochemical outcome is obtained in a conventional
Mannich alkylation with morpholine and paraformaldehyde.
Additionally, the reaction is unperturbed by the addition of
TEMPO as a radical inhibitor. These observations are
consistent with the two-electron mechanism proceeding
through an iminium intermediate proposed by Uang.

In the course of process route development for Janus Kinase
2 (JAK2) inhibitor LY2784544, Mitchell and co-workers
employed a similar VO(acac)2-catalyzed aminomethylation
(Scheme 55a).317 In this reaction, heterocycle89 was treated

Scheme 52. Oxidative Homocoupling of 2-
Hydroxycarbazoles Promoted by Catalyst 88

Scheme 53. Aminomethylation Promoted by VO(acac)2
Reported by Uang315

Scheme 54. Extension of Uang’s Aminomethylation
Procedure to Nitrogen Heterocycles Reported by DeBoef
and Co-workers316
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with 10 equiv of NMO and 20 mol % VO(acac)2 in ethanol at
40 °C, which a� orded 90 in greater than 75% yield.
Interestingly, a number of observations reported for this
system are inconsistent with the key iminium ion intermediate
proposed by Uang. The regio-chemical outcome of the
reaction is not the expected site of reactivity for electrophilic
aromatic substitution based on1H and 13C NMR chemical
shifts, which are known to correlate with electron density and,
by extension, nucleophilicity. Indeed, further evidence of this
was gained by subjecting the substrate to the isolated iminium
ion (Scheme 55b). In this experiment, no reaction was
observed except under forcing conditions when a low yield of
product91, alkylated at the benzylic position, was isolated.
Furthermore, alcohol92was isolated as a minor product of the
reaction. Labeling studies showed that the incorporated
ethanol unit originated from the solvent, and a spiking
experiment eliminated acetaldehyde as an intermediate for
this process. The authors suggest that a radical mechanism is
likely operant in this system. Minisci-type reactivity is more
consistent with the observed regio-chemical outcome, and
hydrogen atom abstraction from the� -position of the alcoholic
solvent likely leads to byproduct92.

The concept underlying these aminoalkylations was shown
to be general to other amine coupling partners by Prabhu and
co-workers in the cross-dehydrogenative-coupling of tetrahy-
droisoquinoline derivatives and indoles (Scheme 56).318In this
reaction, in the presence of 10 mol % V2O5 in water with an
oxygen atmosphere at 100°C, a carbon� carbon bond was
formed between the benzylic position ofN-benzyl tetrahy-
droisoquinoline and the 3-position of the indole in 83% yield
after 24 h. The reaction is not impacted by the presence of
radical scavenger BHT, and as a result, the authors suggest a

nonradical reaction pathway that proceeds through an iminium
ion intermediate, similar to the mechanistic proposal of Uang
for aminomethylation with NMO.

By switching the oxidant from O2 to m-CPBA, Klussmann
and co-workers were able to extend this cross-dehydrogen-
ative-coupling reaction to a range of nucleophiles in addition to
indoles, such as nitroalkyls, ketones, pyrroles, and alkynes
(enabled by cocatalytic copper to facilitate the activation of the
alkyne) (Scheme 57).319 The authors propose thatm-CPBA
reacts with the amine to form theN-oxide, which then forms
an adduct with the vanadium catalyst. This intermediate is
proposed to undergo concerted elimination to form an
iminium ion, which undergoes nucleophilic attack. The authors

Scheme 55. (a) Aminomethylation of 89 with NMO, Catalyzed by VO(acac)2 and (b) Mannich-Type Alkylation of 89
Proceeding in Low Yield with Divergent Regio-Chemistry

Scheme 56. Cross-Dehydrogenative-Coupling of
Tetrahydroisoquinolines and Indoles

Scheme 57. VO(acac)2 Catalyzed Cross-Dehydrogenative-
Coupling of Tetrahydroisoquinolines and a Diverse Set of
Nucleophilic Coupling Partners
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note that this process can be carried out stepwise, where initial
reaction betweenm-CPBA and the tetrahydroisoquinoline
generates theN-oxide quantitatively, which then can be
subjected to the vanadium catalyst and nucleophile to generate
the coupled product in similar yield and selectivity.

Amides were also found to participate in vanadium-catalyzed
aminoalkylation (Scheme 58).320 When imidazo[1,2-a]-
pyridine derivatives were treated with 10 mol % VO(acac)2
and two equivalents of (diacetoxyiodo)benzene in dimethyla-
cetamide at 150°C for 6 h, methylene-bridged dimer93 was
formed in 85% yield. This reaction is thought to proceed
through anN-acyliminium ion, which undergoes nucleophilic
attack by the heterocycle. The resulting alkylated material is
then further activated as an electrophile with methylacetamide
as a leaving group and reacts with an additional equivalent of
the starting material to form93. The reaction proceeds with
diminished yield in dimethylformamide (DMF), but no
conversion is observed in formamide, indicating that the
methylene incorporated in the product originates as anN-
methyl group. This is further con� rmed by isotopic labeling
using DMF-d7 as the methylene source. The reaction is not
inhibited by the addition of TEMPO, supporting the two-
electron mechanistic proposal.

2.8.2. Non-Oxidative Coupling. As discussed above,
replacing precious metals like palladium in catalytic cross
coupling reactions is a major thrust of the organometallic
catalysis community. Oxidative coupling of metal aryls and
main group aryl compounds has been well-explored in the
presence of external oxidants such as dioxygen or 1,2-
dichloroethane.321 Very little has been demonstrated for the
application of vanadium directly to cross coupling reactions
that proceed by the standard iterative steps of oxidative
addition, transmetalation, and reductive elimination. An early
report indicates that homocoupling of aryl bromides in the
presence of magnesium metal without any external oxidants
may proceed through such a mechanism.322A similar report by
Lu disclosed that the addition ofn-BuLi to an aryl halide
followed by 1 mol % of VCl4 resulted in the formation of a
homocoupled biaryl product (Scheme 59).323 The reaction
proceeded e� ciently for aryl chlorides, bromides, and iodides
and was generally higher-yielding for electron-rich substrates. A
two-electron redox cycle is proposed for this reaction, although
this is not supported with mechanistic investigations. In this
mechanism, the precatalyst is reduced to vanadium(III) by the
alkyl lithium reagent. The resulting low valent vanadium center
would then oxidatively add aryl halide, to generate vanadium-
(V), followed by trans-metalation from an aryl lithium formed
by lithium-halogen exchange, and� nally reductive elimination.

A more detailed report of a vanadium-catalyzed cross
coupling by Koichiro and co-workers describes the coupling of
alkyl bromides with aryl Grignard reagents (Scheme 60).32410
mol % VCl3 was added to cyclohexyl bromide and two

equivalents of phenyl magnesium bromide in THF at 25°C,
which a� orded the cross-coupled product, phenylcyclohexane,
in 75% yield. 6-Bromo-1-hexene, treated under otherwise
identical reaction conditions a� orded benzyl cyclopentane,
indicative of an intercepted radical oxidative addition
mechanism. Furthermore, bothexo- andendo-2-bromonorbor-
nane a� orded identical mixtures of 93:7exo:endo2-phenyl-
norbornane after the coupling reaction. This racemization is
also consistent with a radical intermediate in the oxidative
addition process. Another key piece of information was derived
by examining the reaction with stoichiometric amounts of VCl3
and varying the equivalents of the Grignard reagent. A 2:1 ratio
of Grignard to vanadium resulted in no coupling, while
moderate product formation was observed with a 3:1 ratio, and
after a 4:1 ratio of the Grignard reagent to vanadium, only
marginal increases in coupled products were observed. On the
basis of these observations, the authors proposed a mechanism
wherein VCl3 reacts with four equivalents of Grignard reagent
to form the homoleptic vanadate complex. This highly
electron-rich species transfers an electron to the aryl halide,
resulting in cleavage of the R� X bond to form an alkyl radical
and a vanadium(IV) tetraaryl complex, which rapidly reacts to
form a vanadium(V) alkyl tetraaryl complex. Finally, carbon�
carbon bond forming reductive elimination releases the
product, and the resulting vanadium(III) species reacts with
a further Grignard reagent to reform the vanadate and close
the catalytic cycle.
2.9. Deoxydehydration

The deoxygenation of biomass and biomass-derived small
molecules has become an increasingly studied topic as the need
to move away from fossil fuels grows. Biomass o� ers a
chemical feedstock for the production of biofuels such as
ethanol and butanol, as well as for molecular building blocks
such as ole� ns. To this end, various deoxygenation reactions
such as dehydration, hydrodeoxygenation, hydrogenolysis,
decarbonylation, decarboxylation, and direct deoxygenation
have been explored. In addition, transition metal-mediated

Scheme 58. Methylene-Bridged Dimer Formation via Amidoalkylation Catalyzed by VO(acac)2

Scheme 59. Redox Neutral Homocoupling of Aryl Halides
in the Presence of Butyl Lithium and Catalytic Amounts of
VCl4
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deoxydehydration (DODH), which is formally the removal of
H2O and 1/2O2 from a vicinal diol to yield an alkene, and
which requires the use of an external reductant, has gained
interest. Initially, DODH reactions were found to be catalyzed
by rhenium compounds, and this has been reviewed.325� 327

More recently it has been discovered that molybdenum and
vanadium complexes can e� ect this reaction as well, and this
topic has also been reviewed.30

In 2013, Nicholas and Chapman reported the� rst examples
of DODH with oxo-vanadium compounds.328 In this report, it
was shown that commercial metavanadate salts such as
NaVO3, [NH4][VO 3], and [nBu4N][VO 3] displayed low-to-
moderate activity toward DODH of vicinal diols in the
presence of various reductants, including Na2SO3, PPh3, and
H2. Enhanced activity was observed with the vanadium-oxo
complex [nBu4N][(dipic)VO2] (dipic = 2,6-pyridinedicarbox-
ylate) in combination with either PPh3 or Na2SO3 as the
reductant, with alkene yields approaching 100%. A general
reaction scheme is shown below (Scheme 61). On the basis of
proposed mechanisms from the previous rhenium-oxo work,
Nicholas and Chapman postulated two possible mechanistic
routes for this system (Scheme 62).

In 2016, the DODH mechanism by [nBu4N][(dipic)VO2]
using PPh3 as a reductant was investigated by DFT in three
di� erent manuscripts by Galindo,329 Faza330 and Fu.331 All
three groups concur that the vanadium(III) diolate, compound
94, is the precursor to ole� n elimination which completes the
catalytic cycle; however, di� erent conclusions are made with
respect to whether path A or B is favorable as well as the
mechanism for alkene release.

Using the B3LYP functional and considering ethylene glycol
as the substrate, Galindo calculates that path B is most
favorable, where reduction to vanadium(III) occurs prior to
the diol condensation.329 Once compound94 is formed, the

ole� n is eliminated via a concerted [3 + 2] retro-cycloaddition
regenerating the [nBu4N][(dipic)VO2] catalyst (Scheme 63).

Faza and co-workers also considered an ethylene glycol
substrate but employed the UB3PW91 functional along with a
Def2-TZVPP basis set to examine this mechanism.330 Unlike
Galindo’s work, which employed gas-phase geometry and
frequency calculations, this work considers solvation e� ects to
calculate solution-phase geometries. Like Galindo, they
conclude that path B is favorable over path A (Scheme 62);
however, their calculations indicate the ole� n extrusion step
occurs via a ring contraction by a diradical mechanism to form
a four-membered metallacyclic intermediate, which then
releases the ole� n via an aromatic [2 + 2] retro-cycloaddition.
A simpli� ed version of the proposed alkene extrusion

Scheme 60. Vanadium-Catalyzed Coupling of Alkyl Bromides with Grignard Reagents, As Well As Evidence for a One-
Electron Oxidative Addition Mechanism

Scheme 61. Deoxydehydration of Vicinal Diols by
Vanadium Catalysts

Scheme 62. Two Possible Catalytic Cycles Proposed by
Nicholas and Chapman328,a

a[nBu4N] + cations have been removed for clarity.
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mechanism is shown inScheme 64. In addition, this
manuscript carefully investigates the steps involved in
reduction by PPh3.

In contrast to Galindo and Faza, Fu and co-workers
concluded that path A is the most favorable, with diol
condensation occurring before reduction of the vanadium
center.331 In their calculations, propylene glycol was used as
the model substrate and the M06 functional was employed.
After formation of the vanadium(III) diolate, which initially
occurs with the Ph3PO ligand still attached, the ole� n is
extruded via a radical mechanism similar to that of Faza;
however, the pathway goes through a (mono)radical
vanadium(IV) species to form the vanadium(V) metallacycle
(Scheme 65). The� nal step to release the ole� n is again the [2
+ 2] retrocycloaddition proposed by Faza.

Nicholas and co-workers followed up their initial report of
vanadium-catalyzed DODH of diols with a second manuscript
which compared the activity of [nBu4N][(dipic)VO2] with
three other vanadium(IV) dioxo species, shown inFigure 10,
using an expanded list of external reductants including Na2SO3,

PPh3, benzyl alcohol, Zn, H2, and CO.332 The purpose was to
gain information about how catalyst/reductant pairs a� ect the
DODH reaction with the goal of elucidating a system that
utilizes more economic reductants like H2 and CO. In this
study, substrates included styrene glycol as well as the
unactivated diols 1,2-hexanediol and (+)-diethyl tartrate. The
four compounds displayed considerably di� erent, reductant-
dependent catalytic activities. Complex96 showed little-to-no
activity with any of the reductants, while complex97 displayed
moderate activity across the reductant scope. Complex95 had
the highest activity toward styrene glycol when Na2SO3 or
PPh3 was used as the reductant, and complex98 was found to
have the highest activities of the group when the more
economical H2 and CO were used as reductants. While this
study showed a clear catalyst/reductant pairing dependence,
no conclusive evidence was obtained to explain the di� erences
in activities.

The only other reports of homogeneous DODH reactions
by vanadium compounds include a report by Geary and co-
workers, who use [nBu4N][(dipic)VO2] to form polycyclic

Scheme 63. Reverse [3 + 2] Cycloaddition for the Extrusion of Ethylene As Proposed by Galindo329a

a[nBu4N] + cations have been removed for clarity.

Scheme 64. Pathway for Ethylene Extrusion As Proposed by Faza and Co-workers330a

a[nBu4N] + cations have been removed for clarity.

Scheme 65. Pathway for Propylene Extrusion As Proposed by Faza and Co-workers330a

a[nBu4N] + cations have been removed for clarity.

Figure 10.Catalyst variants explored by Nicholas and co-workers332
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aromatic hydrocarbons from cyclic diols,333 and a report by
Fristrup of the DODH of glycerol to allyl alcohol without the
use of an external reductant.334 In this latter case, the glycerol
acts as both the oxidant and the reductant (so a maximum of
50% yield of allyl alcohol can be obtained) and moderate yields
of allyl alcohol (22%) are reported for the [NH4][VO 3]
catalyst.
2.10. Haloperoxidase

Considering the relatively high natural abundance of
vanadium, it should not be surprising that nature has chosen
to utilize this metal in biological processes.335 Naturally
occurring enzymes containing vanadium, such as vanadate-
dependent haloperoxidases (VHPO), which catalyze the
oxidation of halide anions in the presence of hydrogen
peroxide, have been isolated from algae, fungi, and bacteria,
and studied for many years.11,336� 338 These enzymes have
been classi� ed according to the most electronegative halide
they can oxidize [i.e., chloroperoxidases (V-ClPO) can catalyze
the oxidation of chloride as well as bromide and iodide, while
bromoperoxidases (V-BrPO) can catalyze the oxidation of
bromide and iodide only]. The vanadium active site from a
representative chloroperoxidase fromC. inaequalisis shown in
Figure 11.

In this system and others, haloperoxidases utilize hydrogen
peroxide for electrophilic halogenation, via the oxidation of
halides. In this scenario, X� (X = Cl, Br, I) is oxidized by two
electrons to an“X+” intermediate in HOX, which then can
halogenate the substrate. The proposed catalytic cycle of V-
ClPO is shown inScheme 66. Initially, the vanadium(V) V-
ClPO intermediateA coordinates the peroxide in a side-on
fashion, and water is released. The crystal structure ofB is in
the literature.339A halide (Cl� in this case) is then able to bind
the enzyme to form a hypochlorite group via nucleophilic
attack on the peroxo-oxygen to formC. This nucleophilic
OCl� is then released from the enzyme via protonation to form
hypochlorous acid, which is the active chlorinating agent.
Reactions involving bromoperoxidases are thought to proceed
via the same mechanism.16,340 However, the HOBr can also
react further with bromide and a proton to form Br2, and
further reaction with bromide forms Br3

� (Scheme 67).32 Both
Br2 and Br3

� are active brominating agents as well.
Since VHPOs are e� cient in catalyzing halogenation

reactions, scientists have tried to reproduce the activity and
investigate the mechanisms through the employment of

tailored homogeneous vanadium-oxo complexes, and several
recent reviews of the chemistry of vanadium-dependent
haloperoxidase mimics are in the literature.16,340,341 Most
commonly, these complexes are utilized as catalysts for the
bromination of alkenes and alkynes. It has been proposed that,
during styrene bromination reactions, the vanadium hypo-
bromite complex reacts directly with styrene to form a
bromohydrin product, while Br2 (and possibly Br3

� ) are
responsible for the formation of the dibrominated product
(Scheme 68).16 It should be noted, however, that the

vanadium hypobromite intermediate has been elusive and
has only been identi� ed by mass spectrometry.342 As such,
there is still considerable debate about the mechanisms in
these types of systems. Unfortunately, the collection of work
described below does little to expand on this matter and
therefore will be only brie� y summarized.

Simple vanadium salts such as [NH4][VO 3] can catalyze
bromination reactions in the presence of an oxidant and a
Brønsted acid.343� 345 It has also been shown that, in some
cases, the Brønsted acid could be replaced with a Lewis acid
without negatively e� ecting the activity.346,347 Many other
catalysts, including those with Schi� base,130,154,162,191,348� 350

salen,281 tripodal amine,351� 353 carboxylate,354� 357 hydra-
zone,277,358� 360 N-heterocyclic,361,362 and phenolate191,288,363

ligands have been prepared and studied, as well as
polyoxometalate103,364 compounds. Other similar reactions
catalyzed by vanadium complexes in the presence of oxidants
include bromocyclization of alkenols365,366 and decarbon-
ylative halogenation.367,368

Figure 11.A vanadium site of V-ClPO fromC. inaequaliswith
possible hydrogen-bonding interactions shown with dotted lines.338

Scheme 66. Proposed Catalytic Cycle for the Generation of
HOCl and the Chlorination of an Organic Substrate338

Scheme 67. Formation of Br2 and Br3
� in V-BrPO Systems

Scheme 68. Formation of a Bromohydrin Product (Left)
and a Dibrominated Product (Right) By a Vanadium
Hypobromite Intermediate and Br2, Respectively, As
Proposed by Conte and Co-workers16
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2.11. Cyanation

The � rst report of vanadium-catalyzed oxidative cyanation of
amines was by Sain and co-workers in 2009.369 In this report,
the authors demonstrated that vanadium compounds such as
V2O5 (along with its supported analogues V2O5/ZrO2, V2O5/
TiO2, and V2O5/Al 2O3), VOSO4·2H2O, VO(acac)2, and
VO(salen) catalyze the oxidative cyanation of tertiary amines
in the presence of sodium cyanide, acetic acid, and molecular
oxygen under mild conditions (60°C) (Scheme 69). Under

these conditions, V2O5 was the most active and selective
catalyst of the group. The authors report that the reaction
likely proceeds through a radical mechanism since the addition
of BHT as a radical trap shut down the catalytic activity. Prior
to this report, only one study was found on the oxidative
cyanation of tertiary amines to� -aminonitriles using molecular
oxygen as the oxidant, with the catalyst being RuCl3.

370

In 2014, the cyanation of amines with vanadium catalysts
was expanded from tertiary amines topara-methoxyphenyl-
protected primary amines in oxidative Strecker reactions by
Chen and co-workers.371 Three vanadium(V) catalysts were
employed and are shown inFigure 12. The external oxidant
utilized in this report was TBHP, and the cyanide source was
trimethylsilyl cyanide. The general reaction is shown in
Scheme 70.

Compound99 was found to be much more active than100
or 101and was subsequently screened with similar conditions
across multiple substrates, achieving yields of 30� 70%.
Notable observations include: no vanadium(III) or (IV)
catalysts tested were active in this reaction, aromatic rings
other than phenyl were tolerated, and electron-de� cient
substrates such as acetyl, tosyl, and Boc-protected amines did
not react under the same conditions. The authors proposed the
catalytic cycle shown inScheme 71. In this mechanism,99
initially reacts with the oxidant, TBHP, to form the on-cycle
catalyst 99a, followed by PMP-amine (PMP =para-
methoxyphenyl) coordination to99a to form 99b. A single

electron transfer from the electron-rich amine nitrogen to the
vanadium center yields99c, and subsequent O� O homolysis
and C� H abstraction gives99d and the iminium ion, which
can then react with the cyanide to a� ord the product. The
authors cite the observation that electron-de� cient substrates
such as acetyl, tosyl, and Boc-protected amines did not react
under the same conditions as evidence for the single electron
transfer step to form99c. Additionally, since V(III) complexes
do not promote this reaction, a V(III)/V(V) redox mechanism
was discounted. Amine oxidation by atert-butoxyl radical was
also dismissed since V(IV) complexes also do not catalyze this
reaction, and low conversions are seen with V(V) catalysts100
and101.

Khan and co-workers utilized vanadium salen compounds
for the catalytic asymmetric addition of CN� to N-
benzylimines at� 30 °C, as depicted inScheme 72.372 Yields

of � -aminonitriles up to 92% with ee values of up to 94% were
realized. In a separate report, the authors showed that
macrocyclic vanadium salen compounds could catalyze the
asymmetricO-acetylcyanation of benzaldehyde, with moderate
eevalues, in water using acetic anhydride and KCN.373Similar
catalytic results were obtained by Katsuki and co-workers
employing vanadium salen complexes.374

In 2013, North and Watson, following up on their previous
studies on cyanohydrin synthesis with vanadium(salen)
compounds (Figure 13), reported the asymmetric addition of
cyanide to� -nitroalkenes with the same vanadium complexes
according toScheme 73.375 These compounds, along with
similar titanium complexes, e� ected moderate-to-high con-
versions and selectivities to the S-isomer. In accordance to the
previous studies on cyanohydrin synthesis,376 the authors
propose a dimeric vanadium(IV)/(V) transition state. In a

Scheme 69. Oxidative Cyanation of Tertiary Amines by
Vanadium Catalysts

Figure 12.Schi� base vanadium(V) catalysts for catalytic oxidative
Strecker reactions.

Scheme 70. Oxidative Strecker Reaction ofpara-
Methoxyphenyl-Protected Primary Amines with Vanadium
Catalysts

Scheme 71. Proposed Mechanism for the Oxidative Strecker
Reaction of PMP-Protected Primary Amines

Scheme 72. Catalytic Asymmetric Addition of CN� to N-
Benzylimines
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separate report, cyanation of quinolone derivatives was shown
to be feasible with vanadium-containing heteropoly acids.377

A vanadium(V) complex containing two hydroxypicolinate
ligands, namely VO(3-OH-pic)2, has been shown to catalyze
the selective oxidation of benzylamines to correspondingN-
(benzylidene)benzylamines under molecular oxygen, as shown
in Scheme 74.378 The activity of zwitterionic VO(3-OH-pic)2

is shown to be much higher than that of VO(acac)2, V2O5, and
VOSO4 under similar conditions. Ionic liquids were also found
to be suitable reaction media for this system.

In addition to the reactions mentioned above, a vanadium-
(V) complex containing a tripodal, tetradentate ligand was
shown to e� ect the oxidation of dopamine to aminochrome
under mild conditions using H2O2.

379 Catalyst dimerization
led to solubility issues, and catalyst decomposition by H2O2 led
the researchers to conclude this is not a practical system for the
oxidation of dopamine.
2.12. Hydrogenation of Alkenes and Alkynes

The hydrogenation of unsaturated bonds is one of the most
critical types of catalytic reactions. Traditionally, hydro-
genation catalysts containing precious metals have been
employed, but as the world’s chemical demand increases, the
need to move toward more sustainable and cost-e� ective earth

abundant catalysts has become an important e� ort. As such,
catalysts containing� rst row metals such as iron and cobalt
have recently received attention.380 Vanadium also e� ects
hydrogenation reactions; however, as of this review, only two
reports of homogeneous vanadium catalyzed hydrogenation
have appeared in the literature. The� rst report, by Gambarotta
in 2001, describes a dimeric V(II)/V(II) dihydride complex
which is competent for the hydrogenation of styrene via
oxidative addition into the styrene C� H bond, forming a
catalytically relevant bimetallic V(III)/V(III) intermediate.381

In 2011, Toste and co-workers found that the cationic
vanadium(V) bis(imido) complex102 ([V(N tBu)2(PMe3)3]-
[Al(PFTB)4], PFTB = per� uoro-tert-butoxide) is a precatalyst
that can activate H2 via a 1,2-addition across the vanadium�
nitrogen double bond to form what is presumed to be
vanadium(V) hydride on-cycle catalyst species103 (Scheme
75).382 Although the hydride complex was not isolated, the
authors demonstrate its likelihood and possible structure by
isolating the analogous chloride complex104 (Scheme 75).
The structures of102 and104 are shown inFigure 14.

Under 1 atm H2, compound102 was shown to be
catalytically active for the hydrogenation of alkynes with
selectivity to thecis-alkene (Scheme 76a). Initially two possible
mechanisms were presented and are shown inScheme 76b.
First, activation of H2 by [V(NtBu)2(PMe3)3][Al(PFTB)4]
yields the vanadium hydride103, followed by insertion of the
alkyne into the vanadium� hydrogen bond to a� ord alkenyl
amide 103a. From there, two mechanistic pathways are
possible: intermediate103a may either undergo	 bond
metathesis with another molecule of H2 to regenerate103 or
may react to form102 through 1,2-� -NH-elimination.
Through a series of H2/D 2 crossover experiments and para-
hydrogen-induced polarization (PHIP)-NMR experiments, the
authors conclude that the reaction of103a with a second
molecule of H2 is not operative and that paramagnetic
intermediates are not involved, ultimately suggesting that the

Figure 13.Vanadium(salen) complexes for the asymmetric synthesis
of 2-nitronitriles.375

Scheme 73. Asymmetric Addition of Cyanide to� -
Nitroalkenes

Scheme 74. Selective Oxidation of Benzylamines by VO(3-
OH-pic)2

Scheme 75. Reaction of Precatalyst 102 with H2 to Form an Active Catalyst 103 (right), and with HCl, to Form the Analogous
Chloride Complex 104 (Left)382

Figure 14. Molecular structures of104 (left) and 102 (right).
[Al(PFTB)4]

� anions and all hydrogen atoms, except for the amide
hydrogen of104, are omitted for clarity. Color legend: V (green), N
(blue), P (orange), C (gray), Cl (purple), and H (pink).
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1,2-� -NH-elimination of the alkene to regenerate102 is the
operative catalytic pathway.
2.13. Ring-Opening Metathesis Polymerization

Ring-opening metathesis polymerization (ROMP) has become
a dynamic and broadly applicable method for the generation of
advanced polymer materials from cyclic ole� ns. ROMP is a
living polymer growth process in which the nature of the
polymer product can be altered not only by monomer choice
but also by precise control of the ligand environment around
the catalytic metal. This allows for a wide array of tunable
variables in catalyst design and product properties. The most
successful ROMP catalysts employ ruthenium383 (Grubbs
type) or molybdenum384 (Schrock type), but other metals
such as titanium, tantalum, tungsten, and vanadium have been
employed.385 Since the mechanism for ROMP is based on
ole� n metathesis reactions, catalysts are designed with metal�
alkylidene functionality.386

The general mechanism for ROMP was originally proposed
by Chauvin387and is still accepted as correct, regardless of the
identity of the metal center (Scheme 77). First, initiation
occurs by the coordination of a cyclic ole� n to a metal
alkylidene complex. Metal d orbitals then facilitate an
otherwise formally symmetry-forbidden [2 + 2] cycloaddition
of the cyclic ole� n and the alkylidene to form a metal-
locyclobutane intermediate that undergoes a cycloreversion
reaction to furnish a new metal alkylidene. This process is
repeated as the polymer chain propagates until either
monomer consumption, process equilibrium, purposeful
termination, or catalyst deactivation occurs. As with most
ole� n metathesis reactions, ROMP reactions are generally
reversible, necessitating the use of strained cyclic monomers to
provide a thermodynamic driving force for the forward
reaction via the release of the ring strain in the monomer
during the reaction.

While ruthenium and molybdenum have historically shared
most of the success in ROMP catalysis, very active vanadium
catalysts have been developed recently. Two recent reviews by
Nomura and co-workers have described some of this
work.386,388 Herein, we brie� y describe some of the vanadium
ROMP catalysts from recent work not cited in these reviews,
which are also from the Nomura group. In these papers, many
vanadium imido complexes are treated with PMe3, resulting in
� -elimination of an alkyl ligand to form alkylidene-containing
catalysts which are active for ROMP with norbornene (Scheme
78).389� 392 Notable observations from these studies are as
follows: (1) ROMP did not proceed without addition of PMe3,
(2) activities of arylimido catalysts were generally higher than
those of the adamantylimido analogues, (3)� uoride
substituents on the aryl group increased activities vs non-
� uorinated analogues, and (4) polydispersities of polymers
produced by catalysts105� 108 were much higher than those
generated from other catalysts, such as Ru and Mo.28

3. SUPPORTED WELL-DEFINED VANADIUM
CATALYSTS

The development of more e� cient and selective catalysts that
can transform abundant feedstocks (crude oil, natural gas, and
biomass) into fuel and value-added chemicals is critical to
sustainable chemical processes. The synthesis of a large
number of specialty chemicals and commodities involves at
least one catalytic reaction, with heterogeneous catalysis
playing a major role. In this regard, vanadium(V) oxide

Scheme 76. Possible Catalytic Cycles for the Selective
Hydrogenation of Alkynes tocis-Alkenes Proposed by Toste
and Co-workers382a

a[Al(PFTB)]� anions have been omitted for clarity.

Scheme 77. General Mechanism for ROMP as Adapted from Grubbs and Co-Workers385
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supported on silica, alumina, or titania has interesting catalytic
applications, such as oxidation, polymerization, and dehydro-
genation. Supported vanadium catalysts are often synthesized
via incipient wetness impregnation (IWI) of a high surface area
oxide or via sol� gel processes employing oxo-vanadium
precursors, followed by calcination in air at high temperature.
However, these synthetic methodologies give rise to a mixture
of monomeric, dimeric, and polymeric VOx species on the
surface.54 Furthermore, these active sites are in low
concentration, complicating their reliable identi� cation and
the determination of the catalytic mechanism, including
initiation, propagation, and deactivation. Many attempts to
characterize the surface active site using X-ray absorption
spectroscopy (XAS) and solid state51V NMR led to
ambiguous and, at times, contradictory conclusions.

In order to generate well-de� ned sites on surfaces and obtain
more e� cient and selective heterogeneous catalysts, single-site
heterogeneous catalysis (SSHC)393,394 and surface organo-
metallic chemistry (SOMC)62,395� 397 have recently become
key enabling tools for the synthesis of these“homogeneous-in-
function” sites. These strategies provide the ability to tune

catalyst structure-function relationships398with unprecedented
precision and enable the construction of novel catalysts which
combine the critical elements of activity and selectivity of
homogeneous catalysts with the stability of heterogeneous
systems. In addition, they also provide the possibility of a level
of understanding of the active site structures and the operative
catalytic mechanisms commensurate with that of homoge-
neous catalysis. Di� erent research groups have demonstrated
the ability to modulate activity and selectivity of single-site
catalysts through precursor engineering and control over
support platforms, harnessing fundamental structural and
mechanistic insights into catalytic species for chemical
processes which include oxidation,399metathesis,400and ole� n
polymerization.401 The preparation of isolated, well-de� ned,
supported vanadium complexes therefore presents a signi� cant
scienti� c interest.402� 404Several strategies have been employed
to prepare well-de� ned immobilized vanadium catalysts on
mesoporous materials, zeolites, graphene oxide, and poly-
mers.405 Supported oxo-vanadium complexes are catalytically
active for the oxidation of alkanes and alkenes,406� 418

epoxidation,419� 425 oxo-bromination,426� 428 sulfur oxida-
tion,429� 433 and others.434� 436 It is unclear whether these
supported complexes operate with the same catalytic reaction
mechanisms as their homogeneous analogues due to the
di� culties in characterizing surface sites and reaction
intermediates in supported systems.

3.1. Dehydrogenation of Alkanes

3.1.1. Non-Oxidative Dehydrogenation of Alkanes.
Light ole� ns such as ethylene, propylene, 1-butene, and 1,3-
butadiene are important intermediates in many industrial
processes. They are generally obtained as byproducts of the
steam-cracking of heavier hydrocarbons.437 Due to the
discovery of shale gas in the U.S., which is rich in light
alkanes (methane, ethane, propane, and butane), several“on-
purpose” processes for the direct synthesis of ole� ns have been
established, including catalytic oxidative438,439 and non-
oxidative55 dehydrogenation of alkanes (ODH and NODH),
methanol-to-ole� ns (MTO),440 and ole� n metathesis.441,442

Particular attention has been drawn to the nonoxidative
dehydrogenation of propane because it is very selective toward
propylene and H2 and avoids the formation of the greenhouse
gas CO2.

Vanadium(V) oxide supported on SiO2, Al2O3, or TiO2 has
shown promising activity in catalytic dehydrogenation of light
alkanes.443,444 The active species has been proposed to be an
isolated oxo-vanadium center on the surface. However, classic
synthetic methodologies such as IWI and surface electrostatic
absorption (SEA) give rise to mixtures of monomeric, dimeric,
and polymeric sites.61 On the other hand, the grafting of
organometallic complexes to oxide supports may lead to more
“homogeneous” surface sites. For example, the vanadium(V)
organometallic complex VO(Mes)3 reacts with silica partially
dehydroxylated at 700°C (SiO2)700 to a� ord the monopodal
[(SiO2)700V(� O)(Mes)2] species (Figure 15a), while a
bipodal surface species [(SiO2)200V(� O)(Mes)] (Figure
15b) is obtained on silica partially dehydroxylated at 200°C
(SiO2)200.

445 These surface species were characterized by
di� use re� ectance infrared fourier transform spectroscopy
(DRIFTS), Raman, solid-state NMR (1H, 13C, and51V), and
X-ray absorption spectroscopy (XAS). The combination of
these spectroscopic techniques suggests that the vanadium

Scheme 78. Preparation of Vanadium Catalysts for ROMP
with Norbornene by Nomura and Co-Workers389� 392
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sites are well-de� ned and isolated (monomeric) on the silica
surface.

These species are e� cient catalysts for the nonoxidative
dehydrogenation of propane to propylene with activity and
selectivity higher than the classical V2O5/SiO2 system, which
contains oligomeric vanadium species,446 in a� ow reactor at 1
atm, with a� ow rate of 1 mL/min at 500°C (Figure 15c).
Under these reaction conditions, an initial conversion up to
17% is observed along with a selectivity for propylene up to
90% (compared to ca. 40% selectivity for V2O5/SiO2). The
byproducts are mainly methane, ethane, and ethylene, which
arise due to the cracking of propane. It has been proposed that
the increased selectivity of the catalyst synthesized via SOMC
is primarily due to the presence of isolated vanadium sites on
the surface.445 However, slow deactivation is observed likely
due to sintering of the active monomeric vanadyl species into
inactive vanadyl oligomers.

The determination of the nature of the active sites and the
mechanism of nonoxidative alkane dehydrogenation promoted
by these materials is of high interest in the catalysis
community. However, no details regarding the mechanism of
propylene formation from propane were reported for the
[(SiO2)700V(� O)(Mes)2] and [(SiO2)200V(� O)(Mes)] pre-
catalysts due to the lack of satisfactory operando character-
ization techniques. Nevertheless, the authors propose a
mechanism that involves the C� H activation of propane on
the V� mesityl precursor, giving V� propyl species and
releasing mesitylene. Then, a� -H transfer occurs to a� ord a
vanadium� hydride and a coordinated propylene. The last step
is the release of propylene and hydrogen after a C� H
activation of a further equivalent of propane. Such a reaction
pathway has already been proposed for the reactivity of alkanes
with supported metal hydride catalysts.447 A second possible
scenario involves a heterolytic cleavage of the C� H bond,
across the V� O bond during propane activation. This is in
agreement with earlier reports that showed the presence of
reduced vanadium species during the dehydrogenation of
ethylbenzene under nitrogen at 550°C448 and shows higher
activity than a prereduced V2O5 catalyst in nonoxidative

dehydrogenation ofn-butane and iso-butane.449 This second
mechanism also suggests that the V� O� H acidic sites, formed
during the cleavage of the V� O bond, might be responsible for
the formation of coke.446 A follow-up report by the same
authors employing para-hydrogen experiments supports the
intermediacy of low-valent vanadium active species.450

3.1.2. Oxidative Dehydrogenation of Alkanes.Oxida-
tive dehydrogenation (ODH) of light alkanes is an attractive
and feasible alternative to nonoxidative dehydrogenation
(NODH) for the production of ole� ns.451 The advantage of
propane ODH is that the reaction is exothermic and operates
at much lower temperatures than NODH, thus minimizing
coke deposition and promoting long-term catalyst stability.
However, the industrial application of propane ODH has not
yet succeeded due to low propene yields.

Propane ODH in recent decades has been extensively
investigated using di� erent catalysts and reaction conditions.
An excellent review of vanadium-based heterogeneous catalysts
for propane ODH was published in 2014,54 emphasizing the
importance of catalyst synthesis, characterization, reaction
kinetics, structure� activity relationships, and the reaction
mechanism of supported vanadium catalysts. Only a few
vanadium-based ODH papers have appeared in the subsequent
years.452� 457 Vanadium is by far the most studied supported
metal for the ODH of propane to propylene. Vanadium’s key
role in this chemistry is primarily due to its three available
oxidation states (+3, +4, and +5). ODH catalysis with
vanadium oxide has been investigated over a number of
di� erent supports including SiO2,

458,459 Al2O3,
460 TiO2,

460

ZrO2,
460CeO2,

460NbO5,
460MgO,461and zeolites.462,463While

the manner in which vanadia is incorporated onto the support
can a� ect the overall activity and selectivity of the catalyst, in
most cases the vanadia has been deposited on the catalyst
surface via IWI using a soluble salt (e.g., ammonium
metavanadate) as the precursor at or near the pore volume
of the support. IWI normally results in a distribution of vanadia
sites over the support, including isolated vanadyl species and
large V2O5 nanoparticles. Other precursors have led to a higher
fraction of monomeric vanadium species, which are considered

Figure 15.Synthesis of supported organovanadium catalyst on silica (a) [(SiO2)700V(� O)(Mes)2] and (b) [(SiO2)200V(� O)(Mes)]. (c)
Conversion and product selectivity of nonoxidative propane dehydrogenation for [(SiO2)700V(� O)(Mes)2] and [(SiO2)200V(� O)(Mes)].
Adapted from ref445. Copyright 2013 American Chemical Society.
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the most active components. Flame spray pyrolysis (FSP) is
another method for depositing well-dispersed vanadia on
surfaces and appears to be scalable to commercial quantities.54

In addition, the degree of dispersion is in� uenced by the
calcination treatment. High calcination temperatures result in
mixed oxides with lower overall activities.

The characterization of supported vanadium species has
greatly improved due to the use of a number of spectroscopic
techniques under in situ and operando conditions. Most
important among these are FT-IR (Fourier transform infra-
red), UV� vis, Raman, solid state NMR, EPR, XPS (X-ray
photoelectron spectroscopy), and XAS spectroscopies. These
spectroscopic tools can provide information on both the nature
and stability of surface vanadia species. As stated above, the
chemical nature of the di� erent vanadia species are controlled
by the synthesis technique, calcination temperature, and
support types. Raman is especially suited for determining the
degree of isolated vanadyl (V� O) species on surfaces
(absorptions from 1027 to 1040 cm� 1), which are associated
with the highest catalyst activity. The use of Raman has
allowed for the identi� cation of three di� erent modes of
vanadium attachment to the surface. At loadings below
monolayer coverage (de� ned as 9 vanadium atoms/nm2),
both isolated and oligomerized surface VO4 species are present
on the support. The surface VO4 species possess three di� erent
oxygen atoms: (i) an oxygen atom forming a vanadyl group
(V� O), (ii) an oxygen atom bridging two vanadium atoms
(V� O� V), and (iii) an oxygen atom bridging a vanadium
atom and oxide support cation (V� O� support). The chemical
nature of each of these sites is a controlling factor in the
activity of the supported vanadia.

In situ/operando spectroscopic information coupled with
careful kinetics investigations have demonstrated the impor-
tance of the catalyst support in controlling reactivity. Reaction
kinetics are governed primarily by two factors: the nature of
the support and the degree of isolation of the supported
vanadium species. Many models have been used to describe
the kinetics behavior of the oxidative dehydrogenation of light
hydrocarbons by supported vanadium. Most of these break
down into either a Mars-van Krevelen (MvK) model or a
Langmuir� Hinshelwood (LH) model. The LH model assumes
that the hydrocarbons adsorb on identical vanadium sites while
the MvK model states that the kinetics are governed by the
availability of lattice oxygens to control redox chemistry. While
both models� t the data reasonably well, the MvK model
provides the best� t without large correlation between the
experimental parameters. The MvK model is based on the
assumption that the reaction rate is proportional to both the
pressure of propane, the fraction of free sites, and the degree of
oxidation of the catalyst.

Our understanding of the relationship between the structure
of the catalyst and its activity has grown immensely from the
use of in situ spectroscopy, especially in situ Raman studies.
Spectroscopic studies of these catalysts have been undertaken
using a wide variety of supports and vanadia loadings. The
apparent activation energies for the supported vanadia catalysts
vary widely from 45 to 150 kJ/mol,54,459,464� 469 re� ecting the
strong support in� uence on propane ODH kinetics. These
studies show that the activation energy for vanadia on various
supports follows the trend of V/Nb2O5 > V/SiO2 > V/Al2O3 >
V/ZrO2 > V/CeO2 > V/TiO2. Under a monolayer coverage of
vanadium, these activation energies remain constant and
independent of the surface coverage. Above a monolayer

coverage, V� O� V bonding begins to appear, a� ecting the
activation energy and therefore the overall TOF. The speci� c
oxide support also has a pronounced e� ect upon the TOFs,
re� ecting the signi� cant in� uence of the bridging V� O�
support bond upon propane ODH, with the TOF following
the same trend as the activation energies. There is an order of
magnitude di� erence in the TOFs between the most active
supports (ZrO2 and TiO2) and the least active (SiO2).

54

Correlations show that the ease of reducibility of the support
in� uences catalyst activity. The relatively constant activation
energy as a function of surface vanadia coverage reveals that
the ratio of surface polymeric/monomeric VO4 species, which
increases with coverage, does not a� ect the propane ODH
mechanism of supported vanadium oxide catalysts.

The rate-determining step appears to be the activation of the
C� H bond of propane (Scheme 79).468,470 Isotopic labeling

studies show that� rst bond broken is the weaker methylene
C� H and not the stronger, terminal methyl C� H. The zero-
order rate in O2 indicates that reoxidation of the vanadium is
much faster (� 105 times) than oxidation of the propane,
ensuring that the vanadium remains primarily in an oxidized
state during reaction. For all supports studied, the activation
energy for the dehydrogenation step is twice that of the
undesired propylene oxidation processes. This downhill energy
track, therefore, results in the low selectivity of the propane
ODH catalyst with high yields of CO and CO2.
3.2. Hydrogenation of Alkynes and Alkenes

A supported organovanadium(III) on a catechol porous
organic polymer (catPOP) was discovered, by means of
high-throughput experimentation, to be the� rst heterogeneous
vanadium catalyst to be active and selective for the

Scheme 79. Proposed Catalytic Scenario for Propane ODH
on Single-Site V4O10 Derived from the Quantum-Mechanics
(QM) Calculations470

Chemical Reviews Review

DOI:10.1021/acs.chemrev.8b00245
Chem. Rev.XXXX, XXX, XXX� XXX

AS

http://dx.doi.org/10.1021/acs.chemrev.8b00245


semihydrogenation of alkynes.471 CatPOP is a three-dimen-
sional organic solid with extended structures in which catechol
units are linked with tetrakis(phenyl)methane by covalent
bonds.472,473 A toluene solution of the precursor [V-
(Mes)3THF] reacts with catPOP at room temperature to
yield [(catPOP)V(Mes)(THF)] and two equivalents of
mesitylene (Scheme 80a). The [(catPOP)V(Mes)(THF)]
was characterized with a combination of analytical and
spectroscopic techniques, including inductively coupled plasma
atomic emission spectroscopy (ICP-AES), attenuated total
re� ectance infrared (ATR-IR) spectroscopy, and XAS. X-ray
absorption near edge structure (XANES) analysis indicated
that the vanadium is in the +3 oxidation state, while an XAFS
study suggested monomeric sites with a low coordination
number (CN = 4).

At 5 mol % catalyst loading, 60°C, and 200 psi of H2,
[(catPOP)V(Mes)(THF)] converts diphenylacetylene to
stilbene [cis(major) andtrans(minor)] with an initial TOF
= 4 h� 1 and selectivity up to 95% (Scheme 80a). Under the
same reaction conditions, [(catPOP)V(Mes)(THF)] also
catalyzed the semihydrogenation of phenylacetylene and 3-
hexyne with similar conversions and selectivities. The high
reactivity of the [(catPOP)V(Mes)(THF)] catalyst was
originally hypothesized to be the result of the redox active
nature of the POP matrix,474 stabilizing low-coordinate (10-

electron), monomeric, organovanadium(III) fragments capable
of H2 activation.

In order to verify if the redox activity of the catPOP support
is responsible for the observed reactivity, the same
organovanadium(III) precursor was also grafted onto
amorphous redox-inactive SiO2.

475 Metalation of partially
dehydroxylated silica with [V(Mes)3(THF)] gives the air-
sensitive, paramagnetic [(SiO2)V(Mes)(THF)] ( Scheme
80b). The [(SiO2)V(Mes)(THF)] material was characterized
using a variety of analytical and spectroscopic techniques,
including EA (elemental analysis), ICP,1H NMR, TGA-MS
(thermogravimetric analysis� mass spectrometry), EPR, XPS,
DRUV� vis (di� use re� ectance UV� vis spectroscopy), UV-
Raman, DRIFTS, and XAS. Taken together, these data indicate
that the vanadium(III) center is well-de� ned, isolated, and
adopts a similar con� guration to that of the four-coordinate
vanadium(III) sites in [(catPOP)V(Mes)(THF)]. Under the
conditions employed for [(catPOP)V(Mes)(THF)] (75°C,
200 psi H2, 20 h), [(SiO2)V(Mes)(THF)] e� ciently catalyzes
the hydrogenation of alkenes and alkynes, suggesting that
redox activity of the catPOP support is not a requirement for
the observed hydrogenation activity of vanadium(III). Hot-
� ltration experiments resulted in no appreciable hydrogenation
activity from the� ltrate, con� rming that catalysis occurs on the
solid surface and not in the solution. At identical vanadium
loadings (0.5 mol %), [(SiO2)V(Mes)(THF)] e� ects 90%

Scheme 80. (a) Synthesis of a Supported Organovanadium Catalyst on a Catechol Porous Organic Framework
[(catPOP)V(Mes)(THF)] and on (b) Silica [(SiO2)V(Mes)(THF)] and (c) Possible Hydrogen Activation at the Supported
Organovanadium Center
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conversion of phenylacetylene with 78% selectivity for
stilbenes, while the [(catPOP)V(Mes)(THF)] catalyst exhibits
lower conversion (26%) but higher selectivity (91%). [(SiO2)-
V(Mes)(THF)] quantitatively hydrogenates 1-octene to
octane within an hour (initial TOF = 1740± 50 h� 1 at 20%
conversion). Poisoning of the vanadium(III) sites in [(SiO2)-
V(Mes)(THF)] with 2,2�-bipyridine (bpy) suggests that 90�
100% of all the vanadium sites are active. However, recycling
experiments show a signi� cant reduction in activity after each
cycle, rendering the catalyst completely inactive after three
cycles. Catalyst [(SiO2)V(Mes)(THF)] was also found to be
e� ective for the hydrogenation of gaseous ole� ns. Under
rigorously air-free conditions using a� xed-bed� ow reactor,
[(SiO2)V(Mes)(THF)] hydrogenates ethylene at a rate of 0.58
± 0.03 h� 1 at 100°C. Catalytic reactions at temperatures
above 150°C resulted in deactivation due to vanadium
sintering. Note that under identical conditions (0.8% ethylene;
1:2.3 ethylene-to-hydrogen ratio at 100°C), V2O5/SiO2

[containing vanadium(V)] system and the air-exposed
[(SiO2)V(Mes)(THF)] [containing vanadium(IV) and (V)]

are both inactive, con� rming that low-valent vanadium(III)
centers are the active catalytic species.

The mechanism of hydrogenation of alkenes and alkynes
operative in [(catPOP)V(Mes)(THF)] and [(SiO2)V(Mes)-
(THF)] likely involves the formation of a surface vanadium
hydride (V� H). Two reasonable scenarios for the activation of
H2 were proposed (Scheme 80c). In the � rst mechanism,
tetracoordinate organovanadium sites activate hydrogen via	 -
bond metathesis476,477 of the V� Caryl bond to give mesitylene
and an active V� H intermediate. Alternatively, heterolytic H2

activation478 across a V� Osurface bond could generate a
monoprotic catecholato backbone in the case of [(catPOP)-
V(Mes)(THF)], or a silanol with [(SiO2)V(Mes)(THF)],
along with a hydrido arylvanadium species. In both scenarios,
insertion of an alkyne or alkene into the V� H bond is followed
by the activation of a further equivalent of H2 and elimination
of the reduced substrate. This mechanism is reminiscent of the
homogeneous vanadium catalyst for the selective semi-
hydrogenation of alkynes to Z-alkenes (vide supra).382

Scheme 81. (a) Synthesis of Supported V� OCl2@SiO2 Catalyst, (b) Catalytic Imidation of Aldehydes and Ketones withN-
Sul� nylamines, and (c) Proposed Catalytic Mechanism of Oxo/Imido Heterometathesis ofN-Sul� nylamines and Carbonyl
Compounds
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3.3. Oxo/Imido Heterometathesis Reactions

The room temperature reactions of the molecular precursors
V(O)X3 (X = Cl or OiPr) with dehydroxylated silica at 200 or
500 °C (2.6 and 1.2 OH/nm2, respectively) yield a single
chemisorbed (X2V = O)@SiO2 species (Scheme 81a),
regardless of the density of surface silanol groups.479 The
replacement of an alkoxo ligand with a siloxo is clearly evident
in the shift of the
 (V = O) and 2
 (V = O) modes to higher
frequency in the DRIFT spectrum and18O labeling480

experiments. Raman and DRUV� vis spectroscopy of V(O)-
Cl2@SiO2 further supports the presence of isolated tetrahedral
vanadyl [vanadium(V), d0] units on the silica surface.481 51V
magic-angle spinning NMR spectroscopy experiments are
consistent with a V(O)Cl2@SiO2 species. In addition, the
magnetic shielding tensor and the quadrupole interaction
parameters determined via SATRAS analysis (SATRAS =
satellite transition spectroscopy)482 of the51V NMR spectrum
of V(O)Cl2@SiO2 are consistent with a symmetrical arrange-
ment of the chlorine atoms in the distorted tetrahedral
vanadium complex.483 VanadiumK-edge X-ray absorption
spectroscopy provides further evidence for the formation of
V(O)Cl2@SiO2, suggesting an asymmetrical structure, due to a
weak silicon-chlorine interaction.484

The V(O)Cl2@SiO2 is a highly e� cient heterogeneous
catalyst for water-free synthesis of imines from a wide range of
aldehydes and ketones by oxo/imido heterometathesis withN-
sul� nylamines (Scheme 81b).481 The test reaction between
benzaldehyde andN-sul� nyl-2,4,6-trichloroaniline in heptane
at 98°C reached a quantitative conversion (>99%) within 20
min. Under the same reaction conditions, it took about 7 h to
attain full conversion when unsupported VOCl3 is used as a
homogeneous catalyst. This suggests that grafting VOCl3 onto
the SiO2 surface leads to an e� ective enhancement of catalytic
oxo/imido heterometathesis activity. Also interesting is the fact
that catalysts with lower vanadium loading exhibit higher
speci� c activity. This is probably due to the presence of V(IV)
species and polymeric vanadyl species485 on the surface in the
sample with high vanadium loading.

The proposed mechanism of the oxo/imido heterometa-
thesis of N-sul� nylamines and carbonyl compounds in
V(O)Cl2@SiO2 is the same as that suggested for the
homogeneous system.486 The � rst step is the imidation of
the supported V� O complex followed by imido group transfer
from the supported V� N� R to the carbonyl group (Scheme
81c). However, the activation e� ect of the support observed in
V(O)Cl2@SiO2 indicates that di� erences between the
homogeneous and heterogeneous catalysis exist. This di� er-
ence has been proposed to be due to (1) the support surface
preventing deactivation of the active species by an unknown
mechanism of stabilization, and/or (2) the polar substrates are
concentrated at the surface due to a strong adsorption and
activated by hydrogen-bonding with surface silanols near the
vanadium(V) active site.

4. CONCLUSIONS AND OUTLOOK

The body of work described in this review represents a
tremendous e� ort and advancement in vanadium catalysis.
While vanadium catalysts can o� er competitive reactivity to
those of other, more developed metals, additional work toward
the understanding of structure� activity relationships is needed,
requiring more integrated and comprehensive comparisons of
catalytic systems containing vanadium. Many reports with new

or modi� ed catalytic materials often lack thorough mechanistic
experiments, and therefore, reaction pathways can only be
inferred from previous studies and/or based on incomplete
evidence. This type of analysis can lead to perpetuating
inaccurate or unsubstantiated proposals. For example, it is
possible that some reaction pathways have been misassigned as
one-electron processes due to the experimental detection of
vanadium(IV) as the reduced species. In fact, rapid
comproportionation between vanadium(III) and vanadium(V)
to form vanadium(IV) species is well-demonstrated, and two-
electron oxidation processes can appear to generate vanadium-
(IV), especially when the rate of comproportionation is greater
than the rate of substrate oxidation. In addition, chemical
stability of the homogeneous vanadium catalysts should be
taken into account when comparing their catalytic performance
under the same reaction conditions in order to avoid the
convolution of turnover frequency and turnover number,
which complicates some studies in this� eld. While it is clear
that vanadium is an important element for many catalytic
applications, more mechanistic and kinetics studies are needed
to fully understand how this metal facilitates these trans-
formations. This understanding will aid in the discovery and
development of new catalytic approaches. To achieve this goal,
the scienti� c community should pursue the following future
research directions. (1) Expanding the scope of vanadium
catalysis in underexplored areas such as hydrogenation and
carbon� carbon bond formation. (2) Synthesis of multimetallic
vanadium catalysts to understand nuclearity e� ects caused by
metal� metal interactions. This will require the synthesis of
new ligand platforms that o� er � exibility in controlling the
number of active vanadium sites and their environment. While
most homogeneous catalysts are monometallic, the inves-
tigation of multivanadium systems will allow for a better
understanding of how supported polymeric vanadium catalysts
operate. This will be important, since for some reactions,
supported, multimetallic vanadium-oxo units show superior
catalyst activity to isolated vanadate units on the same support.
(3) Development of heterogeneous catalysts with homoge-
neous functions allowing for detailed kinetics and mechanistic
evaluation. This will allow for correlation of mechanistic
features between homogeneous and heterogeneous catalysts
and bridge the gap between these two oftentimes separated
� elds. (4) Improvement of high-level theoretical calculations to
guide the rational design and understanding of multi-
component catalytic vanadium systems. (5) Development
and application of advanced spectroscopic techniques to gain
better insight into catalyst behavior under reaction conditions.

APPENDIX
References for manuscripts of homogeneous vanadium
catalysis published in 2018 after the preparation of this
document, but prior to publishing, which were not discussed in
the text.487� 492
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GLOSSARY
3-OH-pic 3-hydroxy-picolinate
ATR-IR Attenuated total re� ectance infrared spectros-

copy
BBHA binaphthylbishydroxamic acid
BHA bishydroxamic acid
BHT 2,6-ditert-butylphenol
BIAN 1,2-bis[(R-phenyl)imino]acenaphthene, where

R = H, CH3, Cl
BINOL 1,1�-bi-2-naphthol
Boc tert-butyloxycarbonyl
bpy 2,2�-bipyridine
Bu butyl
catPOP catechol porous organic polymer
DFF 2,5-diformylfuran
DFT density functional theory
Dipic 2,6-pyridinedicarboxylate
DMF dimethylformamide
DMSO dimethyl sulfoxide
DODH deoxydehydration
DRIFTS di� use re� ectance infrared Fourier transform

spectroscopy
DRUV� vis di� use re� ectance UV� vis spectroscopy
EA elemental analysis
EPR electron paramagnetic resonance
ESI-MS electrospray mass spectrometry
Et ethyl
ET-OT electron transfer oxygen transfer
FDCA 2,5-furandicarboxylic acid
FFCA 5-formyl-2-furancarboxylic acid
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FSP � ame spray pyrolysis
GC/MS gas chromatography/mass spectrometry
GPC gel permeation chromatography
HMF 5-hydroxymethylfurfural
HA hydroxamic acid
HOMO highest occupied molecular orbital
HPA heteropoly acid
HSS high-speed tool steel
ICP-AES inductively coupled plasma-atomic emission

spectroscopy
iPr iso-propyl
IWI incipient wetness impregnation
LH Langmuir� Hinshelwood
MALDI-TOF matrix-assisted laser desorption/ionization-

time-of-� ight mass spectrometer
m-CPBA meta-chloroperoxybenzoic acid
Me methyl
MeCN acetonitrile
Mes mesityl
MO6 Minnesota functionals
MTO methanol-to-ole� ns
MvK Mars-van Krevelen
NMO N-methylmorpholine-N-oxide
NMR nuclear magnetic resonance
NODH Nonoxidative dehydrogenation
ODH oxidative dehydrogenation
OTf tri� ate
PC pseudocumene
HPCA pyrazine-2-carboxylic acid
PFTB per� uoro-tert-butoxide
Ph phenyl
PHIP parahydrogen-induced polarization
pic picolinate
PMP para-methoxyphenyl
POM polyoxometalate
POV polyoxovanadate
pz pyrazolyl
QM quantum-mechanics
ROMP ring-opening metathesis polymerization
Salen 2,2�-ethylenebis(nitrilomethylidene)diphenol
SATRAS satellite transition spectroscopy
SOMC surface organometallic chemistry
SSHC single-site heterogeneous catalysis
TBA tetrabutylammonium
TBHP tert-butyl hydroperoxide
TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
HTFA tri� uoroacetic acid
TGA-MS thermogravimetric analysis� mass spectrometry
THF tetrahydrofuran
TMBQ trimethyl-p-benzoquinone
TMP trimethylphenol
TMT trimethoxytoluene
TOF turnover frequency
TON turnover number
Tpms tris(pyrazolyl)methanesulfonate
UV� vis ultraviolet� visible
VHPO vanadate-dependent haloperoxidases
VOPc vanadyl tetraphenoxyphthalocyanine
XAS X-ray absorption spectroscopy
XPS X-ray photoelectron spectroscopy
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