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Abstract 

A new air-stable catalyst for the oxidative dehydrogenation of benzylic alcohols under 

ambient conditions has been developed. The synthesis and characterization of this compound and 
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the related monomeric and dimeric V(IV)- and V(V)-pinF (pinF = perfluoropinacolate) complexes 

are reported herein. Monomeric V(IV) complex (Me4N)2[V(O)(pinF)2] (1) and dimeric (µ-O)2-

bridged V(V) complex (Me4N)2[V2(O)2(μ-O)2(pinF)2] (3a) are prepared in water under ambient 

conditions. Monomeric V(V) complex (Me4N)[V(O)(pinF)2] (2) may be generated via chemical 

oxidation of 1 under an inert atmosphere, but dimerizes to 3a upon exposure to air. Complexes 1 

and 2 display a perfectly reversible VIV/V couple at 20 mV (vs. Ag/AgNO3) while a quasi-reversible 

VIV/V couple at −865 mV is found for 3a. Stoichiometric reactions of 3a with both fluorenol and 

TEMPOH result in the formation of (Me4N)2[V2(O)2(μ-OH)2(pinF)2] (4a), which contains two 

V(IV) centers that display antiferromagnetic coupling. In order to structurally characterize the 

dinuclear anion of 4a, {K(18C6)}+ counter-cations were employed, which formed stabilizing K⋯O 

interactions between the counter ion and each terminal oxo moiety and H-bonding between the 

oxygen atoms of the crown ether and µ-OH bridges of the dimer, resulting in 

{K(18C6)}2[V2(O)2(μ-OH)2(pinF)2] (4b).  The formal storage of H2 in 4a is reversible and proton-

coupled electron transfer (PCET) from crystals of 4a regenerates 3a upon exposure to air over the 

course of several days. Furthermore, the reaction of 3a (2%) under ambient conditions with excess 

fluorenol, cinnamyl alcohol, or benzyl alcohol resulted in the selective formation of fluorenone 

(82% conversion), cinnamaldehyde (40%), or benzaldehyde (7%), respectively, reproducing 

oxidative alcohol dehydrogenation (OAD) chemistry known for VOx surfaces and demonstrating, 

in air, the thermodynamically challenging selective oxidation of alcohols to aldehydes/ketones.  

 

Introduction  

The production of aldehydes and ketones from primary and secondary alcohols is a critical 

reaction in organic chemistry due to the ubiquity of these moieties in pharmaceuticals, consumer 
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products, polymer precursors, and as synthetic feedstocks for industrial processes.1 Many alcohol 

oxidation reactions have been developed (Table 1), and, to date, stoichiometric reactions using 

organic oxidants are common practice. For example, hypervalent iodine compounds, such as the 

Dess-Martin periodinane2 and 2-iodoxybenzoic acid (IBX)3, are commonly used in the laboratory, 

but their cost and potential explosiveness have limited their use on the industrial scale.4 

Dimethylsulfoxide (DMSO) activated by various electrophiles is employed in the well-known 

Swern,5-7 Pfitzner-Moffat,8 Corey-Kim,9, 10 and Parikh-Doering11 oxidations, however these 

reactions may include expensive reagents, stringent reaction conditions, or undesirable 

byproducts. Transition metal-containing compounds have also been used, especially high-valent 

Cr compounds such as the Collins reagent (CrO3•2pyr),12 pyridinium chlorochromate (PCC),13, 14 

pyridinium dichromate (PDC),15 and CrO3/H2SO4 (Jones oxidation)16, but the acute toxicity of Cr 

poses significant health and environmental risks. 

The development of catalytic transition metal complexes capable of utilizing O2 as a 

terminal oxidant is attractive due to the formation of environmentally benign byproducts such as 

H2O or H2O2. A variety of catalytic aerobic alcohol oxidation reactions utilizing transition metal 

complexes has been established, most notably with Pd(II)17, 18 and Cu(I)/TEMPO,19-21 although 

these systems can be subject to catalyst decomposition over time or are constrained by the use of 

stoichiometric additives. 

 

Table 1. Overview of common alcohol oxidation systems and comparison to soluble V systems. 

System 
Stoichiometric/ 

catalytic 

Conditions 

required 

Substrate 

scope 

Other 

considerations 
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Dess-Martin2 

periodinane 
Stoichiometric Air, RT  

Expensive, 

potentially 

explosive, poor 

stability 

Swern5-7 

activated DMSO 
Stoichiometric 

Air, 

−78°C to 

−30°C 

 
Formation of 

Me2S and CO 

Jones16 

Cr 
Stoichiometric Air, 0°  

Highly 

exothermic; 

poor selectivity; 

toxicity of Cr 

Stahl19-21  

Cu(I)/TEMPO 
Catalytic Air, RT 

Benzylic, 

allylic, 

aliphatic 

alcohols 

TEMPO/ABNO 

required 

{(V(O)4)(Hpic)4}22 
(Hpic = 3-hydroxypicolinate) 

Catalytic 
1.0 MPa O2, 

120°C 

Benzylic 

alcohols 

Autoclave 

needed for high 

O2 pressure 

[V(O)(HQ)2OiPr]23 
(HQ = 8-hydroxyquinolinate) 

Catalytic 
Air, 40°C to 

80°C 

Benzylic 

alcohols 

Base (Et3N) 

assisted; not 

selective 

[V2(O)2(μ-O)2(H2TC)2]2−24 
(H2TC = p-tert-butyl-calix[4]arene) 

Catalytic Air, 80°C 
Benzylic 

alcohols 

Oxidation of 

ligand over 

time 

This work 

[V2(O)2(μ-O)2(pinF)2]2− 
(pinF = perfluoropinacolate) 

 

Catalytic Air, RT 
Benzylic 

alcohols 
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 In the realm of heterogeneous catalysis, surface-supported vanadium oxides (VOx) are 

among the most efficient catalysts for the aerobic oxidative dehydrogenation of both alkanes and 

alcohols.25-39 In these systems, vanadium is deposited onto an oxide support, most commonly 

MgO, Al2O3, ZrO2, TiO2, or SiO2, forming monomeric or polymeric VOx moieties on the surface 

(Figure 1). The speciation and product distribution of oxidative alcohol dehydrogenation (OAD) 

reactions effected by supported VOx catalysts is largely dependent on the pH of the specific support 

utilized and selectivity can be difficult to control, resulting in mixtures of aldehydes/ketones, 

carboxylic acids, ethers, and COx.
37, 38 Furthermore, the limited spectroscopic characterization 

available to heterogeneous systems often prevents obtaining detailed mechanistic information.  

Soluble oxidovanadium complexes have also been utilized as catalysts for aerobic OAD.22, 

23, 40 Research to date has largely focused on reactivity of terminal oxo moieties in monomeric 

systems, although work by Mayer et al. concludes that H-atom transfer (HAT) to terminal oxo 

moieties in V=O complexes proceeds slowly due to a high intrinsic reorganization barrier resulting 

from structural changes in the molecule upon HAT.41 On the other hand, deriving inspiration from 

heterogeneous systems, the extended (µ-O)-bridged structures utilized in VOx surface chemistry 

are a promising motif for HAT. In bridging systems, the Lewis-basic µ-O sites can serve as proton 

 
 

Figure 1. Surface-supported monomeric and polymeric VOX units. 

Figure adapted from Wachs et al., ref #37  
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acceptors and the redox-active V center can accept reducing equivalents while circumventing the 

energetic barrier associated with HAT to a terminal V=O moiety that rearranges.  

Limberg and coworkers have explored this concept with (µ-O)-bridged V dimers featuring 

incompletely condensed silsesquioxane,42-44 calixarene,45-47 thiacalixarene,24 and thiobisphenol48, 

49 ligands. Not only do these systems catalyze OAD, but mechanistic investigations have been 

carried out that corroborate Mayer’s findings concerning the relative HAT reactivities of terminal 

versus bridging oxo moieties. Studies of the V=O thiacalixarene system revealed that upon 

dissolution, the (µ-O)-bridged V(V) dimer enters into an equilibrium with a monomeric form, and 

experiments confirm that the dimeric complex is solely responsible for catalysis, indicating the µ-

O bridge as necessary in HAT.50  

Recent work by Doerrer and coworkers has focused on the formation of Earth-abundant 

transition metal complexes featuring oxidatively robust highly fluorinated alkoxide ligands.51-62 

As weak 𝜋-donors, these ligands are significantly less nucleophilic than their hydrogenated 

counterparts and can be air- and water-stable. In this work, we report a group of monomeric and 

dimeric V(IV) and V(V) complexes of perfluoropinacolate, (pinF)2−. The monomeric V(IV) 

complex (Me4N)2[V(O)(pinF)2] (1) was prepared in water under ambient conditions. 

Recrystallizations of 1 left in air over long periods of time led to the unexpected formation of the 

dimeric complex (Me4N)2[V2(O)2(μ-O)2(pinF)2] (3a) in low yield. The V(V) dimer 3a features two 

oxidized V centers bridged by two (μ-O)2 units, a scaffold primed for HAT and OAD, as 

demonstrated by Limberg’s important precedent. Herein, the synthesis, spectroscopic 

characterization, and OAD reactivity of V-pinF complexes under mild, ambient conditions are 

presented and stoichiometric proton-coupled electron transfer (PCET) reactions to 3a and catalytic 

OAD are demonstrated. 
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Results and Discussion 

Synthesis of complexes 1, 2, 3a, and 4a. 

 

The syntheses of vanadium perfluoropinacolate complexes 1-4 are shown in Scheme 1. 

The synthesis of 1 was carried out in a mixture of H2O/MeOH under ambient conditions, similar 

to the procedure originally carried out by Willis.63 In crystalline form, 1 is markedly air- and water-

stable. Interestingly, when solutions of 1 were left open to air over the course of several weeks, 

the formation of several bright yellow crystalline blocks amongst the blue needles of 1 was 

observed. Single-crystal X-ray diffraction analysis revealed this yellow species to be the bis-μ-O-

bridged V(V) dimer, 3a. The transformation of (Me4N)2[V(O)(pinF)2] (1) to (Me4N)2[V2(O)2(μ-

 
 
Scheme 1. Syntheses of V-pinF complexes 1, 2, 3a, and 4a. 
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O)2(pinF)2] (3a) is not quantitative with respect to the ligand, requiring the formal loss of one 

equivalent of (pinF)2− ligand per V center. The direct, deliberate synthesis of 3a, however, can be 

achieved using reaction conditions similar to those used for 1 and employing H2O2 in CH3CN as 

an exogenous oxidant. This oxidation process was quite exothermic, likely due to the reaction of 

CH3CN and H2O2 to form peroxyacetimidic acid (PAIA), a strong oxidant classically utilized in 

alkene epoxidation reactions.64, 65  

While 3a is air- and water-stable, attempts to synthesize 3a in other polar solvents such as 

acetone, THF, and 1,2-dimethoxyethane (DME) were unsuccessful, resulting in low yields of pale 

yellow oils. Furthermore, dissolving crystalline 3a in these solvents caused apparent 

transformation of the bright yellow complex into pale yellow oily solids with reduced solubility. 

While attempts to isolate and characterize the unexpected product(s) were unsuccessful, we 

hypothesize that polar, O-donor solvents may coordinate to the oxophilic V centers, effecting the 

cleavage of the bis-μ-O bridge to form two monomeric V(V) centers with two terminal oxo 

moieties (Scheme 2).  

Marzilli and coworkers observed a similar phenomenon when N-donor ligands were 

introduced to the non-fluorinated osmium pinacolate complex, [Os2(O)2(µ-O)2(pin)2].
66  Addition 

of monodentate N-donor ligands such as pyridine induced the monomerization of their Os(VI) 

dimer resulting in the formation of octahedral monomeric complexes containing two terminal oxo 

groups and two equivalents of pyridine. While 3a is stable in the presence of CH3CN and 

triethylamine, O-donor solvents seem to effect a similar transformation in our system. 19F NMR 

spectroscopic studies of 3a in several O-donor solvents corroborate this hypothesis (Figure S1). 

The 19F NMR spectrum of 3a in d3-acetonitrile reveals the expected dimer, whereas in d6-DMSO, 

a monomeric species similar to the V(V) complex (Me4N)[V(O)(pinF)2] (2) (vide infra) is present. 
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Interestingly, in d6-acetone, the spectrum of 3a displays both monomeric/dimeric character, 

suggesting an equilibrium between the two forms. Except in the case of very strong O-donor 

solvents (such as DMSO), this monomerization is reversible and redissolving the monomeric form 

of 3a in CH3CN reforms the original dimeric complex. 

 

The isolation and relative stabilities of 1 and 3a suggested that a monomeric V(V) 

perfluoropinacolate complex, 2, might be isolated in the absence of O2. Indeed, under N2, addition 

of Ag+ to 1 in CH3CN and subsequent recrystallization yielded orange blocks of 2. While 

crystalline samples of 2 are air-stable for several hours, exposing solutions of 2 to O2 results in the 

rapid formation of 3a in low yield, confirmed via X-ray crystallographic analysis.  The other 

products of this reaction are not known.  We have previously reported oxidative cleavage of the 

pinF central C-C bond and ligand conversion,60 but that reaction of a Co(III) complex was much 

cleaner.  Reaction of 3a with H-atom donors such as fluorenol and TEMPOH resulted in the 

formation of 4a, a reduced V(IV) dimer bridged by two bis-μ-OH groups. Exposure of 4a to air 

results in the reformation 3a.  

 
 

Scheme 2. Hypothesized reaction of 3a with polar, O-donor solvents (shown here with THF).  

Gold color indicates V(V).   
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Structural characterization of monomeric V-pinF complexes 1 and 2. 

Important metrical parameters for 1 and 2 are summarized in Table 2; crystallographic data 

collection and refinement parameters are collated in Table S2. The molecular structure of the anion 

of 1 is shown in Figure 2a. The five-coordinate V(IV) center is coordinated by a single terminal 

oxo moiety and two bidentate (pinF)2− ligands with a distorted square pyramidal geometry (τ5 = 

0.20).67 The bond length between V and the terminal oxygen is 1.61 Å and the average V—O 

distance between the V center and the (pinF)2− ligand is 1.96(1) Å with the orientation of each 

(pinF)2− ligand slightly skewed such that one side of each chelate ring is slightly longer. The O4 

basal plane lies slightly below the V center.  The O(pinF)—V=O bond angles in 1 range from 103 

to 110° and within the ligand, adjacent O(pinF)—V—O(pinF) bond angles span 80 to 92° and 

transverse O(pinF)—V—O(pinF) bond angles span 141 to 153°, distorting the complex from 

approximate C4v symmetry.. 

Complex 2 (Figure 2b) crystallizes with two crystallographically independent molecules 

in the asymmetric unit; crystallographic data for only one of the two anions are included in Table 

2. Similar to 1, the five-coordinate V(V) center is coordinated to a single terminal oxo moiety and 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. ORTEPs of the anions of (a) 1, (Me4N)2[V(O)(pinF)2]
 and (b) 2, (Me4N)[V(O)(pinF)2]. 

Counter cations omitted for clarity. Ellipsoids are shown at the 50% probability level. 

(a) (b) 
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two bidentate (pinF)2− ligands and the geometry of the complex lies between square pyramidal and 

trigonal bipyramidal (τ5 = 0.50).67 The V=O bond length is 1.58 Å and the average V—O distance 

between the V center and alkoxide O atoms is 1.88(2) Å. Compared to 1, a decrease of only 0.03 

Å in the V=O bond length of 2 is observed; the increased electrostatic interaction effected by the 

oxidized V center is more evident in the decreased V—O bond distances between the metal center 

and the (pinF)2− ligand. In this complex, the displacement of V from the {O4} plane is more 

pronounced with O(pinF)—V=O bond angles ranging from 98 to 114°, compared to the smaller 

range observed in 1. Within the ligand, adjacent O(pinF)—V—O(pinF) bond angles of 2 span from 

81 to 94°, a similar range to that of 1, while the range of transverse O(pinF)—V—O(pinF) bond 

angles is significantly larger than that of 1. 

Although 1, 2, and 3a, were readily synthesized as Me4N
+ salts, initial attempts to 

structurally characterize 4a were unsuccessful due to significant disorder within the crystals. The 

crystal structure of the V(IV) (μ-OH)2-bridged dimer 4b was ultimately obtained by employing 

{K(18C6)}+ as the counter-ion, using the {K(18C6)}+ salt 3b as starting material. Crystallographic 

data for 3b and 4b are summarized in Table 3; crystallographic data for 3a are included in the SI. 

Overall, the crystal structures of 3b and 4b (Figure 3) reveal that the {K(18C6)}+ counter-ion 

offers K⋯O, K⋯ F, and hydrogen bonding interactions that are not present in the Me4N
+ analogs 1 

and 2. While the introduction of stabilizing {K(18C6)}+ counter-cations ultimately allowed for the 

crystallographic characterization of 4b, Me4N
+ analog 4a crystallized in much higher yield, and as 

shown in the experimental characterization section, the two analogs are virtually spectroscopically 

identical, except for cation-based 1H-NMR signals. Therefore, the (Me4N)+ derivatives 3a and 4a 

were used in all reactivity studies.  
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Table 2: Selected bond lengths (Å) and angles (°) for 1 and 2. 

 

 

 

1 2 

Selected bond lengths (Å) 

V=O  1.609(3) 1.582(2) 

V—O (pinF) 

V—Oa 1.955(2) 1.864(2) 

V—Ob 1.974(3) 1.899(2) 

V—Oc 1.969(2) 1.870(2) 

V—Od 1.949(2) 1.878(2) 

Selected bond angles (°) 

O(pinF)—V=O 

Oa—V=O 109.95(13) 113.46(11) 

Ob—V=O 103.84(13) 98.01(10) 

Oc—V=O 103.30(12) 99.25(10) 

Od—V=O 109.25(12) 113.95(11) 

O(pinF)—V—O(pinF) 

Oa—V—Ob 80.34(10) 81.00(9) 

Ob—V—Od 91.66(10) 90.21(9) 

Oc—V—Od 80.62(10) 81.08(9) 

Oa—V—Oc 89.25(10) 93.80(9) 

Oa—V—Od 140.77(11) 132.53(9) 

Ob—V—Oc 152.83(11) 162.64(9) 

τ5
67 0.20 0.50 

V
Ob

Oa Oc

Od

O
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 Structural characterization of dimeric V-pinF complexes 3b and 4b. 

 

 

Figure 3. ORTEPs of (a) 3b, {K(18C6)}2[V(O)2(µ-O)2(pinF)2] and (b) 4b, {K(18C6)}2[V(O)2(µ-

OH)2(pinF)2].
   H atoms, except those in the (μ-OH) bridge, omitted for clarity. Ellipsoids shown at 

the 50% probability level. 

(a) 

(b) 
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Complex 3b (Figure 3a) comprises two crystallographically equivalent V(V) centers in a 

nearly perfect square pyramidal configuration (τ5 = 0.02),67 each with a single terminal oxo in 

relative trans disposition and a (pinF)2− ligand, bridged by two (μ-O) moieties. Two K+ counter-

cations, each encapsulated by one equivalent of 18-crown-6, lie symmetrically distributed above 

and below the dimer, with K⋯O interactions (2.91 Å) between K+ and the terminal oxo moiety; 

furthermore, K⋯ F interactions are also present between K+ and an F atom on the (pinF)2− ligand 

(2.85 Å). The average V—O distance between the V center and the (pinF)2− ligand is 1.94(1) Å 

while the average V—(μ-O) distance is significantly shorter (1.82(4) Å) than the analogous V—

O (pinF) bond distance in 2. The V2O2 bridge is nearly perfectly symmetrical with a V—O—V 

bond angle of 96° and O(μ-O)—V=O bond angles of 107 and 108°; the distance between the two 

V centers is 2.71 Å. The (pinF)2− ligands are tilted downward from the V2O2 plane with O(pinF)—

V=O angles of 106°. Between adjacent ligands, the two O(pinF)—V—O(μ-O) bond angles are 

very similar (88 and 89°) while the angles between transverse ligands are similarly consistent (146 

to 147°). The singular O(pinF)—V—O(pinF) internal angle is 80°. 

Complex 4b (Figure 3b) comprises two crystallographically identical reduced V(IV) 

centers, each binding a single terminal oxo and (pinF)2− ligand, bridged by two (μ-OH) moieties. 

Notably, K⋯O interactions (2.74 Å) between the K+ counter-ions and terminal oxo moieties are 

present, but unlike 3b, no close (< 3.0 Å) K⋯ F interactions are observed. On the other hand, a H-

bonding interaction (2.10 Å) between the protons of the (μ-OH)2 bridge and an O atom of the 

crown ether rings is present. Formal addition of H2 to 3b to form 4b shifts the K(18C6)+ moieties, 

resulting in diminished K⋯ F interactions, but establishing closer K⋯ O contacts and H-bonding 
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interactions. As in the case of the other {V(IV)(O)pinF}-containing 1, the V=O bond length (1.60 

Å) remains unaffected by the change in oxidation state; the reduction of the V centers is most 

conspicuously corroborated by the elongation of the {V2O2} rhomb. Compared to 3b, the average 

V—(μ-O) bond length is increased by 0.15 Å and the distance between the two V centers is 

expanded by 0.4 Å. Additionally, a slight lengthening (0.02 Å) of the average V—O bond lengths 

between the V center and the (pinF)2− ligand is observed. The hydrogen bonds between each proton 

of the (μ2-OH) bridges and an O atom of the crown ether draws the V-(-OH)-V bridges outward, 

manifested by a simultaneous 8° decrease in the (μ-O)—V—(μ-O) angle and 8° an increase in V—

O—V (μ-O) angle. Unlike 3b, the coordination environment around the two V centers in 4b 

deviates from perfect square pyramidal geometry (τ5 = 0.17).67 While the two (μ-OH)—V=O 

angles are similar (107 and 108°), distortion from C4v symmetry arises from the tilting of the 

(pinF)2− ligand downwards with asymmetric O(pinF)—V=O angles of 103 and 113°. The O(pinF)—

V—O(μ-O) angles between adjacent ligands are similar (90 and 92°) while the angles between 

transverse ligands span from 139 to 149°. The singular O(pinF)—V—O(pinF) angle (79°) is 

slightly smaller than that of the V(V) dimer. 

 

Table 3: Selected bond lengths and angles for 3b and 4b. 

 

 

3b 4b 

Selected bond lengths (Å) 

V=O  1.598(4) 1.5954(14) 

V—O (pinF) 
V—Oa 1.928(4) 1.9732(12) 

V—Ob 1.947(4) 1.9458(12) 

V—O (μ-O) V—Oc 1.790(3) 1.9651(13) 

V
Ob

Oa Oc

Od

O
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V—Od 1.844(4) 1.9646(13) 

Selected angles (°) 

O(pinF)—V=O 
Oa—V=O 105.73(18) 103.44(6) 

Ob—V=O 105.98(18) 112.89(6) 

O(μ-O)—V=O 
Oc—V=O 107.98(19) 107.65(6) 

Od—V=O 106.71(18) 107.18(7) 

O(pinF)—V—O(pinF) Oa—V—Ob 79.12(15) 81.17(6) 

O(μ-O)—V—(μ-O) Oc—V—Od 83.59(16) 75.92(6) 

O(pinF)—V—O(μ-O) 

Oa—V—Oc 89.82(15) 91.75(5) 

Ob—V—Od 88.67(16) 90.01(5) 

Oa—V—Od 147.37(17) 149.19(6) 

Ob—V—Oc 145.96(17) 139.41(6) 

V—O—V (μ-O)  96.41(16) 104.08(6) 

τ5
67  0.02 0.17 

 

Magnetic susceptibility and 1H-, 19F-NMR spectroscopy of 1, 2, 3a, and 4b. 

  

The solution-state magnetic susceptibility (μeff) of 1 is 1.42(5) μB, slightly lower than the 

d1 spin-only value of 1.73 μB, suggesting some solution instability of the V(IV) monomer. The 

 
 

 

Figure 4. Isomers of 3a. Unique CF3 groups shown in purple (proximal to oxo) and green 

(distal to oxo).  Gold color indicates V(V).  
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solution-state magnetic susceptibility of V(IV) dimer 4b is even lower, 1.14(1) μB, suggesting 

substantial antiferromagnetic (AFM) coupling between the two V(IV) centers.  Variable-

temperature SQUID data (Figure S2) are consistent with this behavior, showing some increased 

coupling with decreasing temperature.   

While the 1H NMR spectra of diamagnetic 2 and 3a display only a single peak 

corresponding to their Me4N
+ counter cations, their 19F NMR spectra are much richer (Figure S3). 

The 19F NMR spectrum of 3a displays four peaks ranging from −70.5 ppm to −71.2 ppm. These 

four features correspond to the four unique CF3 environments present in the two possible 

configurational isomers of 3a (Figure 4). While in the solid state, X-ray crystal diffraction data of 

3a show that the two oxo groups of the V(V) dimer lie anti to one another, the 19F NMR spectrum 

suggests that in solution, a mixture of syn (with ~C2v symmetry) and anti (with ~C2h symmetry) 

forms is present. For each isomer, two CF3 resonances, proximal and distal to the terminal oxo 

groups, are observed. The observed four-line pattern in the 19F NMR spectrum (S = ½) of 3a is 

analogous to the 1H NMR pattern (S = ½) observed for the non-fluorinated osmium pinacolate 

dimer, [Os2(O)2(µ-O)2(pin)2], initially studied by Marzilli et al. This isomerism was later 

corroborated by Casey in response to claims that reaction intermediates were responsible for the 

“extra” peaks.66, 68, 69 Additionally, the four 19F NMR resonances of 3a are split by long-range 

coupling to the 51V center (S = 7/2), although only quartets are visible, rather than the expected 

eight-line pattern, due to the three-atom (four-bond) separation between the V and the F. The 19F 

NMR spectrum of 2 contains two peaks at −70.03 ppm and −71.07 ppm, corresponding to the two 

possible CF3 configurations within the monomeric V-pinF species. Similar to 3a, the CF3 peaks 

are further split into apparent triplets by long-range coupling to the NMR-active 51V nucleus (S = 

7/2, 99% abundance).  
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 UV-visible absorption spectroscopy of 1, 2, 3a, and 4a.  

The UV-visible absorption spectra of 1, 2, 3a, and 4a are shown in Figure 5.  The 

absorption spectra of mononuclear V(IV) vanadyl complexes with {V(=O)O4} cores have been 

well-understood for decades.70 In the visible range, V(IV) monomer 1 displays two d-d transitions 

at 564 and 624 nm, as well as a single higher-energy shoulder at 361 nm; similar to the spectrum 

observed by Willis.63 These features exhibit low extinction coefficients as expected for spin-

forbidden electronic transitions within a single d1 center. In contrast, V(V) monomer 2 reveals two 

intense ligand-to-metal charge transfer (LMCT) bands at 330 and 438 nm; as anticipated, no d-d 

transitions are observed for the oxidized d0 center. The spectrum of V(V) dimer 3a is quite similar 

to that of 2, with two charge transfer bands at 252 and 355 nm, although the features are both blue-

shifted by about 80 nm. 

The spectrum of 4a reveals two d-d transitions at 543 and 625 nm, similar to those observed 

for 1, corroborating the reduction of both V(V) centers of 3a upon PCET. Furthermore, a broad 

 

Figure 5. UV-visible absorption spectra of V-pinF complexes in CH3CN; (a) V-pinF monomers 

1 (blue) and 2 (gold); (b) V-pinF dimers 3a (gold) and 4a (blue). 
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feature at 870 nm is present in the spectrum of 4a, suggesting inter-valence charge transfer 

(IVCT)71 between the two d1 centers and the transient formation of a mixed-valent V(V)/V(III) 

dimer. 

 Cyclic voltammetry of 1, 2, 3a, and 4a.  

The cyclic voltammograms of 1, 2, 3a, and 4a in CH3CN under N2 are shown in Figure 6. 

The voltammogram of 1 displays a single electrochemically reversible VIV/V couple at 20 mV (vs. 

Ag/AgNO3). The reversibility observed for this couple is corroborated by the straightforward 

isolation of 2 via Ag+ oxidation of 1 under inert atmosphere described above with a virtually 

identical VIV/V redox couple at 20 mV. The voltammogram of 2 also includes an unexpected feature 

centered at −255 mV, corresponding to the oxidation of small amounts of residual Ag present in 

the sample. Although the presence of Ag was undetectable by elemental analysis, repeated 

recrystallizations of the sample proved unsuccessful in completely eliminating the impurity. Cyclic 

voltammetry measurements of 1 in air exhibited the same reversible VIV/V redox couple at 20 mV 

at fast scan rates (over 250 mV/s) (Figure S5), but slowing the scan rate resulted in a clear loss of 

reversibility as the oxidation and subsequent dimerization of 1 to 3a to 2 is observable at 

sufficiently slow scan rates, corroborating synthetic observations. This process is predictably 

irreversible due to the formal loss of one equivalent of (pinF)2− ligand per V center and the large 

reorganizational energy related to dimerization. The voltammogram of 3a under N2 reveals a 

quasi-reversible VIV/V redox couple at −865 mV. While the presence of this VIV/V redox couple 

indicates that a dimeric, reduced V(IV) bis-μ-O complex, [V(O)(μ-O)(pinF)]2
4−, may be formed 
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transiently, the broadened peak shape suggests a large conformational change in the complex upon 

reduction in aprotic media.  

While 3a displays a single quasi-reversible VIV/V couple at −865 mV, reduced V(IV) dimer 

4a displays a quasi-reversible couple VIV/V at 635 mV and an irreversible oxidation at 1125 mV. 

Experiments truncating the scan windows reveal that the oxidation at 1125 mV is dependent on 

the VIV/V feature at 635 mV, but the feature at 635 mV is completely independent. Together, these 

observations suggest that the two V(IV) centers in 4a are in electronic communication: an initial 

electrochemical oxidation of a single V center within 4a alters the redox potential of the other V 

center. Interaction of the two V centers is further corroborated by the broad IVCT band present in 

the UV-visible absorption spectrum of 4a (870 nm) as well as solution-state magnetic 

susceptibility measurements indicating antiferromagnetic (AFM) coupling present between the 

unpaired spins of the two V(IV) centers. Interestingly, the redox features observed in the cyclic 

 
 

Figure 6. Cyclic voltammograms of 2.5 mM 1, 2, 3a, and 4a in CH3CN under N2 at 100 mV/s 

with 250 mM Bu4NPF6 electrolyte; (a) V-pinF monomers 1 (blue) and 2 (orange); (b) VpinF 

dimers 3a (gold) and 4a (deep blue). The peak centered at −255 mV in (a) corresponds to a 

small amount of residual Ag in the sample of 2.  
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voltammogram of 4a are significantly more positive than the VIV/V couple (near 0 mV) observed 

for 1, indicating that the dimeric compound is more difficult to oxidize and corroborating our 

observations that 4a is stable for some time in the presence of O2. 

Table 4. Comparison of VIV/V redox couples of V-pinF (gray) and V-acac complexes (blue). 

  

To better understand the influence that the (pinF)2− ligand has on the redox potential of the 

V centers in the V-pinF complexes, the redox potentials measured in this work were converted to 

values versus NHE72 and compared to electrochemical data obtained for analogous vanadium 

acetylacetonate complexes studied by Nawi and coworkers73, 74 (Table 4). While 1 displays a 

reversible VIV/V couple at 560 mV versus NHE, V(O)(acac)2 is less readily oxidized, with a 

reversible VIV/V couple at 1050 mV, nearly 500 mV greater than that of 1. Conversely, the quasi-

reversible VIV/V peak observed for 3a lies at a moderately negative potential of −305 mV compared 

to the irreversible VIV/V couple of V2(O)2(μ-O)2(acac)2 which lies at over −1000 mV. The 

perfluorinated, dianionic (pinF)2− ligand distinctly modulates the redox potential of the V-pinF 

complexes, making them both easier to oxidize and easier to reduce compared to their V-acac 

560 mV 
reversible 

1050 mV 
reversible 

−1056 mV 

non-reversible 

−305 mV 

quasi-reversible 
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counterparts.  The reason for these differences may lie partly in the ability of the acac ligand to 

delocalize negative charge within the -system of the six-membered monoanionic chelate ring, 

which the sp3-pinacolate dianionic chelate cannot do.  Therefore the modest additional charge of 

the mononuclear VIV center is better supported by acac than pinF.  In the dinuclear cases, there are 

only half as many bidentate ligands per V, such that reduction in the former case is more favorable, 

although not reversible in either case.  Overall, the tolerance of 1 and 3a to air and water combined 

with their mild potentials form an optimal combination of stability and reactivity, priming the 

system for redox chemistry.  

Within 3a, the readily reducible V(V) centers combined with the Lewis basic (µ-O)2 

bridging moiety, sparked our interest in [V2(O)2(µ-O)2(pinF)2]
2− as a motif for formal H2 storage, 

in which two protons could be installed on the bridges and two reducing equivalents could be 

distributed to the V centers. Thus, the reaction of 3a with several H-atom donors was explored 

(Scheme 3). The highly-activated doubly benzylic alcohol fluorenol was initially selected as a 

PCET reagent. As shown in Figure 7a, the reaction of 3a with one equivalent of fluorenol in 

CH3CN results in an initial color change of the solution from yellow to green. Upon continued 

stirring, the green solution deepens over the course of a few hours to yield a deep blue solution, 

consistent with formation of 4a.  The initial color change of the solution suggests two 

possibilities—the solution is simply a mixture of 3a (yellow) and 4a (blue), or, the formation of a 

green mixed-valent V(IV)/V(V) compound occurs. To probe this mechanistic question, the 

reaction of 3a with fluorenol was monitored spectroscopically over three hours; the resulting 

spectra are shown in Figure 7a. Immediately upon reaction, a general increase in the 400 to 1200 

nm absorbance range is observed, but as the reaction progresses, the formation of two distinct d-d 
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Formation of 4a: H-atom transfer to 3a.  

 

 

Figure 7. UV-visible absorption spectra showing the formation of 4a (dark blue traces) from the 

reaction of 3a (gold traces) with (a) fluorenol over 3 h and (b) TEMPOH over 12 h. 

 
 

Scheme 3. Synthesis of 4a via (a) oxidative alcohol dehydrogenation, demonstrated with fluorenol and 

(b) PCET, demonstrated with TEMPOH. 
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transitions in the visible region (543, 625 nm) as well an intense, broad peak in the near-IR regime 

(870 nm) is detected, consistent with the reduction of both d0 V(V) centers to V(IV) via PCET. 

Based on the final absorbance value and the extinction coefficients, 4a is fully formed.  While the 

formation of a V(IV) dimer is evident, no isosbestic points indicating an intermediate species are 

present in the spectra.  

For comparison, the reaction of 3a with a monoprotic PCET reagent was also investigated 

using TEMPOH (1-hydroxy-2,2,6,6-tetramethyl-piperidine). Whereas 3a and fluorenol react in 

1:1 ratio to form 4a, two equivalents of TEMPOH are necessary to fully reduce the V(V) dimer. 

Similar to the reaction with fluorenol, that of 3a with two equivalents of TEMPOH in CH3CN 

ultimately yields a deep blue solution, although the reaction is much slower, taking approximately 

twelve hours to go toward completion. As shown in Figure 7b, the UV-vis-NIR spectra tracing the 

reaction of 3a with TEMPOH are identical to those with fluorenol and again, no reaction 

intermediates are observed.  Based on the final absorbance value and the extinction coefficients, 

4a is 73% formed after 12 hours.   

Additional UV-vis spectroscopy experiments tracing the reaction of 3a with a single 

equivalent of TEMPOH produced spectra identical to those in Figure 7 with lower absorbance 

values, indicating the formation of a smaller amount of fully reduced 4a, rather than a mixed-

valent compound. These results suggest that in the formation of 4a from 3a, the initial, formal H-

atom abstraction event is the rate-limiting step followed by a faster second H atom abstraction. 

Spectroscopic studies at low temperatures, at faster scan rates, and/or with different reagents would 

be necessary to detect any mixed-valent intermediates, and tease apart proton and electron transfer. 

Preliminary UV-vis kinetic experiments at a single concentration were performed to 

determine the thermodynamic parameters associated with PCET for the reaction of 3a with 
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fluorenol (Figure S6). Experiments performed under pseudo-first order conditions reveal ∆S‡ and 

∆H‡ to be −191 J/mol K and 43.4 kJ/mol, respectively, consistent with a rate-determining 

associative step.  

 To investigate the reversibility of PCET, the reaction of 4a with 2,4,6-tri-tert-butylphenoxy 

radical (2,4,6-TTPR) was examined (Scheme 4a). At room temperature, no reaction between 4a 

and the H-atom acceptor occurred. However, heating solutions of 4a with 2,4,6-TTPR to 40°C 

resulted in a color change to deep green, suggesting at least the partial re-formation of 3a. 

Interestingly, upon removing the solution from heat, the reaction mixture reverted to deep blue 

and 4a was recovered.  

Unexpectedly, heating 4a above 60°C (both with or without 2,4,6-TTPR present) resulted in a 

solution color change from deep blue to purple. Preliminary X-ray diffraction data (Figure S7) of 

the crystallized purple product indicate the formation of a trimeric V-pinF 

species,{(Me4N)[V(O)(2-O)(pinF)]}3. Thus, PCET reactions at higher temperature were not 

pursued in order to preclude trimer formation from 4a.  

Although PCET from 4a to 2,4,6-TTPR to regenerate 3a was ultimately unsuccessful, the 

oxidation of 4a to 3a was easily accomplished by exposing solutions of 4a to air (Scheme 4b). 

Whereas 4a is stable in air for several days in the solid state, solutions of 4a convert into 3a over 

the course of several hours. The addition of small aliquots of H2O to solutions of 4a in air result 

in the immediate formation of a yellow solution, which suggests that H2O plays a principal role in 

the reoxidation process by O2. Scheme 4c shows the crystal to crystal transformation of 4a to 3a 

after approximately 48 h in air, confirmed via X-ray analysis.  

The stoichiometric reactivity of 3a with H-atom donors and the relative stability of 4a 

prompted us to investigate whether this system could oxidize alcohols catalytically. Table 5 
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summarizes the ability for 3a to oxidize a variety of alcohols under ambient laboratory conditions 

with 2 mol% catalyst loading. As with the stoichiometric PCET reactions, the doubly benzylic 

alcohol, fluorenol, was chosen as an initial substrate. Under these conditions, 3a was able to 

oxidize fluorenol with 82% conversion in 48 h. Interestingly, in addition to 9-fluorenone, 2-

hydroxy-9-fluorenone was isolated in approximately 15% yield (Figure S8) as a product of 

fluorenol oxidation. Although unexpected for this system, hydroxylation of the aromatic ring to  

produce 2-hydroxy-9-fluorenone has been similarly observed in the biotransformation of fluorenol 

by the fungus Cunninghamella elegans.77 We attempted direct oxidation of fluorenone to 2-

hydroxy-9-fluoreneone using 3a under our standard conditions, however no product formation was 

witnessed, suggesting incorporation of this hydroxyl moiety occurs only during the oxidation of 

fluorenol to fluorenone.  

 

  
 
 

Scheme 4. (a) PCET from 4a to 2,4,6-TTBPR; (b) exposure of 4a to air yields quantitative 3a; (c) 

transformation of 4a crystals into 3a upon exposure to air for 48 h. 
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Room-temperature catalytic aerobic oxidation of alcohols by 3a. 

Table 5. Catalytic oxidative alcohol dehydrogenation (OAD) reactivity of 3a.  

 

 

Substrate 
Conversion by 

1H-NMR 

Turnover 

Number 

E (V) vs  

Ag/0.1 N Ag+ b 

pKa
c 

 
fluorenol 

82% 

54%a 27 1.31 13.34 

 
cinnamyl alcohol 

40% 

35%a 18 1.36 14.61 

 
benzyl alcohol 

7% 4 > 2.0 14.36 

 
α-methylbenzyl alcohol 

3% 1  14.43 

 
cyclohexanemethanol 

0% N/A  15.17 

 
1,2-benzenedimethanol 

0% N/A  13.96 

 
a Isolated Yield, bsee ref75 ccomputational values from SciFinder76 
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Additionally, the substrate scope listed in Table 5 encompasses allylic, primary and 

secondary benzylic alcohols. Cinnamyl, benzyl, and α-methylbenzyl alcohols were oxidized by 3a 

to their corresponding aldehydes/ketones as their sole reaction products in 40, 7, and 3% yield, 

respectively – a range similar to that observed for Limberg’s V-thiacalixarene system.48, 50  

In each case, upon substrate addition, the initial yellow solution of 3a immediately turned 

brown/orange; as catalysis progressed, the solution became slightly green. These color changes 

suggest an initial binding event of the substrate at the oxophilic V center(s), followed by the 

transient formation of blue 4a during the catalytic process.  While the aliphatic substrate 

cyclohexanemethanol did not react with 3a, benzylic diol 1,2-benzenedimethanol immediately 

formed an orange/brown solution upon addition of catalyst and no oxidized products were detected 

by 1H NMR after 48 h. In this latter case, we hypothesize that the diol coordinates to the oxophilic 

V center irreversibly such that catalysis cannot occur. When 50 equivalents of 1,2-

benzenedimethanol are reacted with 3a, 51V-NMR spectra clearly show a change in chemical shift 

and the relative integration for two NMR signals. New signals appear at -421.21 and -478.91 ppm 

(Figure S9) in a 1.9:1 ratio (compared with equal intensity -460.67 and -465.86 ppm for 3a). This 

result suggests a new chemical environment around the V-centers. The 19F-NMR spectrum of 3a 

shows four multiplets between -70.20 and -71.10 ppm, as described above, that change to three 

distinct singlets at -69.45, -70.72, and -70.84 ppm in a 0.1:1:1.9 ratio (Figure S10), suggesting a 

new environment about the fluorine atoms, upon reaction with the diol. Neither new compound 

has yet been isolated, but we tentatively propose the anion [V(O)(pinF){1,2-(OCH2)2C6H4}]1- may 

be present. This result is consistent with our observation that monomerization occurs with an 

excess of Lewis base, like THF (Scheme 2).  
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Table S1 summarizes a series of reactions carried out to investigate the role of catalyst 

loading, desiccant or other additives, temperature, and reaction time, exemplified for benzyl 

alcohol. In general, an increase in temperature up to 60°C resulted in an increase in the production 

of benzaldehyde, although reactions were largely carried out at room temperature due to 

trimerization of 3a at elevated temperatures (vide supra). Larger catalyst loadings and the presence 

of desiccants or other additives resulted in a small increase in the yield of oxidized product. 

Furthermore, reactions carried out under a balloon of O2, rather than ambient air, did not show a 

significant increase in yield. 

Although the substrate range of 3a’s oxidative capability is limited to allylic and benzylic 

alcohols, the system’s selectivity in not forming carboxylic acid-containing products is notable as 

the progressive oxidation of alcohols to aldehydes to carboxylic acids is thermodynamically 

downhill and the isolation of partially oxidized products remains a challenging aspect of VOX 

surface chemistry. To investigate further the selectivity of our system, 3a was dissolved in neat 

benzaldehyde (approximately 5 mL) and stirred open to air. Immediately, off-white crystals of 

benzoic acid began forming throughout the flask and continued stirring produced several grams of 

the white solid. While 3a is clearly capable of oxidizing benzaldehyde, and qualitatively at a much 

a faster rate than benzyl alcohol, it does not do so during the catalytic benzyl alcohol oxidations. 

This result corroborates recent work by Sankar and coworkers which revealed that benzoic alcohol 

inhibits the oxidation of benzaldehyde due to the interception of intermediate benzoylperoxy 

radical species by benzyl alcohol.78 

A proposed catalytic cycle for the oxidation of benzylic alcohols to benzaldehydes by 3a in air is 

shown in Figure 8, exemplified by fluorenol. Initially, 3a reacts with fluorenol via two PCET steps 

to yield 4a and an equivalent of ketone. Current data do not allow more detailed description of the 
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proton and electron transfer sequence, but the known alcohol redox potentials and the calculated 

pKa data available, collected in Table 5, suggest that the reaction rate is limited by the potential of 

the alcohol. The proposed reoxidation of 4a to 3a begins with intermediate formation of an 

oxidized V(V) (µ-OH)2 dimer via O2 reduction, concomitant with the transient formation of (O2)
2-

. The peroxide dianion is protonated by the Brønsted acidic (µ-OH)2 bridge, forming H2O2 and 

regenerating 3a. Finally, the equivalent of H2O2 formed in situ oxidizes an additional equivalent 

of 4a, regenerating 3a and producing two equivalents of H2O as the final product of O2 reduction.  

Alternatively (and not shown), H2O2 could disproportionate into H2O and O2, and O2 continues 

 

 
 

Figure 8. Catalytic aerobic oxidation of fluorenol to fluorenone by 3a via 4a. 
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the oxidation.  Further work is underway to expand on this mechanistic proposal and further define 

the substrate scope.   

Conclusions 

Past focus on the synthesis, characterization, and reactivity of first-row transition metal 

complexes stabilized by highly-fluorinated O-donor ligands has recently expanded to include V=O 

complexes containing oxidatively-robust, electron-withdrawing perfluoropinacolate (pinF) 

ligands. Upon exposure to air, monomeric V(IV) and V(V) complexes 1 and 2 eventually form 

low yields of 3a, a (µ-O)2-bridged V(V) dimer, although the deliberate synthesis of 3a from 1 was 

also achieved by adjusting the V:pinF stoichiometry and employing H2O2/CH3CN as an oxidant. 

The catalytic oxidation of several activated benzylic alcohols to the corresponding aldehyde, and 

benzaldehyde to benzoic acid, by 3a were observed, proceeding at room-temperature and without 

the use of stoichiometric additives. Stoichiometric PCET to 3a from either TEMPOH or activated 

alcohols results in the formation of 4a, a (µ-OH)2-bridged V(IV) dimer. The structural 

characterization of [V(O)2(µ-OH)2(pinF)2]
2− was made possible by utilizing K+ encapsulated by 

18-crown-6 as counter-cations, which stabilize the system through K⋯O interactions between the 

counter ion and terminal oxo moiety and H-bonding between the µ-OH bridge and the crown ether, 

resulting in 4b. Finally, compared to their non-fluorinated V(O)-acac relatives, 1 and 3a are both 

easier to oxidize and reduce, demonstrating the effect of the dianionic, perfluorinated pinF ligand 

in modulating the metal redox potential. Solution and solid state magnetic susceptibility studies 

demonstrated antiferromagnetic coupling of the two V(IV) d1 centers.  
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Experimental 

General procedures. 1 and 3a/3b were prepared in air; synthesis and manipulations of 2 and 

4a/4b were performed in an N2-filled MBraun dry box. For the synthesis of 1 and 3a/3b, deionized 

H2O and laboratory-grade MeOH were utilized; crystallization solvents CH3CN and Et2O were 

dried over 3 Å sieves and used without further purification. For the synthesis of 2 and 4, CH3CN 

was dried by refluxing over CaH2 under N2, distilling, and stored over 3 Å molecular sieves in the 

dry box. Anhydrous Et2O was dried in an alumina-based solvent purification system (SPS) under 

Ar, piped directly into the N2-filled dry box, and stored over 3 Å molecular sieves. H2pinF was 

purchased from Oakwood Chemicals and stored over 3 Å molecular sieves. Celite was heated to 

125°C under vacuum overnight and stored under N2. Reagents TEMPOH (1-hydroxy-2,2,6,6-

tetramethyl-piperidine) and TTBPR (2,4,6-tri-tert-butylphenoxy radical) were prepared according 

to established literature procedures.79-81 All other reagents were obtained commercially and used 

with further purification. Standard UV–vis data were collected with a Shimadzu UV-3600 

spectrometer while kinetic data was obtained using UV-visible absorption spectroscopy collected 

with a Cary 300 spectrometer. Elemental analyses were performed by Atlantic Microlabs, Inc. 

(Norcross, GA).  

 

Cyclic voltammetry. Cyclic voltammetry studies were performed under N2 using a concentration 

of 2.5 mM of each complex and 250 mM of Bu4NPF6 as the supporting electrolyte in anhydrous 

CH3CN. Supporting electrolyte Bu4NPF6 was obtained commercially and recrystallized twice from 

EtOH. A standard three-electrode cell connected to an external CHI 630C potentiostat powered by 

a personal computer with CHI software was used. A glassy carbon electrode (0.5 mm diameter) 

was employed as the working electrode, Ag/AgNO3 electrode as the reference electrode, and Pt 
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wire as the counter electrode, respectively. The working electrode was rinsed and polished between 

experiments using polishing alumina and a fine grit pad. Unless otherwise noted, all 

voltammograms were recorded at a 100 mV/s scan rate. 

 

NMR spectroscopy and Evans method measurements. 1H-NMR, 19F-NMR, and 51V-NMR 

spectra were recorded at 117.42 kG (1H 500 MHz, 19F 470 MHz, 51V 131 MHz) at ambient 

temperature using a Varian Agilent 500 MHz VNMRS spectrometer at Boston University 

Chemical Instrumentation Center (BU-CIC). 13C-NMR were recorded at 140.94 kG (13C 151 

MHz) using a 4-channel Bruker Avance Neo 600 MHz spectrometer equipped with a helium-

cooled QCI-F cryoprobe at Massachusetts Institute of Technology Department of Chemistry 

Instrumentation Facility (MIT-DCIF).  Proton chemical shifts are expressed in parts per million 

(ppm) relative to the residual protio solvent resonance in the solvents as follows: CD3CN δ 1.94, 

(CD3)2CO δ 2.05, (CD3)2SO δ 2.50. For 13C spectra, the CD3CN signal at δ 118.26 was used as 

internal reference. For 19F spectra of 3a and 3b in CD3CN, a coaxial tertiary internal NMR standard 

containing 0.100 M trifluorotoluene in CD3CN (δ -63.10) was used, following the method 

described by Rosenau et al.82For all other 19F-NMR spectra, neat CFCl3 (δ 0.00) was used as an 

external reference. For 51V spectra, a sealed capillary internal standard containing neat VOCl3 (δ 

0.00) was used as an internal reference. Data are reported as follows: chemical shifts, multiplicity 

(br s = broad singlet, s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, overlap = 

overlapping signals) expressing coupling constant(s) in hertz (Hz), and integration. NMR samples 

of 3a and 3b were acquired at 50.0 mM concentration. 
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 Solution-state magnetic susceptibilities were determined via Evans method in CD3CN, with 

(Me3Si)2O as an internal reference. Values are reported taking into account appropriate 

diamagnetic corrections.83, 84 

 

SQUID magnetometry. Magnetic susceptibility data for 4b were collected with a Quantum 

Design MPMS3 Evercool SQUID magnetometer in the temperature range 2-300 K at applied fields 

of 0.1 T and 0.5 T. Samples were ground into fine microcrystalline powders, packed loosely into 

a polyethylene bag, heat sealed, and inserted into straws (Quantum Design #8000-001) under an 

N2 environment prior to analysis. The absence of ferromagnetic impurities was confirmed for by 

observing a linear relationship between magnetization and applied field (0.1-7.0 T) at 100 K. For 

all measurements, diamagnetic corrections were applied by using Pascal’s constants and by 

subtracting the diamagnetic susceptibility from the sample holder.85  

 

Catalytic alcohol oxidation reactions. The ability of 3a to catalyze the oxidation of alcohols, 

including fluorenol, cinnamyl alcohol, benzyl alcohol, α-methylbenzyl alcohol, 

cyclohexanemethanol, and 1,2-benzenedimethanol, at room-temperature under ambient conditions 

was investigated as follows: Initially, 50 equivalents of alcohol were dissolved in 4.0 mL of 

CD3CN in a scintillation vial; an aliquot of solution was used to obtain an 1H NMR spectrum in 

order to confirm the purity of the starting alcohols, due to the susceptibility of several of the 

substrates to autoxidize in air. Subsequently, the aliquot was returned to solution and a single 

equivalent of 3a (5.0 mg, 5.1 μmol) in 1.0 mL of CD3CN was added to the solution. The solutions 

were stirred open to air for 48 h and, due to the evaporation of CD3CN over time, portions of 

CD3CN were added at regular intervals to maintain total solution volume of 5 mL. After 48 h, an 
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1H NMR was obtained in order to determine percent conversion. For fluorenol and cinnamyl 

alcohol, isolated yields were also calculated after chromatographic purification of the reaction 

mixture as specified in the supplementary information.  

 

1 (Me4N)2[V(O)(pinF)2]. V(O)SO4•xH2O (0.150 g, 0.920 mmol) was dissolved in 6 mL of a 5:1 

H2O:MeOH solution, yielding a blue solution. H2pinF (0.615 g, 1.840 mmol) was added directly 

to the solution and the reaction mixture stirred for 20 min. Me4NOH•5H2O (0.667 g, 3.681 mmol) 

was dissolved in 8 mL of H2O and half of the solution was added dropwise to the reaction mixture, 

yielding a bright blue precipitate. After stirring for 1 h, the remainder of the base solution was 

added dropwise and the reaction mixture stirred for 6 h, forming a pale blue precipitate. The pale 

blue solid was collected on a frit and rinsed thoroughly with H2O. Bright blue needles (0.343 g, 

42% yield) were grown by layering CH3CN/Et2O at 5°C. UV-vis (CH3CN) (𝜆max, nm (𝜀, M−1 

cm−1)): 361 (42), 564 (23), 624 (25). Anal. calcd. for C20H24F24N2O5V: C, 27.32; H, 2.75; N, 3.19. 

Found: C, 27.41; H, 2.83; N, 3.45. μeff (CD3CN) = 1.42(5) μB. IR: 𝜐V=O = 967 cm−1. 

 

2 (Me4N)[V(O)(pinF)2]. In a N2-filled glove box, 1 (0.300 g, 0.341 mmol) was dissolved in 8 mL 

of CH3CN, yielding a blue solution. AgPF6 (0.104 g, 0.409 mmol) was dissolved in 2 mL of 

CH3CN and added dropwise to the stirring solution of complex. The reaction mixture was stirred 

in the dark for 6 h, affording a cloudy orange solution. The solution was concentrated under 

vacuum to 3 mL and filtered through Celite, yielding a translucent, bright yellow/orange solution. 

Bright orange blocks (0.196 g, 71% yield) were grown by layering CH3CN/Et2O at −28°C. UV-

vis (CH3CN) (𝜆max, nm (𝜀, M−1 cm−1)): 330 (6137), 438 (3985). Anal. calcd. for C16H12F24NO5V: 
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C, 23.87; H, 1.50; N, 1.74. Found: C, 23.89; H, 1.31; N, 1.75. 1H NMR (CD3CN, 500 MHz), 3.05 

ppm (s); 19F NMR (CD3CN, 500 MHz), −70.3 ppm (m), −71.1 ppm (m). IR: 𝜐V=O = 1011.13 cm−1. 

 

3a (Me4N)2[V2(O)2(μ-O)2(pinF)2]. V(O)SO4•xH2O (0.200 g, 1.227 mmol) was dissolved in 6 mL 

of a 5:1 H2O:MeOH solution, yielding a blue solution. H2pinF (0.409 g, 1.227 mmol) was added 

directly to the solution and the reaction mixture stirred for 20 min. Me4NOH•5H2O (0.444 g, 2.454 

mmol) was dissolved in 5 mL of H2O and added. The solution was stirred for several minutes and 

added dropwise to the reaction mixture, forming an indigo solution and a sticky deep blue 

precipitate. 4 mL of CH3CN and an excess of H2O2 (30% aq. solution, 10 drops) was added to the 

reaction mixture over 20 min and the solution became cloudy green. Upon concentrating the 

solution at 100°C, a bright yellow solid precipitated, leaving behind a pale blue solution. The 

yellow solid was collected on a frit and rinsed thoroughly with H2O. Bright yellow crystalline 

needles (0.672 g, 56% yield) were grown by layering CH3CN/Et2O at 5°C. UV-vis (CH3CN) (𝜆max, 

nm (𝜀, M−1 cm−1)): 252 (7062), 355 (2402). Anal. calcd. for C20H24F24N2O8V2: C, 24.56; H, 2.47; 

N, 2.86. Found: C, 24.86; H, 2.40; N, 2.88. 1H-NMR (500 MHz, CD3CN): δ 3.09 (t, 2JHN = 0.5 Hz, 

24H). 13C-NMR (151 MHz, CD3CN): δ 124.09, 124.03, 123.91, 123.84, 95.91, 95.88, 56.14 (t, 

1JCN = 4.0 Hz). 19F-NMR (470 MHz, CD3CN): δ -70.32 (m), -70.53 (m), -70.86 (m), -70.98 (m). 

51V-NMR (131 MHz, CD3CN): δ -460.67, -465.86. 

 

3b {K(18C6)}2[V2(O)2(μ-O)2(pinF)2]. V(O)SO4•xH2O (0.200 g, 1.227 mmol) was dissolved in 6 

mL of a 5:1 H2O:MeOH solution, yielding a blue solution. H2pinF (0.409 g, 1.227 mmol) was 

added directly to the solution and the reaction mixture stirred for 20 min. KOH (0.138 g, 2.454 

mmol) was dissolved in 5 mL of H2O and 18-crown-6 (0.324 g, 1.227 mmol) added. The solution 
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was stirred for several minutes and added dropwise to the reaction mixture, forming an indigo 

solution and a sticky deep blue precipitate. 4 mL of CH3CN and an excess of H2O2 (30% aq. 

solution, 8 drops) was added to the reaction mixture over 20 min and the solution became cloudy 

green. Upon concentrating the solution at 100°C, a bright yellow solid precipitated, leaving behind 

a pale blue solution. The yellow solid was collected on a frit and rinsed thoroughly with H2O. 

Bright yellow crystalline blocks (0.758 g, 43% yield) were grown by layering CH3CN/Et2O at 5°C.  

Anal. calcd. for C36H48F24K2O20V2: C, 30.09; H, 3.37; N, 0.00. Found: C, 30.08; H, 3.39; N, 0.00. 

1H-NMR (500 MHz, CD3CN): δ 3.57 (s, 48H). 13C-NMR (151 MHz, CD3CN): δ 124.15, 123.98, 

123.87, 95.87, 95.73, 70.86. 19F-NMR (470 MHz, CD3CN): δ -70.29 (m), -70.48 (m), -70.80 (m), 

-71.01 (m). 51V-NMR (131 MHz, CD3CN): δ -457.76, -463.71. 

 

4a (Me4N)2[V2(O)2(μ-OH)2(pinF)2]. In a N2-filled glove box, 3a (0.300 g, 0.307 mmol) was 

dissolved in 6 mL of CH3CN, yielding a bright yellow solution. Fluorenol (0.031 g, 0.307 mmol) 

was dissolved in 3 mL of CH3CN, added to the stirring solution of complex, and the solution stirred 

for 3.5 h. The resultant deep indigo-blue solution was dried under vacuum and the resulting sticky 

blue solid was triturated thrice with Et2O, stirred in CH2Cl2 to extract the fluorenone byproduct, 

and collected on a frit. The pale blue solid was redissolved in minimal CH3CN and filtered through 

Celite, yielding a deep blue solution. Pale blue needles (0.168 g, 56% yield) were grown by 

layering CH3CN/Et2O at room temperature. UV-vis (CH3CN) (𝜆max, nm (𝜀, M−1 cm−1)): 543 (283), 

625 (315), 870 (542). Anal. calcd. for C22H29F24N3O8V2: C, 25.87; H, 2.86; N, 4.11. Found: C, 

26.12; H, 2.70; N, 3.72. IR: 𝜐V=O = 963 cm−1. 
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4b {K(18C6)}2[V2(O)2(μ-OH)2(pinF)2]. In a N2-filled glove box, 3b (0.240 g, 0.167 mmol) was 

dissolved in 5 mL of CH3CN, yielding a bright yellow solution. Fluorenol (0.030 g, 0.167 mmol) 

was dissolved in 2 mL of CH3CN, added to the stirring solution of complex, and the solution stirred 

for 3.5 h. The resultant deep indigo-blue solution was dried under vacuum and the resulting sticky 

blue solid was triturated thrice with Et2O, stirred in CH2Cl2 to extract the fluorenone byproduct, 

and collected on a frit. The pale blue solid was redissolved in minimal CH3CN and filtered through 

Celite, yielding a deep blue solution. Pale blue needles (0.087 g, 36% yield) were grown by 

layering CH3CN/Et2O at room temperature. UV-vis (CH3CN) (𝜆max, nm (𝜀, M−1 cm−1)): 548 (290), 

635 (338), 875 (560). Anal. calcd. for C36H50F24K2O20V2: C, 30.05; H, 3.50; N, 0.00. Found: C, 

30.27; H, 3.57; N, 0.00. μeff (CD3CN) = 1.14(1) μB.  
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Caption:  An air-stable catalyst for the oxidative dehydrogenation of benzylic alcohols under 

ambient conditions has been developed.  

 


