
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 9

/1
7/

20
24

 9
:0

6:
23

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
HAA by the first
aBoston University, Chemistry Departmen

Massachusetts 02215, USA. E-mail: doerrer@
bUniversity of California, San Diego Departm

Gilman Drive, La Jolla, California 92093, U

† Electronic supplementary information (
For ESI and crystallographic data in CI
https://doi.org/10.1039/d3sc01971c

Cite this: Chem. Sci., 2023, 14, 8187

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 14th April 2023
Accepted 5th July 2023

DOI: 10.1039/d3sc01971c

rsc.li/chemical-science

© 2023 The Author(s). Published by
{Mn(III)OH} complex with all O-
donor ligands†

Shawn M. Moore,a Chen Sun,a Jennifer L. Steele,a Ellen M. Laaker,a

Arnold L. Rheingoldb and Linda H. Doerrer *a

There is considerable interest in MnOHx moieties, particularly in the stepwise changes in those O–H bonds

in tandem with Mn oxidation state changes. The reactivity of aquo-derived ligands, {MOHx}, is also heavily

influenced by the electronic character of the other ligands. Despite the prevalence of oxygen coordination

in biological systems, preparation of mononuclear Mn complexes of this type with all O-donors is rare.

Herein, we report several Mn complexes with perfluoropinacolate (pinF)2− including the first example of

a crystallographically characterized mononuclear {Mn(III)OH} with all O-donors, K2[Mn(OH)(pinF)2], 3.

Complex 3 is prepared via deprotonation of K[Mn(OH2)(pin
F)2], 1, the pKa of which is estimated to be 18.3

± 0.3. Cyclic voltammetry reveals quasi-reversible redox behavior for both 1 and 3 with an unusually

large DEp, assigned to the Mn(III/II) couple. Using the Bordwell method, the bond dissociation free energy

(BDFE) of the O–H bond in {Mn(II)–OH2} is estimated to be 67–70 kcal mol−1. Complex 3 abstracts H-

atoms from 1,2-diphenylhydrazine, 2,4,6-TTBP, and TEMPOH, the latter of which supports a PCET

mechanism. Under basic conditions in air, the synthesis of 1 results in K2[Mn(OAc)(pinF)2], 2, proposed to

result from the oxidation of Et2O to EtOAc by a reactive Mn species, followed by ester hydrolysis.

Complex 3 alone does not react with Et2O, but addition of O2 at low temperature effects the formation

of a new chromophore proposed to be a Mn(IV) species. The related complexes K(18C6)[Mn(III)(pinF)2], 4,

and (Me4N)2[Mn(II)(pinF)2], 5, have also been prepared and their properties discussed in relation to

complexes 1–3.
Introduction

Manganese-dependent enzymes effect both oxidation and
reduction reactions involving O2. From the dioxygenation of cis,
cis-1,4-pentadiene-containing fatty acids to alkyl hydro-
peroxides by manganese lipoxygenases (MnLOX),1–3 to the
reduction of water in the oxygen evolving cluster (OEC) of
photosystem II (PSII),4,5 manganese is essential for both
breaking and forming the O]O bond. Mn-oxo, -hydroxo, and
-aquo species, collectively {MnOHx} (x = 0, 1, 2), have been
proposed to play critical roles in the function of several of these
enzymes (Chart 1). For example, a mononuclear Mn(III)–OH
moiety has been implicated in the catalytic cycle of Mn-
superoxide dismutase (MnSOD),6 which defends aerobic
organisms from reactive oxygen species by catalyzing the
disproportionation of superoxide into H2O2 and O2. Likewise,
t, 590 Commonwealth Avenue, Boston,
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{MnOHx} species have also been proposed in the active sites of
both Mn-lipoxygenase and the OEC.7,8

Importantly, each of these enzymes uses proton-coupled
electron-transfer (PCET) reactions. The Mn center shuttles
among the +2, +3, and +4 oxidation states while oxo, hydroxo, or
aquo moieties are (de)protonated. This separable e−/H+ transfer
reactivity is distinct from concerted e−/H+ transfer, also called
a hydrogen atom transfer (HAT). In some cases, PCET mecha-
nisms at {MOHx} sites cleave thermodynamically strong
(>100 kcal mol−1) and kinetically inert C–H bonds.9 For
example, Fe and Cu dependent methane monooxygenases
catalyze the oxidation of CH4 (C–H BDFE = 105 kcal mol−1)10 to
CH3OH via a PCET mechanism that invokes metal-oxo,
-hydroxo, and -aquo species.11

As our understanding of the role of {MnOHx} species in
biology has grown, so too has interest in the synthesis of metal
complexes that mimic the structure and particularly the func-
tion of these enzymes. Histidine N-ligation is extremely wide-
spread in Nature, including the MnLOX and MnSOD enzymes
as shown in Chart 1. Therefore, several {MnOHx} complexes
with N-donor ligands as models for histidine that can oxidize
C–H and/or O–H bonds have been prepared, a selection of
which are shown in Chart 2. The Borovik,12,13 Goldberg,14 Jack-
son,15 Kovacs,16 Nam,17 and Stack18 groups have each prepared
Chem. Sci., 2023, 14, 8187–8195 | 8187
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Chart 2 Selected {Mn(OH)} complexes.

Chart 1 Primary coordination spheres of three Mn containing
enzymes.
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mononuclear {MnOHx} complexes supported by amino, amido,
and/or pyridyl ligands from Mn(II) starting materials using
oxidants such as O2, H2O2, or PhIO. The reactivity of these
complexes is dependent on the N-donor ligands. Donation from
nitrogen lone pairs into the Mn]O p* orbital can weaken the
Mn]O bond rendering it more reactive. High reactivity in
model complexes, however, oen leads to intra- or intermolec-
ular ligand oxidation and makes isolation and characterization
of reactive species a challenge.

In contrast to the N-donor rich coordination of MnLOX and
MnSOD, the OEC shown on the right of Chart 1 features
a CaMn4O5 cluster with Mn in an all O-coordination environ-
ment made up of -oxo, -hydroxo, and -aquo ligands in addition
to aspartate and glutamate residues.4 Model complexes (struc-
tural, spectroscopic, or functional) with exclusively O-donor
environments are much less common than their N-donor
counterparts. To the best of our knowledge, the four-
coordinate complex, [Mn(IV)(O)(ditox)3]

−, from the Nocera19

group remains the only structurally characterized example of an
O-coordinated mononuclear Mn complex with C–H bond acti-
vation abilities. In the trianionic, ∼C3v ligand eld of the tris-
ditox environment, the Mn(IV)]O unit is sufficiently stable to
permit isolation, but only reacts with C–H bonds having BDE
<85 kcal mol−1. Computational studies have attributed the
enhanced reactivity of this complex to low energy exited states
that lower the barrier for reaction compared to the ground
state.20 The dearth of oxidatively active O-ligated Mn complexes
is due in large part to synthetic challenges posed by O-donor
ligands. Neutral O-donors like H2O, ketones, and ethers form
8188 | Chem. Sci., 2023, 14, 8187–8195
relatively weak Mn–O bonds leading to lability. Anionic alkox-
ides form stronger bonds, but p-donation from the oxygen lone
pairs can lead to less reactive, coordinatively saturated alkoxide-
bridged complexes. Using bulky alkoxides can prevent bridging,
but excess bulk can inhibit substrate binding and prevent
reactivity.21

Recently, the Kulik group carried out a computational screen
of over 2500 mid-row 3d transition-metal (Cr, Mn, Fe, Co)
complexes to uncover trends in reactivity.22 They found that
stabilizing high-spin ground states enhances catalytic activity
by enabling spin-allowed transitions to or from closed-shell
substrates. Their analysis identied weak-eld, O-coordinating
ligands as promising candidates for future design of Fe(II)
C–H activation catalysts, and for transition metal catalysts in
general. This study underscores the need to develop ligand
systems which leverage the promising effects of O-donor liga-
tion on catalyst reactivity without the challenges posed by
alkoxide ligation.

In the last decade, our group has demonstrated the ability of
uorinated alkoxides to support 3d metals in a variety of
oxidation states and geometries.23–29 These ligands can stabilize
the high oxidation states necessary for oxidation chemistry and
the high-spin states that the Kulik group22 and others20,30 have
shown to be benecial to catalysis. We have prepared a highly-
unusual square-planar S = 1 Co(III) complex,24 a high-spin S = 2
Fe(II) complex,27 and a bis-(m2-OH) bridged V(IV) dimer that
results from HAA (hydrogen atom abstraction) from alcohols.31

This latter process is part of catalytic oxidative alcohol dehy-
drogenation.31 Ligand uorination decreases alkoxide bridging
of metal centers by reducing p-bonding and Lewis basicity via
the inductive effect. Fluorinated alkoxides are oxidatively robust
when compared to their hydrogenated analogues due to the
greater stability of C–F bonds versus C–H bonds. Ligand uo-
rination also increases water tolerance via the lower alcohol pKa

values of up to 14 orders of magnitude.32 In some cases, tran-
sition metal complexes with uorinated ligands have been able
to oxidize C–H31,33 and O–H bonds.31

In this work we present the synthesis and characterization of
several Mn complexes supported by the peruoropinacolate
(pinF) ligand. These complexes have all O-donor coordination
leading to anionic complexes with supporting cations that form
non-covalent K+/O and K+/F interactions with ligand and
solvent molecules. These non-covalent interactions allowed, for
the rst time, isolation and crystallographic characterization of
a {Mn(III)OH} complex with all O-donors, 3. This compound is
a precursor to a potent oxidant of Et2O.

Results and discussion
Syntheses and crystallographic structures

The increased acidity afforded by peruorination allows some
pinF complexes to be prepared in water on the benchtop.
Combining an aqueous solution of MnSO4 with an aqueous
solution containing two equivalents of H2pin

F and four of KOH
in air affords a pink solution that darkens to a deep maroon
over several hours, indicative of oxidation from Mn(II) to Mn(III)
(Scheme 1, top). Purication results in brick red needles of K
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of 1 (top) and 2 (bottom).

Fig. 1 ORTEP of the 1 anion with cations and solvent molecules
omitted for clarity. Ellipsoids are shown at the 50% probability level.

Fig. 2 ORTEP of the anion of 2 with cations and solvent molecules
omitted for clarity. Ellipsoids are shown at the 50% probability level.

Scheme 2 General reaction by which Et2O may be oxidized to ethyl
acetate then hydrolysed to ethanol and acetic acid that is proposed to
be the source of the OAc− anion in 2.
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[Mn(OH2)(pin
F)2], 1, that has a square pyramidal Mn(III) center

with s5= 0.01 in an asymmetric unit containing threemolecules
of 1 and seven H2O (Fig. S1†). One of the Mn-based anions is
shown in Fig. 1.

One consequence of the use of alkoxides as ligands is the
resulting complexes are all anions allowing for cations to play
a role in structure and reactivity. Our group has previously
described how K/O and K/F interactions inuence the solu-
bility, nuclearity, and geometry of these complexes.23 The
chemistry community is increasingly interested in how non-
covalent interactions with Lewis acidic, redox-inactive cations
tune the reactivity of metal-oxo, -hydroxo, and -aquo
complexes.34,35 Fluorinated alkoxide complexes provide an
excellent model system to utilize these effects. For example, in 1
the three Mn–OH2 bonds average 2.18 Å, and the Mn–OpinF

bonds are between 1.883(3) Å and 1.890(3) Å (Table S1†). The
Mn(3)–O(5) bond is roughly 0.05 Å longer, however, than the
other two Mn–OH2 bonds due to a 2.744(3) Å interaction
between O(5) and K(3). Samples of 1 can be dried under vacuum
and gentle heat to remove the lattice H2O molecules, but
elemental analysis conrms that one molecule of H2O per Mn
remains intact.

Using more than four equivalents of KOH per Mn when
deprotonating H2pin

F initially results in the formation of an
orange precipitate, but aer stirring overnight the solution
darkens to a deep maroon (Scheme 1, bottom). Purication
© 2023 The Author(s). Published by the Royal Society of Chemistry
gives purple X-ray quality needles overnight which SCXRD
reveal to be an unexpected acetate complex, K2[Mn(OAc)(pinF)2],
2 shown in Fig. 2. The asymmetric unit contains two molecules
of 2 and two Et2O (Fig. S2†). The Mn(III) ion is square pyramidal
with a s5 value of 0.01. The Mn–OAc bonds average 2.09 Å, 0.1 Å
shorter than the Mn–OH2 bonds in 1. The Mn–OpinF bonds are
between 1.879(3) Å and 1.926(3) Å (Table S1†). Once again we
see the structural role played by non-covalent interactions with
cations as the two anions are bridged by K/OpinF and K/OAc
interactions with K(3) and K(4) that make both K+ ions seven
coordinate (Fig. S2†).

The presence of OAc− as a ligand was unexpected as there is
no obvious source of a C2 fragment and this result is repro-
ducible with yields as high as 58% ruling out contamination as
the source. We hypothesize that OAc− is the result of oxidation
of the crystallization solvent Et2O to EtOAc followed by hydro-
lysis to yield EtOH and OAc− (Scheme 2). There are numerous
examples of Mn(III) complexes mediating oxidation reactions,
most notably in the case of {Mn(OAc)3} which has been heavily
studied for the promotion of oxidative free-radical reactions
between carbonyl compounds and unsaturated molecules to
form cyclic products.36 Busch and co-workers isolated theMn(IV)
complex [Mn(Me2EBC)(OH)(OAc)]+ with an unexpected acetate
ligand proposed to be derived from oxidation of the reaction
solvent, EtOH, by [Mn((Me2EBC))(OH)2]

+.37

Formation of 2 in the presence of excess base led us to
investigate deprotonation of 1 under more controlled condi-
tions. Under a N2 atmosphere reacting 1 with an equivalent of
KN(SiMe3)2 in methyl tert-butyl ether (MTBE) (Scheme 3)
immediately causes a color change from red to blue. Purica-
tion resulted in the formation of blue single crystalline blocks
shown by SCXRD to be a rare example of a mononuclear Mn(III)
Chem. Sci., 2023, 14, 8187–8195 | 8189

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01971c


Fig. 3 ORTEP of 3 with solvent molecules omitted for clarity. Ellip-
soids are shown at the 50% probability level.

Scheme 4 Synthesis of complex 4.Scheme 3 Synthesis of 3.

Fig. 4 ORTEP of the anion of 4. Ellipsoids are shown at the 50%
probability level.
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hydroxide complex K2[Mn(OH)(pinF)2]$3 MTBE, 3$3 MTBE
(Fig. 3).

Like 1 and 2 the Mn atom in 3 is square pyramidal, although
more distorted, with a s5 value of 0.35. The Mn–OH bond in 3 is
1.857(3) Å (Table S1†),∼0.3 Å shorter than the Mn–OH2 bond in
1 and is consistent with that found in other Mn(III) hydroxide
complexes.12,15–18,38 Complex 3 is air and moisture sensitive but
remains stable in the solid state over months in a N2 lled dry
box. Polar coordinating solvents such as Et2O, THF, or MTBE
are required to solubilize 3 which does not dissolve in CH2Cl2 or
toluene. In MeCN, 3 irreversibly changes color from blue to red/
brown which we hypothesize is the result of nucleophilic attack
on the nitrile group. For this reason, all remaining character-
ization and reactivity with 3 was performed in THF. Complex 3
is the rst example of a {Mn(III)(OH)} complex with all O-donors.
No other {Mn(III)OH} is reported to act as a nucleophile,
a property that may be attributable to the anionic charge of the
complex enabled by the use of alkoxide ligands. The synthesis of
3 is unique among {Mn(III)OH} complexes in that it is achieved
by deprotonation of the corresponding {Mn(III)OH2} complex.
Existing complexes of this type are prepared by the oxidation of
a Mn(II) complex with O2 or PhIO.

Complex 3 crystalizes in pairs (Fig. S3†) of crystallographi-
cally identical molecules bridged by K/OpinF, K/OH, and K/F
interactions. While we have described the hydroxide as
terminal, it is formally a m3-OH in the solid state with two K/
OH interactions measuring 2.655(3) Å and 3.110(4) Å, but these
bonds are unlikely to persist when 3 is dissolved in polar
organic solvents. The distances in 3 are consistent with the few
crystallographically characterized K(m2-OH)TM structures, e.g.,
K(DME)[tpaMesFe(OH)].40 Attempts to encapsulate the K+ ions
with DME or 18C6 invariably lead to degradation of 3
8190 | Chem. Sci., 2023, 14, 8187–8195
demonstrating the importance of the K/O and K/F interac-
tions in allowing the isolation of 3. The hydroxyl proton was
located in the difference map and was rened independently to
a length of 1.02(15) Å.

The solid-state structures of 1–3 demonstrate how non-
covalent interactions with "naked" K+ can play integral roles
in bonding and even allow for the isolation of reactive species by
stabilizing metal hydroxide complexes. Interested in how
reducing these interactions would alter the structure of the
resulting complex, we chose to encapsulate the K+ in 1 with
a crown ether. Complex 1 is insoluble in CH2Cl2, but addition of
one equivalent of 18C6 to a suspension of 1 in CH2Cl2 allows for
complete solubility. Aer ltering and drying the red solution
an orange powder is produced which was subsequently crys-
talized from dry CH2Cl2 resulting in orange crystals of K(18C6)
[Mn(pinF)2], 4, in greater than 80% yield (Scheme 4).

SCXRD of 4 shows a square-planar Mn(III) center (Fig. 4) with
two pairs of equivalent Mn–OpinF bonds measuring 1.8588(15) Å
and 1.8574(14) Å respectively (Table S2†). None of the K/O and
K/F interactions seen in the structures of 1–3 persist in 4
(Fig. S4†). To the best of our knowledge, 4 is the only crystal-
lographically characterized {Mn(III)O4} complex with square
planar geometry (s4 = 0.00) and this geometry is perhaps
inuenced by a Jahn–Teller distortion in this high-spin (S = 2)
d4 ion. Complex 1, with its naked K+, is resistant to dehydration
even under vacuum and mild heat, while transient {K(18C6)}
[Mn(OH2)(pin

F)2] is easily dehydrated under a gentle air stream
at RT. We attribute this contrast in ligand lability to K/OpinF

interactions in 1 resulting in a more electrophilic metal center.
Without the K/OpinF interactions in 4, lone pairs from the
alkoxide ligands donate more strongly into the Mn center and
reduce its Lewis acidity.

In addition to the four Mn(III) complexes discussed above,
the Mn(II) complex (Me4N)2[Mn(pinF)2], 5, was prepared
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 ORTEP of the anion of 5 with cations and solvent molecule
excluded for clarity. Ellipsoids are shown at the 50% probability level.

Scheme 5 Synthesis of complex 5.
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according to Scheme 5. This colorless compound consists of
a pseudo-tetrahedral anion (s4 = 0.43), shown in Fig. 5, with
Mn–OpinF bonds that average 2.042 Å which is 0.18 Å longer than
in 4 (Table S2†). The anions of 4 and 5 differ by just a single
electron but show a dramatic difference in geometry. There are
no interactions between the Me4N

+ and the anion (Fig. S5†).
Proton, electron, and H-atom transfer

Compound 1 can be deprotonated by titrating a THF solution of
1 (Fig. 6, red) with KOtBu which affords 3 (Fig. 6, blue) and
displays beautiful isosbestic behavior. More than one equiva-
lent of KOtBu is required to fully react with 1 suggesting that an
equilibrium is established between the Mn–OH2 species and
KOtBu. For this to be true, the pKa of the Mn bound H2O must
be similar in value to that of HOtBu. Efforts to directly deter-
mine the pKa of the coordinated H2O in 1 by spectrophoto-
metric titration were thwarted by the reactivity of 3 with MeCN
Fig. 6 UV-vis spectra of titration of 1 (2 mM) to form 3with portions of
KOtBu in THF.

© 2023 The Author(s). Published by the Royal Society of Chemistry
and DMSO which have well established pKa scales. We instead
bracketed the pKa by reactions with stoichiometric amounts of
bases with known pKa values. One equivalent of KN(SiMe3)2 (pKa

= 26) is sufficient to completely deprotonate 1, while one
equivalent of KOtBu (pKa = 17) only results in partial deproto-
nation (Fig. 6). Similarly, reaction with up to 30 equivalents of 7-
methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD, pKa = 18.0)
results in only partial conversion to 3 (Fig. S6†). Based on these
observations, we estimate the pKa of the O–H bond in 1 to be
18.3 ± 0.3 in THF.

Determining the pKa of a metal bound H2O is extremely
challenging. Complex 1 is the only {Mn(III)OH2} complex for
which characterization has been performed in THF. Nam and
co-workers have measured the pKa of the H2O in
[Mn(III)(OH2)(dpaq

H)]+ to be 6.78 in MeCN.39 The Kovacs group
found that pKa = 5.3 in H2O for [Mn(II)(SMe2N4(tren))(H2O)]

+

which results from PCET by [Mn(III)(SMe2N4(tren))(OH)]+.16 There
have also been pKa measurements reported for metal bound
hydroxide Mn–O(H) complexes. Borovik and co-workers have
reported the pKa of [MnIIIH3buea(OH)]− to be 28 in DMSO.41 The
Borovik group also reported that 22 < pKa < 24.4 of [Mn(III)
H3bpuea-R(OH)]2− (R = OMe, H, F, Cl, CF3, 5F) in DMSO with
the more electron withdrawing ligands resulting in a lower
pKa.42 The pKa of a metal bound water or hydroxide is anti-
correlated with an increase in reduction potential. Having
a large pKa can allow a complex to abstract H atoms despite
unfavorable thermodynamics for electron transfer. For
example, the basicity of the oxido ligand in [MnIIIH3buea(O)]

2−

allows it to abstract H-atoms from 9–10 dihydroanthracene
(DHA, BDFEC–H = 76 kcal mol−1) despite its unfavorable
reduction potential of −2.0 V vs. Fc+/0.41 One would expect that
the pKa of Mn–OH > Mn–OH2 and, thus, that the Mn–O would
be a better oxidant.

The redox behavior of 1 and 3 was investigated with cyclic
voltammetry, as shown in Fig. 7. The voltammogram for 1 in
THF (Fig. 7, red) shows a quasi-reversible feature with Ep,c =

−0.98 V and Ep,a = 1.43 V at a scan rate of 1 V s−1. Potentials
have been referenced to Fc+/0 using an internal standard and the
reversibility was consistent over a range of scan rates (Fig. S7–
Fig. 7 Cyclic voltammograms for 5 mM solutions of 1 (red) and 3
(black) in THF with 250 mM TBAPF6 as a supporting electrolyte. Scan
rate is 1 V s−1 and potentials are referenced to Fc+/0.

Chem. Sci., 2023, 14, 8187–8195 | 8191

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01971c


Fig. 9 UV-vis spectra for the reaction of a 2 mM solution of 3 in MTBE
with 10 eq. TTBP.
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S9†). The voltammogram displays an unusually large peak
separation of 2.41 V attributed to a large inner sphere reorga-
nization (loss of coordinated H2O) that occurs upon reduction
from Mn(III) to Mn(II). This proposal is supported by the
difference in geometry (square planar vs. tetrahedral) for the
[Mn(pinF)2]

n− anion in Mn(III) 4 and Mn(II) 5 respectively. In
a less coordinating solvent such as the atypical 60 : 40 CH2Cl2 :
Et2O mixture (Fig. S10†) a single broad reduction event is
observed with Ep,c = −1.70 V corresponding to the reduction of
ve-coordinate Mn(III). In the oxidative direction, however, two
events can be seen at Ep,a = −0.23 V and −0.033 V corre-
sponding to the oxidation of both a proposed transient solvated
Mn(II) and the known four-coordinate species, indicative of
weak ligand binding in the axial position upon reduction to
Mn(II) (Scheme S11†).

The voltammogram of 3 (Fig. 7, black) also displays a quasi-
reversible feature with a reduction event at −2.05 V coupled to
a broad oxidative feature at 0.39 V. The measured potentials
were referenced to Fc+/0 using a CoCp*

2 internal standard and
the reversibility conrmed over scan rates of 0.1 to 2.0 V s−1

(Fig. S12–S14†). Once again, the peak separation of 2.44 V is
unusually large and is likely due to a chemical transformation
upon reduction to Mn(II). Complex 3 is more difficult to reduce
than 1 consistent with the increase in energy necessary to
reduce a complex with a greater negative charge.

The hydrogen atom abstraction (HAA) ability of 3 was
investigated with stoichiometric amounts of substrates with
weak X–H bonds (X = C, N, O). Reactions with 1,2-diphenylhy-
drazine (DPH, BDFEN–H = 64.0 kcal mol−1) are complete aer
roughly 100 minutes at RT producing azobenzene and
[Mn(II)(pinF)2]

2− along with an equivalent of water (Fig. 8).
Similarly, reactions with 1-hydroxy-2,2,6,6-tetramethyl-
piperidine (TEMPOH, BDFEO–H = 66.5 kcal mol−1 in MeCN)
are rapid at RT to produce the (2,2,6,6-tetramethylpiperidin-1-
yl)oxyl (TEMPO) radical as evidenced by the characteristic
feature at 440 nm (Fig. S15†). Oxidation of TEMPOH is strongly
biased to occur via PCET due to its thermodynamically unfa-
vorable pKa (41 in MeCN) and one e− reduction potential
(−1.85 V vs. Fc+/0 in MeCN).43 Reactivity of 3 with TEMPOH
supports a PCET mechanism for other reactions but does not
rule out asynchronous H+/e− transfer. Complex 3 also reacts
with 2,4,6-tri-tert-butylphenol (2,4,6-TTBP, O–H BDFE =
Fig. 8 UV-vis spectra for the reaction of a 2 mM solution of 3 in THF
with 1/2 equivalent of 1,2-diphenylhydrazine.

8192 | Chem. Sci., 2023, 14, 8187–8195
74.4 kcal mol−1).43 Monitoring the reaction of 3 with 10 eq.
2,4,6-TTBP by electronic absorption spectroscopy shows the
decay of 3 and the formation of the 2,4,6-tri-t-butylphenoxyl
radical (lmax = 630 nm, Fig. 9).

No reaction has been observed at RT with either the C–H
bonds of 9,10-dihydroanthracene (DHA, BDFEC–H =

72.9 kcal mol−1) or 1,4-cyclohexadiene (CHD, BDFEC–H =

67.8 kcal mol−1). Lack of reaction with DHA or CHD despite the
ability to oxidize the stronger O–H bond in 2,4,6-TTBP suggests
that substrate BDFE may not be the perfect descriptor for
understanding the thermodynamics of HAA by 3.

BDFE = 23.06E˚ + 1.37(pKa) + C(g,sol) (1)

The O–H bond BDFE in the hypothesized, transient {Mn(II)
OH2} moiety can be calculated using the Bordwell equation (eqn
(1)).43,44 The C(g,sol) term is a composite, solvent dependent, free-
energy constant that represents the energy of solvation for an H-
atom in the solvent of interest (59.9 in THF).43 For systems
which undergo ideal one e− redox processes, E° can be
approximated as E1/2 from CV. However, the large DE in the CV
of 1 casts doubt on the reliability of E1/2 as an approximation of
Scheme 6 Bordwell scheme depicting the proton, electron, and
hydrogen atom transfer events and their respective thermodynamic
parameter for the [Mn(OHx)(pin

F)2]
n− system. Gray indicates

a proposed, not isolated species.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermochemical parameters for {Mn(III)OH} complexes that oxidize C–H, N–H, or O–H bonds

Complex pKa Mn(III)OH2 Ea (V) Solvent BDFE (kcal mol−1) Ref.

[Mn(III)(SMe2N4(tren))(OH)]+ 21.2b −0.6 MeCN 70.1b 16
[Mn(III)(OH)(dpaqH)]+ 6.8 −0.73c MeCN 79.4 39,45
[Mn(III)(OH)(dpaq2me)]+ 20c −0.62c MeCN 80.9 45
[Mn(III)(OH)(PY5)]2+ 13f 0.186d MeCN 82 18
[Mn(OH)(pinF)2]

2− 18.3 � 0.3 −0.725e THF 67–70 This work

a Potentials vs. Fc+/0. b Estimated in MeCN. c Calculated. d Measured vs. SHE and converted to Fc+/0. e Ep,c.
f In MeCN.
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E°. If instead we choose E at Ip,c from the voltammogram
recorded at 100 mV s−1 (−0.725 V) we calculate a BDFE of 67–
70 kcal mol−1. This range does not overlap exactly with the
demonstrated reactivity with 2,4,6-TTBP (BDFE =

74.4 kcal mol−1). The value in our Bordwell equation with the
greatest uncertainty is the reduction potential of {Mn(III)(OH)2},
1, to {Mn(II)}, 5, which is accompanied by a change in geometry
and coordination number. With this uncertainty, the calculated
BDFE range is reasonable.

The Bordwell thermochemical cycle for the H-atom transfer
reaction is shown in Scheme 6. Complex 3 is the only
{Mn(III)(OH)} complex for which thermodynamic data have been
reported in THF. While pKa and E1/2 values are strongly solvent
dependent, it has recently been shown that BDFEs are nearly
independent of solvent.43

For example, the measured BDFE of the O–H bond in
TEMPOH averages 65.0 ± 1.3 kcal mol−1 in solvents whose
dielectric constants differ by 38 units (MeCN vs. hexane). The
known Mn(II)OH2 complexes which result from HAT by
a {Mn(III)OH} complex for which an O–H BDFE has been re-
ported is limited to those shown in Table 1. The oxidizing power
of 3 is comparable to [Mn(III)(SMe2N4(tren))(OH)]+ from the
Kovacs group,16 and [Mn(III)(OH)(dpaqH)]+ and its methylated
analogue from the Jackson group.15,45 [Mn(III)(OH)(PY5)]2+ from
the Stack group is unique among these complexes as it is the
only example reported to oxidize C–H bonds.18

Based on the measurements described above and the
observed stability of 3 in Et2O under N2 it is unlikely that 3 is
Fig. 10 UV-vis spectra for the addition of O2 to 3 (2 mM) at−100 °C in
MTBE (dotted) and Et2O (solid). After O2 addition the solution was
allowed to rest in the spectrophotometer at −100 °C before warming.

© 2023 The Author(s). Published by the Royal Society of Chemistry
responsible for the oxidation of Et2O that results in 2. Because
the synthesis of 2 is performed in air, if 3 is formed in solution,
it could react with O2 to form a higher valent Mn species capable
of oxidizing Et2O. To test this hypothesis a solution of 3
prepared under N2 in either Et2O (solid lines) or MTBE (dotted
lines) was cooled to −100 °C in the spectrophotometer and the
spectra recorded (Fig. 10, blue traces). Next, excess O2 was
added and in both solvents a new chromophore appears with
lmax = 550 nm that reaches a maximum absorbance aer 50
minutes at −100 °C (Fig. 10, red traces). The solution was then
gradually warmed in 20 °C increments. At −80 °C no change
was observed, but at −60 °C the chromophore has decayed to
a new spectrum that does not match any of the chromophores
discussed here (Fig. 10, black traces). Crucially, the chromo-
phore shows much greater decay in MTBE than in Et2O. Further
warming to−40 °C did not change the spectrum of this decayed
product. Efforts to isolate this intermediate and obtain more
indirect evidence via reactivity are underway.
Conclusions

Described here are the synthesis and structural characterization
of ve Mn complexes supported by the peruoropinacolate
ligand. The synthesis of K[Mn(OH2)(pin

F)2], 1, and K(18C6)
[Mn(pinF)2], 4, demonstrates the dependence of water ligand
lability on cation encapsulation and provides in 4 the rst
example of a {Mn(III)O4} complex with ∼D4h geometry. The
Mn(II) complex (Me4N)2[Mn(pinF)2], 5, was synthesized and
revealed by SCXRD to have a ∼Td geometry in contrast to the
one electron oxidized product 4. When performed in the pres-
ence of excess base, the synthesis of 1 results in K2-
[Mn(OAc)(pinF)2], 2, with an unexpected acetate ligand
proposed to be the result of oxidation of Et2O by an air and
water tolerant oxidant. The dependence of this reaction on the
amount of base used led us to deprotonate 1 under controlled
conditions resulting in K2[Mn(OH)(pinF)2], 3, a rare example of
a crystallographically characterized mononuclear {Mn(III)OH}
complex, the rst with an all O-donor environment and the only
anion. The redox properties of 1 and 3 were investigated with
cyclic voltammetry which reveals quasi-reversible redox
behavior with exceptionally large DE that results from a change
in geometry and/or composition upon reduction for both
complexes. This observation is supported by the differing
geometries of 4 and 5 in the solid-state. The pKa of the OH2

ligand in 1 is estimated to be 18.3 ± 0.3 by reaction with
Chem. Sci., 2023, 14, 8187–8195 | 8193
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stoichiometric amounts of bases. Complex 3 oxidizes the N–H
and O–H bonds via HAA. The BDFE of the O–H bond in tran-
sient {Mn(II)–OH2} formed when 3 abstracts an H-atom is 67–
70 kcal mol−1. While 3 is unable to oxidize Et2O on its own, low
temperature addition of O2 to solutions of 3 results in the
formation of a new chromophore which decays upon warming.
The identity of this proposed Mn(IV) chromophore is still under
investigation. This system is the rst all O-donor Mn complex
shown to oxidize C–H bonds.
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