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ABSTRACT: A vanadyl ion bound to a cucurbituril (CB) host was reported to oxidize
pentane to 2-pentanol in the presence of an oxidizer. DFT calculations suggest that the
catalyst selectively reacts with stronger C−H bonds in pentane over weaker C−H bonds in
cyclohexane due to size exclusion by the CB host. The active catalyst is an unprecedented
vanadium superoxo species bound to the host, and the selectivity toward secondary over
the primary C−H bond is the result of a higher degree of charge transfer from the
secondary compared to the primary position.

■ INTRODUCTION

One of the major challenges in chemistry is to understand the
structure−function relationship of metalloenzymes in catalyz-
ing reactions with high levels of site-selectivity.1 Many
organometallic catalysts were prepared to mimic metal-
loenzymes with some success.2 Supramolecular hosts can
mimic the enzymes due to their unique shapes,3,4 and one of
the popular macrocyclic hosts is cucurbituril (CB), a pumpkin-
shaped supramolecule.5 Based on the number of monomer
units, the host can accommodate guests of different sizes and
shapes.6 The hydrophilic portals and the hydrophobic core
make these hosts special and facilitate the binding of a wide
range of molecules.7 Recently, a vanadyl ion ([VO]2+) bound
to CB-[6] portals was reported to oxidize pentane to 2-
pentanol in the presence of oxidants such as hydrogen peroxide
or iodosobenzene (PhIO) solution.8 The reaction is not clean
and side-products are observed, and thus, a radical-based
mechanism was proposed.9 The catalyst encapsulated by the
CB is substrate selective and oxidizes only pentane but not
cyclohexane, as illustrated in Scheme 1.
Unfortunately, neither the exact structure of the catalyst nor

the possible reaction mechanism responsible for the selectivity
are known. Based on the UV−vis and EPR spectroscopic data,
it was proposed that the [VO]2+ binds symmetrically to the
CB-[6] host, but a simple inspection of the cage size in

comparison to the molecular size of the [VO]2+ functionality
shows that symmetrical binding is not possible. Little is known
about the electronic structures of the catalytically competent
species, which may either consist of a high-valent V(V)-peroxo
species10−13 or the corresponding one electron oxidized V(V)-
superoxo analogue.14−17

To shed light on the reaction mechanism and better
understand how such a simple molecular entity is turned into
an intriguing supramolecular catalyst, density functional theory
(DFT) calculations were carried out. First, the computationally
derived geometry and electronic structure of [VO]2+ bound to
CB-[6] were assessed to identify and characterize the
catalytically active species that can promote C−H activation.
Next, we investigated why the much stronger C−H bond in
pentane18 is oxidized instead of the weaker C−H bonds in
cyclohexane.19 Finally, we investigated the molecular basis for
the experimentally observed regioselectivity in the reaction
with pentane.

■ RESULTS AND DISCUSSION
We have explored several geometric structures of vanadyl
binding to CB-[6], as shown in Figure S1. First, a C6-
symmetric binding of vanadyl to CB-[6] is considered, and
upon geometry optimization, we find that such binding is not
plausible due to the larger cavity of CB-[6]. The vanadyl ion
can bind only with two CB-[6] carbonyl portals. Second, the
oxygen atom of vanadyl can face either inside or outside the
CB-[6] cavity. Finally, the uncoordinated vanadyl ion should
be saturated with solvent molecules such as water molecules.
Thus, after exploring several possibilities, we concluded that
the most plausible structure of 1 consists of a square-pyramidal
vanadium center placing the oxo moiety in the axial position.
Two oxygens of CB-[6] are directly bound to the vanadium,
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Scheme 1. Proposed Substrate Selective Supramolecular
Catalysis
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and the remaining coordination sites are saturated by water
molecules that are strongly hydrogen-bonded to the other
oxygens of the CB-[6] host, as illustrated in Figure 1. The
technical details of the calculations are summarized in the
Experimental Section.

Table 1 compares the previously determined experimental
EPR parameters to calculated values at the proposed geometry

of 1. The calculations are in good agreement with the
experimental data. As expected for a V(IV)-d1 center in
pseudosquare-pyramidal coordination geometry, the single
valence electron is localized in the nonbonding dxy orbital.

20

The axial type g-tensor that is expected for the 3d1 electronic
configuration is nicely reproduced by the calculations, and the
experimental g-tensors of 1.921 and 1.970 are fairly well-
matched with calculated values of 1.952 and 1.985. The
unpaired electron on the metal center will have a large 51V
hyperfine coupling constant, which is reliably reproduced
within 2 MHz with the calculated isotropic coupling constant
being 324 MHz compared to the experimentally determined
326 MHz.
When the vanadyl ion bound to CB-[6] is exposed to a

hydrogen peroxide solution, the vanadium center is readily
oxidized and the high-valent V(V)-oxo-superoxo species
denoted as 2 in Figure 1 is formed. Our calculations predicted
that one of the equatorial V−O bonds is cleaved to expose a
free coordination site where dioxygen binds side-on. This
superoxo moiety was very well represented as the computed

O−O bond length and the vibrational frequency were 1.31 Å
and 1169 cm−1, respectively, in good agreement with
experimentally observed bond lengths21,22 and the vibrational
frequency of 1124 cm−1. In 2, the unpaired electron is
dominantly localized on the dioxygen fragment as shown in 2-
SOMO, whereas the unpaired electron was vanadium-centered
in 1. This relocation of the radical character is consistent with
the oxidation of the vanadyl moiety and reduction of the
dioxygen moiety to a superoxo species. The metal-centered
oxidation is also indicated by the negligibly small hyperfine
coupling constant, measured17 to be 7 MHz and calculated to
be 2 MHz. The formation of high-valent VO-superoxo species
(eq 1) is energetically favorable by 4.3 kcal/mol.

1 22H O 2H O2 2 2+ → + (1)

High-valent V(V)-peroxo species were frequently observed in
the past, but analogous superoxo species are rare,14−17 which is
not surprising given the reactive nature of such radical species.
Mayer et al.12 reported the slow reactivity of V(V)-oxo-peroxo
species toward hydrogen atom transfer (HAT), whereas Yin
and co-workers16 reported that V(V)-oxo-superoxo species can
be stabilized with non-redox metal ions that can promote
HAT.
The CB hosts are known to bind cations and are effective in

stabilizing radical species. For instance, the half-life of
TEMPO-like nitroxide radicals can be extended to as long as
254 min upon encapsulation to CB-[7].23 Our calculations
suggest that the vanadyl superoxo radical is similarly stabilized
inside the CB-[6] cage and that it plays a pivotal role for the
C−H activation. To commence the C−H activation reaction,
the substrates must enter the host cavity and approach the
superoxo moiety through the CB cage. With a portal diameter
of 3.9 Å, CB-[6] can act as an effective filter that only allows
small substrates to access the reactive superoxo moiety inside
the cage.6,24 Specifically, cyclohexane is 5.2 Å wide and cannot
enter the CB-[6] cavity, whereas pentane is small enough at
∼2.0 Å to be able to enter the host as illustrated in Figure 2.

Florea and Nau reported previously that cyclohexane and n-
hexane do not bind to CB-[6].25,26 Extensive electronic
structure calculations were employed to show that the binding
of simple hydrocarbons to CB-[6] is primarily under kinetic
control determined by the interaction of the portal with the
substrate, which ultimately leads to the substrate selectivity.26

Interestingly, the CB complex 2 is not only substrate
selective but also regioselective as it activates the C−H bond of
pentane (3) to give 2-pentanol. As illustrated in Scheme 2 and
Figure 3, our calculations showed that the reaction most likely
proceeds via the HAT step, followed by the rebound (RB) of
the alkyl radical, which is one of the classic mechanisms of C−
H activation that is found in many biological systems, such as

Figure 1. Optimized structures of 1 and 2. Frontier orbitals showing
the superoxo moiety of 2. Isodensity value = 0.05 au. Units for bond
lengths in angstroms (Å).

Table 1. Computed Spectral Parameters of 1 and 2

DFT experiment DFT experiment

structure 1 1 2 2
g-tensor 1.952, 1.985 1.921, 1.970 2.004,

2.009
2.012c

VA (MHz)a 212, 218,
542 (324)

213, 221,
546 (326)b

2 7c

aValues in parentheses are the corresponding isotropic values. bRef 8.
cRef 17.

Figure 2. Hydrophobicity surface of CB-[6] showing the restricted
entry of cyclohexane over n-pentane.
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cytochrome P450-enzymes27 or methane monooxygenases.28

The size-based exclusion of cyclohexane is not a surprising
finding, but the observed selectivity toward the secondary
carbon is puzzling. As the CB-framework mimics an enzymatic
pocket for the V-superoxo fragment, it is easy to envision that
the linear pentane substrate enters the reaction site in a linearly
stretched fashion, which should bring the terminal, primary
C−H bond into a preferred, most immediate contact. It is
curious therefore that 2-pentanol is the main product.
Interestingly, our DFT calculations reproduce this observed

selectivity reliably, indicating that there are effects at play that
go beyond using the CB-scaffold to control the reactant
binding geometry.
The energy profiles for the full reaction mechanism shown in

Figure 3 illustrate that HAT from the secondary C−H bond
traversing 4′-TS requires only 13.1 kcal/mol. In contrast, the
analogous of the primary C−H bond is associated with a
barrier of 19.7 kcal/mol. This energy difference of the two
transition states is notably larger than the difference in the free
bond dissociation energies of 101.6 versus 98.5 kcal/mol for
the primary and secondary C−H bonds of pentane.18

Unsurprisingly, the entropy and solvation energy changes are
very similar for both 4-TS and 4′-TS, so it is the electronic
energy difference that determines the overall preference of 4′-
TS. To understand the origin of this surprisingly large
regioselectivity, two transition states, 4-TS and 4′-TS, were
fragmentized into pentane substrate and CB fragments and
their distortion-interaction energies29 were analyzed as
summarized in Figure 4.

In this analysis the reactants 2 and 3 are first distorted into
the structures that they adopt in the transition states, marked
as [2], [2′], [3], and [3′], and are then allowed to interact with
each other. The structural distortion energies of 2→ [2] and 2
→ [2′] were similar at +8.9 and +9.4 kcal/mol, respectively.
Meanwhile, the superoxo functionality becomes significantly
reduced at the transition state with the O−O bond length
increasing notably from 1.31 Å in 2 to 1.40 and 1.41 Å in 4-TS
and 4′-TS, respectively. This structural change is associated
with energy penalties of 25.4 and 22.9 kcal/mol to result in
similar total distortion energies of 34.3 and 32.3 kcal/mol,
respectively. However, the total electronic energy is 8.8 kcal/
mol more preferable in 4′-TS because in 4-TS the electronic
interaction between [2] and [3] gives −36.5 kcal/mol, whereas
much stronger interaction of −43.4 kcal/mol is found in 4′-TS.
These energies indicate that the main cause of the
regioselectivity lies in the electronic changes that take place
at the transition state,29 rather than due to any structural
differences. A more detailed inspection of the calculations
reveals that the net charge transferred from the substrate to the
superoxo moiety of the catalyst are 0.20 e− and 0.33 e−,
respectively. This charge transfer trend is easy to understand as
the more substituted secondary carbon center can tolerate a

Scheme 2. Proposed Mechanism for C−H Activation by 2

Figure 3. Computed energy profile of 2 with 3. Black and red traces
are toward 1-pentanol and 2-pentanol production, respectively. All
species except 3, 7, and 7′ have positive two charges.

Figure 4. Fragment energy decomposition analysis of 4-TS and 4′-
TS.
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higher positive charge than the primary analogue. As a
consequence, the superoxo fragment shows a higher extent
of peroxo character, which is energetically favorable.
Furthermore, CB portals are known to stabilize positive
species over neutral and anionic species through favorable ion-
dipole interactions.30−32 Thus, the higher induced positive
charges of the pentane present in 4′-TS will be more stabilized
by CB-[6] portals than those of 4-TS. In Figure S2, the
electrostatic potential maps of the two transition states are
shown to illustrate this feature.
Once the intermediates 5 and 5′ at −33.1 and −42.2 kcal/

mol, respectively, are formed, O−O bond cleavage ensues via
5-TS and 5′-TS to afford the final products 1- and 2-pentanol
with the step barriers of 18.1 and 9.1 kcal/mol, respectively.
The much lower barrier associated with 5′-TS is the result of
strong hydrogen bonds between the hydroxo group and the
CB-[6] wall (Figure S3), which is not present in 5-TS.
Dissociation of the products from the intermediates 6 and 6′ is
easy, and the primary and secondary alcohols 7 and 7′
dissociate from the host, leaving behind a vanadium oxo-oxyl
species, 8, bound to CB-[6]. Species 8 can regenerate the
resting state 1 through the addition of two protons and two
electrons.
For understanding the aforementioned structural preference

toward the terminal over the secondary position in the CB-
binding pocket, it is instructive to inspect the intermediates 4
and 4′ in greater detail. The main difference between these two
intermediates is the orientation of the substrate in the binding
pocket. In 4 the primary carbon points toward the superoxo
moiety, whereas the secondary carbon of pentane is oriented
toward it in 4′, as shown in Figure 5. Interestingly, the
secondary C−H bond in 4′ is positioned at a hydrogen−
oxygen distance of 2.08 Å, which is 0.3 Å closer than where the
primary C−H bond is found in 4. Furthermore, the dihedral
angles of pentane in 4 and 4′ are very different at 166.1° and
69.2°, respectively. Such dihedral rotations are the early stage
hydrocarbon coiling as extensively studied by Rebek Jr. in
constrained macrocyclic containers.33 Similarly, Kim’s group
has reported uncommon bending of long-chain alkanes in CB-
[8] host molecules.26,34 The much larger extent of coiling and
structural distortion is energetically not favorable, as 4′ is ∼2
kcal/mol higher in energy at 3.1 kcal/mol than 4. Thus, it is
true that the linear arrangement that brings the terminal C−H
bond closer to the superoxo moiety is more favorable, but the
CB-[6] host offers enough space for the recoiling motion to
take place, which gives access to the lower energy transition

state 4′-TS. We believe that such recoiling can activate the
secondary C−H bond better compared to its primary analog.
Our optimized structures of 4 and 4′ in Figure 5 clearly reveal
a small but significant elongation of secondary C−H bond that
can enable HAT through the superoxo radical in near
proximity.

■ CONCLUSIONS
In summary, we propose an unprecedented vanadium-
superoxo intermediate inside the CB-[6] host to be the
catalytically active species. Our study reveals several insights of
C−H activation carried out by the supramolecular catalyst.
Based on extensive DFT calculations, the role of CB-[6] is
revealed to be multifaced. First, CB-[6] acts as a ligand that
binds the vanadyl ion. Next, the host stabilizes the superoxo
radical through hydrophobic interactions. Finally, the CB-[6]
portal oxygens dictate the regioselectivity of unactivated C−H
bonds. We propose that unstable dioxygen intermediates can
be trapped within the host whose half-life can be enhanced
considerably. These adducts can enable C−H activation with
excellent chemo- and regioselectivity through favorable host−
guest interactions. Our study highlights how the CB-[6] and
vanadyl moieties work in concert to achieve efficient and
selective C−H bond oxidation catalysis. Studies toward
exploiting these insights to develop other supramolecular
catalysts are currently underway in our laboratory.

■ EXPERIMENTAL SECTION
All electronic structure calculations were carried out using DFT35 as
implemented in the Jaguar 9.1 suite36 of ab initio quantum chemistry
programs. Dispersion-corrected geometry optimizations were con-
ducted with the B3LYP37−41 functional including Grimme’s D3
dispersion correction42 and the 6-31G** basis set. Vanadium was
represented using the Los Alamos LACVP** basis43,44 that includes
effective core potentials. The energies of the optimized structures
were reevaluated with a larger basis set using the same functional and
Dunning’s correlation consistent triple-ζ basis set cc-pVTZ(-f)45

which includes a double set of polarization functions. A modified
version of LACVP has been employed for vanadium, designated as
LACV3P, in which the exponents were decontracted to match the
effective core potential with triple-ζ quality. A self-consistent reaction
field (SCRF)46−48 approach based on accurate numerical solutions of
the Poisson−Boltzmann equation was employed for solvation
energies. In the results reported, solvation calculations were
performed with the 6-31G**/LACVP basis at the optimized gas
phase geometry using the dielectric constant of ε = 35.6 for
acetonitrile. Analytical vibrational frequencies within the harmonic
approximation were computed with the 6-31G**/LACVP basis to

Figure 5. Associative binding of pentane to 2 to form 4 and 4′. Units in angstroms (Å). Unnecessary hydrogen atoms are omitted for clarity.
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confirm proper convergence to well-defined minima or saddle points
on the potential energy surface.
The energy components have been computed with the following

protocol. The free energy in solution phase G(sol) has been calculated
as follows:

G G G(sol) (gas) solv= + (2)

G H TS(gas) (gas) (gas)= − (3)

H E(gas) (SCF) ZPE= + (4)

E E E(SCF) (SCF) for products (SCF) for reactants∑ ∑Δ = −
(5)

G G G(sol) (sol) for products (sol) for reactants∑ ∑Δ = −
(6)

where G(gas) is the free energy in the gas phase; Gsolv is the free
energy of solvation as computed using the continuum solvation
model; H(gas) is the enthalpy in the gas phase; T is the temperature
(298.15 K); S(gas) is the entropy in the gas phase; E(SCF) is the self-
consistent field energy, i.e., “raw” electronic energy as computed from
the SCF procedure, and ZPE is the zero point energy. Note that by
entropy here we refer specifically to the vibrational/rotational/
translational entropy of the solute(s); the entropy of the solvent is
incorporated implicitly in the continuum solvation model.
EPR calculations are carried out with ORCA 4.0.1.49 The ground

state and excited state electronic structures of 1 and 2 are elucidated
using the parameters derived from EPR and d-d transitions. These
parameters are computed with the coupled perturbed (CP)-DFT-
based method derived from B3LYP density functional. Here, a
CP(PPP) (V),50,51 EPR-II52 (N of coordinated en2 ligand) basis sets
are used, while the remaining atoms were treated with the def2-SV(P)
basis set.53 51V hyperfine coupling constants were calculated with the
spin−orbit contributions. The importance of relativistic effects are
accounted using ZORA.
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