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I Polyoxometalates

Regioselective Catalysis by the {Mo,3,} Nanocapsule:

A Computational Inspection

Nuno A. G. Bandeira®<! and Carles Bo*!&<!

Abstract: By means of density functional calculations, we per-
form a mechanistic analysis of the Huisgen cycloaddition reac-
tion taking place with the chemical involvement of the {Mo;3,}
nanocapsule, initially reported by Besson and others [Dalton
Trans. 2012, 41, 9852-9854], whereby a 2:1 regioselectivity is
obtained by chemically grafting the reactants onto the cavity
walls of this metal-oxide catalyst. We explore the mechanistic
\pathways quantitatively and explore the basis of this regioselec-

tivity. When propiolate is coordinated to the nanocapsule, the
selectivity of the catalytic system is both kinetically and thermo-
dynamically in favour of the formation of 1,4-triazole, whereas
in the alternative pathway, which begins with the triazido-
acetate coordination, the selectivity is kinetic alone. The former
and latter pathways have activation barrier differences between
each isomer of 29.9 kJ/mol and 39.2 kJ/mol, respectively.

%

Introduction

Polyoxometalates!' are a class of materials that have gained a
variety of uses'? over the years, chiefly among them being their
use in catalysis,® due to their highly acidic properties. Of
notable interest is the molybdenum Keplerate nanospheret¥
(Figure 1), formulated as {[Mo"(M0"'s0;)(H,0)el12[M0Y,0,-
(L™)130}12+397)- (hereafter {Mo,3,}) which is a significant break-
through in the field, since due to its porous molecular structure,
it allows the confinement of small molecules in a spherical
molecular container akin to the Bucky ball, but with very differ-
ent properties, since the metal-oxo bonds are very polar.

This {Mo,3,} Keplerate therefore has the potential to become
a size- and chemically selective nanoreactor.”! The first elec-
tronic structure study was presented by one of us!® and shortly
thereafter, came the first detailed experimental and computa-
tional study of the catalytic behaviour of this polyanion.[”? The
most commonly used L™~ type of bridging ligands anchored to
the {Mo",0,} moieties, especially in catalysis,”® are the carb-
oxylate ligands (formate, acetate, etc.), since they are conve-
niently labile.
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Figure 1. {Mo;3,} structure with interior formate bridging ligands coordinated
to the catalytically active {MoY,0,4} units (in red).

A recent paper by Besson and others!®! reports a regioselec-
tive Huisgen['? [ 4.+_2.] cycloaddition reaction within the poly-
nuclear Keplerate anionic [{(Mo")Mo"'5s0,;(H,0)eH>{M0Y,0,-
(12-X)}30]*2~ (X = bridging monoanion) nanosphere, wherein the
2-azidoacetate (X = N3CH,COO") encapsulated complex
({Mo3,-N3}) was left to react overnight with excess propiolic
acid (HC,COOH) at room temperature, then yielding the prod-
ucts of cyclisation of the type outlined in Scheme 1. The au-
thors reported that the unencapsulated reaction yields a mix-
ture of isomers in a haphazard 1,4-/1,5-triazole ratio, ranging
from 0.8 to 8:1, and that the same reaction when taking place
within the Keplerate cavity yields a regioselective ratio of 2:1 in
favour of the 1,4 triazole product.”” These findings are ground-
breaking and they potentially lead the way to other regioselec-
tive cyclisation reactions of feedstocks to generate high-value
chemicals in an environmentally clean (aqueous) medium.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Huisgen reaction between carboxylates, yielding a mixture of iso-
mers 1,4- and 1,5-substituted triazoles.

An understanding of the chemical phenomena that take
place in this catalytic environment is paramount and an expla-
nation at the molecular level for the underlying reasons of this
regioselectivity is warranted. We therefore report, herein, a
computational analysis of the reaction pathway of this particu-
lar cycloaddition reaction, with and without the presence of a
nanoreactor cluster, to attempt to explain its chemical origin.

Results and Discussion

To study the reaction pathway using a model of the whole of
the Keplerate sphere, despite its high symmetry, would be com-
putationally intractable; so instead, we chose to employ a
reliable and minimal cluster model known to capture the reac-
tivity trends of the Keplerate sphere, as described previously in
the literature.[”." The original authors noticed™ that upon mix-
ing the reagents, within a few minutes, a mixture of encapsu-
lated azidoacetate/propiolate is detectable by NMR spectro-
scopy, so that it becomes unclear if the reaction initiates from
the azidoacetate or the propiolate chelate. Consequently, both
pathways need to be explored.
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The working model is the [{(Mo")Mo"'50,3(H50);5(OH)g},-
{Mo",0,4(H,0)}1* cation {Mo,}, which by coordination of either
azidoacetate or propiolate to the MoV centres ({Mo;,~Ns} and
{Mo,,-C;}) will have its charge decreased by one unit. The opti-
mised MoV-O (O-acetate) distances in {Mo;,—Ns} are more con-

trasting (2.315 and 2.583 A) than in {Mo;,~C5} (2.473 and
2.582 A), likely due to the steric hindrance caused by the azido
group, which by engaging in hydrogen bonding with nearby
aqua ligands, causes some deformation of the interplanar angle
of the star-shaped moieties (Figure 2).

Figure 2. Transition state (TSa),
bond lengths [A].

), leading to {1,4-triazole@Mo,,4}, with selected

The organic pathway was computed for comparison with the
reaction that takes place in the encapsulated environment and
will be discussed below. Two main branches will be followed in
the mechanistic survey: one beginning with propiolate in
anionic or coordinated form (branch a) and another with azido-
acetate in a like manner (branch b).
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Figure 3. Calculated reaction pathway free energies [kJ/mol] of the coordinated (orange) and uncoordinated (blue) Huisgen reactions.
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The Organic Reaction

The energy difference between the {propiolate + azidoacetic
acid} (0a) and the {propiolic acid + azidoacetate} (Ob) systems,
where each molecule is infinitely separated from the other, is
the proton transfer and this has an energy difference of
16.5 kJ/mol in favour of the {propiolate + azidoacetic acid} sys-
tem (cf. Figure 3).

Pursuing the pathway from 0a onto the stationary point in
which each reactant is assembled (1a), we find an endergonic
change of +42.9 and +56.1 kJ/mol, respectively, for the molec-
ular pair, resulting in a conformation with neighbouring and
remote carboxylate groups. The ensuing transition state (TSa)
for both conformations is practically isoenergetic (+110.9 and
+112.8 kJ/mol, respectively), but the products (2a) are greatly
stable and compensate for the energy cost nearly twofold
(-191.2 and -203.6 kJ/mol, respectively). We observe that the
process is neither kinetically nor thermodynamically selective
with regards to a particular product (1,5-triazole or 1,4-triazole)
with the chosen solvation model.

Additionally, if we pursue the reaction starting from reac-
tants Ob, the preassociation of the two molecules 1b is also
endergonic, but their stability is slightly more differentiated in
favour of the vicinal (leading to 1,5-triazole) carboxylate groups
(with AG® = +36.4 versus +69.0 kJ/mol). The two transition
states (TSb) are again not too different in energy from each
other (+ 10 kJ/mol), but eventually, the 1,4-triazole is favoured
thermodynamically (-210.2 kJ/mol, with respect to the initial
point) vis-a-vis the 1,5-isomer (-186.9 kJ/mol).

Similar barriers were also computed, for the sake of
completeness, for the {N3;CH,COOH + HC,COOH} and
{N3;CH,COO~ + HC,COO7} reactants (see the Supporting Infor-
mation).

The Reaction Inside the Nanocluster

We now turn to the discussion of the cluster-bound molecules.
With regards to reaction pathway a, where {propiolate@Mo,,}
is the starting reactant, there is a significant difference in energy
for the preassociation complexes in the 1,4 conformation posi-
tion (+59.2 kJ/mol) by comparison with the 1,5 (+115.4 kJ/mol)
(1a). Thereafter, the transition state of the 1,5-isomer formation
has approximately the same hike in free energy as its 1,4
analogue, despite the relative activation barrier being some
30 kJ/mol higher. The final products (2a) are differentiated, sta-
bility wise, by an order of AG® = 54 kJ/mol, again in favour of
the 1,4-coordinated isomer.

In pathway b, {azidoacetate@Mo,,}, the preassociation com-
plexes are not as differentiated in energy (25 kJ/mol) and the
ensuing transition-state energies (TSb) are again discriminative
of the isomers by a magnitude of 40 kJ/mol.

The coordinated triazole products 2b are almost isoener-
getic, meaning that for the 1,5 isomer to be generated, the
b pathway is the thermodynamically more favourable choice,
although the transition-state barrier for the 1,5-formation is
fairly identical in a and b. The kinetic and thermodynamic
unfavourabilities of forming 1,5-triazole through a is already
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manifested in the electronic energies and are not a conse-
quence of entropy or enthalpic terms. In the 1b path, this proc-
ess is balanced out by the added entropy of the 1,5 conforma-
tion, which renders it slightly more favourable.

This accounts for the 2:1 isomeric ratio obtained experimen-
tally™ for the Keplerate system. The {1,4-triazole@Mo, 4} system
can be formed through both pathways a and b, whereas the
{1,5-triazole@Mo,4} is only thermodynamically stable through
b, with a slower rate of formation than its isomer.

To clarify the physical reasons for the relative barrier heights
of the two isomers of the {triazole@Mo,,} complex in the a
pathway, an energy decomposition analysis (see Computational
Details) was undertaken on all of the TSa structures, including
the organic ones. The selected fragments were the reactant
molecules for each reaction and the values are listed in Table 1.

Table 1. Energy decomposition analysis of the TSa transition states.

AE TSa TSa TSa TSa
{1,4@Mo0 4} {1,5@Mo, 4} 1,4-triazole 1,5-triazole
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

AEp,,; +362.8 +452.0 +348.8 +360.0

AEgeee —-179.9 -217.9 -2224 -220.9

AEoy  —-206.9 -288.3 -180.3 -196.9

AEsyy  -34 +29.1 +14.2 +17.1

AE -274 -25.2 -39.7 -40.6

AEprep  +91.0 +121.6 +97.2 +99.2

-De +63.6 +96.4 +57.5 +58.6

While the organic transition states listed on the right-hand
side of the table have comparatively identical energy terms and
overall interaction energies, the two complexes present signifi-
cant differences between them. The 1,5-TSa has a much larger
Pauli repulsion than the 1,4-TSa, but this is compensated by
more favourable electrostatic and orbital interaction energies,
while the change in solvation energy has the opposite sign.
Nevertheless the interaction energies of both transition states
are almost the same (-27 and -25 kJ/mol, respectively). The
overall electronic dissociation energy (-D.), however, favours
the 1,4-TSa, due to a lower ligand rearrangement energy
(AEprep). It is this latter term that is one of the determining
factors in the energy-barrier heights. The other one is the addi-
tional Pauli repulsion, not present in the organic transition
states, and it can be accounted for by the steric clash between
the carboxylate chain and the bridging oxo groups of the
{Mo,4} cluster.

The molecular orbital interactions present in the bond-for-
mation process are those which are symmetry-allowed in ordi-
nary cycloaddition processes.'? From a qualitative frontier
molecular orbital description, the nitrogen lone pairs (n) in
triazidoacetic acid/triazidoacetate are donated to the mtc* orbit-
als of the propiolate/propiolic acid, and inversely, the mc orbitals
of the latter are donated to the my* of the former (Scheme 2).
These donor-acceptor interactions are present in the transition
states to some degree and they can be quantified by a Mulliken
gross population analysis in the basis of the aforementioned
fragments (see the Supporting Information).

In all of the transition states, organic and in the cluster com-
plex, these donor-acceptor interactions are relatively small, as

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Simplified MO scheme for the Huisgen cycloaddition reaction with
MO composition.

the transition states are significantly unbound. Also, due to po-
larisation from the relevant fragment molecular orbitals (FMOs)
into other MOs, there is a risk of oversimplifying the interaction
processes to comply with the frontier MO description.

The HOMO-2 of the 1,4-TSa cluster has a 54 % m contribu-
tion and a 5 % my* contribution and can be roughly classed as
one of the donor-acceptor channels; the HOMO-1 has 92 % n
and a rather small 2 % ntc* (Scheme 2) and is the complemen-
tary donor-acceptor channel. The remaining transition-state ge-
ometries show a similar electronic behaviour.

If one analyses the isolated reactants in route a in terms of
descriptors of chemical reactivity, one finds that the regioselec-
tivity exhibited experimentally can be aptly demonstrated by
Pearson's HSAB principle.l'3 Inspecting the partial condensed
Fukui functions [f(X) = p(my), f1(X) = p(mtx*)], calculated as the
density matrix orbital contributions of the reactive atomic sites
of the reactants, we can establish a comparison between the
propiolate when it is a free anion and when it is a ligand. When
soft nucleophiles and electrophiles react, the attack sites will
be the ones with the highest values of the Fukui function, both
in the electrophile and the nucleophile.

When propiolate is a free anion, the highest f(N) and f*(C)
indices favour the cycloaddition in the 1,4 arrangement, but the
remaining f(C) indices of both carbon sites (0.45 and 0.42) fa-
vour the 1,5 arrangement (Scheme 3). When the propiolate is
coordinated to the metal cluster, it undergoes strong polarisa-
tion of its electron density, differentiating the atomic sites fur-
ther, favouring the 1,4 conformational assembly of the reactants
in both donor-acceptor channels. The propiolate ligand has its
highest f*(C) index (0.17) in the nonsubstituted acetylenic
carbon, thus favouring the nucleophilic attack of the carbon-
bonded nitrogen of triazidoacetic acid [f(N) = 0.25]. The con-
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verse electron-density flow is also more favourable in the 1,4
conformation, since this arrangement has the highest f(C) and

ff(N) indices.
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Scheme 3. Condensed partial nucleophilic and electrophilic Fukui functions
for both donor (black)-acceptor (void) channels of coordinated and uncoordi-
nated propiolate with triazidoacetic acid.

The MO occupancies in the FMO basis show the electron
outflow from the FMOs and electron intake to the virtual FMOs
of the fragments. As a general trend, the electron donation is
approximately 0.2 e~ to each of the virtual FMOs. It is evident
from these values that the donor-acceptor interactions assume
equal importance, contradicting the information obtained from
the coefficient analysis of the transition states, which privileges
the mc—my* donation.

Conclusion

We performed a comprehensive examination of a regioselective
Huisgen reaction mechanism taking place when each reactant
is anchored to a {Mo,,} cluster, as a model of the interior surface
of the {Mo;3,} Keplerate. The calculated activation barriers for
the formation of the 1,4- and 1,5-triazole isomers differ by 29.9
(@ pathway) and 39.2 kJ/mol (b), in favour of the 1,4-triazole,
depending on the reactant that is coordinated to the cluster.
The {propiolate@Mo,4} system yields a 1,5-triazole product that
is less stable, by +54 kJ/mol, than its isomer and is not the
thermodynamically more-viable route for this production.
Conversely, the {azidoacetate@Mo;,} route only discriminates
kinetically between the two products.

Steric hindrance, as seen from the Pauli repulsion terms, and
a significant fragment distortion energy were shown to be the
deciding factors in differentiating the activation barriers.

The regioselectivity of the frontier orbital interactions
was examined with respect to the organic reactants and
the most favourable donor-acceptor interactions in the
{propiolate@Mo,,} system are the ones that lead to the 1,4-
triazole product.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Computational Details

The Amsterdam density functional (ADF) program package,!'¥ ver-
sion 2013.01, was used throughout to optimise the geometries of
all species mentioned in the paper. The Becke'™ and Perdew!®
gradient-corrected exchange and correlation functionals (BP86), re-
spectively, were used in the calculations. The ZORA'”! scalar relativ-
istic Hamiltonian was employed with a triple-zeta Slater type or-
bital'® (STO), augmented with one polarisation function (TZP), for
molybdenum, and with double-zeta STO type functions, aug-
mented with d functions, for the remaining elements. A small frozen
core was used for all elements (1s2 shell for O and C; 3d"° shell for
Mo), except hydrogen. The geometry optimisations were performed
by using Becke's default numerical integration scheme.!’ Station-
ary points were located with normal integration accuracy, whereas
partial and full analytic Hessian calculations were done with a “qual-
ity = good” integration accuracy and free energies were computed
at standard-state conditions. The COSMO®? implicit solvation
scheme was employed throughout, with the default solute atomic
radii. The imaginary frequencies associated with the reaction coor-
dinate were followed by a small fraction of their displacement in
either direction, and were subsequently reoptimised to certify the
obtainment of the reactant and the product.

The energy decomposition analysis created from Ziegler and
Rauk,?" based on the initial work by Morokuma?? and imple-
mented by others!?3! in ADF, was performed for all TSa transition
states, with the default integration grid and the aforementioned
solvation method. This fragment-partitioning analysis partitioned
the interaction energy AE,, into the basis of two or more unrelaxed
fragments, with the following terms: AEp,uii AEgject AEo, and
AEsg,. ADF yielded the AEp,,;i and AEge quantities, which were
extracted directly from the output file, since they did not change
with the solvation properties. The AEp,,,;; value corresponded to the
Pauli repulsion, the difference between the energies of the product
of the fragment wavefunction W,Wg (for fragments A and B) and
the energy of its antisymmetrised form |[W,Wgl|, and it was intui-
tively associated with interfragment repulsion of same-spin elec-
trons. The AEge; term was the quasiclassical coulombic term asso-
ciated with the frozen charge densities of both fragments in each
other's presence, with respect to their infinitely separated state. Two
other quantities were considered, AEg,, and AEs,,, which
amounted to the energy change in the fragment MO coefficients,
due to overlap from bringing the two fragments together, and the
energy change due to solvation, respectively. These two terms, with
respect to the solvated fragments, were quantities which had to be
calculated indirectly through a thermochemical cycle, since ADF
only yielded these terms with fragments in vacuo. The following
formula was applied:

AEX = AEIX - AEx,sm\.v,q - AEX,SQNB

where AE’, was the quantity obtained with respect to the fragments
in vacuo and AEy ., 4 Was the corresponding solvation energy of
fragment A or fragment B with AEy s, . Thus, the corrected AEq,,
and AEsg,, could be calculated. The true electronic dissociation en-
ergy (-D.) could, furthermore, be computed by adding the overall
fragment interaction energy AE,,. (the sum of all preceding terms)
to the fragment preparation energy AEp,,; that is, the energy re-
quired to distort the fragments from their equilibrium geometry to
the geometry of the fragments in the transition state. The equilib-
rium geometry of all unrelaxed fragments, with the inclusion of
solvation, therefore had to be calculated.
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A data set collection of computational results is available in the
ioChem-BD repository’?? and can be accessed through the link:
https://doi.org/doi:10.19061/iochem-bd-1-54.
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