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nd experimental evidence for Sb(V)
metal mediated C–H activation and oxidative
functionalization of arenes†

Anjaneyulu Koppaka, *a Shu-Sen Chen,a Dongdong Yang,a Artem Marchenko,a

Sanaz Mohammadzadeh Koumleh,a David J. Michaelis,a Roy A. Periana*b

and Daniel H. Ess *a

Inorganic SbV complexes are one of the most well-known Lewis acids that typically indirectly activate

nonpolar hydrocarbon bonds by acting as Brønsted superacids. Here we have used a combination of

quantum-chemical calculations and experiments to demonstrate that inorganic SbV complexes can

directly activate aromatic sp2 C–H bonds and induce oxidative functionalization to form aryl esters. C–H

activation was first demonstrated by reaction of SbV(TFA)5 (TFA = trifluoroacetate) with toluene at

moderate temperatures that resulted in SbV–C bond intermediates (TFA)4Sb
V(para-tolyl) and

(TFA)3Sb
V(para-tolyl)2. Calculations predicted and then experiments confirmed that at a higher

temperature reductive functionalization occurs to generate oxidized aryl ester products. Theory and

experiment indicate that due to a Curtin–Hammet type equilibrium the initial para C–H activation

regioselectivity changes to mainly ortho and meta selectivity for reductive oxy-functionalization.
Introduction

For many decades inorganic SbV complexes have been a quin-
tessential example of a strong Lewis acid that indirectly acti-
vates nonpolar hydrocarbon bonds through protonation as
a Brønsted superacid (Fig. 1a).1–3 In contrast to this Lewis acid/
superacid reactivity and mechanism, we recently disclosed that
SbVX5 (X = triuoroacetate) can react with alkanes to generate
alkyl esters without generating additional products that would
be expected from a superacid/protonation reaction mechanism,
and our calculations supported the idea that the SbV metal
center can directly react with nonpolar C–H bonds to generate
SbV–C bond intermediates through C–H activation (Fig. 1b).4,5

However, there was no experimental detection of the SbV–C
bond intermediates to support the calculated C–H activation/
metalation and SbV–C bond reductive oxy-functionalization
reaction steps. Therefore, in this work we have used both
calculations and experiments to examine the reaction of inor-
ganic SbV complexes with arenes that support the proposal that
a SbV metal center can directly activate and oxidize nonpolar
C–H bonds (Fig. 1c).
, Brigham Young University, Provo, Utah
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In addition to being a vehicle for examining SbV metal
mediated C–H functionalization, direct and selective oxidative
functionalization of unactivated aromatic sp2 C–H bonds to
ester (or alcohol) functional groups is itself an important and
surprisingly difficult transformation.6 There are only a few
Fig. 1 (a) Outline of the general mechanism for alkane protonation by
inorganic SbV complexes in strong Brønsted acid. The protonated
hydrocarbon then generates a carbocation intermediate. (b) Outline of
C–H activation and M–R oxy-functionalization reaction steps (R =

alkyl or aryl). (c) Brief outline of experiments and calculations reported
in this work demonstrating that SbVX5 is capable of chemoselective
and regioselective C–H activation and oxy-functionalization reaction
steps. X = trifluoroacetate.
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examples where this transformation is promoted by a homoge-
neous transition metal system. The most prominent examples
are Pd catalyzed7–9 and Cu induced arene oxidative functional-
ization to aryl esters.10–17 Most germane to the work here,
Gunnoe reported that Cu acetates can oxidatively functionalize
benzene and toluene, and proposed a metal mediated C–H
activation and reductive functionalization mechanism.18 As
outlined in Fig. 1b, our goal was to determine if p-block main-
group SbV complexes can promote arene C–H functionaliza-
tion through metal mediated C–H activation/metalation and
functionalization mechanistic steps. While arene C–H activa-
tion and reductive functionalization are established reaction
steps for transition metals there is much less evidence for these
reaction steps with high-oxidation state p-block main-group
metals.

Here we report experimental and theoretical studies that
show that at moderate temperatures SbVX5 in triuoroacetic
acid (TFAH) solvent induces innersphere metal mediated che-
moselective and regioselective para C–H activation of toluene to
give [SbV]-tolyl ([SbV]= SbV with four anion ligands of either TFA
or aryl) intermediates (see Fig. 1c). Consistent with theoretical
predictions, subsequent experiments at higher temperatures
generated aryl esters with selectivity switched to ortho-
substituted and meta-substituted esters rather than the ex-
pected para-substituted esters. Calculations indicate that para
to ortho/meta selectivity change occurs because at a higher
temperature there is a Curtin–Hammet type equilibrium
between bis-tolyl and mono-tolyl SbV intermediates that occurs
before rate limiting oxy-functionalization from the more elec-
tron decient mono-tolyl SbV intermediate that is selective for
ortho/meta functionalization. Independent synthesis of (TFA)4-
SbV(para-tolyl) showed the same selectivity in TFAH. Overall, the
combination of calculations and experiments demonstrate that
SbVX5 is capable of both C–H activation and SbV–C bond oxy-
functionalization, and arenes can be directly functionalized to
aryl ester products.

Results and discussion
Experimental evaluation of C–H activation and computational
prediction and experimental realization of oxy-
functionalization

For sixth-row p-block main-group metals, there are a few
previous reports of TlIII complexes reacting with arenes to
generate TlIII-aryl intermediates,19–23 but these reactions were
oen proposed to occur through either electron-transfer type
reaction steps or electrophilic aromatic substitution with a car-
bocation/Wheland type intermediate. However, our calculations
showed that benzene and mono-substituted arenes likely
undergo metalation with TlIII metal centers through a C–H
activation mechanism rather than a carbocation or electron
transfer mechanism.24 Added nucleophiles to the TlIII-aryl
intermediate were generally necessary to result in functionali-
zation. There are also previous reports of PbIV complexes
reacting with arenes. Partch reported that inorganic PbIV

complexes can oxidize benzene and toluene.25 For toluene it was
reported that the benzylic position was oxidized potentially
© 2025 The Author(s). Published by the Royal Society of Chemistry
suggesting a radical mechanism, although no byproducts
indicative of a radical reaction were observed. Sternhell char-
acterized PbIV–aryl intermediates from reaction of PbIV

complexes with benzene derivatives.26,27

While the TlIII and PbIV examples outlined above indicate
that oxidative functionalization of unactivated arenes is
possible with high oxidation state sixth-row p-block metals
there is little precedence for a similar transformation with h-
row metals, specically with a SbV metal center. Generally, as
outlined in the Introduction, SbV complexes operate as
a powerful Lewis acid to generate super Brønsted acids and the
innersphere of the metal does not directly participate in bond
making and breaking reaction steps with hydrocarbons.
However, we have recently demonstrated that inorganic SbV

complexes in both TFAH and sulfuric acid solvents can induce
oxidative functionalization of light alkanes and based on
calculations we proposed that the Sb metal center participates
in C–H bond activation and functionalization reaction steps.4,5

But again, there was no experimental evidence to support the
calculated C–H activation and SbV–C bond reductive oxy-
functionalization reaction steps.

As outlined in the Introduction, our goal was to determine if
oxidative functionalization of aromatic C–H bonds can be
promoted with SbV complexes using C–H activation and func-
tionalization mechanistic steps. We targeted SbV(TFA)5 because
we previously used it to functionalize light alkane C–H bonds
and it can be straightforwardly generated from reaction of
[SbV(OMe)5]2 with triuoroacetic anhydride (TFAA) and tri-
uoroacetic acid (TFAH).4 We examined the reaction of
SbV(TFA)5 with toluene because this unactivated aromatic
compound provides the ability to evaluate regioselectivity/
positional C–H functionalization selectivity as well as sp2

(aromatic) versus sp3 (benzylic) C–H functionalization selec-
tivity. The aromatic versus benzylic positional selectivity
provides a probe to compare non-radical versus radical type
mechanisms where functionalization at the benzylic position is
expected in a radical mechanism.18

Our initial experiments focused on the synthesis of
SbV(TFA)5 and identifying reaction conditions where we could
monitor toluene C–H activation. Under an argon atmosphere
0.076 mmol of [SbV(OMe)5]2 was added to 0.2 mL of triuoro-
acetic anhydride (TFAA). The reaction mixture was stirred at
room temperature for 5 minutes aer which 0.8 mL of TFAH
was added and stirred at room temperature for another 15 min.
This resulted in a solution of SbV(TFA)5 indicated from the
formation of 5 equivalents of methyl triuoroacetate (MeTFA)
generated from the reaction of [SbV(OMe)5]2 with TFAA. Toluene
(∼0.5 equivalents) was then added to the Sb(TFA)5/TFAA/TFAH
solution and heated at 60 °C for 1 h. Fig. 2, bottom spectrum,
shows the 1H NMR of the crude reaction mixture. To our
surprise, this relatively mild reaction condition resulted in
conversion (∼50%) of toluene to the para C–H activation/
metalation product, (TFA)4Sb

V(para-tolyl). Trace levels of Sb-
tolyl products from C–H activation of the ortho or meta
toluene C–H bonds may be present but could not be resolved.
We conrmed the signals of the mono-tolyl complex by addition
of independently synthesized para-toluenestibonic acid
Chem. Sci., 2025, 16, 11058–11066 | 11059
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Fig. 2 Overlay of the 1H NMR spectra for the crude reaction mixtures from reaction of SbV(TFA)5 with toluene in TFAH : TFAA (4 : 1) taken after 1
hour at 60 °C (bottom spectrum) and after 17 hours at 70 °C (top spectrum). The initial product is themono-tolyl, (TFA)4Sb

V(para-tolyl), labeled as
* in the bottom spectrum. The bis-tolyl product, (TFA)3Sb

V(para-tolyl)2, is labeled as $ in the top spectrum.
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((OH)2OSb
V(para-tolyl)) to TFAH solvent which quantitively

generated (TFA)4Sb
V(para-tolyl).28 The ESI† shows time depen-

dent 1H NMR of the crude reaction mixture from room
temperature up to 80 °C and from 10 minutes to 7 hours. At
room temperature the same mono-tolyl complex was formed
but the reaction is much slower.

Heating for longer periods or increasing the temperature to
70 °C for 17 hours (upper spectrum) led to loss of the mono-tolyl
product and conversion to what we propose as the bis-tolyl
intermediate, (TFA)3Sb

V(para-tolyl)2 (Fig. 2). It was surprising
to us that the signals for (TFA)3Sb

V(para-tolyl)2 would be
downeld relative to (TFA)4Sb

V(para-tolyl). Therefore, we used
MN15 (ref. 29)/def2-SVP30 density functional theory (DFT)
gauge-independent atomic orbital31 NMR calculations in
Gaussian 16 (ref. 32) to calculate the relative chemical shis of
the aryl hydrogens. These calculations conrmed the relative
signal assignment of the mono-tolyl versus bis-tolyl complex
and indicate that the downeld shi of the bis-tolyl structure is
due to the adoption of a trans-like geometry. For both the mono-
tolyl and bis-tolyl complexes C–H activation/metalation
occurred almost exclusively at the toluene para position. This
para selective C–H activation of toluene is consistent with the
similar reaction between TlIII(TFA)3 and toluene where McKil-
lop reported a 9 : 4 : 87 ratio of ortho :meta : para metalation.20

With the observation of both (TFA)4Sb
V(para-tolyl) and

(TFA)3Sb
V(para-tolyl)2 and the relative time dependence of these

products we considered two general mechanisms for the
formation of the mono-tolyl and bis-tolyl complex. The rst
mechanism involves a metalation/C–H activation reaction step
to generate the mono-tolyl intermediate followed by a second
metalation/C–H activation reaction step to generate the bis-tolyl
product. The most straightforward alternative mechanism
involves two of the mono-tolyl intermediates undergoing tolyl
for TFA group transfer to generate (TFA)3Sb

V(tolyl)2 and
11060 | Chem. Sci., 2025, 16, 11058–11066
SbV(TFA)5. To conrm this reaction sequence and potentially
distinguish between double C–H activation and disproportion
pathways, we independently prepared (TFA)4Sb

V(para-tolyl),
through a route using (OH)2Sb

V(O)(para-tolyl), and examined its
reaction and products in the presence and absence of toluene
and/or toluene-d8 in TFAH/TFAA (4 : 1) solvent (see ESI for
results†). This showed that starting with (TFA)4Sb

V(para-tolyl)
generated the same bis-tolyl product as that generated from the
reaction of SbV(TFA)5 with toluene at extended times or higher
temperatures. This generally conrms that the bis-tolyl complex
is generated by conversion from the mono-tolyl complex. Also,
this reaction indicates that the TFA for tolyl group transfer
pathway is likely viable and that formation of the bis-tolyl
complex does not require reaction with free toluene. However,
this simple interpretation is complicated because heating
(TFA)4Sb

V(p-tolyl) in TFAH generates low concentrations of free
toluene and indicates that protonation is slower but competi-
tive with formation of the bis-tolyl complex and therefore it
cannot be ruled out that the free toluene would rapidly react
with (TFA)4Sb

V(para-tolyl) to give the bis-tolyl complex through
the double C–H activation pathway (see ESI†). While it is
conceivable that the double C–H activation and ligand group
transfer pathways could be distinguished based on rate
dependence of added toluene unfortunately the poor resolution
of the resonances of the mono-tolyl versus the possible bis-tolyl
complexes in the 1H NMR spectra limited this type of quanti-
tative rate analysis (see ESI†).

As can be seen from Fig. 2, reaction of SbV(TFA)5 with toluene
in TFAH/TFAA at 60 °C and 70 °C generated [SbV]-tolyl products
but did not generate oxy-functionalized TFA ester cresol prod-
ucts. In retrospect this was perhaps not surprising since the
calculated barriers for toluene C–H activation are relatively low
(see later section describing calculations) while the reductive
functionalization barriers generating tolyl triuoroacetate
© 2025 The Author(s). Published by the Royal Society of Chemistry
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cresol esters are relatively high. This comparison of experiments
and calculated barriers prompted us to examine whether
SbV(TFA)5 could indeed be coaxed to induce oxy-
functionalization of toluene at higher temperatures. Fig. 3
shows the 1H NMR spectrum of the crude reaction mixture of
SbV(TFA)5 reaction with toluene in TFAH at 170 °C for 3 hours.
Consistent with the computational predictions, the 1H NMR
shows the formation of the TFA esters of cresol but with some
decomposition to unidentied products. But not predicted, and
relatively surprising, by comparison to independently synthe-
sized cresol TFA esters, the major oxy-functionalized products
are primarily ortho and meta cresol triuoroacetates with only
traces of the para cresol triuoroacetate. The formation of ortho
and meta cresol triuoroacetates is surprising because we
initially assumed oxy-functionalization would occur from either
the para mono-tolyl or bis-tolyl complexes. To determine if the
formation of ortho and meta cresol triuoroacetates resulted
from rst the formation of the para cresol triuoroacetate we
examined whether this compound could be converted to ortho
or meta products under reaction conditions. However, control
reactions with independently synthesized para cresol tri-
uoroacetate showed no such conversion (see ESI†).

The experimental observation of (TFA)4Sb
V(para-tolyl) and

(TFA)3Sb
V(para-tolyl)2 from reaction of toluene with SbV(TFA)5

at lower temperatures as well the tolyl triuoroacetate products
at higher temperatures are important for several reasons. First,
in our previous examination of SbV(TFA)5 reaction with
methane and ethane we did not observe a [SbV]–alkyl interme-
diate (analogous to the Sb-tolyl intermediate here) presumably
because the functionalization reaction step was signicantly
faster than the C–H activation reaction step. Rather, [SbV]–alkyl
intermediates were only predicted based on DFT calculations of
the reaction mechanism. These calculations suggested that for
reactions with alkanes the C–H activation rst step (other
mechanisms were computationally ruled out) is rate limiting
and there is a subsequent relatively fast reductive functionali-
zation step. However, here observation of the SbV-tolyl bond
indicates that C–H activation is a viable mechanistic step for
Fig. 3 Overlay of 1H NMR spectra of crude reaction mixture of SbV(TFA)5
cresols dissolved in TFAH : TFAA (4 : 1). # = Unidentified products. A =

© 2025 The Author(s). Published by the Royal Society of Chemistry
a SbV metal center,33 which contrasts the general view of this
metal and oxidation state as being primarily a Lewis acid that
generates superacids and is not directly involved with C–H bond
making and breaking reaction steps. Also, observation of a SbV–
aryl bond rather than a SbV–benzyl bond suggests a non-radical
type of mechanism for C–H activation. Second, while transition
metal mediated arene C–H activation is well known, the
subsequent reductive functionalization to generate C–O bonds
is relatively rare, with Pd and Cu being the most prominent
examples. Therefore, the observation of tolyl triuoroacetate
products demonstrates a new metal and oxidation state for this
type of arene oxy-functionalization reaction, and this can be
compared to previous work where TlIII was reported to be
capable of arene C–H activation, but functionalized organic
products were generally not reported without added nucleo-
philes. This new reaction can also be compared to work showing
that PbIV can also promote oxidative functionalization of
arenes,25–27 but has sometimes been proposed to occur through
a radical, non-C–H activation mechanism. Third, as mentioned
in the previous paragraph, in this reaction the mono-tolyl and
bis-tolyl complexes show very high para selectivity, which is not
surprising. However, it is surprising that subsequent function-
alization generated only ortho and meta cresol triuoroacetates.
Computational evaluation of C–H functionalization pathways

While the experiments established (TFA)4Sb
V(para-tolyl) and

(TFA)3Sb
V(para-tolyl)2 as intermediates in route to oxy-

functionalization of toluene, it was not clear from experi-
ments the exact mechanism and selectivity of forming these
intermediates and their subsequent functionalization. There-
fore, we decided to use DFT calculations to determine the
energies and structures for reaction mechanisms leading to
(TFA)4Sb

V(tolyl), and the metalation regioselectivity. Also,
calculations were used to examine the reaction mechanisms
and selectivity for reductive functionalization to determine if
functionalization occurs from the mono-tolyl complex or the
bis-tolyl complex.
and toluene in TFAH : TFAA (4 : 1) taken after 3 hours at 170 °C and neat
Cresol esters.

Chem. Sci., 2025, 16, 11058–11066 | 11061
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Our previous computational evaluation4 of SbV(TFA)5 reac-
tion with ethane established that the likely ground state of this
complex involves an equilibrium with solvent coordination to
the SbV center to give (TFAH)SbV(TFA)5. Our previous work also
examined possible multinuclear ground states and in general
while multi-Sb ground states are likely formed they do not
change the mechanistic or reactivity model for inorganic SbV

TFA complexes.5 Here we used MN15/def2-SVP to optimize all
structures in Gaussian 16.32 Frequency calculations and
intrinsic reaction coordinate (IRC) calculations were used to
establish potential-energy surface connections. All intermedi-
ates have all positive vibrational frequencies while transition-
state structures have a single imaginary frequency. MN15/
def2-TZVPD single point energies were then performed on the
MN15/def2-SVP structures. Final energies reported correspond
to MN15/def2-TZVPD//MN15/def2-SVP. We also calculated
single point energies with the M06 and PWPB95-D3(BJ) func-
tionals. This showed that while there are a range of energies
calculated structures for C–H activation and functionalization
intermediates and transition states no qualitative conclusions
change based on a different functional. Zero-point, thermal,
and Gibbs energy corrections were applied from theMN15/def2-
SVP calculations. We used a modied version of the SMD34

continuum solvent method for estimation of triuoroacetic acid
(TFAH) solvent stabilization. This was used during both struc-
ture optimizations and single point energy evaluations. Addi-
tionally, we also included an explicit TFAH solvent in nearly all
calculations. For each structure we used CREST/GFN2-xTB35,36 to
perform a comprehensive search to identify Sb-ligand confor-
mations and explicit solvent hydrogen bonding. Generally, the
15 lowest energy xTB structures were then optimized with DFT.

Fig. 4a outlines the general mechanisms examined for
toluene C–H bond cleavage and formation of (TFA)4Sb

V(para-
tolyl). Pathway A involves the C–H activation pathway where in
one step there is proton transfer to a TFA ligand and formation
of the SbV–C bond. A two-step electrophilic substitution
pathway could be envisioned to occur by Sb-induced dearoma-
tization to generate a Wheland type intermediate (i.e. a carbo-
cation intermediate with a full Sb–C s bond) followed proton
transfer step. However, similar to our previous calculations with
TlIII(TFA)3,24 we could not locate a Wheland type intermediate
on the potential energy surface because these types of structures
are high in energy. Alternative to C–H activation, pathway B
describes the possibility of a sequence of electron transfer (ET)
and proton transfer (PT) that gives an aryl and SbIV radical pair
that then combine to form the SbV–C bond. The one-step
process that combines ET and PT is proton-coupled electron
transfer (PCET) or formally hydrogen atom transfer. These one-
electron, open-shell reaction pathways are reasonable to
consider because Kochi previously reported the observation of
radical species when TlIII was combined with arenes.22,23

However, our previous calculations suggested that only rela-
tively activated arenes with more than three alkyl groups or
more potent electron donor groups (e.g. OMe group) result in
open-shell reaction pathways being more favorable than C–H
activation.24 Lastly, pathway D involves Sb-induced hydride
abstraction to generate a Sb–H anion and an arene cation.
11062 | Chem. Sci., 2025, 16, 11058–11066
The enthalpy/Gibbs energy change for ET from toluene to
(TFAH)SbV(TFA)5 to generate [(TFAH)SbV(TFA)5]c

− and the
toluene radical cation is 20.8/25.2 kcal mol−1, which is a rela-
tively low energy process for generating an ion pair and indi-
cates that this SbV is a highly electrophilic species. PCET to
generate (TFAH)2Sb

IV(TFA)4 and the para tolyl radical has
a thermodynamic enthalpy/Gibbs energy change of 49.0/
33.0 kcal mol−1. While the energies of ET/PT and PCET reaction
pathways are not extremely high in energy as they are in the
somewhat related reaction with alkanes, they are signicantly
higher in energy than the C–H activation pathway (see below).
As expected, due to the instability of a sp2 carbocation, para
hydride abstraction to form [(TFAH)SbV(H)(TFA)5]

− and an aryl
carbocation is very high in energy at ∼60 kcal mol−1. However,
we did locate a one-step reaction pathway where hydride
abstraction is coupled with TFA capture of the carbocation and
this process requires an activation enthalpy of 46.5 kcal mol−1,
but this is still too high to be viable. Compared to these path-
ways, the C–H activation pathway was calculated to be much
lower in energy.

Fig. 4b shows the C–H activation pathway (pathway A) energy
landscape for reaction of (TFAH)SbV(TFA)5 with toluene to give
the para mono SbV-tolyl intermediate 2. The sequence of reac-
tion steps involves p-coordination of toluene to give 1, which is
only slightly exergonic. There is a weak sp2 C–H s-coordination
structure prior to the C–H activation transition state 1‡. In this
transition state there is concerted formation of the SbV–aryl
bond and proton transfer to the non-coordinating oxygen atom
of a TFA ligand (see the bottom of Fig. 4). This C–H activation
barrier is surprisingly low with a DG‡ value of only 9.6 kcal-
mol−1 relative to 1. However, this low barrier is consistent with
some conversion observed at room temperature. Nearly all
density functional methods surveyed gave a low barrier height
(e.g. M06). This suggests that the barrier is likely under-
estimated because we used a mononuclear Sb ground state
model. Most important, this C–H activation barrier is much
lower in energy than ET/PT or PCET pathways. The [SbV]-tolyl
intermediate 2 is exergonic by 10.8 kcal mol−1. We also calcu-
lated the analogous C–H activation barrier at the toluene benzyl
position. Consistent with the lack of experimental observation
of a [SbV]–benzyl intermediate, this sp3 C–H bond position has
a much larger barrier with a DG‡ value of 33.0 kcal mol−1.
Further support for the C–H activation mechanism is the
calculated metalation regioselectivity. Transition state 1‡

provided correct modelling of the experimental regioselectivity
with para selectivity. For 1‡ the ortho and meta versions are 3.8
and 1.0 kcal mol−1 higher in Gibbs energy than the para tran-
sition state.

As previously discussed, aer 2 is formed there is the
possibility of either a second C–H activation reaction step or
ligand exchange to form (TFAH)(TFA)3Sb

V(tolyl)2 (3). The
calculated Gibbs energy for 2 (TFAH)(TFA)4Sb

V(tolyl) (2) /

(TFAH)(TFA)3Sb
V(tolyl)2 (3) + (TFAH)SbV(TFA)5 is

−3.0 kcal mol−1, and this small energy change is consistent
with a thermodynamic equilibrium giving both mono-tolyl and
bis-tolyl complexes and favoring the latter. Despite signicant
searching efforts exploring the potential energy surface we
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Outline of plausible reaction mechanisms leading to toluene oxy-functionalization promoted by (TFAH)SbV(TFA)5 (energies
in kcal mol−1). (b) Relative Gibbs energies and enthalpies (MN15/def2-TZVPD//MN15/def2-SVP; kcal mol−1) for the first and second sp2 aromatic
C–H activation reaction steps between (TFAH)SbV(TFA)5 and toluene. Also shown is the benzylic C–H activation transition state and the
intramolecular reductive functionalization transition state.
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could not locate a denitive transition state for this ligand
exchange process and therefore cannot easily estimate the
kinetic barrier for disproportionation. In contrast, we did locate
the second C–H activation transition state between 2 and
toluene to give 3. The barrier for this reaction step is
12.1 kcal mol−1. This is not a large barrier and could be
accessible at room temperature and therefore unfortunately the
calculations cannot denitively determine whether the mono-
© 2025 The Author(s). Published by the Royal Society of Chemistry
tolyl to bis-tolyl conversion occurs through the double C–H
activation pathway or the disproportionation pathway. Regard-
less of the kinetic pathway for ligand exchange, the calculated
thermodynamics accurately model the mono-tolyl versus bis-
tolyl thermodynamic equilibrium.

Fig. 4 shows that the functionalization transition state 3‡

from the bis-tolyl involves a formal reductive elimination
generating SbIII and the aryl ester through an intramolecular
Chem. Sci., 2025, 16, 11058–11066 | 11063
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substitution type mechanism where the TFA coordinated to the
Sb metal center nucleophilically displaces the Sb metal center.
The barrier for 3‡ is >45 kcal mol−1, which while potentially
feasible seemed too high to see signicant conversion even at
170 °C. As a note, we also calculated the aryl–aryl coupling
transition state from 2. This transition state is >10 kcal mol−1

higher in energy than 3‡ and explains why no C–C bond forming
product is found. These large barriers from the bis-tolyl
prompted us to examine the reductive functionalization tran-
sition state 2‡ from the mono-tolyl complex. This reductive
functionalization transition state requires a Gibbs barrier of
only 28.0 kcal mol−1 (relative to 2) that is more consistent with
the experimental observation of oxy-functionalization at 170 °C.
This lower barrier for functionalization of the mono-tolyl
intermediate versus the bis-tolyl intermediate is the result of
a much larger reduction potential for the SbV to SbIII conver-
sion. Therefore, the lowest energy pathway for functionalization
of the bis-tolyl complex is rst reversion back to the mono-tolyl
complex followed by transition state 2‡.

The potential energy surface shown in Fig. 4b with a rela-
tively large barrier for 2‡ provides an explanation for the ortho/
meta functionalization selectivity that is opposite to that of the
para C–H activation selectivity and that there was no para-tolyl
triuoroacetate observed. At the lower temperatures (room
temperature to 70 °C) the C–H activation transition state 1‡

controls the selectivity, and as described above the calculated
barrier for para C–H activation is lower than ortho andmeta C–H
activation. In contrast, at high temperatures the conversion of 2
back to 1 and toluene through 1‡ will occur at a much faster rate
than 2 proceeding through 2‡. This suggests a Curtin–Hammett
type selectivity model where at higher temperatures there is
rapid equilibration of the mono-tolyl and bis-tolyl complexes
(and potentially even a tris-tolyl complex) with SbV(TFA)5 and
toluene followed by slow functionalization. Consistent with the
selectivity model, calculation of the ortho 2‡, meta 2‡, and para
2‡ shows ortho and para transition states of nearly equal energy
and para 2‡ is about 2 kcal mol−1 higher in energy, which is just
high enough in energy not to be competitive.

Conclusions

The reaction between SbV(TFA)5 and toluene showed that [SbV]
is capable of C–H activation/metalation and leads to NMR
detected (TFA)4Sb

V(para-tolyl) and (TFA)3Sb
V(para-tolyl)2 inter-

mediates. This importantly conrms our previous hypothesis of
a C–H activation mechanism between SbV(TFA)5 and light
alkanes where we could not observe this type of intermediate.
This toluene reaction was kinetically selective for para sp2 C–H
activation over ortho and meta sp2 C–H activation as well as
benzylic sp3 C–H activation. Experiments and theory indicate
that (TFA)4Sb

V(tolyl) is formed through a metal mediated C–H
activation transition state where the SbV–C bond is formed
simultaneous to proton transfer to a TFA ligand. Subsequently
(TFA)4Sb

V(para-tolyl) converts to (TFA)3Sb
V(para-tolyl)2 through

a ligand exchange reaction step, although we cannot rule out
sequential double C–H activation reaction steps. However,
because the barriers for reductive functionalization are
11064 | Chem. Sci., 2025, 16, 11058–11066
relatively high there is a Curtin–Hammett type scenario where
there is rapid equilibrium between the mono-tolyl and bis-tolyl
complexes with SbV(TFA)5 and toluene. Because of this equi-
librium and the functionalization transition states the regiose-
lectivity changes to ortho/meta selectivity for oxy-
functionalization. Overall, the combination of calculations
and experiments more rmly establish a new mode of reactivity
for [SbV] beyond the normal Lewis acid induced super Brønsted
acidity. Specically, [SbV] is capable of both C–H activation and
[SbV]–C bond oxy-functionalization reaction steps. Knowledge
of these reaction steps will hopefully propel new reaction
discovery and catalysis based on complexes with a SbV metal
center and dovetails with efforts by Gabbai and others demon-
strating that complexes with a SbV metal center can operate in
non-innocent reactivity modes.37,38
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