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Crystallographic evidence of a trinuclear (salen)
manganese(lv/m/w)—p-oxo formed during catalytic
C(sp”)—H oxidation reactions
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The formation of manganese—oxo catalysts involved in C(sp*)—H bond oxidation was explored in the tar-
geted synthesis of (salen/salophen)manganese complexes that varied axial ligand identity and varied oxi-
dation state of the manganese center. Isolated compounds included dinuclear (salen/salophen)manga-
nese(i)—p-hydroxo and trinuclear (salen)manganese(iv/ii/iv)—p-oxo, the latter of which formed by oxi-
dation with catalytically relevant oxidant iodosylbenzene. The X-ray structure of trinuclear complex (salen)
manganese(iv/ii/iv)—p-oxo indicated a Mn(v)-O-Mn(i)-O-Mn(v) motif, with nearly linear Mn—-O-Mn
angles of 166.19(12)° and 172.47(15)°, Mn(v)-O bond lengths of 1.948(2) and 1.998(2) A, and Mn(n)-O
bond lengths of 2.102(2) and 2.118(2) A. All well-defined (salen/salophen)manganese hydroxo and oxo
compounds served as precatalysts for oxidation of C(sp®)—H substrates 9,10-dihydroanthracene (>99%
conversion), fluorene (52-70% conversion), and phenylcyclohexane (with lower 18-23% conversion),
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albeit with lower rate of activity for the isolated trinuclear p-oxo compound, allowing its assignment as an
off-cycle catalyst aggregate. These data supported the proposal of a manganese(ii/v) cycle for C(sp®)—H
oxidation, which involved monomerization of the dinuclear (salen)manganese(in)-p-hydroxo catalyst prior
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Introduction

C-H functionalization reactions entail direct transformations
of unfunctionalized molecules," providing a way to rapidly
diversify organic compounds.”> Among strategies for C-H
functionalization, reactions that employ hydrogen atom trans-
fer (HAT) enable the activation of C(sp®)-hybridized positions,
without the need for directing groups.”> While C(sp®)-H
functionalization reactions by free radical intermediates have
been long-established in synthetic organic chemistry, many
free radicals are inherently reactive and poorly selective for
molecules with many C-H bonds.* Instead of free radical-
initiated HAT reactions, an alternative strategy entails the use
of transition metal metalloradical catalysts,” which mimic the
reactivity of free-radical intermediates,’ however enable selec-
tive catalytic C-H functionalization via steric and electronic
modulation of the supporting ligand.

Among metalloradical catalysts for C(sp®)-H functionali-
zation, early chemistry from Kochi and workers demonstrated
that salicylaldehyde-ethylamine (salen)-supported manganese
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to rate-determining C(sp®)—H activation.

complexes catalyzed the C-H oxidation of cyclohexane in the
presence of iodosylbenzene.” A range of catalytic manganese
systems have also been demonstrated for metalloradical
C(sp’)-H functionalization,® most prominently (porphyrin)
manganese catalysts,” for instance in undirected C(sp’)-H
halogenation'®'" and azidation reactions,'? additionally with
lower catalyst loadings compared to prototypical (salen)manga-
nese catalysts.”

A generally proposed mechanism for (salen)manganese(in)-
catalyzed C-H oxidation involves generation of (salen)manga-
nese(v)-oxo, which is the reactive catalytic intermediate for
C-H oxidation via hydrogen atom abstraction (Scheme 1).'*'°
The study of oxomanganese intermediates involved in C-H oxi-
dation has been of interest,'® although the inherently reactive
nature of these catalytic intermediates can render isolation
challenging."”"® Early in situ characterization of relevant oxo-
manganese and hydroxomanganese intermediates has been
aided by rapid analytical techniques, for instance spectro-
scopic detection of (porphyrin)oxomanganese(v) intermedi-
ates;'® as well as mass spectrometric detection of (salen)oxo-
manganese(v) intermediates.”’®>" For the isolation of oxoman-
ganese intermediates, synthetic strategies have generally
involved sterically demanding supporting ligands that protect
the metal center, for instance on the (porphyrin)oxomanga-
nese(v) class,”” or in the non-heme oxomanganese(iv/v) class.”?

Dalton Trans., 2026, 55, 845-853 | 845


http://rsc.li/dalton
http://orcid.org/0009-0008-1628-5609
http://orcid.org/0009-0005-2566-9338
http://orcid.org/0000-0002-6329-2368
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt02844b&domain=pdf&date_stamp=2026-01-07
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02844b
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT055002

Open Access Article. Published on 11 December 2025. Downloaded on 1/22/2026 5:28:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

—
=N o N=

tBu o~ | =0 t-Bu
tBu

Bu

x
™

[0]

0
e
tBu—<;§O’ § \o?@-rsu
tBu X t-Bu

H
—N N= —N N=
t-Bu OH HO t-Bu t-Bu OH HO t-Bu
- tBu t-B

salen salophen

Scheme 1 Generally proposed mechanism for (salen/salophen)manga-
nese-catalyzed C(sp*)—H oxidation.

Among (salen)oxomanganese complexes, isolated oxos are
fewer, with notable examples including the sterically demand-
ing, mononuclear (salen)manganese(iv)-hydroxo of Fujii and
coworkers,*"** and the dimeric (salen)manganese(iv)-di-p-oxo
of Fujii and coworkers.?®>%

For (salen)manganese C-H oxidation catalysts, outstanding
questions include the significance of axial ligand identity
(ligand = X in Scheme 1),%>*° especially of type hydroxo, with
other systems demonstrating competence of hydroxomanga-
nese complexes for C-H abstraction.®® Namely, while axial
ligand identity is proposed to be relevant in the single-step
hydrogen atom abstraction reaction of oxomanganese inter-
mediates,*” the impact of axial ligand towards (salen)manga-
nese catalyst turnover is more ambiguous, especially if axial
ligand is exchangeable in a complex catalytic mixture. To
better understand reactive (salen)manganese intermediates
involved in C(sp®)-H oxidation,”'* herein is reported the tar-
geted synthesis of (salen)manganese-hydroxo and -oxo com-
plexes derived of Jacobsen’s catalyst, the reactivity of the iso-
lated compounds towards organic C(sp®)-H substrates in the
presence of iodosylbenzene, and insights into the speciation
of (salen)oxomanganese during catalysis.

Results and discussion

In the interest of exploring the reactivity of salen-supported
manganese catalysts for C(sp®)-H oxidation, initial syntheses
explored variation of the axial ligand of the catalyst complex
(Scheme 2), which was proposed to affect the reactivity of oxo-
manganese catalytic intermediates.”® Beginning with cation
(salen)manganese(ur) bis-aqua derived of Jacobsen’s catalyst
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Scheme 2 Reactions of (salen/salophen)Mn(i) compounds with (a)
sodium pentafluorophenolate and with (b) sodium pyrazolate.

(1a), ligand exchange with sodium pentafluorophenolate
resulted in formation of brown solid with identity (salen)
manganese(m) pentafluorophenoxide (2) (Scheme 2a). The
structure of (salen)manganese(m) pentafluorophenoxide (2)
determined by single crystal X-ray diffraction evidenced a
mononuclear complex (2) obtained in 92% isolated yield, with
a Mn1-OC¢F; bond length of 2.0664(15) A. Dissolution of the
material in benzene-ds and analysis by "H NMR spectroscopy
demonstrated broad paramagnetic resonances between 17.52
and —26.45 ppm,** and the complex exhibited a solution-state
magnetic moment of 4.8(1)up, altogether consistent with a
high-spin (S = 2) (salen)manganese(i) complex.*®

Analogous ligand exchange was targeted using sodium pyra-
zolate in reactions with (salen)manganese(m) cation (1a) and
with (salophen)manganese(m) cation (1b), which resulting in
formation of red-brown products (Scheme 2b). Determination
of the molecular structures of 3a/3b by X-ray diffraction indi-
cated formation of dimanganese(m) p-hydroxo monocation
complexes  (salen/salophen)Mn-(p-OH)-(salen/salophen)Mn
(PFs) (Scheme 2b), reminiscent of the p-hydroxo triflate
complex (salen)Mn(u)-(p-OH)-(salen)Mn(u)(OTf) synthesized
by Kurahashi.**?” In the solid-state structure of the salophen
derivative (3b), cocrystallization of two dimanganese(m) p-
hydroxo monocations was observed (Fig. S21), one of which
bore a capping pyrazole ligand (3b-PzH) (Fig. 1). The X-ray
structure of 3b-PzH indicated two manganese(u) centers, a
bridging OH group, and a single pyrazole ligand. For the
3b-PzH molecule, the measured Mn-OH bond lengths were
1.991(2) A and 2.094(2) A, with a Mn1-O(H)-Mn2 angle of
153.32(14)°, similar to the p-hydroxo octaethylporphyrinato
complex of Fries, Marchon, Scheidt, and coworkers, (OEP)Mn
(r)-(p-OH)—-(OEP)Mn(u), which displayed a Mn-O(H)-Mn
bridge angle of 152.73(11)°.**° For the current complex

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Solid-state molecular structure of pyrazole-coordinated (salo-
phen)Mn—(u-OH)-(salophen)Mn(PzH)(PFs) cation (3b-PzH) determined
by X-ray diffraction (30% probability ellipsoids). H atoms, solvent mole-
cules, PFg counterion, and cocrystallizing molecule of 3b omitted for
clarity (see Sl for details). Hydrogen atom H5 was located and freely
refined. Select bond lengths (A) and angles (°): Mn1-05 2.094(2); Mn2—
05 1.991(2); Mn1-N5 2.318(4); Mn1-05-Mn2 153.32(14).

(3b-PzH), the longer Mn1-N5 bond length of 2.318(4) A was
consistent with weaker manganese(ur)-pyrazole coordination,
with the pyrazole proposed to undergo dynamic ligand
exchange in solution. Dissolution of 3a/3b in benzene-ds and
analysis by "H NMR spectroscopy indicated broadened signals
between 16.46 and —21.71 ppm, consistent with paramagnetic
character for the manganese(ur)-p-OH-manganese(ur) com-
plexes (3a/3b). In benzene-ds solution at 298 K, the observed
magnetic moments were 5.4(1)up for 3a and 5.2(1)up for 3b,
lower than the expected spin-only value of 6.9 for two nonin-
teracting S = 2 Mn(u) centers. In the solid-state, variable temp-
erature SQUID magnetometry for 3b modelled the antiferro-
magnetic coupling at isotropic g = 2.00 with J = —28.80(3)
em™, consistent with the coupling observed in related manga-
nese(m)-p-hydroxo compounds (Fig. 2).*°"**> Together, these
data evidenced that reaction of (salen/salophen)manganese(m)
bis-aqua cation (1a/b) with sodium pyrazolate resulted in water
ligand deprotonation rather than pyrazolate coordination,

- —sim g
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Fig. 2 Variable-temperature SQUID magnetization for (salophen)
Mn-p-OH-(salophen)Mn(PF¢) (3b) recorded in the solid state. Magnetic
field = 200 Oe. Simulation parameters: g;s, = 2.00, J = —28.80(3) cm™.
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forming the hydroxo-bridged dimanganese(u) complex.
Compared to ligand association reaction of less basic sodium
pentafluorophenolate (2) (pK, of C¢FsOH = 5.5 in H,0),*?
these data demonstrate that (salen/salophen)manganese(m)
bis-aqua cation is more acidic than pyrazole (pK, = 19.8 in
DMSO0),** undergoing deprotonation by basic ligands and lim-
iting the options for synthesis of complexes by ligand
exchange with such basic ligands.

The deprotonation of (salen)manganese(m) bis-aqua cation
(1a) with sodium pyrazolate can be compared with the same
deprotonation employing aqueous KOH instead of NaPz,
reported by Fujii and coworkers to form dimanganese(wv) di-p-
oxo (4) in the presence of air.”® Repeating the procedure of
Fujii and coworkers employing 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) as base in acetonitrile open to air, full conversion of
bis-aqua complex (1a) was determined by 'H NMR spec-
troscopy in acetonitrile-d; (eqn (1)), with the identity of the
product verified by X-ray diffraction (Fig. $26).>®*> These
results demonstrate that deprotonation of bis-aqua complex
(1a) in the presence of air results in oxidation to a di-p-oxo,
which is distinct from the desired terminal (salen)manganese
(v)-oxo catalytic intermediate often proposed in C(sp*)-H oxi-
dation reactions.

H N:' N H
=N v N=
@ " tBu o =0 tBu
2 DBU 3 /\ tBu
R H = 4
=n_ | = o _ewiy J?/Efl 3
M =V /_—H
tBu o T\o t-Bu  MeCN t-Bu o\/ N —
tBu  OH, tBu ar o Mn'". —r@
t-Bu H
1a
Bu
4 (0.5 equiv)

(1)

After isolation of (salen/salophen)manganese(u)-p-hydroxo
compounds (3a/3b), the synthesis of higher oxidation state
(salen)manganese complexes relevant to C-H oxidation was
targeted (Scheme 3). In a one-pot procedure, after formation of
(salen)manganese(m)-p-hydroxo (3a), treatment with oxidant
iodosylbenzene under air resulted in conversion to a crystalline
brown solid (5), which displayed broad paramagnetic reso-
nances between 11.64 and —14.29 ppm by 'H NMR spec-
troscopy in acetonitrile-d; (Scheme 3). After isolation of single
crystals suitable for X-ray diffraction, the solid-state structure
was determined to be a trinuclear monocationic complex con-
sisting of two oxidized (salen)manganese(iv) centers at the
ends (Mn1, Mn3), a (salen)manganese(u) atom in the middle
(Mn2), and two p-oxos (01, O2) bridging the (salen)manganese
atoms (Fig. 3)."° The manganese(iv)-oxo bond lengths
(1.998(2) A, 1.948(2) A) were shorter than the manganese (i)~
oxo bond lengths (2.102(2) A, 2.118(2) A), consistent with
Mn(v)=0 double-bond character and Mn(m)-O single-bond
character, which was apparent in the direct comparison of
Mn-O(H/R) bond lengths for the series of complexes (salen)
Mn(w1)(OH,),, 2, 3a, and 5 (Table 1). Comparison of these com-
plexes also informed highly conserved bond lengths across the
organic salen ligand framework (O-Cgyi and OgryiC=CCimine),
demonstrating identical electronic structures on the salen sup-
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Scheme 3 Synthesis of trinuclear (salen)manganese(v/i/iv)—p-oxo (5).
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Fig. 3 Front-view (left) and side-view (right) of the solid-state molecular structure of 5 determined by single crystal X-ray diffraction (30% prob-
ability ellipsoids). H atoms, solvent molecules, and PFg counterion omitted for clarity. Select bond-lengths (A) and angles (°): Mn1-O1 1.998(2);
Mn2-01 2.102(2); Mn2-02 2.118(2); Mn3-02 1.948(2); Mn1-01-Mn2 166.19(12); Mn2-02-Mn3 172.47(15).

Table 1 Selected bond lengths (A) for (salen)manganese complexes determined by X-ray diffraction

Compound Ml’l*O(H/RJ OArerl’l Nimine—Mn O’CA[yl OArle:CCImine
(salen)Mn(OH,)(dioxane)(Cl0,)*® 2.269 1.860 1.979 1.329 1.409
1.860 1.980 1.316 1.400
2 2.0664(15) 1.8692(15) 1.9773(16) 1.321(2) 1.418(3)
1.8747(14) 1.9909(18) 1.329(3) 1.418(3)
3a 2.0355(18) 1.868(3) 1.998(4) 1.336(6) 1.413(7)
1.869(4) 1.973(4) 1.331(6) 1.409(7)
5 1.998(2) 1.870(2) 1.979(3) 1.318(4) 1.417(4)
2.102(2) 1.879(2) 1.986(3) 1.319(4) 1.414(4)
2.118(2) 1.892(2) 1.994(3) 1.314(4) 1.417(4)
1.948(2) 1.877(2) 1.986(3) 1.315(4) 1.418(4)
1.882(2) 1.979(3) 1.320(4) 1.423(5)
1.866(2) 1.972(3) 1.317(4) 1.422(4)

porting ligand, with any electronic differences between com-
plexes occurring primarily at the manganese center (Table 1).
The Mn(iv/m/v) assignment of (salen)manganese(iv/m/iv)-p-oxo

compound (5) was further corroborated by a Mn 3s doublet dation using iodosylbenzene.

848 | Dalton Trans., 2026, 55, 845-853

separation of 5.0 eV measured by XPS (Fig. $61),"” demonstrat-
ing (salen)manganese(iv/m/wv)-p-oxo (5) to be the thermo-
dynamic product of (salen)manganese(i)-p-hydroxo (3a) oxi-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02844b

Open Access Article. Published on 11 December 2025. Downloaded on 1/22/2026 5:28:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

The formation of (salen)manganese(iv/ui/v)-p-oxo (5) was
rationalized by an oxidation/comproportionation sequence
(Scheme 4). Namely, upon treatment of (salen)manganese
(mm)-p-hydroxo (3a) with PhIO, the initial product of (salen)
manganese oxidation is proposed to be terminal (salen)
manganese(v)-oxo (6a). In the presence of excess (salen)
manganese(mr) (3a), comproportionation, proton transfer, and
ligand redistribution generates trinuclear (salen)manganese(1v/
ut/tv)-p-oxo (5), which precipitates from solution as a crystal-
line brown solid, concomitant with (salen)manganese(i)
cation (1a) that can further react with excess sodium pyrazolate
and iodosylbenzene. These reactions establish kinetically
accessible axial ligand exchange after reaction with iodosylben-
zene, indicating formation of thermodynamic oxidized (salen)
manganese products according to presence of oxidant.

In the solid state, variable temperature SQUID magnetiza-
tion measured for (salen)manganese(iv/u/wv)-p-oxo (5) estab-
lished significant antiferromagnetic coupling between the
three high-spin manganese centers, simulated at isotropic g =
2.00 with a coupling constant of J = —61.1(2) cm™" (Fig. 4).
This value was comparable to the coupling observed for other
manganese(iv/m)-p-oxo0s,*>*® and compared to the (salophen)
manganese(m)-p-hydroxo (3b, J = —28.80(3) cm™") is consistent
with more significant superexchange interaction expected for
the bridging p-oxo (5).*” The solid state moment matched the
acetonitrile-d; solution-state magnetic moment of pes = 5.4
(1)ug at 298 K, consistent with antiferromagnetic coupling and
fidelity of the trinuclear complex upon dissolution in aceto-
nitrile-d;. This fidelity was exemplified upon incubation of
equimolar (salen)manganese(v/ui/iv)-p-oxo (5) with (salophen)
manganese--hydroxo (3b) in acetonitrile-d; at ambient temp-
erature, which resulted in no apparent ligand exchange
between the complexes by 'H NMR spectroscopy after 1 h
(Fig. S35). These data altogether indicate that trinuclear
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Fig. 4 Temperature-dependent SQUID magnetization for (salen)Mn(iv/
in/iv)—p-oxo (5) recorded in the solid state. Magnetic field = 200 Oe.
Simulation parameters: gis, = 2.00, J = —-61.1(2) cm™.

(salen)manganese(iv/u1/v)-p-oxo (5) is a thermodynamic, stable
product of (salen)manganese(m)-p-hydroxo oxidation.

With some isolated (salen)manganese compounds in hand,
their relevance was determined in C(sp*)-H oxidation reactions
employing iodosylbenzene, demonstrating that all isolated
compounds served as precatalysts (Table 2). As model reaction
in 9:1 acetonitrile/water mixture open to air, one equivalent of
the suitable C-H substrate, three equivalents of oxidant, and
10 mol% (per Mn center) of the appropriate (salen/salophen)
manganese compound were stirred at ambient temperature
until reaction progression halted, as judged by GC-MS analysis
of reaction aliquots. Both PF¢ bis-aqua cations (salen)manga-
nese (1a) and (salophen)manganese (1b) gave similar reactivity,
with full conversion of 9,10-dihydroanthracene (DHA), 68-70%
conversion of fluorene, and partial conversion (20-22%) of
phenylcyclohexane (Table 2, entries 1 and 2). Employing
10 mol% per Mn center of newly isolated (salen/salophen)
manganese compounds (2, 3a-b, 5) resulted in comparable
conversions of the three substrates in all cases (+15%) (entries

PFe
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Scheme 4
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0.75 equiv

Rationalized intermediates leading to trinuclear complex formation.
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Table 2 Evaluation of well defined salen/salophen Mn catalysts for C—
H oxidation

Mn compound
(10 mol% per [Mn])

Y | e
+ IR Y
R PR= 70 9:1 MeCN/H,0 R
air
C-H substrate 3 equiv PhlIO 21°C,3-12h oxidation product

C-H substrate conversion®

Entry Mn compound DHA Fluorene CyPh
1 1a (10 mol%) >99%” 68% 20%
2 1b (10 mol%) >99% 70% 22%
3 2 (10 mol%) >99% 80% 18%
4 3a (5 mol%) >99%° 52% 22%
5 3b (5 mol%) >99% 58% 23%
6 5 (3.3 mol%) >99%7 65% 18%

“Conversions determined by GC-MS. DHA = 9,10-dihydroanthracene.
bKIE(?H) = 3.1(6). “ KIE(**H) = 1.9(2). ¢ KIE(Y*H/D) = 3.1(3).

3-6). Importantly, these data demonstrated the catalytic com-
petence of (salen/salophen)manganese p-hydroxo (3a-b) and
(salen)manganese(v/ui/iv) p-oxo (5) compounds, the latter of
which was synthesized with the catalytically relevant oxidant,
iodosylbenzene. Together, these results implicated the
observed coordination chemistry of p-hydroxo (3a-b) and p-oxo
(5) as reflecting the coordination chemistry of the active
(salen)manganese catalyst that engages turnover-limiting
C(sp®)-H oxidation.

The catalytic competence of (salen)manganese complexes
of different nuclearity (1a, 3a, 5) raised a question about cata-
lyst nuclearity, since studies thus far indicated that isolated
dinuclear (3a/b) and trinuclear (5) compounds were metastable
in acetonitrile-d; solution as determined by 'H NMR spec-
troscopy. Namely, when starting from different precatalysts
(1a, 3a, 5), could the same C(sp*)-H oxidation catalysts be gen-
erated in situ, or would different catalysts be formed in all
cases? By UV-vis absorption spectroscopy, discrimination of

a) UV-vis Spectra of Isolated Compounds

1 fia

0.5 {

Absorbance (a.u.)
Absorbance (a.u.)

b) Mn-Catalyzed 9,10-DHA Oxidation Reactions
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the isolated (salen)manganaese compounds was apparent,
with (salen)manganese(m) cation (1a) exhibiting a peak at
367 nm, and both (salen)manganese(ur)-p-hydroxo (3a) and
(salen)manganese(v/u1/v)-p-oxo (5) exhibiting peaks at 420 nm
(Fig. 5a). When using the isolated compounds (1a, 3a, 5) as
precatalysts for oxidation of DHA with PhIO, the UV-vis spectra
of the catalytic reaction mixtures were identical, exhibiting a
conserved peak at 445 nm, indicating identical catalyst specia-
tion regardless of initial axial ligand identity (Fig. 5b). In paral-
lel time courses, the initial rates of 9,10-DHA conversion were
also comparable between precatalysts, with parent (salen)
manganese(ut) cation (1a) displaying a slightly faster rate (ca.
2.9 times faster than 5) (Fig. 5¢). While the precise identity of
the active catalyst for C(sp’)-H oxidation was not apparent
from spectroscopic studies, initial rate kinetics indicated
approximate first-order dependence according to initial con-
centration of 1a, and partial order dependence on concen-
tration of [Mn] center when employing either 3a or 5, implying
that dinuclear and trinuclear intermediates are not directly
active for rate-determining C(sp®)-H activation, with mono-
merization preceding the C(sp®)-H activation step (Fig. S57-
S59). Altogether, these data further support the observed
coordination chemistry of (salen)manganese complexes, which
undergo oxidation with iodosylbenzene and subsequently
undergo rapid intermolecular axial ligand exchange, leading to
the catalytic resting state. For (salen)manganese(wv/ui/iv)-p-oxo
(5) in particular, while it is a thermodynamic product of
(salen)manganese oxidation by iodosylbenzene, it alone was
not kinetically competent for oxidation of 9,10-DHA in a stoi-
chiometric reaction (Fig. S36). Therefore, 5 is more accurately
described as an off-cycle catalyst aggregate, which forms in the
comproportionation of (salen)manganese(v)-oxo with excess
(salen)manganese(m) cation when C(sp®)-H substrate and/or
oxidant are depleted.

Finally, the catalytic competence of (salen)manganese(i)-p-
hydroxo cation (3a) allowed proposal of a simplified catalytic

c) Conversion of 9,10-DHA

100 ¢
Precatalyst
1a (10 mol%) ! ®1a (10 mol%)
r
— - -3a (5 mol%) [ e3a (5mol%)
0, Qg
——5 (3.3 mol%) & ! " °5 (3.3 mol%)
< 50 #\'
5 \

300

400
Wavelength (nm)

500

Fig. 5

0
250 300 350 400 450 500 550 600
Wavelength (nm)

(a) UV-vis absorption spectra of 1a (100 pM) (red), 3a (50 pM) (blue), and 5 (33 pM) (green) in acetonitrile. (b) UV-Vis spectra of (salen)manga-

nese-catalyzed DHA oxidation (ca. 15% conversion) initiated from 10 mol% 1a, 5 mol% 3a, and 3.3 mol% 5 in acetonitrile/water (9 : 1). (c) Concentration
of 9,10-DHA over time according to precatalyst in reaction with PhlO (3 equiv.); lines represent least-squares fit to a standard kinetic model.
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Scheme 5 Simplified catalytic cycle for (salen)Mn(u-OH)-catalyzed
C—H oxidation.

cycle for C(sp®)-H oxidation (Scheme 5).°* Namely, the syn-
thesis of (salen)manganese(u)-u-hydroxo cation (3a) evidenced
dimerization of the complex prior to oxidation by PhIO. Thus,
the starting dimeric p-hydroxo (3) is oxidized, which initially
yields dinuclear (salen)oxomanganese (6) (Scheme 5).
Dinuclear (salen)oxomanganese intermediates (6) have pre-
viously been proposed as reservoir species for catalytically
active mononuclear (salen)manganese(v)-oxo (7),>" which dis-
sociation is proposed to occur in the presence of coordinating
solvent.”” Then, turnover-limiting C-H oxidation regenerates
(salen)manganese(i) (3), completing the cycle.

Conclusions

To investigate (salen)manganese intermediates in C(sp’)-H
oxidation, the reaction of (salen)manganese(ur)-p-hydroxo with
iodosylbenzene formed trinuclear (salen)manganese(wv/m/v)-p-
oxo, which was rationalized as a comproportionation product
of a (salen)manganese(v)-oxo intermediate with well defined
(salen)manganese(ur) cation. The isolated (salen)manganese(v/
m/v)-p-oxo compound initiated C(sp®)-H oxidation reactions,
evidencing manganese-oxo formation as being catalytically
relevant. While manganese-oxo formation has been previously
proposed or observed with other manganese catalysts, the
current compound represents a rare manganese(v)—-f-0xo on
the salen platform that was isolated and characterized
crystallographically.

The observed complexes also evidenced thermodynamically
favorable dimerization of manganese(m)-p-hydroxo and
manganese(wv//iv)-p-oxo complexes via Mn-O-Mn bridging
interactions in the solid state. While oxomanganese intermedi-
ates are often drawn as monomeric in C(sp®)-H oxidation reac-
tions, notably many structurally characterized monomeric oxo-
manganese compounds bear sterically demanding supporting
ligands, which may inhibit intermolecular association. Herein,

This journal is © The Royal Society of Chemistry 2026
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structural characterization was performed on the catalytically
relevant (salen)manganese platform derived of commonly
employed Jacobsen’s catalyst, and the observation of dinuclear
and trinuclear complexes with this ligand evidenced that cata-
lysts for C(sp®)-H oxidation may favor aggregation, especially
in the absence of productive reactions when substrate or
reagent is depleted. Finally, whereas axial ligand identity is
proposed to affect the rate of a C-H abstraction step by oxo-
manganese complexes, herein the axial ligand identity of the
(salen)manganese precatalyst bore no apparent impact on cata-
lyst resting state or turnover number, evidencing rapid axial
ligand exchange and kinetically accessible (salen)manganese
catalyst speciation regardless of precatalyst axial ligand.
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