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ABSTRACT: Despite the extended interest in d° metal complexes )
as catalysts for peroxide activation and eventual oxygen transfer St Tl V

: . . andard Vacancy
processes, there are still gaps in the understanding of how they i ding formation
proceed at the microscopic level. Herein, we have considered N b Mo
sulfide oxidation with cumyl hydroperoxide as a test system, /®& —. » ~ -
performing the reaction with a series of eight different amino- | g#* (l -
triphenolate d° metal complexes: Ti(IV), Zr(IV), Hf(IV), V(V), l Hf | Ta W ® o
Nb(V), Ta(V), Mo(VI), and W(VI). The reactivity and selectivity
of the catalytic systems, as well as the effect of a strong Lewis base ®
(dimethylhexyl-N-oxide), have been determined experimentally, Catalyzed
correlating kinetic values with Sanderson electronegativity values. S SO SOZ oxygen
Theoretical calculations of the catalytic cycles have been performed . transfer

to have a clearer description of the role of the reactive peroxo

species. Combining experimental results and DFT predictions, we propose suitable mechanisms for all eight metal
aminotriphenolates, rationalizing the expected periodic trends, while also unveiling the unique reaction pathways available to
highly flexible vanadium complexes.

Bl INTRODUCTION derivatives also arise as another relevant class of d’-metal-based
systems capable of peroxide activation.'~"’

Even if the mechanism of oxygen transfer has been, and
continues to be, a controversial subject, it is becoming widely
accepted that it involves a “Sharpless type” pathway. In this,
the active species is an 77* coordinated alkyl (or hydro) peroxo
complex and the nucleophilic attack of the substrate to the
electrophilic peroxo oxygen is along the antibonding o* (O;—
0,). However, despite the large interest in the subject, few
studies have compared the reactivities of different d° metals in
order to dissect “periodic” trends. Among these studies, the
contribution of the group of Rosch must be noticed, which
studied the reactivity of d° peroxo complexes toward
epoxidation.”” What emerges from these studies is that the
activity of the peroxo complexes is related to three factors: the
strength of the M—O, and O,—0, interactions, the charges in
the O, oxygen atoms, and the interaction between the
unoccupied peroxo ¢* orbital and the HOMO of the substrate.
Very interestingly, in the study where they were comparing

The possibility to activate peroxides with the help of metal
catalysts has an important relevance in biochemical and
artificial processes and it expands applications in industrial
productions.' ™ The activation of the peroxides by metals can
follow a radical pathway, in which the metal changes its
oxidation state along the course of the reaction, or an
electrostatic activation, in which the metal activates the
peroxide on in virtue of its Lewis acidic properties without
changing its oxidation state. While the first method of
activation is more common to late transition metals (e.g.,
iron, manganese, or copper),” the second pathway is more
common in d° early transition metals. It should be also noticed
that d° metals (e.g, Ti and Zr) can also activate hydrogen
peroxide homolytically without the change of the metal
oxidation state.”® Among the possible d° metals available,
some of them have been used more extensively and effectively
than others. The classical example is the sharpless stereo-
selective allylic alcohol oxidation carried out by d° titanium-
(IV) tartrate and alkyl hydroperoxides.” However, other d°

metals have also been used: vanadium(V) for sulfoxidations, Received: May 22, 2024
epoxidation, and haloperoxidation reactions;® and Mo(VI) Revised:  July 17, 2024
have been extensively used in epoxidation reactions and in the Accepted:  August 16, 2024

Halcon process.” Other d’ metals, such as Ta(V),'’ Zr- Published: September 5, 2024
(v),"' =" and Nb(V)'”'* have been used in oxidation
reactions but less extensively. In this context, polyoxometalate
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Table 1. Kinetic Data for the Oxidation of S with CHP Catalyzed by Metal Aminotriphenolate Complexes”

t-Bu M Ly L,
tBu L, 1:-1 ol T -OPr /
o-MI NP zr  -OtBu /
fL/J Hf -OtBu /
V =0 /
g Os P Nb OEt OFt
s S s7
/©/ _— + /©/ Ta OnBu OnBu
CHP, CDCl, Mo =0 ¢l
S 25°C SO SO,
W =0 Cl
cat oxygen mass balance (%)  time (h) conv. § (%)°  yield SO (%)”  vyield SO, (%)”  SO/SO, k,© ky© ki/k,
Ti >99 40 84 67 17 80:20 1583 380 4.2
Ti NO 97 72 80 62 18 78:22 865 318 2.7
Zr >99 10 58 15 43 26:74 5188 25,821 0.20
Zr NO 93 100 59 25 34 42:58 690 322 2.1
Hf >99 3 59 17 42 30:70 8030 31,200 0.3
Hf NO 99 700 62 25 37 40:60 290 171 1.7
\% >99 35 96 91 S 96:4 820 2 410
V NO >99 1 90 80 10 90:10 46,189 4450 10
Nb >99 550 94 87 7 92:8 442 49 9
Nb NO 90 980 88 85 3 97:3 85 8 11
Ta >99 300 80 59 21 74:26 404 132 3
Ta NO 88 2400 80 72 8 90:10 38 S 8
Mo >99 360 97 94 3 98:2 40 1 40
Mo NO >99 300 92 83 9 90:10 147 7 21
w >99 300 929 98 1 99:1 97 4 24
W NO 99 300 90 81 9 90:10 42 6 7

“Reaction conditions: 25 °C, [S], = [CHP], = 0.1 M, [M] = 0.001 M. “Sulfide conversion, SO, and SO, yields determined by "H NMR analysis on
the crude reaction mixture after complete oxidant consumption (iodometric test). “Determined using nonlinear fitting of a pseudo first-order
equation of the first 20% of the reaction for SO and full interpolation for the SO, (in mol™>h™!).

Cr(VI), Mo(VI), and W(VI), it is clear that the ionic radius
was directly linked to the electronic charge on the reactive
oxygen. The smaller the radius, the lower the charge at the
reactive oxygen. However, because the oxidation of olefins
limits the study to few metals, we decided to start a systematic
study using sulfoxidation as an experimental tool to compare
the reactivity among different d° metal complexes. Sulfox-
idation reaction gives several potential advantages, one being
the capability of most of the d° peroxo-metal complexes to
oxidize sulfides, giving rise to a wider analysis along the
periodic table. Moreover, it is also possible to take advantage of
the second oxidation step to sulfone which can give more
information on the reactive peroxo metal complex. The study
has been planned by preparing eight d° aminotri-t-butyl-
phenolate metal complexes, namely, Ti(IV), Zr(IV), Hf(IV),
V(V), Nb(V), Ta(V), Mo(VI), and W(VI) and testing their
activity in sulfoxidation reactions. This ligand has been chosen
because it has shown for some of these complexes a well-
defined coordination geometry and for the capability, given by
the ortho t-butyl substituents, to form stable and monomeric
complexes in solution.”'

In addition to this systematic study of the reactivity of
different metal complexes, we have also considered the effect of
an external Lewis base (LB) on the reactivity. In fact, in some
of our studies we have noticed that d° metal complexes have
the inclination to expand their coordination sphere in the
presence of external LBs, showcasing sensible differences on
the reactivity, stability and selectivity in oxygen transfer
reactions.
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Herein, we report a detailed study on the synthesis of eight
aminotriphenolate complexes and on their catalytic activity in
sulfoxidation of methyl-p-tolyl sulfide (S) in the presence and
absence of a strong LB, dimethylhexyl-N-oxide (NO). In this
context, the well-known sulfoxidation reaction provides an
ideal test playground to assess the similarities and fundamental
differences on the catalytic pathways undergone by the eight
target complexes as well as the correlation of the reactivities
and selectivities with descriptors such as Sanderson electro-
negativity (SE). To this end, we combined experimental results
and computational studies in order to get the most complete
picture of the underlying mechanisms.

B RESULTS AND DISCUSSION

Synthesis of the Complexes. Triphenolamine ligand 1
has been prepared with a synthetic strategy developed in our
group, which is based on a 3-fold reductive amination of the
corresponding substituted salicylic aldehyde.” Ti,** Zr, Hf,
V,”> Nb, and Ta metal complexes were obtained by mixing the
ligand 1 with an equimolar amount of the alkoxide salts in
CDCl; under nitrogen atmosphere. Mo was prepared using a
methodology developed by Lehtonen for similar ligands,”
which uses MoO,Cl, as a metal source.”” Correspondingly,
WOCI, was employed for W preparation.”® The formation of
the complexes was followed by 'H NMR spectroscopy, and
different reaction times were observed for the complete
formation of the complexes. For all of the alkoxide exchange
reactions, quantitative conversions were obtained, as shown by
the 'H NMR of the crude of the reaction. Coordination
geometry of the final complexes was established by evaluating

https://doi.org/10.1021/acsomega.4c04831
ACS Omega 2024, 9, 38798—38808
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Figure 1. Plot of the relative reactivities vs the metal SE values. (a) Ratio between the rate constants of the first and second oxidation obtained
using the catalyst M [k; (M)/k, (M)]. (b) Ratio between the rate constants of the first and second oxidation of the complex M in the presence of
LB NO (S equiv) [k; (M NO)/k, (M NO)]. (c) Ratio between the first oxidation rate constants of the complex M without and with the LB NO
[k, (M)/k, (M NO)]. (d) Ratio between the second oxidation rate constants of the complex M without and with the LB NO [k, (M)/k, (M

NO)].

the symmetry displayed by benzylic protons in the '"H NMR
spectra (Figure S1). In C; symmetric systems, such as Ti, the
complex is formed as a racemic mixture, which results from the
helical wrapping of the ligand around the metal ion. The
chirality of the complexes is reflected on the diastereotopicity
of the benzylic methylene protons, which translates in two
doublets at 3.94 and 2.89 ppm. A couple of doublets are
observed also for V (3.77 ppm bs and 2.90 ppm bs), indicating
the formation of C; symmetric systems and thus a trigonal
bipyramidal coordination geometry. When the racemization is
faster than the NMR time scale, the benzylic protons average
and they result in a broad singlet. This is the case of Zr (3.48
ppm bs) and Hf (3.51 ppm, bs). In the case of octahedral
arrangement, as Mo and W, in solution, the complex is Cg
symmetric, and as a result, three signals are observed. This is
also the case for Nb and Ta. Moreover, in all the 'H NMR
spectra, it is possible to notice the presence of the free alcohols,
with the correct stoichiometric ratio, and, if present and 'H
NMR-active, the remaining ligands. Complexes have also been
characterized using ESI-MS.

Catalytic Activity. Previous studies on the catalytic activity
toward sulfoxidation of Ti, V, and Mo complexes have shown
that these three catalysts perform well in terms of reactivity
with alkyl peroxide or hydrogen peroxide.”**>*” Moreover,
they can also transfer oxygen quantitatively at very low catalyst
loadings. This feature is given by the high stability conferred by
the polydentate ligand and its capability to inhibit the
formation of multimeric species.

Standard reaction conditions for these catalysts were a
concentration of 0.1 M of the substrate and of the oxidant and
0.001 M concentration of the catalyst. For this reason, we have
decided to test the catalytic activity for sulfoxidation of methyl-
p-tolyl sulfide S under the same conditions for all the
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complexes. Every catalytic test was performed in the presence
and in the absence of a strong LB, namely, dimethylhexyl-N-
oxide NO, at a concentration of 0.005 M, which corresponds
to five times the concentration of the catalysts. This
concentration has been found to saturatively coordinate V
complexes. The results of all the catalytic tests are shown in
Table 1; this comprehends oxygen mass balance, conversion
and yields of the reaction, and final SO/SO, ratio. Cumyl
hydroperoxide (CHP) has been used as an oxidant due to the
possible low stability of some complexes with aqueous
solutions. Initial rates were also calculated for all the reaction
for the first and second oxidation step.

All of the complexes have the capability to transfer oxygen
from CHP to the thioether S. For most of the complexes, the
transfer is quantitative. The lowest yields are associated to
complexes that, in these experimental conditions, require long
experimental time for completion. This could be thus
explained with a possible degradation of the catalyst. From
the experimental data, it has been possible to extrapolate
kinetic constants for the first oxidation process from the sulfide
S to the sulfoxide SO (k,) and for the second oxidation process
(ky, Table 1). This has been calculated by nonlinear fitting of a
first-order equation of the first 20% of the reaction. This was in
order to have the minimal effect of the degradation of the
complex and to avoid the effect, already shown by our previous
work, which can have the coordination of formed sulfoxide to
the reactivity of the metal complex. Experimental kinetic values
are not straightforward to interpret. However, it is possible to
note that more acidic metal complexes, such as V and Mo,
have the tendency to form exclusively the sulfoxide, and on the
other hand, more basic metals tend to favor the second
oxidation process. These results have been compared using the
SE values for metals.

https://doi.org/10.1021/acsomega.4c04831
ACS Omega 2024, 9, 38798—38808
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Reactivity Comparison: Sanderson Electronegativity
Values. SE values allow to have a parameter indicating the
acidity—basicity of the metals.””~** These are based on the
principle that the ability of an atom or ion to attract electrons
to itself depends upon the effective nuclear charge felt by the
outermost electrons. In the first approximation, they are in
straight correlation among the ratio between the formal
oxidation state over the ionic radius. However, it is not
possible to directly correlate the reactivity and selectivity of the
different metal complexes with these electronegativity param-
eters.

Too many factors contribute to the observed properties of
the complex. In each complex, the observed reactivity values,
apart from the characteristic of the metal peroxo complex,
depend on many other parameters, which can be summarized
as the geometry adopted by the complex, the energy requested
for coordination of the alkyl peroxide, or the steric factors
governing the approach of the reacting molecules to the
reactive alkylperoxo complex. To remove these different
factors, consideration of the activity of the peroxo complex
has been carried out by comparing relative ratios of the same
metal complex. More in detail, we are not comparing the
reactivity of the different catalysts, but we are comparing the
relative reactivities and in particular; - the ratio between the
rate constant of the first oxidation and the second of the free
complex (k; (M)/k, (M)),

e the ratio between the rate constant of the first oxidation
and the second of the complex when the LB NO is
present (k; (M NO)/k, (M NO)),

e the ratio between the first oxidation rate constants of the
complex free and with the LB (k; (M)/k, (M NO)),

e the ratio between the second oxidation rate constants of
the complex free and with the LB (k, (M)/k, (M NO)).

The correlation between the rate of the corresponding rate
constant with SE value is shown in Figure 1. In the plot of
Figure 1a, it is possible to note a straight correlation among the
ratio of the first and the second oxidation and the SE value.
This supports the fact that acid metals have the tendency to
favor the first oxidation in favor of the second and vice versa
for the more basic elements.

This translates into the capability of metals such as
vanadium and molybdenum to create more electrophilic
oxygen atoms by virtue of the capability of these metals to
give the small charge separation in the M—O bond. On the
other hand, a smaller radius such as in Zr is associated to a less
pronounced electrophilic character. The preference for the first
oxidation over the second is still present when we introduce
LB NO (Figure 1b). In this case, the trend is similar but the
metals display a less marked difference among them. In the
absence of LB, the k; over k, range was varying from 0.2 to
410, and the addition of the LB reduced this range from 1.7 to
21. Acidic metals decrease their preference toward the first
oxidation step, and in a reverse mode, more basic metals have
the tendence to decrease their preference toward the second
oxidation step. This tendency is also reflected when we make a
direct comparison of the first oxidation with and without the
LB (Figure lc). In this case, while for acidic metals the
introduction of the LB results in an increased reactivity for the
first oxidation step, in the case of more basic metals, there is a
strong decrement in the reactivity. Similar considerations can
be drawn for the analysis of the second oxidation with and
without the LB (Figure 1d).

Computational Study. The wide variety of behaviors
exhibited by the different d° metal aminotriphenolate
complexes prompted us to carry out a detailed computational
mechanistic investigation. In this study, we focused on the
rationalization of periodic trends (in-group or across different
groups) and on the effect of the LB additive employed
experimentally, which has a strong impact on both the
selectivity and catalytic activity. All calculations were carried
out with the PBE-D3 functional, including Perdew—Burke—
Ernzerhof correlat10n/exchange34 % and Grimme’s D3 dis-
persion’® and a TZ2P basis set, re§ardlng ZORA ™
relativistic corrections and the COSMO™ solvent model for
chloroform, in ADF 2016.1."" The reported Gibbs free
energies (except if otherwise stated) include entropic
corrections from Martin et al.** at the working temperature
(298.15 K) and considering the density of chloroform (1.49 g/
mL). To reduce the computational cost, we employed a
simplified model of the catalytic system, with methyl-
substituted aminotriphenolate, SMe,, as a substrate, and
HOOH as the entering peroxide. For the same reason, the
dimethylhexyl-N-oxide additive was modeled as trimethyl-N-
oxide. Regarding the active species for oxygen transfer, we
considered hydroperoxo complexes (M-OOH) for all eight
metal complexes, following the most common convention in
the literature.”~*

The structures in Figure 2 correspond to catalyst precursors,
bearing methoxy (Ti, Zr, Hf, Nb, and Ta), oxo (V), and oxo

OCH; O

OCHj, OCH3 0 N

| N\

3 B, ®— on
OCH3 cl \,12‘/0

OCH; OCH3 0

OCH3 cl

Figure 2. Substitution patterns for the eight metal catalysts under
study.

and Cl (Mo, W) groups. The actual catalytic species will only
be formed after a first sulfoxidation cycle, as the —OH group
coming from the peroxide replaces the initial —OCH; or —Cl
groups. For the case of V, this activation involves, instead, the
protonation of the noninnocent aminotriphenolate ligand, as
we will detail in further sections. We first studied the sulfoxide-
forming catalyst activation processes for all eight metal
complexes in Figure 3, obtaining a measurement of the
catalytic activity of each metal that can be compared with and
across groups. Furthermore, group 4 (Ti, Zr, and Hf) and
group S (V, Nb, and Ta) metals were the subject of more
detailed investigations, unraveling the respective full catalytic
cycles.

Catalyst Activation. The study of the activation stage
already provides relevant insights into the behavior of the
overall complex. Thus, the trends observed for the
experimental rate constants will be compared to the trends
in the barriers for the processes in Table 2. The computed
barriers effectively follow, at least qualitatively, the observed
kinetic trend: group 4 metals are the fastest, in the order Hf >
Zr >> Ti. Group 5 metals are slower than the ones from group
4, with V > Nb = Ta. Finally, in group 6, Mo and W show very

https://doi.org/10.1021/acsomega.4c04831
ACS Omega 2024, 9, 38798—38808
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Figure 3. Catalyst activation processes for the eight studied metals. In cases where several activation pathways can occur, only the most favored one
is reported (e.g,, vanadium). Gibbs free energies including Martin entropic corrections, in kcal'mol ™.

Table 2. Free Energy Barriers (Including Martin Entropic
Corrections) in kcal'mol™" and Experimental Kinetic
Constants for SO Formation in the Studied Metals with and

without an LB Additive”

ki1 (M)/mol-  ki(M NO)/mol-3
AG/kcal mol1 3h1 h1
Ti 10.9 1583 865
Zr 9.2 5188 690
Hf 7.0 8030 290
V* 14.6 820 46189
Nb 21.0 442 85
Ta 20.8 404 38
Mo 27.1 40 147
w 26.7 97 42

“Entries in gray have proton transfer as the rate-determining step and

non-shaded cells, S—O bond formation.
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poor catalytic activity. From these preliminary results, we
focused on groups 4 and 5, containing the most efficient
catalysts and showing additional trends of interest (selectivity
switch from sulfoxide to sulfone along group 4, unexpected
reactivity boost in the presence of LB for V).

In the case of the group 4 metals, experimental results
showed a clear switch in selectivity when going down along the
group: Ti favors the first oxidation, leading to sulfoxide, while
Zr and Hf are much faster for the second oxidation, forming
sulfone. We recently reported*’ the mechanistic details for
both Ti and Hf, as part of a deeper study on the changes in the
binding mode of the sulfide across the group. The behavior of
Zr, missing from that previous study, is analogous to that of
Hf, as both have similar sizes and have the same coordination
patterns. The catalytic cycles for the three metals (with the
current model system using HOOH as the peroxjde) are
reported in the Supporting Information for completeness.

For the group 5 metals, high selectivity through first
oxidation has been found for all cases, which has been also
reported by Hill and co-workers in the case of V.%° However,
the most striking feature along the group is the anomalous
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behavior of the V catalyst when a N-oxide is present in the
medium. This additive is a strong LB, which promptly binds to
the Lewis acid metal centers. In most of the tested complexes,
including the other group 5 metals Nb and Ta, the LB strongly
inhibits the activity of the catalyst. This can be associated with
the formation of stable off-cycle adducts that lower the resting
state of the corresponding catalytic cycles, increasing the net
barriers. In sheer contrast, the activity of the V + LB system is
deeply enhanced, becoming the most active catalyst of the set.
To properly explain this feature, we investigated the complete
sulfoxidation mechanisms for V, Nb, and Ta, as detailed in the
following sections. Finally, with regard to the group 6 metals,
experimental results showed Mo to be the metal center with
the poorest catalytic performance of the set. This is in good
agreement with the catalyst activation route in Table 2, with a
27.1 kcal'mol™" barrier that is substantially larger than any of
the activation energies reported for metals in groups 4 and S.
Tungsten, as expected, has a very similar behavior with a 26.7
kcal‘mol™" barrier. Due to the poor activity of the two
complexes, no deeper characterization of the complete catalytic
cycles was attempted in this case.

Catalytic Cycles for Group 5 Metals. While the differences
along the catalytic complexes in group 4 depended only on the
nature and size of the metal center, the analysis of the M*"
cations must consider the changes in substitution patterns
along the group. Nb and Ta bear two methoxy substituents
together with the aminotriphenolate ligand, allowing for a
mechanism via protonation/alcohol release as metals in group
4. As the V catalytic precursor is a S-coordinated bipyramid
trigonal structure with a single oxo group instead of the two
methoxides, this scheme cannot take place at all.

As shown in Figure 4, a possible manifold involves the
protonation of the oxo substituent (gray route), which is
formally reduced to a hydroxo moiety, thus eventually
generating a V-dihydroxo active species. However, ligand
involvement enables an alternative pathway through the
protonation of any of its equatorial O atom (orange route).
This approach produces a V-oxoperoxo intermediate, from
which the oxidation of sulfide can readily take place. The
ligand protonation scheme allows the complex to maintain the
V=0 group, a very common and stable motif in the

coordination chemistry of vanadium, which consequently
shows a lower activation energy than the oxo-protonation path.

Nevertheless, both oxo-protonation and ligand-protonation
routes suppose major changes in the structure of the metal
complex: the catalytically active species would be Int0-20H, a
dihydroxo complex, and Int0-Lig, an oxo—hydroxo complex
with a decoordinated phenol in the ligand. Also, in contrast
with the routes for the other studied metals, no subproduct is
released in any way in this step. Because of this, the barriers for
catalyst activation in V are not a valid estimation of the
catalytic activity: it is then necessary to explore the
mechanisms starting from the two possible active complexes.
Moreover, to put everything in context, we also characterized
the more straightforward mechanisms for Nb and Ta, so we
had a proper reactivity comparison along the group (Figure ).
The rate-determining step for Nb and Ta is the proton transfer

}——— M= Nb!
|—— M=Ta!
OSMe; ey,
-32.1 H,0,
-~ -31.8 OH
I OCHjg 0.0
OH Int0
Int5
14.4 H202 OCH,
145 [ TS3 15
OCHj3 o8 18.4
Intd @l}?” 6.4 181/ 202
O S— H,O
/ Int2
Int3 OCH3

Figure S. Catalytic cycle for sulfide oxidation for Nb and Ta catalysts,
starting from the hydroxy—methoxy complexes formed after
activation. Gibbs free energies including Martin entropic corrections,
in kcal-mol .
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stage, leading to water release (TS1), with barriers of 18.4 and
20.2 kcal'mol™": while the difference between the two is larger
than expected, with the two complexes having very similar
experimental kinetic constants; the qualitative trend is
maintained.

The oxo-protonation manifold for vanadium implies that an
initial proton transfer/water release step (from Int0-20H)
does already show a barrier of 21.0 kcal-mol™. This would
imply a slower reaction than with Nb or Ta against
experimental observations. In contrast, the ligand-protonation
scheme (Figure 6), also having proton transfer as its rate-
determining step, has a barrier of only 18.0 kcal-mol™!, which
recovers the expected trend.

o)
OSMe, |
HO—V. H,0,
HO—"
, 0.0
Int5-Lig Into-Lig
o _ .
" 9 HO,J\II Int1-Lig
~ HO
Me,S-o7¥ - ~o” “—oH
TS1-Lig
TS3-Lig H,0
- H
Ho. 8 HQ SV
\ AV 0" “~oH
o \OHM/( Int3-Lig
MeS  intaLig
SMe,

Figure 6. Catalytic cycle for the protonated-ligand sulfoxidation route
in V, starting from the oxo—hydroxo complex Int0-Lig. Gibbs free
energies including Martin entropic corrections, in kcal-mol™".

Once the hydrogen transfer has occurred, the final S—O
bond formation from Int4-Lig is extremely facile (through the
low-lying transition state TS3-Lig at —1.0 kcal'mol™"),
completing the catalytic cycle. Throughout this whole pathway,
there is a remarkable evolution in the coordination number of
V along the cycle, going from tetrahedral Int0-Lig to
octahedral IntS-Lig. Once the initial oxygen atom in the
aminotriphenolate moiety is protonated, it detaches from the
metal center. After this first decoordination event, the
conformational flexibility of the complex allows a second
decoordination to take place, with the N atom being able to
leave the coordination sphere of vanadium with minor
penalties. Thus, the ligand goes from its usual 4-coordinated
binding mode to a 2-coordinated one, allowing for the
formation of formally tetrahedral complexes such as IntO-
Lig. From there, the nitrogen atom freely binds and detaches
from vanadium to allocate other groups along the mechanism:
the corresponding N—V distances and coordination geometries
are shown in Table 3.

For selected structures (TS1-Lig, Int3-Lig, and TS3-Lig),
tridimensional structures and representations of the coordina-
tion environment of V are shown in Figure 7.

Despite the apparent undercoordination of tetrahedral-like
structures such as Int0-Lig or TS3-Lig, their energies are very
much in line with the more common trigonal bipyramid or
octahedral motifs. The combination of the flexibility of the
ligand, especially once it has detached the protonated arm, and

Table 3. Evolution of Nitrogen—Vanadium Bonding Along
the Ligand Protonation-Based Mechanism, Including N—V
Distance (in A), Geometry of the Metal, and Presence of a
BCP between N and V

complex N-V/A geom. BCP N-V?
Int0-Lig 3.33 tetrahedral No
Intl-Lig 2.95 octahedral Yes
TS1-Lig 3.36 trig. bipyr. No
Int3-Lig” 2.82 trig. bipyr. Yes
Int4-Lig" 2.97 trig. bipyr. Yes
TS3-Lig 3.24 tetrahedral No
IntS-Lig 291 octahedral Yes

“Structures with chelated hydroperoxo group. Regarding coordination
number, the hydroperoxo is considered to occupy a single vacant.

the capability of V(V) for stabilizing different coordination
numbers results in noteworthy fluxionality, enabling the
mechanism in Figure 6. The stabilization of the hydroperoxo
group that is formed after proton transfer can be rationalized
through the same explanation: separating the N atom enables
the system to reduce the steric crowding. Thus, the
intermediates Int3-Lig and Int4-Lig, as well as the key
transition state TS3-Lig, are highly stabilized.

The main question left to answer for vanadium is the reason
behind the deep enhancement of the catalytic activity in the
presence of an N-oxide in the medium. As shown in Table 1, V
shows a more than 50-fold increase in its sulfoxidation rate
constant, from 820 to 46,189 mol™® h™ when the base is in the
medium. In contrast, Nb and Ta, like most of the other metals,
are strongly inhibited, with S-fold and 10-fold decreases,
respectively. In fact, when the trimethyl-N-oxide binds to V,
the complex is stabilized, just like for the other metals.

However, the fluxionality of the partially protonated
structure allows the complex to accommodate the LB together
with the reactants, as the tetrahedral-like structure of Int0-Lig
provides two vacant sites on the metal. As shown in Figure 8,
one of these sites is occupied by the N-oxide, but the spot left
by nitrogen gives room for the peroxide to approach the
complex at the same time as the LB. Just like for the initial
mechanism, we considered the extent of N—V bonding across
the complexes in the current scheme (Table 4), regarding the
activation stage leading to the in-cycle complex Int0-LB-N.

The extensive fluxionality of vanadium complexes is
showcased again, evolving from tetrahedral to octahedral and
to axial—equatorial exchanging trigonal bipyramids. Proper
nitrogen—vanadium coordination is only present on Int0-LB,
which shows the smallest N—V distance and a bond critical
point (BCP) from Bader analysis. Neither of the other
complexes show N—V bonding at all, with distances going
beyond 3 A and no BCPs.

Coming back to the discussion of catalytic activity, once
Int0-LB-N is formed, the N-oxide contributes to the
sulfoxidation process instead of hindering it, as the additional
stabilization that it confers to the complex lowers the energies
of the upcoming intermediates and transition states. Geo-
metries and coordination environments of selected structures
throughout this part of the cycle are depicted in Figure 9.
Looking at the main bottleneck of the catalytic cycle, the H-
transfer, we find that the peroxide can be accommodated by
interacting with the perpendicular equatorial hydroxy group,
which captures the proton from the substrate and is then
released as water. Thus, the H-transfer stage happens with a
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Figure 8. Catalytic cycle for V + LB system, involving N
decoordination. Gibbs free energies including Martin entropic
corrections, in kcal-mol ™.

relative barrier of only 9.2 kcal'mol™, a clear improvement
over the mechanism in absence of the LB. While S—O bond
formation is slightly hindered in comparison with the original
manifold, becoming the rate-determining step at 12.0 kcal-
mol™!, the facilitation of the proton transfer prevails, and the

Table 4. Selected Geometric Parameters for Complexes
Formed in the Presence of N-Oxide, Including N—V
Distance, N—V—O Angle for the Equatorial Plane in the
Ligand, and Geometry of the Metal Center

complex N-V/A N—V—Oeq/ ° geom
Int0-Lig 3.33 106.7 tetrahedral
Int0-LB 2.71 90-5 octahedral
TS-Ndispl 343 89.2 trig. bipyr. (OH ax.)
Int0-Displ 3.70 87.6 trig. bipyr. (OH ax.)
Int0-LB-N 3.63 93.0 trig. bipyr. (LB ax.)

overall effect is a net decrease of the reaction barrier (6.0 kcal-
mol™).

This qualitatively explains the observed enhancement of
activity, while also being very consistent with the features
observed in the nonaccelerated mechanism. It is remarkable
that all intermediates in the final cycle maintain a trigonal
bipyramid coordination: neither HOOH (Intl-LB-N), SMe,
(Int4-LB-N), nor the sulfoxide (Int5-LB-N) coordinate
directly to the metal center, with the corresponding octahedral
intermediate complexes not being stable minima in the
potential energy surface. These findings are in line with the
convoluted inner/outer sphere behavior we already reported*’
for the Ti and Hf complexes.

Apart from the proposed catalytic cycle, several alternative
structures for V. + LB + HOOH reactive complexes were
explored, as shown in Figure 10. We found stable complexes
where either the peroxide (IntlA, Int1B, and Int1C) or even
the LB (Int1D) are not covalently bound to V, but held
together by H-bond-based interactions between the proto-
nated phenol group in the ligand, the hydroxy group, the N-
oxide, and the hydrogen peroxide. Octahedral structures are
the most common, but other situations, such as the very stable
Int3D, tetrahedral-like, or Int1B, between the octahedral and
the trigonal bipyramid limits, still arise. While the pathway in
Figure 8 remains as the preferred route for the reaction, these
alternative structures highlight the complexity of the overall
chemical landscape and the versatility of the V amino-
triphenolate catalytic system.

B CONCLUSIONS

Our current mechanistic proposal is in good agreement with
experimental results regarding the catalytic activity of the eight
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Figure 10. Alternative Int0-Lig + HOOH + ONMe3 coordination
complexes. Gibbs free energies including Martin entropic corrections,
in kcal'mol™". Vanadium geometries are specified as oct (octahedral),
tbp (trigonal bipyramid), and tet (tetrahedral). Chelated peroxo
groups are assumed to occupy a single vacant.

d° metal aminotriphenolate complexes studied. Across periods,
there is a clear decrease in catalytic performance with
increasing charge of the central ion: group 4 (+4) > group
S (+5) > group 6 (+6). Along the groups, the heavier metals
from the fifth and sixth periods (Zr/Hf, Nb/Ta, Mo/W) show

very similar reactivities that are quite different from their
lighter group partners (Ti, V). While for group 4 the
differences in reactivity come mainly from the differences in
ionic radii, group 5 shows a deeper mechanistic shift: the
unique substitution pattern of the vanadium complex (with an
oxo moiety absent from Nb or Ta) and the basicity of the
aminotriphenolate ligand enable the system to maintain the
oxo group by partially protonating the ligand. From there, a
synergistic effect between the fluxionality of vanadium and the
flexibility of the ligand enables the metal to adapt its
coordination number across the catalytic cycle, depending on
the number of additional ligands that need to be coordinated.
Moreover, these synergies do also explain the boost in catalytic
activity undergone by the V complex in the presence of an N-
oxide which inhibits most of the other metals, as the adaption
of the coordination sphere gives room for the oxide to
coordinate without blocking other positions.
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