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Abstract

Enzymes such as manganese lipoxygenase (MnLOX), manganese supeisxidease
(MnSOD), and manganesiependenhomoprotocatechuate 2¢8oxygenase (MnHPCDgmploy
the redox versatility of manganese to perform important biological reactions. The elementary steps
in the catalytic cycles of some of these enzymes invalweated-proton electron transfer (CPET)
reactionsfeaturing a mononuclear Mnhydroxo motif present in the enzyme active site. These
Mn'"'-hydroxo motifs display hydrogen bonding with neighboring amino acid residues, but it is
unclear how this hydrogen bang interaction controls reactivityThis knowledge gap is
addressed in this dissertatibg the generation of synthetic Mrhydroxo complexes with and
without intramolecular hydrogen bonding. Kinetic studies of these model complexes reveal the
influence of this hydrogen bonding interaction on CPET reactions and offer insights into the
potential role of the hydrogedmonding interactions observed in the active sites of MnLOX and

MnSOD.

The driving force for CPET reactions depend fundamentally on the rexyitential and
basicity of the M -hydroxo unit. Therefore, the MA' reduction potential and theKp of the
Mn'"-hydroxocomplexes can be modulated to control reactivity with substfBtéesdissertation
reportshow steric perturbation was used to increase th#'Mreduction potentiain an amide
containing N ligated Mn"'-hydroxo complex. Using the 2(bis((6-methylpyridin-2-
ylmethyl)amino)N-(quinolin-8-yl)acetamide (¥°dpaq) liganga sterically encumberemn -
hydroxo complexi [Mn"'(OH)(®Medpaq)] was synthesizedThe stericperturbationled to an
elongated MrNpyridine bond which causes the Lewiscidity of the Mn center to increaséhe
increased Lewis acidity consequentigligreasegshe M reduction potentialThe increased

Mn'""" reduction potential enhanced the CPiE&ctivity of the [Mn" (OH)(Medpaq)] complex



with O-H bond by thre-fold relative to thecomplex without sterics [Mn"' (OH)(dpaq)] (dpag =
2-[bis(pyridin-2ylmethyl)JamineN-quinolin-8-yl-acetamidate) This show how structural
perturbation carbe employed tanodulate thermodynamic parameters, which will eventually

control reactivity

Alkylperoxomanganese(lll) (MlkrOOR) intermediates are proposed in thechanismsf
several manganestependent enzymedike MnLOX and MnHPCD. However,their
characterization habeen challengingdue to their inherent thermal instatyl Fundamental
understanding of ttse important intermediates' structural and electronic pregasilimited to a
series of complexes with thiolat®ntaining NS ligands. These weltharacterized complexes are
metastablgyet unreactive in the direct oxidation of organic substrates. Betagistabilityand
reactivity of Mn'"'-OOR complexes are likely to be highly dependent on their local coordination
environmentwe have generated two new VHOOR complexes usingn amidecontaining N°
ligand. Using the EMedpag ligand, [Mn"'(OOBu)®“edpaq)[OTf) and
[Mn"'(OOCm)fMedpaq)[OTf) complexeswvere generatethroughthe reaction of their Mt or
Mn"" precursors withstoichiometric amount dBuOOH and CmOOH, respectivelgoth new
Mn""-OOR complexes are stable at retemperature stabléio= 5 and 8 days, respectively, at
298 K in CHCN) and capable dafirect reactivitywith phosphine substrateBhese complexesre
the most stable Mh-alkylperoxo complexes reported thus fard the first Mn'-alkylperoxo
complexes capable of direct oxidation of substrafée stability of these Mi+OOR adducts
render them amenablier detailed characterization, including by-r&y crystallographyfor
[Mn"'(OOCm)fMedpaq)[OTf), which dlow obtainingmetric informationlike theMn"-OORO-

O bond length focorrelations with other Mh-alkylperoxo complexesThermal decomposition

studies support a decay pathway of théMDOR complexeby O-O bond homolysis. In contrast,
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direct reactiorof [Mn"' (OOCm)fMedpaq) with PPh provided evidence of heterolytic cleavage

of theO-0 bond.The Mn"-alkylperoxo adducts also undergo hydrolysis in the presence of water
to generate the Mh-hydroxo species, a reaction that mimics a step in the mechanism of MnLOX.
These studies revettlatthe local coordination sphere can tune both the stability and chemical

reactivity of Mrl"-OOR complexes
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Chapter 1

Bioinspired Mn'"" -hydroxo and Mn'"" -alkylperoxo Complexes



1.1 Introduction

Manganese is a very desirable metal because of its high relative abunidana®mst
environmental friendlinesgndvariety of catalyticallyaccessible oxidation statéé Manganese
complexedisplay a profounig wide range othemistry andhavebeen very useful in catalyzing
several reactions industrially and biologicatff.Manganese catalysts haneustrialapplications
in epoxidation of olefig'!, selective reduction of NQto dinitrogert, and dehydrogenation of
alcohols to produce important chemicaBiologically, manganese is important in the oxygen
evolving complex (OEC)f photosystem Il, which generates dioxygerotons and electrons from
water'? Other Mn-dependent enzymes sucls Bn-superoxide dismutase (MnSOD), Mn
lipoxygenase (MnLOX) and Mhomoprotocatechuate 2¢8oxygenase (MnHPCD) are vital
biologically and environmentally. MnSOD is responsibleciglular detoxification by converting
harmful superoxide radicals into dioxygen and less harmful hydrogen pefoXid& The
MnLOX enzyme catalyzes theidation of polyunsaturated fatty acids into their hydroperoxides,
which are further metabolized into biologically active compoutiag act as inflammatory
mediators and reproductive/growth regulators in plant§.he MnHPCD is found in soil bacteria
and is responsible for emehmental detoxification by converting aromatic compounds into
intermediates used in primary metabolism using dioxygen. This reaction is beneficial because it
helps Nature reclaim the carbon sequestered in aromatic compofind€ven thoughthese
enzymes are of vital biological importancketailed mechanistic understanding of these presess
is not fully attainedThe involvement of Mn(lll) intermediasehas beemostulatedfor these
enzymes & andsynthetic small molecules @h mimic the activity of these enzymes have been
used to modeélementary steps proposed for these enzymiesthese enzymed, is generally

proposed thathe Mn center is redeactive and spectroscopic measuremeass well as



computational studieshave revealed that MidMn" is the most common redoycle for the

electron and atom transfer reactions of MNSOD, MnLOX and MnHPCD

1.2 Mn'"" -hydroxo species in biology (MnSOD and MnLOX)

Active site Mn'"-hydroxo unis have been proposed to kentral to the reactivitpf the
MnSOD and MnLOX enzyme$22 In the resting state of the MNnSOD, the Mn metal is in the +3
oxidation state, coordinated by three histidine residues, an aspartate residue and a solvent molecule
that is most likely dydroxo ligand This solvent is an aqua ligand in the reduced'(Marm of
the eryme (Figure 1.1)!*22 These ligands enforca trigonal bipyramidal geometry around the
Mn center. It igoroposedhat the Mnin MnSODis initially present as Mhwhenthe holoenzyme
is first produced in the cell and later oxidizedtie Mn'"" resting stat& 2> MnSOD catalyzes the
disproportionation of the superoxide radical by a-step reactionin which the oxidation state of
the Mn center cycles betwetre+2 and +3xidationstates. The first step of the reaction involves
the MnSOD in the resting state (Mpwith superoxide radical anion (Figure 1.B) this reaction,
the hydroxeligated MA'SOD is reduced byan electron from the superoxide radical anion and
uptakea proton from water to forrthe aqualigated M SOD (Figure 1.2) 1% 2326 The active-
site Mn' center themeacts witha second superoxide radical anibg a protoncoupled electron
transfermechanismproducing a hydroperoxyl ani@md M. Neighboring water molecules can
subsequently protonate this antorproduce hydrogeperoxide (Figure 2). Since MnSOD ast
as both an oxidant and a reductant in this catalytic pathvaymidpoint potential of the enzyme
mustbe midway between the standard reduction potentials for the respective potential couples of

0,710, and O /H»0,.5 19, 2325



Asn473 OH/OH,

His284 /1*\*‘:;_“‘* H|381* T '
b/b\b f Val605 ﬁT":p}
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&
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Figure 1.1. Active site structures of three Miependent enzymes. Left: MnLODB file:
5FNO), middle: MNSOD(PDB file: 1VEW), andright: MnHPCD(PDB file: 1F1R)

0, *0,, HY
OH, HO
Mn'-SOD Mn''-SOD

Prompt protonation

H,0,
025 H+ H202

OH,

0,-Mn-SOD

Inner-sphere mechanism

Figure 1.2. Proposed mechanism for MnSOD disproportionation of superoxide radical, anion
showing the prompprotonation pathway aridnersphere mechanisf* 263!

The active site of th#InLOX in its oxidized fom features a mononuclear Mrcenterin a
six-coordinategeometry. The MH is boundby an hydroxo ligand, three histidine residuas,
asparagineesidueand a carboxylate group tife C-terminal valine (Figure 1.1$2! The details

of how MnLOX oxidizes fatty acid have been a topic of debdfeThe MnLOX enzyme oxidize
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polyunsaturated fatty acids containings,cisl,4-pentadieneto their corresponding -1
hydroperoxytrans,cis2,4-diene. The mechanism involves the 'M®H unit of the MnLOX
enzyme abstracting laydrogenatom from the bisllylic C-H bondof the fatty acigdforming a
Mn''-OH; unit and substrate radical (Figure 1.3). The radical undergoes rearrangement to produce
a more stable radical intermediate. This intermedieaes with dioxygen, producing a peroxyl
radical In one mechanism, the peroxyl radiabbtract a hydrogen atom from the NM¥OH: unit

to regenerate Mh-OH unit and releas¢he hydroperoxideprodict.3® Kinetic studies of the
MnLOX have shown the initiadoncertedorotonelectron transfe(where electron and proton are
transfer in the same kinetic stegd¢pwith aKIE of 28 between the MA-OH unit and substrate to

be ratelimiting.?® 34 Therefore, little is known about the mechanifatowing this step.Due to

the significant involvement of Mh- OH unit in the catalytic pathways of the MnLOX and
MnSOD, there has been increasing interest in probing the properties and reactivity of synthetic

Mn'"'- OH complexes>*

KIE = 28(3)

‘ an‘_on H

—~ AR
Mn3*—OH

RIWR )

HOO ‘ Mn? —OH2

‘ an*_OHz J
R'

Figure 1.3.Proposed mechanism for fatty acid peroxidation by MnLOX enzyme.



1.3 Mn"" -alkylperoxo species in biology (MNnHPCD, MnSOD ad MnLOX)

The soil bacteridrthrobacter globiformigletoxify the environmer{the soil)by metabolizing
aromatic compounds(for example catechols, 1/hydroquinones, o-aminophenols, and
salicyclatesyesulting from agricultural herbicides apdsticideghroughring opening reactiosn
Thisprocess is mediated by tMnHPCDenzyme> 4244 The active site of the resting enzyinss
a Mn' ion in a distorted octahedral environment, coordinated by two histidine residues and a
glutamate, with the rest of the coordination sites occupied by three water molecules (Figure 1.1).
43 Duringthe first step of the catalytic reactighe water molecules are displaced, and two sfethe
sites areoccupied by the substratehich binds in a bidentate fashion througlo donoratoms
(Figure 1.4) The third siteallows binding ofdioxygen (Figure 1.4). It was initiallproposedhat
the Mrl' centerdid not change oxidation state during tiagalytic cycle®> However,Hendrichet
al. performeddetailedEPR experimeistand quantitative analysi®f metal oxidation states of
MnHPCD as it turns over theaturalhomoprotocatechua{élPCA) substrateThese studiegave
insight into thenature and oxidation state of the Menterintermediatesn 1-IV in Figure 1.4
Most importantly, their experiment reporttte appearance da low concentrationntermediate
immediately after the addition of-@ samples of MNnHPCD prepared witlsignificantexcess of
HPCA Thisintermediate was quantified and identified by EPR spectroscopy tvb¥ aadical
specieslt is currently not established if thdn'" -radicalintermediateis a Mn'"'-superoxide or
Mn""'-peroxospeciesHowever, the presence of a Wintermedateimplicatesa redox change of
the Mn-center during the catalytic cycdle This Mn'"'-radicalintermediateunderwent a reaction
with the substrate to formMn"-alkylperoxointermediate 1V inFigure 1.4% %6 47In light of this
information, he consensus about the catalytic pathway is thafittfecenter binds @to form the

Mn"'-radical intermediatewhich reacts with thévound substrate to form &in'"-alkylperoxo



adduct TheMn"-alkylperoxo adductinderg@srearrangement to insert an oxygen atom into the

substrate ring, leading to ring cleavage upon protonation in aqueous environment (Figure 1.4).

E=0,NH
OH,
. 0
HisNu,,. | 1.anOH, + Substrate HlSan..,_Mnu"“\
Moy - 7N
HisN | ’ -3H,0, H HisN® | E
‘ | Il 0,
(o] EH —
+ H,0, PP OH . ?2 \\\0
H* H H'SN”“'"MI'I“IA“
0 HisN® | e
OGlu m
(o)
OH o \ o—
> 0
HiSNflu,,.I\Innn"\ = HiSN”“"'Mn"“"\\\
. Z =
HisN® | g Hisn® | WEF
OGlu OGlu v

Figure 1.4.Proposed mechanism for riedeavage of aromatic compounds by MnHPE

Mn""-peroxo intermediateare also reportedin the mechanismof the MnSOD enzyme.
MnSOD dsplayed the most complicated kinetics of any member of the SOD fdtwilgs found
by pulseradiolysis studieghat at low superoxide concentratiddnSOD exhibits ping-pong
behavior such thaD," is oxidized to @by the oxidized form of the enzynreonestep andO,'
is reduced to KO; by the reduced form of the enzyrimeanother stegFigure 1.2Y% “8Each of
these steps is first ordeith respect to theuperoxideadical aniorandutilizesa proton Figure
1.2.4%%1 At a high concentration of thesuperoxideradical anion the consumption of the
superoxides biphasicThe initial phase is fast affidst-orderwith respect to theuperoxideadical
anion while the secondphase is a slowercorder phasé® %% This biphasic behavidras been
interpretedusingthe gating mechanisri; ®>where superoxideadical anioris either reduced by
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Mn''SOD to give HO, (prompt protonatiomechanism)or superoxideadical aniorreacts with
Mn"'SOD to form an inhibited complex, which slowly des#y give M SOD and HO: (inner
sphere mechanisnsee Figure 1)Z® Thefastinitial phase of the biphasic kinesiconsist of the
superoxide consumption by both pathsd the slowzercorder phase represents glew decay
of the inhibited complex® The nature of thénhibited complexs yet to be establishebut it is
generallybelievedto be a MH'-peroxospecie.Computationaktudies have providegports in
support ofbothanendon and siden peroxacomplexs®>°® Side-on peroxidecoordinationwas
observed irthe crystalsobtained wherk. coliMNnSOD wassoaked in peroxidéut this species
might not correspond tille Mr"-peroxo intermediate observedtirekinetic studes®’

The involvement ot Mn""-alkylperoxo intermediate in MnLOXomes froman alternative
mechanismpresentedn Figure 1.5.n this alternativenechanismthe substrate peroxyl radical
displa@sthe aqua ligandf the Mrl' centerto form a Mr{'i alkylperoxo adductThis speciess
thenhydrolyzed by water to yield the hydroperoxo product and th&iMpdroxo resting state.
%8 A support for this mechanism comes froncrgstal structure oft metastable fatty acid
lipoxygenase intermediate compleailedpurple lipoxygenasdormed from theeactionFeLOX
with fatty acid substrat&X-ray crystallographgnd EPR studsshow that the purplgoxygenase

is an endoniron (1) peroxidecomplex>®



Figure 1.5. Proposed alternative mechanism for fatty acid peroxidation by MnLOX enzyme
showing Mr{'-alkylperoxo intermediate?

1.4 Mn"" -hydroxo Model Complexes

A proton-couplal electron transfgiPCET)reaction is any reaction that involve the transfer of
a proton and amlectronregardless of the kinetic mechanisthi&® This reaction is important
biologically and employed bynzymes like MnLOX and MnSOD to oxidize their substrates.
Because the MnLOX and MnSOD havia'"'-OH unit in their activesites, gnthetic mononuclear
Mn""-hydroxo complexes artargets formodelng the activity of the MnLOX and MnSOD
enzymes in PCET reactions with substr&fé8 However,syntheticmononuclear MH-hydroxo
units are raré.The first crystallographicallycharacterizedmononuclear MH-OH unit was
reported in 1992 by Armstroreg al. (supported by Schiff base ligarfd)From 20 years after this
first report (19922012), only seven structurallgharacterized Mh-hydroxo units were
reportec?® 8772 However in the last 9 years, there has béwreased interest in Mirhydroxo

adductsand new compounds have been repctttThis section will focus on the established



synthetic routesised to generatdn''-hydroxo complexesxplorethdr oxidative reactivity with

substratesand discuss improvementstte reactivity of these complexes.

1.4.1 Preparation and characterization of M#' -hydroxo Adducts

Mn'"'-hydroxo complexes are most commonly prepared tlwareaction of Mn" precursor
complex and dioxygefP: & 73 "4This route is vey desirable becausé principle, it couldbe
developed to perform catalytic turnover, thus provgdanrelatively greener and less expensive
aerobic oxidation catalyst as opposed to more expensive precious metals used indBstrially.
Mearwhile, sme studieseportedt he f or mat i o n-oxo-(o r +nygioxo) bndged| e ar
speciegrom dioxygen preparatiot? ©  "Furtherstudiesdemonstratetiow steric encumbrance
andthe presence df,0 is criticalto prevent the formation of teemultinuclear specie¥: 3
’® In the proposedmechanism for the dioxygen oxidation of Mto generate the mononuclear
Mn""'-hydroxo complex,a Mn'" centerfirst reacts with dioxygen to generate a 'Mauperoxo
specieswhich is trapped by a second Muenter to produce a-peroxedimanganese(lil, i)
species as proposed by Kovacs and BorovigScheme 1.13% 79 T h i speroxo
dimanganese(lll,l11) species oposedo undergo GO homolysis to produceithertwo Mn'V-
ox o0 uni t-sxo)dimanganebe(l\51Y)intermediate’® In continuation of the pathway that
leads to the formation of the Mroxo units, the MIY-oxo intermediateould abstract hydrogen
atom from solvent to form ehMn"' -hydroxo complexas proposed by Borovilt al (Scheme 1.1,
pathwayA),¢ or the MrV-oxo species can be attacked by remnant Marting complex to form
( ®xo)dimanganese(lll,lIl) species, which then hydrolyze in the presence of water tiegtbd

mononuclear MH-hydroxo product (Scheme 1.1, pathwBlyas proposethy Kovacset al® 7

81
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PathwayA will showa?2 : 1 Mn : Q stoichiometry while pathwayB will have &4 : 1 Mn : Q
stoichiometry (Scheme 1.4)To distinguish between these mecharsisand understand the
influence ofstericon the mechanispParharet al.used two MH complexes [Mn'"(dpaq)} and
[Mn'(dpag™®)]* as a probeg(Figure 1.6).”> 8 Dioxygen titrations were performed with the
[Mn'(dpaq)} and [Mn'(dpadg™®)]* to form their Mr"-hydroxo complexedt was found that the
[Mn''(dpag] * requires4 : 1 Mn : Q stoichiometry, while the [Midpadg™®)]* requires 2 : 1 Mn
: Oz stoichiometryto form the Mi'-hydroxo complexesThis shows thapathwayA is consistent
with the dioxygen oxidation of [Mi{dpad™®)]* to form [Mn"(OH)(dpad“®)]*, while pathwayB
is consistent with thdioxygenoxidation of[Mn'(dpaq)f to form [Mn"(OH)(dpaq)].2? Isotopic
labeling experiments, in which tltkoxygenoxidation of the Mr' complexes was carried out in
ds-MeCN, also supportedthe observedpathwayg for these complexesThe oxidation of
[Mn''(dpaq)]* in ds-MeCN did not result in any deuterium incorporation in the'Mmydroxo
product, while the oxygenation dMn'"(dpag™®)] * in d-MeCN showedthe formation of
[Mn"'(OD)(dpad™®)]*.8? The resultfrom thiswork shows the effeaif sterics in contolling the

pathwayfor the dioxygen oxidation of Mhprecursor to their MA-hydroxo complexes

Additionally, a study pedrmed by Borovik et al. usinga tripodal ligand based on trid{(
alkylcarbamoylmethyl)amine have shown ttia source of the hydroxo ligand in Mrhydroxo
complexesprepared by dioxygen oxidation of the Mprecursor complexriginates from the

dioxygen3®
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| Mn:0, Stoichiometry
2Mn"L 2:1

. A|H
8]
T/ i
o Mn''L
Mn'L __2“.._,, LMAl ——— LMmIO\O/Mn'”L - e 2MnL
0-0
Homolysis
B | 2Mn'L
OH
H,0 |
2LMp-O— mnL. ——— 4 Mn"L

Mn:0, Stoichiometry
4:1

Scheme 1.1Proposed mechanism for the dioxygen oxidation of'ddomplexes to generate
Mn""i hydroxo complexes. L = generic representation for ligand (Figdaptedrom ref. 4).

Aside from the preparation of Mi-hydroxo complexes by the reactionaMn" precursor
with dioxygen, chemical oxidants like iodosobenzene (Pli&@)ealso been used to generate
mononuclear MH-hydroxo complexe&: ™ " ®PhlO is a tweelectron chemical oxidant
typically acting as aroxygenatom transfer reagent. Whildere is no detailed mechanism
explaining the formation of Mihydroxo specie by PhiQ some valuableinsights can be
obtained from previous studies wheP&lO was employed in the synthesis of the "Maxo
specie$*®” The MnV-oxo species canreact with remnant MH#-specie to form ( €
oxo)dimanganese(lll,Ill) species, whielill hydrolyze in the presence of water to produce the

mononuclear M#-hydroxo producscheme 1.1.

Finally, Mascharaket al. have also demonstrated the direct synthesis of'Juydroxo
complex from PaPyQH (P&Py:QH = N,N-Bis(2-pyridylmethyl)amineN-ethy}2-
quinolinecarboxamide) ligarahd aMn''-salt. Duringpreparationan aliquot amount of 4 was

added to the reaction mixtuf@Thus, it is reasonable to believe that the oxygen atom of the
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hydroxo ligandin this case originates from the water molecule that was added. A subsequent
chapter of this dissertation will introduce how Wthydroxo complex can be produced by

hydrolysis ofaMn™ -alkylperoxo complex.

+
NCMe |+ _OH |
._N'/l/\\@ o ’N"'l N —
‘ <N / "MnlluNR/ 2 \ \N——Mn\' R/
— | N MeCN, 25 °C = l N
N N N
N o —
4 _ o

R =H, Me

Figure 1.6. Reaction of solvento [Mn'"(dpad®)]* complexes with dioxygen to form
[Mn"'(OH)(dpad®)]* complexesin MeCN solution at 25 °CWhen R = Hiit is referred toas
[Mn'(dpaq)] and when R = Me, it ireferred to agMn' (dpad™®)]* in the texth 82

1.4.2 Oxidative Reactivity of Mn'" -hydroxo Complexes

Mn'"-hydroxo complexes have been shown to be capalugidizing GH and GH bondsof
substratey PCET®> 70 3PCETcanbeconcerted CPET) or it can occur in a stepwiseanner,
where the proton and electron are transfer sequentyalyT-PT (electron transfer followed by a
proton transfer) or P'ET (proton transfer followed by an electron transfeechanismgScheme
1.2)%°%1n some cases,ancerted procesmncircumvent the higkenergyintermediatepotentially

formed from thestepwiseET or PT step&®
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A-H+ B PT » B-H" + A

CPET
ET ET

\ \

A-H* + B 5T » B-H + A

Scheme 1.2Schematic representation showing concerted vs. stepwise transfer of proton and
electron.

CPETreactiors are common in enzymé&%% For example itMnLOX, the Mn'"-hydroxo unit
acts as the CPET agent to initiate substrate oxid&tidhA prominent reporbf a Mn'"-hydroxo
complex that mimics MnLOX activitgomes from Goldsmitlet al, where they reportethata
[Mn'""(OH)(PY5)F* (PY5 = 2,6bis(bis(2pyridyl)- methoxymethane)pyridine) (Figure7).is
capable of oxidizing €4 bonds of hydrocarbons like toluene, fluorene, HHNA and xanthene

(C-H BDFE = 75i 88 kcal/mol), thereby mimking the MnLOX activity’®
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Mn™(OH)(dpaq)]” [Mn™(OH)(dpaq™9)]"*

Figure 17. XRD structure of [MH (OH)(dpag)[”®> & [Mn"'(OH(dpadM®)]*"
[Mn""(OH)(PY5)F*'°, and [MA'(OH)(S¢2N4(tren))]"®°. Solvent, countefions and norhydroxo
hydrogenatomswere removedor clarity.

Another class of MH-hydroxo complexes that are capable of oxidizingl ®ond comes
from our group, where we reported two dpagmplexesi [Mn"'(OH)(dpaqg)] and

[Mn''(OH)(dpag™®)]* (Figure1.6 andl.7) that are capable aiidizing GH bond of xanthené&

The motivation for using the dpagq ligand originates from the monoanionic net charge of the ligand

when it coordinates to the metal jomhich mimics the net charge of the amiacid derived
ligands of MnLOX (Fgure 1.1). These complexes haygs values of 8 x 18 and 2.5 x 1§ s?,
respectivelyfor their reactivity with 25@quiv. of xanthene at 50 °C in MeCNDFT calculations

showed tha{Mn''(OH)(dpaq)T oxidizes xanthene at a faster rate than '[N®H)(dpadV®)]*,
15



because of theteric encumbrancéom the 2methyl substituent on the quinoline rimg the

[Mn"'(OH)(dpadM®)]*. The transitionstate revead thatsteric hinderanceaused xanthene to be
oriented differently with the [Mn"'(OH)(dpadV®)]*, compared to the orientation in
[Mn"'(OH)(dpaq)1.”® Thereorientatiorin [Mn"'(OH)(dpad™®)]* introduced a destabilizing effect
that caused the transition state of [MOH)(dpad“®)]* to be higher than that of

[Mn"'(OH)(dpaq)](OTf) by about 3 kcal/mét.

Thekobs values for xanthene oxidation by [M(OH)(dpag)f and [Mr"(OH)(dpad"®)]* can
be compared to thkops value obtained bextrapolating the secormtder rate constant for the
reaction of[Mn"'(OH)(PY5)F* with xantheneto 250 equiv of xanthene The kobs valuesfor
[Mn"'(OH)(dpaq)] and [Mn'"'(OH)(dpad“®)]* are 1030 fold slower than that of
[Mn""(OH)(PY5)F* (8 x 10? s1).%% This enhanced reactivitior [Mn"' (OH)(PY5)F* could be
causedby the higher MH"" reductbn potential of [MH'(PY5)(OH)F* (+0.14 V vs Fc/Ftin
MeCN)° compared to those of the [MOH)(dpaq)f and [MA"(OH)(dpad“®)]* (-0.73 V and-

0.62 V respectivelyvs Fc/F&in MeCN) 86 70. 73

Efforts have been taken to improve the capability of'Mrydroxoadductsin activating GH
bonds. A significant mthod to modulate the oxidative reactivity of 'Nthydroxo units involve
the introduction ot Lewis acid.Studiesperformedin our group where we adde&c(OTfk and
Al(OTf)3 to [Mn'""(OH)(dpaq)] solutiongave rise t@ newintermediate that is spectroscopically
distinct from [Mn"(OH)(dpaq)].8® This new intermediate was characterized # NMR
spectroscopyo bethe Mr"-aqua complex [Mn'"'(OH)(dpaq)f*. [Mn"'(OH,)(dpaq)f* reacts
with 9,10DHA (a substrate that [Mh(OH)(dpaq)T displays no activity towards) and displayed a
30-fold enhancement in rate relative to the only'"Mmydroxo complex([Mn"' (OH)(PY5)F")

known to react with 9, HDHA. "% 8Thetreatment of [MH' (OH)(dpaq)] with Bransted acisllead
16



to the same effeé. Thus, it was concludedthat the primary influence of the Lewis acidsto
coordinate water andhcrease the Brgnsted acidity of the solution, thereby promoting the
protonation of the MH-OH unit® Namet al.alsoreported that the reaction of [MOH)(dpaq)]

with trific acid leads to the formation of crystallographically characterized
[Mn"'(OHy) (dpaq)F*.%° This [Mn"'(OH.)(dpaq)f* reaction with xanthene at 25 °C in MeCN
shows substantial enhancement in rate relative to the reaction b{@\W)(dpaq)] with xanthene

at 50°C in MeCN? Therelative enhancement in rate is credited towards the increase in tHe Mn
reduction potential of the [MhOH,)(dpaqg)f* when compared to tHin"' (OH)(dpaq)] (1.03

and-0.1 V respectively, vs. SCE.

Mn"'-hydroxo units are also capable of oxidizingHObonds of TEMPOH. TEMPOH is a
substrate commonly used for CPEERctionsecause of its relatively weakertbond (BDFE =
66.5 kcal mot in MeCN a 298 K), high fXa value (Ka = 41 in MeCN) and the difficulty in
oxidation (TEMPOHT Ep. = 0.71 V vs. F9).5° Kovacset al. reporteda thiolateligated
[Mn'"'(OH)(SY®2N4(tren))]" complex (Figure T) that is capable of CPET reactivity with
TEMPOH substrate with a secoratder rate constankd) of 2.1 x 16 Mlst at 25 °C in MeCN.
Our group also reported that [M(OH)(dpaq)] and [Mn"(OH)(dpadV®)]* areable to oxidize
TEMPOH k. = 1.1 and 3.9 Ms* respectively at35 °C in MeCN). The [MH (OH)(dpag"®)]*
complexis more reactive than [M(OH)(dpaq)] because the steric perturbation by thaéthyl
group in the [MH'(OH)(dpad“®)]* causeé an elongation of the Mbguinoine bond in
[Mn"'(OH)(dpad™®)]* relative to [Mn'(OH)(dpaq)] by 0.11 A. This elongation leads to a more
Lewis acidc Mn"" center in [MA'(OH)(dpad™®)]* and thus a higher MH' reduction potential
by 0.11 V.Theactivation parameters for tmeactions of these complexes with TEMPOH shows

that the g8 contribution to thegi®’ is relatively higher for [Mn"' (OH)(dpad®)]* by ca. 6
17



cal/mol/K due to the steric straiirom the 2methyl substituent, but thegH’ for
[Mn""'(OH)(dpadM®)]* wasdecreased by nearly twold relative to [MA' (OH)(dpaq)]. Thusthe
qGY for [Mn"'(OH)(dpad™®)]* is 1.4 kcal/mol lower than that of the [M{OH)(dpaq)].”® The
reducedqG’ explains whythe reactivity offMn'"'(OH)(dpag“®)]* with TEMPOH is faster than
that of [Mn" (OH)(dpaq)}.”® The reactivity of the [MH (OH)(dpaq)] and [MA" (OH)(dpad“'®)]*
can be compared to thehiolateligated [Mn"' (OH)(SY®2N4(tren))]" reported by Kovac®
Comparison showshat [Mn'"(OH)(SY®2Na(tren))[" is faster than [MW(OH)(dpaqg)l and
[Mn"'(OH)(dpad™®)]* by ca. two order of magnitude€®¥: ™ Given the difference in the local
environment of the dpatigatedcomplexes from the thiolateggated[Mn"' (OH)(SY¢2N4(tren))T,

it is difficult to gain insight into how to modulate reactivity.

It is already clear how structural perturbation influerthe behavior of the M-hydroxo urit
from the comparative studiesthe [Mn'" (OH)(dpaq)] and [Mrl" (OH)(dpadV'®)]*. To gain more
insight into how electronic modulation through the ligand scaffold could impact the kinetic and
thermodynamic properties of the Ni#hydroxo complexes and consequently control their
reactivity, our group embarked on investiggtia series of MW-hydroxo complexesi
[Mn''(OH)(dpagP)]* (R = H, NQ, OMe, and Cl), where the-fosition of the quinoline was
substituted Scheme 1.3}* This electronic modulation leads to an overall change in th&'Mn
reduction potential byca. 250 mV for the extremes of [MHOH)(dpagN©®?]* and
[Mn"'(OH)(dpag®M9)]*. This variation in the MW" reduction potential shows direct and linear
correlation with the logarithm of the seceadier rate constants (Idg)) of the complexes with
TEMPOH at-35 °C. The largest rate constant was obtained for the most eleetiiorent complex
i [Mn"'(OH)(dpagN®?d)]* (k.= 7(1) M 8" ) and the smallest rate constant obtained for the least

electron deficient complex [Mn'"'(OH)(dpag®"9)]* (k2= 0.8(1) M i 3. The correlation
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betweenthe reduction potential vs. Hammégt.a varies more strongly timathe @ Ka vs.
Hammettlipars and therefore contributes more to the BDFE of thé -k, complexes? This

shows that the M{' r educti on potenti al 6 sdrivingfarterisinoret i on
significant. The overall effect reflects as a small variation in the semalat rate constants for

TEMPOH oxidation by the [MA(OH)(dpag®)]* complexes (0.8(1) 7(1) Mis?).”

+
OH
P
é‘:__mnlll
@

R =H, NO,, CI, OMe

[Mn"'(OH)(dpaq®®)]*

Scheme 1.3Molecular structure diMn''(OH)(dpag®)]*, where R = H, N@ Cl and OMe.

Structural and spectroscopic studiesvamious enzymes have shown that the enzymes can
interact withtheir seconesphere to perform thefunctions®* This may also be importairt the
design of metal complexes to mimic the activity of these enzyhtas. examplethe active sites
of MNLOX and MnSOD feature hydrogen bonding interactioetsveen théydroxo ligandof the
Mn"'-hydroxo unitand neighboring amino aci&l While therewere studies thadiscusgd the
importance of the hydrogen bond between coordinated solvent and the-sphenel glutamine
ligand in MnSOD** comparatively less attention has been paid to the consequences of the
hydrogen bond é&tween the hydroxo and carboxylate ligands in either MNnSOD or MnIQXs,
in the subsequent chapters of this dissertation, wedigitluss how we control the reactivity of
Mn"'-hydroxo complexes by hydrogen bonding interact®ince primargoordination spherare
also correlated to enzyme functions, we veilso discusdhow steric perturbation along the
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equatorial MANpyrigine bondsfor a derivative ofMn'"'(OH)(dpaq)] modulate thereactivity of the

Mn'""-hydroxo unit.

1.5 Mn"" -alkylper oxo Model Complexes

Mn-alkylperoxo adducts are common and important intermediatasnous oxygenase
enzymes, where they can be directly involved in substrate oxidation or precede the formation of
high-valent Mnoxo specie$® * Given the importance of the Malkylperoxoadducts efforts
have been directed towards their isolation, synthasid characterizatiot?. However, thistask
has proven to be difficult, due partto the thermal instability okMn'"-alkylperoxo adducts®™
Therefore, very few mononuclear Mikyperoxo species (biological or synthetic) have been
characterized. The first synthetically isolated and structurally characterizedlklylperoxo
complex was an endn Mn'-alkylperoxo complexi Mn"(OOCm)(TgE“™) reported byMoro-
oka et al, which (Figure 18).°® This complex was synthesized lige addition of cumyl
hydroperoxide (CmOOH) to a solution of [MIOH)(TpB"'P)] (TpBYP" = hydrotris(3tert-butyl-
5-iso-propyk1-pyrazolyl)borate). This Mhalkylperoxo complex is unstable at room temperature,

and unreactive towards organic subssat

Bu
ipr ol
—~N ¢
pr N- xBu
)
ZN NiMn""-0
H—Bl 7z, \
N—N31 9 Gl

Mn''(OOCMe,Ph)(Tp™B**r)

Figure 1.8. Molecular structures of MfOOCm)(TpE"'P) complex.Selected bond lengths (A)
and angles (deg) are as follows: /@1, 1.964(3); MAN11, 2.132(3); MAN21, 2.161(3); Mn
N31, 2.159(3); 0102, 1.4114).
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The majority of the knowrMn-peroxo complexes are the side complexes (Figure 9).%"19°
Pioneering work on the synthesis and structural characterization ednelih''-alkylperoxo
adductswas done by Koacset al. They reportedcrystallographicallycharacterizedhiolate
ligated [Mn"'(OOR)(N:sS)]* alkylperoxo complexes[Mn""'(SM¢2N4(QuinoEN))(OCBu)]* and
[Mn'"' (SMe2N4(QuinoEN))(OOCm)] complexes (Figure 10), generated by the reaction of
[Mn" (SM®2N4(QuinoEN))T" with BuOOH and CmOOH respectively the presence of B in
dichloromethane atl5 °C1%® They went further by reporting four additional structures that are
structurally related to previous complexal with the general formufn" (OOR)(NsS)]*.*° The
availability of these set of structures wailsimilar local coordiation environmentyet still with
systematic structural variatioradlowed for the development sfructurereactivity correlation.®
Interestingly, these long MiN distances are correlated with the alkylperox@® ®ond lengths,
which vary from 1.43 to 1.47 AFigure 1.1).°°® As shorter MAN distances gave longer-O
bonds, it was proposed that lesswis acidic MH'-centers yielded more activated Nn
alkylperoxo adducts. By using variakilEEmperature kinetic studies, the@bond lengths for these
Mn""'-alkylperoxo complexes were also correlated to their thermal decay ratésalkiiperoxo
adducts with longer @ bonds decayed more rapidly, with lovegt’ values(Figure1.11) and
& values that were more negatf?eBecause of the correlation between the-Ndistances and
the GO bond lengths, thesesults suggest that activation of Vkalkylperoxo complexes can be

controlled by the donor strength of grougisto the alkylperoxo unit.
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1+

N

[Mn'(0,)(13-TMC)]*

S

N~/

[Mn"(0,)(14-TMC)]* [Mn"(0,)(x4-N4Py)I*

Figure 1.9. Some examples of sige Mn'"-peroxo specie¥ 1%

Thermal decomposition studies and analysis of the decay products of theuvhrylperoxo
adduct supported a decay by homolytic cleavage of the alkylperédb@d® These studies
also show that the @ bond of the endn Mn'"-alklylperoxo complexes is more activated than
the sideon peroxo complexes (1.4811.468 A vs1.403i 1.428 A)® Thisdifferencemay explain

why the sideon complexes are more common than the@mdomplexes.
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Figure 1.10. X-ray crystal structures offMn"(SM®2N4(QuinoEN))(OCBuU)]* (left) and
[Mn'"' (SMe2N4(QuInoEN))(OOCm)] (right) complexes showing 50% probability thermal
ellipsoids. Counter ions, solvent of crystallizatiand hydrogen atoms are removed for clatify.

17
2.52 - R?=099 |
2.50 — — 16
L o4 Most [ =
o activated 15 g
3] = .
% 2.46 — complex ] %
3 g
a 244 — Least L 14~
— | activated H 5
& 2.42 | complex =
© ©
& ' - 132
2.40 —
3 . - ®
Z 238 125
£ ) L 5
= 2.36 —
E — 11
2.34 — L
{R*=0.96
2.32 10

I T | T I ' I T I
1.430 1.440 1.450 1.460 1.470

Mn"-OOR 0-O Bond Length (A)
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length for[Mn"' (OOR)(NsS)]* complexes®
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It is important to note that these complexes are metastabl® &C and display no direct
reactivity towards substrates. While this work provided a highly impactful contribution to the
Mn'"-alkylperoxo chemistry in terms of structstability relationship, some questions stitieed
to be addressewhy do the [MAl'(OOR)(N:sS)]* complexes display no activity towards substPate
Other metal alkylperoxo complexesuch asFe-,0" 198 Co- 109111 gand Cualkylperoxd!?114
adducts, are capable of oxidizing subssatesuch as 1,4-cyclohexadiene, -2

phenylpropionaldehyde, and triphenylphosphili¢hy is the reactivity ofMn'"

-alkylperoxo
adducts unlike theiMn'"'-hydroperoxo analogues, which have been shown to be capable of
reactions likeCPET, oxygen atom transfer (OAT), aldehyde deformylatamd sulfoxidatio'>

118 |s the inativity of the [Mn"'(OOR)(N:S)]* complexes because of the difference in the nature
of the metal center gelatedto the local coordination sphere? Finally, what faotimtermine the
decomposition pathway? For faékylperoxoadducts experimental and computatiormrakthods
indicatethat the spin state of the Fe center determines if thedkiyperoxo will decay by F© or

O-0 bond cleavage, where the l@pin complersare thermodynamically favored to decay by O

O bond homolysis ankigh spincomplexesy FeO bondhomolysis'! 12

To answer the first question, our group investidatee stability and reactivity of Mt
alkylperoxo by using théldpagand Hdpad"® ligands, whichhave anall nitrogencoordination
sphere Two new Mn'-alkylperoxo complexes i [Mn"'(OOBu)(dpag)] and
[Mn"'(OO'Bu)(dpad™'®)]* were reported?! However, these complexes were ubgtati 2 = 3200
and 3600 s, respectively, for 2 mM solusan CH:CN at-15 °C) but were characterized by
electronic absorption, Mnd¢dge Xray absorption, and FIR spectroscopie¥! The requirement
of excess amountd the'BUOOH for the formatiomf these complexemade studiesof reactivity

and investigatios of the thermal decay pathwalfficult. Just recently, Kovacst al. reported a
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metastable alkoxide derivatitf@ of previously reported [MHA(SV¢2N4(6- Me-DPEN))(OOBuU)]*,

9. 122 in which the ligand framework and molecular charge are maintained, but the inner
coordination sphere was varied by replacing the monoanionic thiolate with a monoanionic
alkoxide (Figure 1.2). This modification leads to an enhancement in stability of the complex
compared to the thioladégated versiont?? This resultfurther shows the influence of the local
coordination environment on the stability of Whalkylperoxo complegs Nonethelessthe new
complex did not show ameactivity with substrates. Thus, the preparation of'Mitkylperoxo
species thiadisplay chemical reactivity with substratsilarto other metaklkylperoxo andhe
Mn"'-hydroperoxo analogseaemains undiscoveredn addition,the factors that determine the

decomposition pathwayf Mn'"-alkylperoxocomplexesareyet to be uncovered.

[Mn"(0O0’Bu)(SM**N,(6-MeDPEN))]*  [Mn'(OO’Bu)(OM**N,(6-MeDPEN))|*

Figure 1.12. Molecular structures of [Mn"'(SM2N,(6-Me-DPEN))(OCBuU)]* (left) and
[Mn'"' (OMe2N4(6-Me-DPEN))(OCBU)]* (right) complexeg©

The work presented in the chapBaras carried out to add to the limited knowledge about the
chemistry of Mn'"-alkylperoxocomplexesThis chapter contain descript®of the synthess of
two roomtemperature stable Mnralkyperoxo complexesising a newderivative of the dpaq
ligand, their thermal decay pathwaysand presentsthe reactivity of thesevin''-alkyperoxo

complexeswith phosphine and phenolic substrates.
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Chapter 2
Controlling the Reactivity of a Metal-Hydroxo Adduct by a Hydrogen Bond

The contents of this chapter have been submitted tdm. Chem. So@nd are undergoing
revisions.
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2.1Introduction

Metaloxygen adducts.gé., metaloxo, -peroxo, andhydroxo species) feature prominently in
the proposed mechanisms of a variety of metalloenzymes andraniatiule, synthetic catalysts.
" In many cases, these metadygen speies are involved in critical substrate oxidation steps in
the catalytic cycle. While it is now well established that higlent metaloxo species can be
involved in such reactions, there are increasing examples efamidhighvalent metahydroxo
specis that can effect substrate oxidation reactfofisSTwo metalloenzymes that rely on mid
valent metal(lll}hydroxo adducts to perform their function are manganese superoxide dismutase
(MnSOD) and manganese lipoxygenase (MNnLOMNSOD regulates the levels of reactive
oxygen species in the cell by catalyzthg disproportionation of superoxide to hydrogen peroxide
and dioxygert®2° The MnLOX enzyme catalyzes the oxidation of polyunsaturated fatty acids into
their hydoperoxides, which are further metabolized into biologically active oxylipins such as a
leukotrienes and jasmonates. These oxylipins act as inflammatory mediators and

reproductive/growth regulators in plafts?!

The MnSOD and MnLOX enzymes both feature active sites containing mononuclear Mn
centers with coordinated solvent ligands (Figiig.1% 2% 22 23\ hen these enzymes are in their
Mn'"" oxidation states, the solvent ligand is presumed to be in the hydroxd“®rim. each
enzyme, the hydroxo ligand plays a critical functional role. In order to efficiently disproportionate
superoxide, the MH{" reduction poteral of MNSOD must lie midway between the potentials for
superoxide reduction to hydrogen peroxide and oxidation to molecular oxygen (0.€01&nd
vs. NHE, respectivelyd> 28 2°Since the MW" reduction potential of aqueous Mn is quite high
(1.51 V vs. NHE), the MnSOD protein must suppress the potential by ov&tThis suppression

is facilitated to a large degree by hydrogen bonding interactions between the hydroxo ligand and
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a glutamine residue in the second coordinasiphere (Figure 1, rightf: 28 2°In MnLOX, the
Mn'""-hydroxo unit initiates oxidation of the unsaturated fatty acid substrate by a concetted p
electron transfer (CPET) reaction, where the"'Msenter accepts an electron and the hydroxo
ligand serves as the proton acceptdrhus, redox reactions of a Mrhydroxo unit are critical to
the function of both enzymes. (CPET is a-sldss of PCETwherethe proton and electron are

transferred in the same kinetic stép 3!

GIn281 K"

¢ *T ........... G

&
valeos % Mn Asp167
His171 \
<y

" His26
MnLOX MnSOD b

His284 I

&

(
s 4
4/ His469

Figure 2.1. Active-site structures of MNLOX (left) and MnSOD (right) from PDB files 5FNO and
1VEW, respectively. Important hydrogéonding interactions with the coordinated solvent ligand
are shown with dotted lines. The coordinated carboxylate of MnlOXbieled according to the
C-terminal amino acid from which it derives.

Although the active sites of MNSOD and MnLOX are distinct in several ways, in each case a
coordinated carboxylate @s to the solvent ligand (Figur21).3% 23 Structures of the active site
of Mn""SOD from DFT computations typically show the hydroxo ligand donating a hydrogen bond

to the carbonyl group of thigs aspartate liganéf 34 35A similar hydrogen bond may be inferred
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for the MA"LOX active site (Figure.1, left). While there are numerous studies aésing the
importance of the hydrogen bond between coordinated solvent and the-sphengl glutamine
ligand in MnSOD?° comparatively less attention has been paid to the consequences of the putative

hydrogen bond between the hydroxo and carboxylate ligands ar 8tiSOD or MnLOX.

Our group has sought to understand the reactivity of ydroxo complexes using synthetic
model complexes. For example, using the '[N@H)(dpaqg)f complex and its derivatives (see
Figure 22, top), we have shown that Mrhydroxo complexes with more electrateficient
ligands show an increased rate for CPET reacfidiisThese rate variations were related to the
increased oxidizing power of the Mcenter, as marked by a WH reduction potential. However,
the ligand variatins explored in this work have effected changes only in the primary coordination
sphere. As can be inferred from the MNnSOD and MnLOX active sites in Ridurthe utilized
extensive hydrogen bonding in the extended coordination sphere must also medictatey of

the Mrl"-hydroxo unit.
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PaPy,NH [Mn"{(OH)(PaPy,N)]*

Figure 2.2. Structures of dpag, PafyH and PaPyNH ligands (left) and corresponding Mn

hydroxo complexes (right). The structures for [M®H)(dpaq)] and [Mrl" (OH)(PaPyQ)]* are

ORTEP renderings using the crystal structure of the triflate and perchlorate salts, respectively (see
ref. 3 and*?). Hydrogen atoms (except for the hydroxo proton) and counteranions were removed
for clarity.

Our understanding of theoles of hydroge#bonds in stabilizing unusual ligands and in
contributing to particular reactions has benefitted greatly from model complexes that mimic
interactions observed in metalloenzyme active $fté€For example, Borovik and emorkers
have utilized a variety of tripodal ligands with intramolecular hydrdgmmd networks to
demonstrate how hydrogen bonding can modulate the properties of oxo ligands for metals in

moderate (F& and Mr")** %o high (F&, Mn", and MrY)*>*’ oxidation states. The importance
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of the hydrogesbond network of these tripodal ligds on Qactivation has also been examirtéd.

49 Fout and ceworkers have employed an azafulveminebased tripodadigand with a second
coordination sphere cavity that tautomerize between hydsoged donating to hydrogewond
accepting configuratiorS.Metal complexes of these ligands have been employed to stabilize oxo
adducts for metals in moderate oxidation statet @wed Mn")>! 52and to support catalysts for
nitrite and perchlorate reductiGh.Employing a variety of ligandsvith hydrogerbonding
capabilities in the secondary coordination sphere, Szymczak awdrkers have explored the
role of intramolecular hydrogemonding interactions on the properties and reactivity of late
transitionmetal complexeg*®! Additionally, Karlin et al. have reported that the introduction of

an intermolecular hydrogedponding interaction to a synthetic, hemé'Fexo complex enhances

the reactivity of this completowards oxidizing €H bonds??

Of most pertinence to the MNnSOD and MDX systems, Borovik and eeorkers recently
determined the influence of variations in the strength of a hyd+bged donor on the properties
and chemical reactivity of Mtroxo complexe$§® Thesestudies employed a modified tripodal
ligand with a single phenylurea arm capable of donating a hydrogen bond to the oxo ligand. The
strength of this hydrogen bond was modulated using phenyl substpaeats the HNireagroup.
In this series, it was fouhthat reaction rates with 9,ibhydroanthracene (DHA) varied by more
than 106fold, with faster rates observed for complexes with eleatidnpara substituents. On the
basis of a comprehensive analysis of kinetic and thermodynamic data, it was cortbhided
variations in the basicity of the oxo ligand, caused by the differences in hydsogdrstrengths,

led to the observed changes in reaction r&tes.

In the majority of these recent studies thtramolecular hydrogelmonding network places a

hydrogenbond donor adjacent to an oxo or hydroxo ligand. This situation is distinct from the
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putative hydroxecarboxylate interaction in the MiSOD and MH' LOX active sites, where the
carboxylate actas a hydrogetvond acceptor for the hydroxo ligand (Figure 1). What effects does
this hydrogerbond acceptor have on the properties and reactivity of tHe-iwaroxo unit? In

this present work, we address this question using a pair 8fiWdroxo compéxes, one of which
contains a hydrogebond accepting group adjacent to the hydroxo ligand, and one of which does
not. We employed the [MH(OH)(PaPyQ)]" complex, previously reported by Mascharak and co
workers?9 as the complex lacking a hydrogband. The crystal structure for this complex shows
an aryl rirg of a quinolinyl group adjacent to the hydroxo ligand (Figu&). To introduce a
hydrogenbond acceptor, we developed a new ligand (EdRY, where we have substituted the
quinolinyl group in PaP¥QH with a 1,8naphthyridinyl group (Figur.2, bottom).Spectroscopic
studies of [MH'(OH)(PaPyQ)]" and [Mrl" (OH)(PaPyN)]* confirm similar ligand binding modes

in these complexes, but the consequences of the putative hydiroigeing interaction in the latter
complex are manifested through perturbationshe electronic absorption spectrum. These
conclusions are further supported by structural and spectroscopic characterization of the
corresponding MA-methoxy complexes. An assessment of the reactivities of tHeiydroxo
complexes using a variety sfibstrates shows that [M(OH)(PaPyN)]" displays far more rapid
rates in CPET reactionsd. 15- to 10Gfold rate enhancements relative to [M©OH)(PaPyQ)]".

A thermodynamic analysis of the contributions to the CPET rates of these complexes provides
strong support that the increased basicity of [NDH)(PaPyN)]* leads to the enhanced reactivity

of this complex. Accordingly, these studies suggest that one role of the handpaxylate
hydrogenbonding interaction in the MISOD and MH'LOX systens is to enhance the oxidizing

ability of the Mr'-hydroxo unit by increasing the basicity of the hydroxo ligand.
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2.2 Materials and Methods.

All chemicals and solvents used were ACS reagent grade or higher and were obtained from
commercialvendors. These chemicals were used without further purification unless otherwise
stated. Anhydrous and degassed acetonitrile, methanol, dichloromethane and ether were obtained
from the Pure Solv (2010) solvent purification system. lodosobenzene (Phi@jepased using
a literature procedur®. Phenolic substrates and BIPFs for electrochemistry were purified by
recrystallizations in hot ethan®l. TE MP OH -6(, 28tidhijhylpiperidind-ol) was
synthesized according to literature procedfréhe N,N-Bis(2-pyridylmethyl)amineN-ethy}2-
qguinolinecarboxamide (PaRyH) ligand was synthesized using a procedure reported by
Mascharalet al*°'H NMR and ESIMS data supporting the formation of this ligand are provided
in Figures Al.1 and Al.2. Electronic absorption data were collectedaoan Cary 50 Bio
UVTvisible s peguppedaaviphhadinisokagUWSEOB-A) cryostat.'H NMR were
collected on a Bruker AVIIIHD 400 MHz spectrometii. NMR data acquisitions for the Mn
hydroxo complexes were collected with a spectral width of 15050 ppm with 1000 scans to
provide sufficient signalo-noise ratio. Spectra were processed in the Ref§bva software. ESI
MS experiments were performed using on an LCT Preiigrquadrupole and time of flight
tandem mass analyzer with an electrospray ion source. Electron paramagnetic resonance (EPR)
experiments were performed on a Bruker EMXPlus speet®mvith a duamode cavity and an
Oxford instruments cryostat. Electrochemical measurements were performed using a Basi®
PalmSens EmStat3+ potentiostat.

Synthesis of PaPNH ligand. The PaP3NH ligand was synthesized in a stepwise proceses,

as describebdelow.
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1,8-naphthyridine2-carboxylic acid. The 1,8naphthyridine2-carboxylic acid was
synthesized using a modification of a route from Batral®’ In a glovebox, 3.0 g (24.6 mmol) of
2-amino-3-pyridinecarboxaldehyde were weighed into a Schlenk flask equipped with a magnetic
stir bar and wrapped with alumim foil to exclude light. The flask was stoppered with a pierceable
rubber septum and wrapped with Parafilm. The flask was taken out of the glovebox and transferred
to a dark fume hood. 4.40 mL methyl pyruvate were added to the Schlenk flask by sydage un
dynamic N flow and vigorous stirring. 30 mL ethanol were also added by syringe, followed by
the addition of 5.0 mL deionized-8. The mixture was placed in an ice bath for 30 minutes. 30
mL 3.0 M NaOH were added dropwise to the mixture by an addionel under dynamic N
flow. After complete addition, the ice bath was removed, the mixture was warmed to room
temperature and stirred for 16 hours under stagicA\clear, orange solution was obtained. The
orange solution was placed in an ice bath anddht to pH 1.0 using concentrated HCI. A cream
precipitate was formed. This solid was filtered using afiindguchner funnel, then washed with
cold ethanol and cold acetone. The solid residue was then dried in vacuo. (4.214 g, 98%lyield).
NMR (400MHz, D;O) § 8 J=0491, 1(9 i 1H), 8.4D8.27 (m, 2H), 7.98 (d] = 8.4 Hz,
1H), 7.60 (dd,) = 8.2, 4.4 Hz, 1H) (Figure A1.3).

Ethyl 1,8naphthyridine2-carboxylate A mixture of 1.18 g (6.8 mmol) 1;8aphthyridine2-
carboxylic acid and 45 mL BtH with 1.6 mL of concentrated sulfuric acid was refluxed under
vigorous stirring for 24 hours. The EtOH was removed using a rotary evaporator, leaving a red,
oily residue. This oily residue was neutralized with excess saturated sodium bicarbonate until
effervescence was longer observed. The product was extracted several times with 25 mL
chloroform until the chloroform layer became almost colorless. The chloroform extract was

washed successively with deionizeddH(53 50 mL), dried over anhydrous p&O; for ca. 2
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hours, and then filtered by gravity filtration. The filtrate was dried in vacuo to yield an orange solid
(1.098 g, 92% yield!H NMR (400 MHz, CDCJ) U 9 .J2 &2, 2.0dHE,,1H), 8.38 (d,=
8.4 Hz, 1H), 8.33 8.25 (m, 2H), 7.61 (dd] = 8.2, 4.2 K, 1H), 4.54 (qdJ = 7.1, 1.1 Hz, 2H),
1.49 (td,J = 7.1, 1.0 Hz, 3H) (Figure A1.4).
N-(2-aminoethy1,8-naphthyridine2-carboxamide.1.63 g (27.12 mmol) ethylenediamine
was added to a rourabttom flask containing 1.098 g (5.43 mmol) ethyl-agphthyrdine-2-
carboxylate, followed by the addition of 1.0 mL pyridine. The mixture was heated to 100°C for 4
hours under a Natmosphere. The solvent was removed using a rotary evaporator, leaving an
orange oil. The oil was acidified to pH 5 with concentrated E@& was then washed with
chloroform (23 50 mL). The aqueous layer was made basic with 15 mL pH 10 NaOH solution
and extracted with chloroform (6 50 mL). The chloroform layer was dried over anhydrous
NaSQy and filtered by gravity filtration. The solaewas removed in vacuo to yield an orange
solid. (0.982 g, yield: 84%fH NMR (400 MHz, CDC{) U 9 J<4432, 2A0dHd, 1H), 8.55 (s,
1H), 8.39 (dJ = 8.4 Hz, 1H), 8.33 (d] = 8.4 Hz, 1H), 8.24 (dd] = 8.2, 2.0 Hz, 1H), 7.54 (dd,
= 8.2, 4.2 Hz1H), 3.54 (qJ = 6.2 Hz, 2H), 2.93 (] = 6.1 Hz, 2H) (Figure A1.5).
N-(2-(bis(pyridin-2-ylmethyl)amino)ethyil,8-naphthyridine2-carboxamide (PaPNH).
0.982 g (4.54 mmol\N-(2-aminoethyl1,8-naphthyridine2-carboxamide were placed in a round
bottom flask with 1.489 g (9.08 mmol)-(2hloromethyl)pyridine hydrochloride. 2.7 mL of
deionized HO and 2.2 mL 10 M NaOH were added to this solution. The mixture was heated to
70°C fa 4 hours. 40 mL saturated NaOH were added to the mixture, and then the solution was
extracted using chloroform (8 50 mL). The reddis#brown solution was then washed with
aqueous HCI solution (pH 5) until the aqueous extract became light browvd@8 ni). The

chloroform extract was dried over anhydrous®@;, filtered, and the solvent was removed in
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vacuo. (1.653 g, yield: 9195 NMR (500 MHz, Chloroforred) G 9 J=2452, 2(0Hd, 1H),

8.89 (d,J = 5.8 Hz, 1H), 8.61 8.52 (m, 2H), 8.4% 8.36 (n, 2H), 8.31 (ddJ = 8.1, 2.0 Hz, 1H),

7.67 (d,J = 7.8 Hz, 2H), 7.63 7.58 (m, 3H), 7.11 (ddd} = 7.2, 5.1, 1.3 Hz, 2H), 3.95 (s, 4H),
3.67 (qJ= 6.1 Hz, 2H), 2.88 (1) = 6.3 Hz, 2H) (Figure A1.6}°C NMR (126 MHz, Chloroform

d 4 154. 73892, 12749, 135.80, 123.38, 123.28, 122.21, 120.34, 60.53, 52.96, 37.67
(Figure A1.7).'H-13C HSQC (Figure A1.8) ESMS m/z399.19 [M+H] (Calc: 399.19) (Figure
A1.9).

Synthesis of [Md' (PaPy.Q)](OTf). In a glovebox, 0.374 g (0.94 mmol) PaBH were
dissolved in 20 mL of CEDH. A solution of 0.091 g (0.94 mmol) N&d dissolved in 20 mL of
CH3:OH was added dropwise to the solution of P&y under vigorous stirring. The mixture was
stirred continuously for 15 minutes. 0.410 g of (0.94 mmol} (@Tf)2-(CHsCN)z in 20 mL of
CHsOH was added dropwise to the mixture. A clear, brown solution was obtained. The mixture
was stirred continuously for 24 hours. The solution was concentrated in vacuo until a beige colored
precipitate was observed. The concentratddtion was layered with ether and allowed to stand
for 24 hours. The solvent was carefully decanted leaving a beige precipitate. The precipitate was
dried in vacuo, washed with ether and dried (these processes were performed twice). Repeated
recrystallizaion of this beige precipitate in GBN produced orange microcrystals (0.452 g, 80%
yield). Crystals suitable for-Xay crystallography were obtained by slow vapor diffusion of ether
into concentrated acetonitrile solution of [RaPyQ)](OTf). We note hat, in solution, the
[Mn!'(PaPyQ)](OTf) reacts with ambient Dover the course ofa. 50 minutes to yield the
[Mn"'(OH)PaPyQ]*. Because of this reactivity, we stored [MRaPyQ)](OTf) as a solid in a

glovebox.
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The perpendicular mode -Band EPR speaim of a 3 mM CHCN solution of
[Mn'"(PaPyQ)](OTf) at 10 K shows a broad signalggg 2. 0 t hat we attri but
Mn'" center (Figure Al1.12). Evans NMR data for [MRaPyQ)](OTf) in CDsCN further
supporting this assignment, yieldings= 5.67 BM (Figure A1.13). ESUS analysis of a CkCN
solution of [Mr'(PaPyQ)](OTf) shows a peak at/z= 451.12 (calc for [MiPaPyQ)]*: 451.12)

(Figure Al1.14).

[Mn""(PaPy:N)](OTf)-CH sCN. In a glowebox, 0.695 g (1.75 mmol) PaRyH ligand was
dissolved in 30 mL of CEOH. A solution of 0.168 g (1.75 mmol) of N&D dissolved in 20 mL
of CHsOH was added dropwise to the solution of P&y under vigorous stirring. The mixture
was stirreccontinuously for 15 minutes. 0.762 g (1.75 mmol) of K@iTf).- (CHsCN). dissolved
in 20 mL of CHOH was added dropwise to the ligand and MaOmixture until complete
addition. A clear, reddishrown solution was obtained. The mixture was stirred contslydar
24 hours. The solution was concentrated in vacuo until an orange precipitate was observed. The
concentrated solution was layered with ether and allowed to stand for 24 hours. The solvent was
carefully decanted leaving an orange solid. The pretépitas dried in vacuo, washed with ether
and dried again (these processes were repeated twice). Repeated recrystallization of this orange
material produced crystals suitable forra§ crystallographic analysis (1.002 g, 95% yield).
Because thiMn''(PaPyN)](OTf)-CHsCN showed some reactivity with,@hen in solution, this
material was stored as a solid in the glovebox.

Perpendicular mode -¥and EPR spectrum of frem 3 mM CHCN solution of
[Mn''(PaPyN)](OTf)-CHsCN, at 10 K shows a broad signal gtd 2. O, consisten

mononuclear Mhcenter(Figure A1.15. Evans NMR data in CECN yieldges = 5.58 BM (Figure

42



A1.16). ESIMS data for a CECN solution ofMn" (PaPyN)](OTf)-CHsCN reveal an/zpeak at
452.11(calc forfMn"(PaPyN)]*: 452.11) Figure A1.17.

Syntheses of [MH' (OH)(PaPy:Q)](OTf) and [Mn "' (OH)(PaPy:N)](OTf). The Mn"-
hydroxo complexes [Mh(OH)(PaPyQ)](OTf) and [Mr"(OH)(PaPyN)](OTf) were generated
using the same synthetic proceduie. a glovebox, 2.0 mL of a 1.25 mM solution of
[Mn"(PaPyQ)](OTf) (or [Mn'"(PaPyN)](OTf)-CHsCN) was prepared by dissolving 1.6 mg (2.5
gmol) of the Mnl' saltin 1.40 mL of CHCN to give an orange solution. The solution was
transferred to a gastight cuvette sealed with a pierceable septum. A stock solution of PhlO was
generated by dissolving 1.8 mg (&@o0l) of PhlO in 4.0 mL of CECN in the glovebox. A 0.6
mL aliquot of this RIO solution was added to the solutiontbé Mr' complex in the cuvette,
delivering0.5 equiv. PhlO. The PhIO solution was added using a gastight syringe that was purged
three times with inert gas. The formation of the'Mmydroxo product was monitordéy electronic
absorption spectroscopy and was completaii0 minutes. The [MA(OH)(PaPyQ)](OTf) and
[Mn"!'(OH)(PaPyN)](OTf) products were characterized by B8$ and a variety of spectroscopic
methods (Figures A18L- 21), as discussed in the Réswand Analysis section. The perpendicular
mode Xband EPR spectra of 5 mM GEN solutions of [MH'(OH)(PaPyQ)](OTf) and
[Mn"'(OH)(PaPyN)](OTf) at 10 K showed no signals (Figure A1.12 and AlL.1

Synthesis of [Mr' (OMe)(PaPy:Q)](OTf) and [Mn "' (OMe)(PaPy:N)](OTf). The Mnl'"-
methoxy complexes [Mh(OMe)(PaPyQ)](OTf) and [Mr" (OMe)(PaPyQ)](OTf) were prepared
using the same procedure to generate théJalydroxo adducts, with the exception that {CiH
was used as the solvent. Suitable crystafs [Mn"'(OMe)(PaPyQ)](OTf) for X-ray
crystallography were obtained at room temperature by layering of the concentrated methanolic

solution of [Mr'(OMe)(PaPyQ)](OTf) with ether in a scintillation vial. Suitable crystals of
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[Mn"'(OMe)(PaPyN)](OTf) for X-ray crystallography was obtained at room temperature by
layering of the concentrated methanolic solution of [ldMe)(PaPyN)](OTf) with ether at in
an NMR tube. The formulations of these complexes are supported by Evans NMR avi8 ESI

data (Figure®\1.227 A1.25), as discussed in the Results and Analysis section.

X-ray Crystallographic Studies for [Mn" (PaPy:Q)](OTf), [Mn ""(PaPy:N)](OTf)-CH 3CN,
[Mn"" (OMe)(PaPy:Q)](OTf), [Mn ' (OMe)(PaPy:N)](OT) and
[Mn""(PaPy:N)](PFs)-CH3CN. Complete sets ofunique reflections were collected with
monochromate@uKa radiationfor singledomain crystals of all four compounds. Total4967
(IMn'(PaPyQ)](OT)), 4351 (Mn'"(OMe)(PaPyQ)](OTf)), and 4021
(IMn"'(OMe)(PaPyN)](OTf)) 1°-wide w- or f -scanframes were collected with a Bruker APEX
Il CCD area detector. Frame counting times eB0Geconds were used for [MRaPyQ)](OTf),
4-6 seconds for [MA(OMe)(PaPyQ)](OTf), 8-15 seconds for [M(OMe)(PaPyN)](OTf), and
5-8 seconds fofMn' (PaPyN)](PFs)-CHsCN. A total of 1941 1%wide w- or f -scan frames with
counting times of 80 seconds were collected with a Bruker Platinum 135 CCD area detector for
[Mn''(PaPyN)](OTf)-CH3CN. X-rays for all four structures were provided by a Bruker MicroStar
microfocus rotating anode operating at 45kV and 60 mA and equipped dual CCD detectors and
Helios multilayer xray optics. Preliminary lattice constants were obtained with the Bruker
program SMART®® Integrated reflection intensities for all crystals were produced using the
Bruker program SAINT? All four data sets were corrected empirically for variable absorption
effects using equivalent reflections. The Bruker software package SHELXTL was used to solve
eachstruetr e using fidirect met hods o0 -rmhatricleastsquaee s. Al
refinement were conducted using’Bata with the SHELXTL v2014 software packd§e.
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The finalstructural model for all five structures incorporated anisotropic thermal parameters
for all nonhydrogen atoms and isotropic thermal parameters for all included hydrogen atoms. The
methoxy methyl groups in [Mh(OMe)(PaPyQ)](OTf), and [Mr'" (OMe)(PaPyN)](OTf) and the
CHsCN methyl group in [MA(PaPyN)](OTf)-CHsCN were included in their structural models as
idealized riding model Sghybridized rigid rotors (with a &l bond length of 0.98 A) that were
allowed to rotate freely about their@ or GC bondsin leastsquares refinement cycles. All
ligand hydrogen atoms in [M{PaPyN)](OTf)-CHsCN and the hydrogen atoms bonded to C2
atoms in [MA(PaPyQ)](OTf) and [Mr'(OMe)(PaPyQ)](OTf) werelocated from a difference
Fourier and included in the structuraodel as independent isotropic atoms whose parameters
were allowed to vary in leasguares refinement cycleg.he remaining hydrogen atoms in all
ligands (except H2 in [M{PaPyQ)](OTf) and [Mr'(OMe)(PaPyQ)](OTf) ) were placed at
idealized ridingmodel sg- or sp-hybridized positions with @& bond lengths of 0.950.99 A.

The isotropic thermal parameters of idealized hydrogen atoms in all five structures were fixed at
values 1.2 (nomethyl) or 1.5 (methyl) times the equivalent isotropic therpzahmeter of the
carbon atom to which they are covalently bonded.

Whereas [MH (OMe)(PaPyQ)](OTf) and [Mr"(OMe)(PaPyN)](OTf) are essentially
isomorphous with a &l group in [M'' (OMe)(PaPyQ)](OTf) being replaced by a nitrogen atom
in [Mn"'(OMe)(PaPyN)](OTf), [Mn'"(PaPyQ)](OTf) and [Mr'(PaPyN)](OTf)-CHsCN are not
isomorphous. In order to experimentally distinguidietween PaR® and PaPN ligands,the
hydrogen atoms bonded to the C2 atoms in the ZaRgands of [Md(PaPyQ)](OTf) ard
[Mn"'(OMe)(PaPyQ)](OTf) were located from a difference Fourier and included in the structural
model as independent isotropic atoms whose parameters were allowed to vary-sguasss

refinement cycles. No significant electron density was observedaaonable $ghybridized
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positions around the corresponding nitrogen atoms in the ;RaRgands. The relevant
crystallographic and structure refinement data for all five compounds are given in Tables Al1.1 and
Al.2.

Water O1W oxygen atoms in [MifOMe)PaPyQ)](OTf) and [MA"(OMe)(PaPyN)](OTf)
are only 1.94 1.98 A away from an inversiecentetrelated O1W and therefore only present part
of the time. Their equivalent isotropic thermal parameters became reasonable when their
occupancy factors weredeced to 0.30. Mild restraints were also applied to the anisotropic
thermal parameters for O1W in [MOMe)(PaPyQ)](OTf).

The triflate anion in [MH (OMe)(PaPyN)](OTf) is 58/42 disordered with two orientations in
the asymmetric unit. The bond lengths and angles for both orientations were idealized by
restraining them to be appropriate multiples of th® Bond length which was incorporated into
leastsquares finement cycles as a free variable that refined to a final value of 1.404(3) A.

The second acetonitrile solvent molecule of crystallizatiofMaor' (PaPyN)](PFs)-CHsCN is
disordered with two orientations in the lattice. Since both orientationeu@iBS, it was assigned
an occupancy factor of 1.00. One orientation utilizes positions for (covalently bonded) atoms C4S
C3sC4S6 (bond angl e: 1 6 2 AN2SdNAaSH(bohdnargle's BT°;NESF o n e
is an inversiorrelated N2S). The occupanactor for N2S was set to 0.50 and the (normalized)
occupancy factors for C4S and C4S6 refined t
molecules were not included in the structural mode]Nbr'' (PaPyN)](PFs)-CHsCN.

Kinetic studies of TEMPOH oxidation by Mn"" -hydroxo and Mn"' -methoxy complexes.
A common kinetic procedure was employed to investigate TEMPOH oxidation by tHe Mn
hydroxo or Md'-methoxy complex ([MH(OH)(PaPyQ)]*, [Mn"'(OH)(PaPyN)]*,

[Mn"'(OMe)(PaPyQ)]*, and [Mr'(OMe)(PaPyN)]*. The only difference in the procedure was
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the use of CBCN for the MA'-hydroxo complexes and the use of LT for the M'-methoxy
complexes. For each experiment, 2.0 mL of a 1.25 mM solution of tHehyidroxo or MA'-
methoxy complexvas prepared in a nitrogen filled glovebox, placed in a gastight cuvette, sealed
with a pierceable septum, and wrapped with Parafilm to maintain an inert atmosphere. An
appropriate amount of TEMPOH (2@0 equiv.) was dissolved in 182 CH3CN (or CHOH) in
a vial in the glovebox, sealed with a pierceable septum, and wrapped with Parafilm. The cuvette
was equilibrated te35°C on the spectrometer for 10 minutes before injection of the substrate. The
gastight syringe used to inject the TEMPOH was purgesktlimes with inert gas before each
injection. Kinetic measurements were performed orwar i an Cary 50 Bi o
spectrophotometeronnected to a Unisoku (USE3-A) cryostat. Activation parameters were
determined for TEMPOH oxidation by the Mshydroxo complexes by performing the same
kinetic procedure at different temperatures.

Kinetic studies of phenol oxidation by [Mr" (OH)(PaPyQ)]* and [Mn"" (OH)(PaPy2N)]*.
We investigated phenol oxidation using a protocol nearly identical to that employed for TEMPOH
oxidation. Each experiment involved 2.0 mL of a 1.25 mM solution of'{{@H)(PaPyQ)]* or
[Mn''(OH)(PaPyN)]*in CHsCN, to which was added an excess of therm| substratee(g, 10
200 equiv. o#4-'Bu-2,6- DTBP for [Mn"!'(OH)(PaPyQ)]* and 1650 equiv.4-'Bu-2,6- DTBP for
[Mn"'(OH)(PaPyN)]*). The range of substrate concentrations chosen was based on the rates of
reactions.

Cyclic Voltammetry. Cyclic voltammograms were recorded using Basi® PalmSens
EmStat3+ potentiostat. The working electrode was a glassy carbon electrode with a Pt wire as the
counter electrode. A 0.01 M AgCl solution was prepared using 0.14MBg electrolyte solution

in CH:CN. The 0.01 M AgCl solution was used for the Ag/AgCI quagérence electrode. HEc
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potential was measured as an external reference. 2 mM solutions '${QMNPaPyQ)]* and
[Mn"'(OH)(PaPyN)]* were prepared from 10 mL of a degassed 0.1 MNBs electrolyte
solution in CHCN. These sample solutions were sparged with nitrogen gas with the aid of Teflon
tubing for 15 minutes before measurement. The Teflon tubing was placed above the surface of the
solution to continue flushing the headspace, while dturbing the solution in the
electrochemical cell during measurement. All measurements were performed at room temperature.

DFT Calculations for Thermodynamic Parameters.DFT calculations were performed
using the ORCA 4.2.1 softwaféGeanetry optimizations were performed using the B3I¥ P
functional with the defZZVP basis set for Mn, N and O atoms, while the é&¥P basis set was
used for the C and H aton’s’°Gr i mme 6 s D3 di S wasslsomppliedwitha e ct i o
fine integration grid (Grid6) and exchange grid (GridX6). Analytical frequency calcutatiere
performed using the same level of theory. The frequency calculations provided the zero point
energy, thermal corrections, and entropy, and verified that the structures were minima. Single point
energies were obtained for all structures by usindatger def2TZVPP basis set on all atoms
with a finer integration grid (Grid7) and exc
dispersion correctiof?’® In all cases, solvation was accounted for by using the SMD solvation
model with default parameter facetonitrile or DMSG? The RIJCOSX approximation together
with def2/J auxiliary basis set was used for all the calculaffoffs.

Calculated Ba values, reduction potentials, and BDFEs were determined following an
approach we previously employed for Wnydroxo complexed’ This procedure, which was
inspired by the work of Solis and Hamre®shiffer83 relieson the use of a reference complex, for
which experimental K. and reduction potential values are known. We utilized the

[Mn"'(OH)(dpaq)}* complex as our reference, witkp= 6.8 andE12 = 0.65 (versus PéFc) 8
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The calculated Iga and k» parameters were determined using the optimized structures of the
Mn'""-hydroxo, Mn'-aqua, M#-hydroxo, and Mh-aqua complexes. Singf®int energy and
analytical frequency calculations for these optimized structures provided the data for the
determim t i o n G ¢of thegppton and electrofiransfer reactions between the reference
compound and the compound of interest (TableSALl. T h @ \slaes gmEye then converted to
pKa andEy, values relative to the reference complex (TabletAEromthese values, the BDFEs
for the [Mn'(OH)(PaPyQ)]* andtrans[Mn"(OH)(PaPyN)]* complexes were calculated using
the Bordwell equatiof

Calculated GH BDEs of the phenolic substrates were obtained using an approach we
previously applied to calculate-@ BDEs of hydrocarbon substraf@sThis DFT-basedapproach
developed by Cramer and Glisvas validated relative to the highly accurpte-jun method of
Truhlar et al® 8 Geometry optimizations and frequency calculations of the phenolic substrates
were performed Using the Ma8X functional, defZTZVPP basis set for all atoms and a fine
integration grid (Grid6). Singtpoint energy calcutions were performed using the same
functional and basis set with a finer integration grid (Gri8é)vation was accounted for by using
the SMD solvation model with default parameter for acetonfttileThe bond dissociation
enthalpies were computed using the zeoot corrected electronic energies. The thermoynamic
parameters (fa values and reduction potentials) for the substrates were calculated using the
method outlined by Solis and Hamr@shiffer®® We utilized 4'Bu-2,6- DTBP as our reference,

with pKain CHsCN = 28 ancEy, = 0.93 (versus FéFc) 0 9!
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2.3 Results and Discussion

Structures and Properties of [Mn' (PaPy:Q)](OTf) and [Mn " (PaPy:N)](OTf) Complexes.
The crystal structure of [MiiPaPyQ)](OTf) shows a Mh center in a distorted octahedral
environment (Figur@.3, left). The PaPyQ ligand is bound in a pentadentate fashion, wéhs
pyridyl moieties and the tertiary amine and quinolinyl moieties also bounttamsworientation
(N4-Mn-N5 and N3Mn-N1 angles of 145.40(9)° and 146.32(8)°, respectively; see Fxfifer
atom labels). This ligand binding mode is the same as that observed in crystal structures of
corresponding MH-hydroxo and MANO complexes of the PaRy ligand® In the crystal
structure of [MH(PaPyQ)](OTf), the quinolinyl group is tilted towards the M§ridine, as
illustrated by the N8Vin-N1 and N4Mn-N1 angles of 97.04(9)° and 829(8)°, respectively.
This tilt is likely caused by a triflate counterion that occupies a pocket between the quinolinyl and
N4-pyridyl groups (FigureA1.10). The MM coordination sphere of [MiiPaPyQ)](OTf) is
completed by an amide oxygen, derivediira separate [MifPaPyQ)]* cation transto the amide
nitrogen (Figure2.3, left). Similar polymeric structures have been observed for otherstatel
Mn' complexes supported bysNligands with carboxamido functio®. 2 Compared to
[Mn"(dpaq)](OTf) (Figure2.2),2® which we take as a representative example of sucligdted
Mn" complexes, [MA(PaPyQ)](OTf) shows an elongated MN bond length for the quinolinyl
donor (Mn N1 in Table2.1). This elongation could reflect the different disposition of the
carboxamido function in the Pafy and dpaq ligands, or could be caused by the presence of the

triflate anion positioned between theridyl and quinolinyl groups (Figur&1.10).
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Figure 2.3. X-ray crystal structures of [MigPaPyQ)](OTf) (left) and [Mr'(PaPyN)](OTf)
(right) showing 50% probability thermal ellipsoids. The triflate counter ions, solvent molecules,
andhydrogen atoms were removed for clarity.

Table 2.1. Manganesé.igand Bond Lengths (A) and Angles (°) from the Crystal Structafes
[Mn"(PaPyQ)](OTf), [Mn"(PaPyN)](OTf), and [Mr'(dpaq)](OTf).
[Mn"(L)](OTf)
L=PaPyQ L =PaPyN L =dpad

Mn- N1 (A) 2.357(2)  2.228(3) 2.214(3)
Mn- N2 (A) 2.148(2)  2.187(4) 2.191(3)
Mn- N3 (&) 2.347(2)  2.344(4) 2.314(3)
Mn- N4 (A) 2.209(2)  2.276(4) 2.244(3)
Mn- N5 (&) 2.305(2)  2.298(4) 2.286(3)
Mn- O1 (A) 2.0633(19) 2.119(3) 2.079(2)
O17 Mni N 174.49(9) 101.06(13) 164.88(10)
N47 Mni N 14540(9) 75.68(14) 147.89(11)
N17 MnT7 N 146.32(8) 141.70(14) 151.40(10)
N47 Mni N 84.21(9)  147.36(14) 94.97(10)
N17 Mni N 72.75(8)  73.95(13) 74.46(10)
N37 Mni N 76.93(9)  73.52(14) 77.52(10)

a Data from ref2°,

In the crystal structure of [MiiPaPyN)](OTf), the PaPyN ligand is bound in a pentadentate
fashion; however, the orientation of thiss Nligand differs from that observed for
[Mn''(PaPyQ)](OTf) (Figure2.3). In the structure of [MH{{PaPyN)](OTf), the N donors from the
quinolinyl, carboxamido, tertiary aminand N4pyridyl group are all in roughly the same plane.

Thus, unlike in the structure of [M(PaPyQ)](OTf), the pyridyl moieties of [MiPaPyN)](OTf)
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are in acis orientation, with a NMin-N5 angle of 75.7° (Tabl2.1). This relatively acute angle
could be enforced by p-stacking interaction between the pyridyl rings (Fig2& right). With
the unique binding mode of the PaRyligand, the amide oxygen that completes the' Mn
coordination sphere ligsansto the N5pyridyl nitrogen. Despite the défent binding modes of
the PaP3Q and PaPN ligands, the complexes have comparabléfipand bond lengths (Table
2.1). The two exceptions are the NN1(quinolinyl/naphthyridinyl) and MnO1 distances, which

are shorter and longegspectively, for the [MHPaPyN)](OTf) complex.

The unexpected binding mode of the PA&Plgand might reduce steric interactions between
the adjacent [Mi(PaPyN)]* cations in the solid state, or might reflect different crystal packing
forces causedyba MeCN solvent of crystallization in the sehbtate structure. To determine if a
different sixth ligand would change the sedithte structure of [Mi{PaPyN)](OTf), we attempted
to grow crystals of [MA(PaPyN)](OTf) in the presence of watand with different counter ions
The structure [MA(PaPyN)](PFs) is essentially identical to that of the triflate salttenptsto

crystallize this complex in the presence of watere unsuccessful.

When [Mrl'(PaPyQ)](OTf) or [Mn"(PaPyN)](OTf) are dissolvedn MeCN, the solutions
lack any defined electronic absorption bands in the visible region but show the onset of absorption
intensity near 600 nm (Figurel.11). These spectra are reminiscent of those of (Mpaq)](OTf)
and related complex&s® and are consistent with the lack of any spilowedd-d transitions for
these higkspin Mrl' ceners. Xxband EPR, ESMS, and solutiosphase magnetic susceptibility
measurements for [MiiPaPyQ)](OTf) and [Mr'(PaPyN)](OTf) in MeCN are consistent with
mononuclear Mh centers (FigureA1.127 A1.17). Thus, the polymeric structures observed in

the sdid-state (Figur®.3) are not retained in solution. From the available spectroscopic data for
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the Mrl' complexes, we are unable to determine if the coordination mode of either th@RaPy

PaPyN ligands change in solution.

Formation and Properties of Mn'" -hydroxo Complexes.The addition of iodosobenzene
(PhIO) to either [MA(PaPyQ)](OTf) or [Mn'(PaPyN)](OTf) in MeCN at 25 °C results in the
formation of oxidation products with electronic absorption bands in the visible region (Eigure
For each reaction, these new chromophores are maximally formed with a minimum of 0.5 equiv.
PhIO. The pink oxidan product from [MHA(PaPyQ)](OTf) shows weHdefined absorption
bands at 485 and 734 nitt{ 320 and 120 M cm’, respectively). The energies and intensities of
these electronic absorption bands are essentially identical to those of thaysloxo alduct
[Mn''(OH)(PaPyQ)](ClOs), reported by Masharak and-vemrkers (Figure2.2).*° ESFMS data
for the oxidized product show a prominent ion peak atnaiz value consistent with
[Mn"'(OH)(PaPyQ)]* (FigureA1.18). An analysis of the solution magnetic moment by the NMR
method of Evans yieldezk# = 4.9 BM, which is close to that expected forSm2 system (Figure
A1.19). On the basis of these data, wenfolate the product of the reaction of PhlO and

[Mn'"'(PaPyQ)](OTf) in MeCN as the triflate salt of [MH{OH)(PaPyQ)]".
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Figure 2.4. Electronic absorption spectroscopic titrations B (PaPyQ)](OTf) (top) and
[Mn'(PaPyN)](OTf) (bottom)with 0- 1.0 equiv. PhlO in MeCN at 25 °C. The insets show the
percent formation of product vs. equiv. added PhIO.

Mascharak and eworkers previously reported the-fdy structure of the perchlorate salt of
[Mn'"'(OH)(PaPyQ)]" (Figure 22).*°This structure is very similar to that of [MiPaPyQ)](OT),

but with the hydroxo ligand replacing the amide oxygen. In addition, tHeliggnd bond éngths

in  [Mn"(PaPyQ)](OTf) are all longer than the corresponding distances in
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[Mn"'(OH)(PaPyQ)](CIOs4). We summarize the reaction of [MPaPyQ)](OTf) with PhIO to

generate the Mi+hydroxo product in Figurg.5.

0.5 equiv. PhIO

—_— =
MeCN, 25 °C

OR

[Mn'(PaPy,N)I* trans-[Mn"'(OH)(PaPy,N)]* cis-[Mn'"(OH)(PaPy,N)]*
Figure 25. Schematic representation of the reactions of'[(#aPyQ)]* and [Mn'(PaPyN)]*

with PhlO to generate the Mghydroxo complexes [Mh(OH)(PaPyQ)]* and
[Mn"'(OH)(PaPyN)]*. Two potential structures for [M{OH)(PaPyN)]* are shown.

While the reagbn of PhIO with [Mn(PaPyQ)](OTf) yields a pink solution, the addition of
PhlO to [Mr'(PaPyN)](OTf) gives rise to a green solution characterized by an electronic
absorption band at 730 nfid£ 130 M* cm?) and a shoulder at 580 nm (Fig@d). The use of
the NMR method of Evans to investigate this solution yields a magnetic mawgraf(49 BM,
supportive of the formation of a mononucledr 2 Mn'"' species (Figuré2.20). ESIMS data
for the greersolution show a prominent ion peaknatzof 469.12, which is as expected for the

Mn"-hydroxo adduct [MH (OH)(PaPyN)]* (FigureA1.21).
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Our data for the PhlO oxidation products of [MiraPyQ)](OTf) or [Mn''(PaPyN)](OTf) in
MeCN provide support fohe formation of MH -hydroxo complexes in each reaction. While the
solution structure of [MH(OH)(PaPyQ)]* can be reasonably inferred from the structure of the
crystallographicallycharacterized perchlorate s8ltthe structure of [MH(OH)(PaPyN)]* is
uncertain. We propose two hypothetical structures, which we distinguish by the orientation of the
pyridyl groups {rans or cis; see Figure2.5, bottomright). In cis-[Mn"'(OH)(PaPyN)]*, the
PaPyN ligand has the same binding mode as in the corresmpmdn' complex (Figure2.3,
right), which places the hydroxo ligamihnsto the N5pyridyl group. In the structure afans
[Mn"'(OH)(PaPyN)]*, the PaP3N ligand has the same binding mode as the FaRigand
(Figure 25), which places the hydroxo &gd trans to the amide function. Intrans
[Mn"'(OH)(PaPyN)]*, the hydroxo ligand can serve as a hydrelgend donor to a nitrogen atom
of the adjacent naphthyridinyl group. Either structure could result in structural perturbations
relative to [Mr' (OH)(PaPyQ)]* that would change the Mhd-d transition energiesr{de infra).
Thus, either structure could be consistent with the clear differences in the electronic absorption

spectra of [M#' (OH)(PaPyQ)]* and [Mr'" (OH)(PaPyN)]* (Figure2.4).

Formation and X-ray Crystal Structures of the Mn"-Methoxy Complexes
[Mn"" (OMe)(PaPy:Q)](OTf) and [Mn "' (OMe(PaPy:N)](OTf). To better understand any
structural differences between [M(OH)(PaPyQ)]" and [Mn" (OH)(PaPyN)]*, we generated the
corresponthg Mn'"'-methoxy complexes. As shown in Fig@6, the reaction of 0.5 equiv. PhIO
with either [Md'(PaPyQ)](OTf) or [Mn''(PaPyN)](OTf) in MeOH at 25° C leads to the formation
of chromophores with electronic absorption bands at 511 and 768+:@80 and 120 Mcm*
respectively) for [MH (OMe)(PaPyQ)]* and 485 and 768 nmU(E 380 and 120 Mcm?

respectively) for [MH' (OMe)(PaPyN)]*. The positions and relative intensities of these bands are
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very similar to those observed for [M(OMe)(dpa)]* (emax= 510 and 760 nm, witti= 330 and
130 M'cm?, respectively; see Table P)ESFMS data for these complexes show peaksvat
values consistent with the [MifOMe)(PaPyQ)]* and [Mn'"(OMe)(PaPyN)]* cations (Figure
Al.227 Al1l.23), and magnetic moments by the NMR method of Evans randl5.0 BM,

respectively (Figuréd1.24i A1.25), consistent with highpin = 2) Mn" centers.
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Figure 2.6. Electronic absorption spectra showing the reaction of 1.0 mM (R&PyQ)]" (top,

red trace) and [MH{(PaPyN)]* (bottom, red trace) with 0.5 equiv. of PhlO at 25 °C in MeOH. The
reactions yield [MH (OMe)(PaPyQ)]" (top, blue trace) and [Mh(OMe)(PaPyN)]* (bottom, blue
trace). Inset: Time evolution of absorption signals at specified wavelengths at different tim
ranges.
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The oxidation products of both [MPaPyQ)](OTf) or [Mn"(PaPyN)](OTf) were amenable
to structural characterization byrdy crystallography, and the soktiate structures are shown in
Figure2.7. In each case, the crystal structures areasfanuclear MK -methoxy complexes, with
the methoxy ligand bourtdansto the carboxamido nitrogen. The MBMe distances of 1.826(3)

and 1.815(2) A are similar to those of other'Mmethoxy complexes (Tab®2).%?

The similar geometries of [MH(OMe)(PaPyQ)](OTf) and [Mr"(OMe)(PaPyN)](OTf) are
in accord with their nearly identical electronic absorption spectra (F&f@ewhichrequire very
similar ligandfield geometries. For [Mh(OMe)(PaPyQ)](OTf), the observed binding mode of
the PaP3Q ligand is the same as that observed for thd Bmd Mn'-hydroxo structures. A
comparison of the [Mh(OMe)(PaPyQ)](OTf) and [Mr'"(OH)(PaPyQ)](ClOs) structures
reveals nearly identical Mhligand bond lengths (Tab®2). Surprisingly, the binding mode of
the PaP3yN ligand in the crystal structure of [MifOMe)(PaPyN)](OTf) is distinct from that
observed in the [MKPaPyN)](OTf) structure (cf. Figures2.7 and 2.3). Relative to
[Mn''(PaPyN)](OTf), the pyridyl groups of the Mrmethoxy complex have moved tarans
orientation, placing the methoxy opposite the carboxamido donor. This alternate binding mode for
the PaPyN" ligand provides strong evidence that this ligand can change coordination around the
Mn ion in solution and suggests that the [(M@H)(PaPyN)](OTf) complex (Figure2.5) could

have a geometry similar to that of its Wkmethoxy analogue.
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Figure 27. X-ray crystal structures of [MhOMe)(PaPyQ)](OTf) (left) and
[Mn''(OMe)(PaPyN)](OTf) (right) showing 50% probability thermal ellipsoid. The triflate
counter ions, solvent molecules, and hydrogen atoms were removed for clarity.

Table 22. Manganesdigand Bond Lengths (A) from the Crystal Structures of
[Mn''(OMe)PaPyQ)|(OTf), [Mn''(OMe)(PaPyN)](OTf), [Mn''(OH)(PaPyQ)](ClOs), and
[Mn''(OMe)(dpaq)](OTf) and Electronic Absorption Band Maxima (nm) and Extinction
Coefficients (Mtcm?).

[Mn""(OMe)(L)](OTf) [Mn""(OH)(PaPyQ)](ClO4)P
L=PaPyQ L=PaPyN L =dpad

Mn-N1  2.189(3) 2.186(3) 2.051(5) 2.1945(19)
Mn-N2  1.943(3) 1.961(2) 1.979(5) 1.9680(18)
Mn-N3  2.226(3) 2.232(3) 2.175(5) 2.2415(19)
Mn-N4  2.122(3) 2.127(3) 2.203(6) 2.171(2)

Mn-N5  2.199(3)  2.184(3) 2.212(6) 2.138(2)

Mn-02 1.826(3) 1.815(2) 1.825(4) 1.8180(16)

a(0) 511 (480) 485 (380) 510 (330) 485 (280)

768 (120) 768 (120) 760 (130) 740 (120)

aData from ref%. ? Data from ref?°.

Comparison of *H NMR Spectra for Mn'" -hydroxo and Mn""' -methoxy ComplexesTo
further probe the geometries of the Wthydroxo and MH-methoxy complexes, we collected
roomtemperaturéH NMR data for each species. We will begin our discussion ofHEMR
data by focusing on [Mih(OMe)(PaPyQ)](OTf) and [Mr'(OMe)(PaPyN)](OTf), as solidstate
structures are available for each of these complexes (RRgOreTheH NMR spectra of 15nM

solutions of [Mi'(OMe)(PaPyQ)](OTf) and [Mr' (OMe)(PaPyN)](OTf) in CDsOD are very
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similar, each showing a set of four downfield signals fan120 to 40 ppm, and two upfield
signals nearl10 and-25 ppm Figure2.8 and Table2.3). The large hypdine shifts of many of
these peaks are similar to those observed for otherspigh mononuclear Mh complexes? %
TheH NMR spectrum of [MH# (OMe)(PaPyQ)](OTf) shows an additional broad resonance at
865 ppm that is absent in thel NMR spectrum of [MH (OMe)(PaPyQ)](OTf). However, the
spectrum of [MH (OMe)(PaPyN)](OTf) contains a broad, poorkesolved peak neafl4 ppm,
which could correspond to the broad signal for {IN@Me)(PaPyQ)](OTf) at-86.5 ppm. Overall,
the pattern of hyperfinshifted peaks for [MH(OMe)(PaPyQ)](OTf) and
[Mn"'(OMe)(PaPyN)](OTf) are very similar, suggesting that the similarities in the ssitdie

structures are retained in solution.

“ “td [Mn"(OMe)(PaPy,N)]*
“ “A L_l [Mn"(OMe)(PaPy,Q)]"

[Mn"'(OH)(PaPyZN)]’

' [Mn"(OH) (PaPy,Q)]
l [Mn"(OH)(dpaq)]”
100 -

Chemlcal Shlft (ppm)

15 150

Figure 28. 'H NMR spectra of 15 mM solutions of [Mi{OH)(PaPyQ)]" (pink) and
[Mn''(OH)(PaPyN)]* (green) in CBCN, and [MA!'(OMe)(PaPyQ)]* (black) and
[Mn''(OMe)(PaPyN)]* (blue) in CRXOD. All spectra are at 298 K. The spectrum of
[Mn"'(OH)(dpag)f i n 4 0 0 3CN With €&5DuL DO (purple) from ref3® is included for
comparison.
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Table 2.3. 'H NMR Chemical Shifts (ppm) for [Mi(OMe)(L)]" Complexes in CBOD and
Mn'"'(OH)(L)]* Complexes in CBCN.

[Mn"(OMe)(L)]* [Mn"(OH)(L)]*
L= L= L = dpad L= L= L = dpad
PaPyQ PaPyN PaPyQ PaPyN
114.2 1114 127.5 (py) 116.4 121.7 130.5 (py)
95.0 93.7 60.8 (py) 88.7 97.3 62.7 (gn)
59.9 (gn) 44.8 47.0 60.9 (py)
57.2 (gn) 40.8 42.4 54.3 (py)
46.9 46.4 53.9 (py) 37.4 40.5 (ND)
42.2 41.2 38.5 (Ch) -6.7 -3.2 -4.6 (py)
2.54 (ND) -22.8 -28.8 -15.5 (gn)
-4.2 (py) -77.0 -84.5 -33.7 (gn)
-7.9 -9.6 -15.7 (gn) -53.8 (gn)
-24.4 -13.9 -33.6 (gn) -63.4 (gn)
-86.2 -25.4 -52.7 (gn)
-66.3 (qn)

2 From ref.35,

The 'H NMR spectra of the Mh-hydroxo complegs [Mn'"(OH)(PaPyQ)](OTf) and
[Mn'"'(OH)(PaPyN)](OTf) in CDsCN at 25 °C are nearly identical. Each spectrum shows four
downfield resonances aa. 120, 90, 45, and 40 ppm, and three upfield peaka.ab, -25, and
80 ppm (Figure 8). A pealo-peak comparison of the corresponding resonances of these two
complexes reveals only modest shiftscaf21 9 ppm (Table2.3). The only notable difference
between théH NMR spectra of [MH (OH)(PaPyQ)](OTf) and [Mn"' (OH)(PaPyN)](OT) is the
low intensity peak at 37.4 ppm that is present only in the spectrum of the latter complex (Figure 8
and Table2.3). In previous studies of Mikhydroxo complexes, we have observed shifts in proton
resonances caused byethddition of a small amount of water to thesCN solution. In this
present case, the addition of d0D-0 to the 40@L sample of [Mi'(OH)(PaPyQ)](OTf) led to
the resolution of a weak peak near 52.5 ppm (Figdr26). Similarly, the addition of D to

[Mn'"'(OH)(PaPyN)](OTf) caused the disappearance of the weak signal at 37.4 ppm. Presumably,
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the presence of D causes this peak to shift downfield such that it now overlaps with the more

intense resonances near 45 ppm (Fi\r26).

The 'H NMR datafor [Mn"'(OH)(PaPyN)](OTf) allow us to reasonably infer the solution
structure of this complex. If the binding mode of the BARigand in this complex followed that
of [Mn'(PaPyN)](OTf), with cis pyridy! ligands (Figure2.3), the protons of the twpyridyl
groups would be inequivalent. In that case, we would expect (8H)(PaPyN)](OTf) to show
more resonances than [M(OH)(PaPyQ)](OTf), [Mn'"'(OMe)(PaPyQ)](OTf), and
[Mn''(OMe)(PaPyN)](OTf). Not only does théH NMR spectrum of [MH (OH)(PaPyN)](OTf)
lack more proton resonances than the spectra of the other complexes, the spectra of all four
complexes are strikingly similar (Figug8 and Table.3), suggesting that the ligands for these
four complexes have nearly identical struetiin solution. On this basis, we propose that the
solution structure of [MH(OH)(PaPyN)](OTf) has the hydroxo groupansto the carboxamido

function, withtrans pyridyl groups i e., trans[Mn"' (OH)(PaPyN)]* in Figure2.5).

Relative to [Mi'(OH)(dpaq)]’, the 'H NMR spectra of [Mn"'(OH)(PaPyQ)]" and
[Mn"'(OH)(PaPyN)]* show far fewer peaks in the upfield region. The four peaks for
[Mn"'(OH)(dpaq)T from -15.5 t0-63.4 ppm all arise from quinolinyl protons. In addition, the 62.7
ppm resonance of [MhOH)(dpaq)f was also attributed to a quinolinyl proton, and there is no
corresponding peak observed for eitfdn"' (OH)(PaPyQ)]" or [Mn"'(OH)(PaPyN)]*. Given
the difference in the position of the quinolinyl (or -h@&phthyridinyl) moieties for these
complexes, it is not unexpected that these peaks would be pertMidreg of the quinolinyl and
naphthyridinyl protons for [MA(OH)(PaPyQ)]* and [Mr"(OH)(PaPyN)]* are relatively far
from the Mn' center (the longest @n separation in the Xay structure of

[Mn"'(OH)(PaPyQ)]*isca.6.7 A, whereas the longest distance in {M@H)(dpaq)] is 6.1 A)3°
62



40 Thus, the resonances for some quinolinyl protons for[{@H)(PaPyQ)]* might contract
towards the 10 O ppm range. In contrast to the large perturbations in quinolinyl resonances for
these complexes, tipgridyl resonancesf [Mn'"'(OH)(dpaq)* (at 130.5, 60.9, 54.3, andl.6 ppm)

have corresponding peaks (shiftedcay10i 15 ppm) in the spectra fifin"' (OH)(PaPyQ)]" and
[Mn"'(OH)(PaPyN)]*. A comparison of théH NMR spectra of the Mh-methoxy complex
[Mn'"'(OMe)(PaPyQ)]" and [Mr" (OMe)(PaPyN)]* with [Mn"'(OMe)(dpaq)] also reveals minor
perturbations in the positions of pyridyl protons and large changes for protons associated with the

quinolinyl (or 1,8naphthyridinyl) groups (Tabl2.3).

Potential Structures of [Mn'!' (OH)(PaPy2N)]* from DFT Computations. Due to the lack of
a crystal structure for [Mh(OH)(PaPyN)]*, we used DFT computations to develop structures for
thetrans- andcis-[Mn'"'(OH)(PaPyN)]* isomers presented in Figu2&. The structures are shown
in Figure 29 (top). A DFTFcomputed structure for [MhOH)(PaPyQ)]* in the
crystallographicallycharacterizedrans conformation gives Mnligand bond lengths withica.
0.02 A of the experimental distances (Tabk), suppoting the use of our theoretical approach.
The Mnligand bonds lengths in thieans[Mn"' (OH)(PaPyN)]* isomer are very similar to those
in the X-ray and DFTderived structures of [MhOH)(PaPyQ)]" (Table2.4). The Mn N1 bond
length involving one nitrogn of the naphthyridine group is slightly shorter tirans
[Mn'"'(OH)(PaPyN)]* than the corresponding MN1 distance in [MH(OH)(PaPyQ)]*. This
variation might reflect the strong hydrogband between the hydroxo and naphthyridine groups.
This interaction is marked by a short (hydroxo)@(naphthyridine) distance of 1.952 A. The
heavy atom (hydroxo)@\(naphthyridine) separation of 2.862 A is just slightly longer than that

observed for (oxo)@dl(urea) distances in-¥ay crystal structures ®n'"'-oxo and M'-hydroxo
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adducts with intramolecular hydrogen bonds (2.613%K)verall, the similarities between the
structures ofrans[Mn'"'(OH)(PaPyN)]* and [MA"(OH)(PaPyQ)]" are in acordance with the

nearly identicaltH NMR spectra of these complexes (FigRi@).
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Figure 2.9. TD-DFT computed absorption spectrum for [M@H)(PaPyQ)]* (left), trans
[Mn''(OH)(PaPyN)]* (center) and cis-[Mn"'(OH)(PaPyN)]* (right). The sticks indicate
electronic transitions; EDDMs of selected transitions are included as an inset. Red and blue colors
in the EDDMs denotes gain and loss of electron density, respectiMety DFT-computed
structures of the Mh-hydoxo complexe are shown above the absorption spectra

In the structure ofis-[Mn'"'(OH)(PaPyN)]", the hydroxo group isansto a pyridyl donor and
cis to the carboxamide function (Figu2e, topright). This disposition of the hydroxo group in
cis-[Mn"'(OH)(PaPyN)]* prevents any intramolecular hydrogen bonding with the naphthyridinyl
ligand. The MAN(pyridyl) (N4 and N5) distances in this structure are shorter than those of the

transisomer by 0.1 A. All other Mdigand bond lengths are elongated in ¢isestructure.

To further evaluate theérans and cis-[Mn"'(OH)(PaPyN)]* structures on the basis of

experimental data, we performed - T calculations to predict electronic absorptipedra for
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each isomer. Although TDFT calculations have known drawbacks, this method has performed
quite well for mononuclear Mh complexeS>® potentially because the electronic absorption
spectra of these complexes are dominated by lifjaid transitiors. In support, the TIDFT
absorption spectrum for [M{OH)(PaPyQ)]" is in excellent agreement with experimental data,
with both spectra showing featurescat 750 and 500 nm (Figur29, left). An analysis of the
electrondensity difference maps fordtstates contributing to these bands readily supports their
assignments as Mnligand-field transitions. Using a coordinate system where-ss lies along

the MnOH bond and thex- and y-axes coincide with the equatorial Nigand bonds,
[Mn"(OH)(PaPyQ)]" has a @) (dy) (dx) (k42 (dA)° ground configuration. The highest
energyd? MO is strongly destabilized by-antibonding interactions with the hydroxo and
carboxamido donors, while tlg?%.,> MO is (-antibonding with respect to the equatorial ligands.
The dx; anddy; MOs have wealp-antibonding interactions with the hydroxo ligand, anddhe

MO is essentialljnon-bonding. From the TEDFT calculations for [MH (OH)(PaPyQ)]", the
lower-energy band at 750 nm is due to a-etextrond®,? - d/ transition, while the higher
energy band near 500 nm contains contributions frometewtrondy, - d? anddy, - d?
transitions. Electrowlensity difference maps (EDDMs) for thh%,> - d? and dy; - d?

transitions are shown in FiguPeo.

The TD-DFT absorption spectrum farans-[Mn"' (OH)(PaPyN)]* has bands at 700, 550 and
450 nm, which are in excellent agreement with the experimental features at 730, 580, and 450 nm
(Figure2.9, center). The TEDFT calculations fotrans[Mn"' (OH)(PaPyN)]* also reproduce the
spectral changes relative to [M(OH)(PaPyQ)]*. First, the TBDFT calculations predict the
lowestenergy band ofrans[Mn"'(OH)(PaPyN)]* (from ads,? - d? excitation) to be blue

shifted compared to that of [MifOH)(PaPyQ)]* (700 and 750 nm, respectively), which is in
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excellent agreement with the experimental bandshift (730 and 750 nm, respectively). Second, the
de. - d? transition of trans[Mn"'(OH)(PaPyN)]* is redshifted compared to that of
[Mn'"'(OH)(PaPyQ)]" (Figure2.9). This shift accounts for the weak feature observed near 600 nm
for [Mn'"'(OH)(PaPyN)]* that is absent in the corresponding spectrum of'[{@H)(PaPyQ)]*.
Accordingly, the TBDFT absorption spectrum &fans[Mn'"'(OH)(PaPyN)]* reproduces all the

spectral perturbations observed experimentally.

In contrast, the TEDFT absorption spectrum focis-[Mn'"'(OH)(PaPyN)]* is in poorer
agreement with the experimental spectrum and does not reproduce the spectral perturbations
relative to [Mn''(OH)(PaPyQ)]" (Figure 2.9). The lowesenergy transition for cis-
[Mn"'(OH)(PaPyN)]* is atca. 830 nm, which is significantly lower than the experimental band
(720 nm). In addition, thedk, - d7 transition in cis-[Mn"'(OH)(PaPyN)]* is essentidy
unchanged relative to that of [MigOH)(PaPyQ)]". On the basis of these results, only tiaas-
[Mn'""(OH)(PaPyN)]* isomer can account for the spectral perturbations relative to
[Mn"'(OH)(PaPyQ)]*. The TDDFT computation for the Mimethoxy complexes were also
performed, and the results nicely reproduced the experimental electronic spectra of the methoxy

complexes (Figur&1.27).
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Table 2.4. Structural Properties for [Mh(OH)(PaPyQ)]* from X-ray Crystallography and DFT
Computations and Structural Properties for isomers of '{§@H)(PaPyN)]* from DFT
Computations

[Mn"'(OH)(PaPyQ)]" [Mn"'(OH)(PaPyN)]*
XRD DFT trans cis

Mn- N1 (A) 2.1945(19) 2.211  2.172 2.259
Mn- N2 (A) 1.9680(18) 1.956  1.970 2.010
Mn- N3 (A) 2.2415(19) 2.260 2.261 2.308
Mn- N4 (A) 2.171(2) 2.166 2.191 2.093
Mn- N5 (A) 2.138(2) 2.136  2.161 2.093
Mn- 02 (A) 1.8180(16) 1.843  1.822 1.832
OH@ (A) 1.952

N2-Mn-02 (°) 174.21 176.2 176.7 173.54

TEMPOH Oxidation by Mn "' -hydroxo complexes The reactivity of [M'(OH)(PaPyQ)]*
and [Mr"(OH)(PaPyN)]* were compared using the substrate TEMPOH, which is known for its
thermochemical preference to react by a CPET mecha&fi3ims preference stems from the
relatively weak OH bond dissociation free energy of TEMPOH (BDFE = 66.5 kcalniol
MeCN at 298 K) compared to its poor acidityKép= 41 in MeCN) and difficulty in oxidation
(TEMPOH" Epa= 0.71 V vs. FE9). In addition, TEMPOH has been previously employed to
assess reactivity differences for Mydroxo complexes and thus provides an excellent point of

referencg? 3739, 100

The addition of excess TEMPOH to MeCN solutions of either "[{@H)(PaPyQ)]* or
[Mn''(OH)(PaPyN)]* at -35 °C led to the disappearance of the electronic absorption signals
characteristic of these Mrhydroxo adducts (Figur@.10). In each case, the decay of the
absorption bands could be fit to a psedidst order process to at least five hifes to givekons
values. When using 10 equiv. TEMPOH relative to thé'Nigdroxo concentration, the electronic
absorption signals ofMn'"'(OH)(PaPyQ)]* decayed completely over the course caf 200
seconds (Figure2.10, top). In contrast, when the same reaction was performed with
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[Mn"'(OH)(PaPyN)]*, the signals associated with the 'Mhydroxo adduct disappeared within

ca. 15 secods (Figure2.10, center). In each case, the absorption spectra of the product solutions
were consistent with the formation of the Mstarting complexes (Figur210). X-band EPR
experiments of the product solutions in perpendicular mode are dominaseghhis associated

with the TEMPO radical (FigurAal.12 andA1.15). Collectively, these results support a reaction
where the MH-hydroxo adduct abstracts a hydrogen atom from TEMPOH to yield the

corresponding Mh-aqua species and TEMPO radical.

To more thoroughly compare the rate differences for "[{@H)(PaPyQ)]* and
[Mn''(OH)(PaPyN)]*, we collecteckobs values at different TEMPOH concentrations. For each
complex, a plot okobs Versus substrate concentration was linear (Figur®, bottom), and the
slope was taken as the secamder rate constankd). Using this procedure, we determinied
values of 1.7(1) and 27(3) %! for TEMPOH oxidation by [MH(OH)(PaPyQ)]* and
[Mn"'(OH)(PaPyN)]*, respectively, at35 °C. Thus, the latter complex shows afdlsl rate
enhancement. Tab25 compares these seceodler rate constants with those determined for
[Mn"'(OH)(dpaq)] and its derivatives. The rate constant for TEMPOH oxidation for
[Mn"'(OH)(PaPyN)]* is nearly fouffold faster than that of the previously reported
[Mn"'(OH)(dpagN°?d)]* complex k2 = 27(3) and 7(1) Ms?, respectively), which has the fastest
TEMPOH oxidation rate of the [MhOH)(dpaf)]* series3’ The k. value observed for
[Mn"'(OH)(PaPyQ)]* is nearly identical to that reported for the unmodified {N@H)(dpaq)f

complex (1.1(1) Ms?).36
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absorption signal over time (black dots) and a fit (red trace) to @folst decayBottom: Plot of
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Table 25. SecondOrder Rate Constantsk] and Experimental Activation Parameters for
TEMPOH Oxidation by MH-hydroxo complexes and DFCTalculaed Thermodynamic
Parameters

experimental DFT-calculated
complex kk(Mtsh) gH2 gf°® qG° Mn"/Mn" Ey* Mn"-OH, pK., BDFE?
[Mn"'(OH)(PaPyQ)]* 1.7(2) 6.1(9) -40(4) 18(1) -0.75 29.6 78.3
[Mn"'(OH)(PaPyN)]* 27(3) 6.0(9) -35(3) 16(1) -1.01 38.2 84.0
[Mn'" (OH)(dpag)] 1.1(1)  5.3(9) -43(4) 18(1) -0.70 29.3 79.1
[Mn''(OH)(dpag"e)]*¢ 3.9(3) 5.7(3) -41(1) 17.9(9) -0.58 28.7 80.9
[Mn'" (OH)(dpag"©?)]** 7(1) 5.1(5) -42(2) 18(1) -0.51 27.8 81.2

21n kcal mott. P'"cal mol*K ™. In V relative to F&Fc.9 From ref.%”.

Activation parameters for the reaction of TEMPOH with [(Y®H)(PaPyQ)]* and
[Mn'"'(OH)(PaPyN)]" were obtained by collectinkpsvalues (using 10 equiv. TEMPOH) from
35 to 15 °C for the former complex argb to 0 °C for the latter complex (the rate of TEMPOH
oxidation by [Md' (OH)(PaPyN)]* was too fast at 15 °C to obtain reliable kinetic dafhese
data are shown in Figugl1 (top). An Eyring analysis of the variaiEemperature rate data yield
the free ener@)y, odntalcalipyaHbfonan(dg eat i oy ( of ac
values shown in Tab5 and summarized in Figutd (bottom). Activation parameters for Nin
hydroxo complexes in similar coordination spheres are included for comparison. For this series,
t h & vapues fall within the narrow range of 5.5.1 kcal mot, with the [Mn' (OH)(PaPyQ)]*
and [MA"(OH)(PaPyN)]"c o mp| exes being on t he Ywvdlugsseow end
more variation{43 to-35 cal mott K1), with [Mn'"'(OH)(PaPyN)]* having the lowest value. The
combination of activat i Gnaluesfiorhi6ltods keasmbavithd ent r
the most reactive [Mh(OH)(PaPyN)]* having the lowest free energy of activation for the series.
The small variation of activation enthalpies for the reactivity of this series df-iWaroxo
complexes with TEMPOHs quite similar to that observed for DHA oxidation by a set of'Mn

oxo complexe&§3l n t hat Hbvallesvaried flora 13¢p) to 15(1) kcal ol
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Figure 2.11. Top: Eyring plot of varabletemperature kinetic data for TEMPOH oxidation by
[Mn"'(OH)(PaPyQ)]* and [Mn"(OH)(PaPyN)]* in MeCN. Bottom: Bar graph showing the
activation parameters and secander rate constants for TEMPOH oxidation by various'Mn

hydroxo complexes.

TEMPOH Oxidation by Mn " -methoxy complexesSince Mr{'-methoxy complexes have
been previously shown tbe capable of effecting CPET reactions with TEMP®Hye
investigated the reactions of [MOMe)(PaPyQ)]" and [Mn'" (OMe)(PaPyN)]* with TEMPOH.

When either of these Mhhmethoxy complexes is treated with TEMPOH in MeOH3&t °C, the
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electronic absorption bands associated with thé'methoxy adduct undergo a rapid decay
(FigureA1.28). Using an analysis similar to that employedtfe Mn'"-hydroxo complexes, we
determined secondrder rate constants for TEMPOH oxidation by [M@Me)(PaPyQ)]* and
[Mn"'(OMe)(PaPyN)]* of 0.68(8) and 2.9(1) M, respectively (Figuré\1.28). The fousfold

rate enhancement for [MifOMe)(PaPyN)]* relative to [Mr' (OMe)(PaPyQ)]" is far less than

the 15fold enhancement observed for the corresponding Mydroxo complexes (Tabl25).

One cause of this difference could be that substitution of the methoxy ligand for a hydraxo in th
PaPyN-containing complexes would eliminate any potential intramolecular hydtogeading
interaction. An additional difference between the'''Vmethoxy and MH-hydroxo reactions with
TEMPOH is that MeOH and MeCN were the respective solvents. Thiggeha solvent could
influence the reaction rates to some extent. All attempts to measure TEMPOH oxidation rates for
[Mn"'(OMe)(PaPyN)]* relative to [Mr!(OMe)(PaPyQ)]" in MeCN were complicated by the
reaction of the MH-methoxy complexes with traseater to give the MH-hydroxo species, even

when using dried MeCN.

Thermodynamic Analysis of TEMPOH Oxidation Using Experimental and
Computational Methods.To address the basis for the rate enhancement d&f () (PaPyN)]*
compared to [MH (OH)(PaPyQ)]*, we turned to a thermodynamic analysis of the CPET reaction.
CPET reactions often show a correlation between the thermodynamic driving force and the
activation barriet® 192as shown, for example, in our preus investigation of rate variations in
TEMPOH oxidation reactions by the series of [M@H)(dpad®)]* complexes’ Before
extending this treatment to the reaction of TEMPOH with '[N®H)(PaPyQ)]" and

[Mn"'(OH)(PaPyN)]*, we first discuss the thermodynamic framework for CPET reactions.
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For the reaction of a Mhhydroxo adduct with TEMPOH, the driving force is given by the
difference in QH BDFESs of the MfA-aqua product and tHEEMPOH reactant (egn. 1). For a set
of reactions of different Mh-hydroxo adducts with TEMPOH, the variation of theHDBDFE of
the Mrl'-aqua complex is the cause for the change in the reaction driving force, as the THMPO
BDFE is a constant. In this s, a stronger<H bond in the Mh-aqua product is associated with

faster reaction rates, with kaj linearly correlated with the Mraqua BDFE
qiG = BDFE(M'O(H)- H) i BDFE(TEMPG H) (1)

In many instances, it is helpful to use a square scheme to deconstruetHH&DBE of the
Mn''-aqua complex into individual proteand electrortransfer step&’® Scheme 11 shows this
deconstruction, where the CPET step is along the diagonal and the edges represent proton transfer
(vertical) and electron transfer (horizontal). TheHCBDFE is related to the electroand proton
transfer steps using the modified Bordwell equation (eqf® ®here [Ka is for the Mi-aqua
product, the potential is for the MrROH/Mn"-OH couple, and €sqlis a constant for a given
solvent and reaction conditions. In our previous investigation of'{{@#)(dpagR)]* complexes,
we observed that both the reduction potential atgchanged as a function of the R substitution,
but changes in the potential were the larger and, therefore, dominant contribution to the change in

O-H BDFE?

BDFE(MNn'O(H)- H) = 1.37jKa + 23.0€E° + Co ol )
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On the basis of these thermodynamansiderations, the rate enhancement observed for
[Mn'"'(OH)(PaPyN)]* over [Mn" (OH)(PaPyQ)]" and other MH -hydroxo complexes very likely
arises from differences in the-® BDFEs of the MH-aqua products. In particular, the nitrogen
atom from thenaphthyridinyl moiety in [MA(OH.)(PaPyN)]* could stabilize the Mhaqua
product through hydrogen bonding, whereas this type of interaction is unavailable in
[Mn''(OH)(PaPyQ)]". Consequently, we would expect the [NI@Hz)(PaPyN)]* product to be
significantly more basic (higherK) than [Mr'(OH)(PaPyQ)]". It is also possible that the
significant difference in the observed rate of reaction arises from differences in tH& Mn
reduction potentialsTo evaluate these possibilities, we combined €yeriments with DFT

computations.

CV experiments fopMn'"'(OH)(PaPyQ)]" and [Mn" (OH)(PaPyN)]" in MeCN at 25 °C each
reveal irreversible reduction waves with negative peak potenkgls=-0.86 and-1.10 V vs.
Fc/F¢, respectively) (Figured1.29). The peak potentials for both [M(OH)(PaPyQ)]" and

[Mn''(OH)(PaPyN)]* are more negative thandse of [MA'(OH)(dpaq)T and its derivativesH
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=-0.73 t0-0.54 V)3 *¥*Remarkably, [MH' (OH)(PaPyN)]* has the lowest peak potential of this
series of MH'-hydroxo complexes, but also shows the fastest rate of reaction for TEMPOH
oxidation. Thus, these CWata reveal that [Mh(OH)(PaPyN)]* reacts rapidly with TEMPOH

in spiteof its very negative potential.

As we have been unable to obtain experimental insight into either the basicity of the Mn
hydroxo reactants or the acidity of the Maqua productswe turned to DFT computations to
obtain reasonable approximations for these parameters. We also used computations to calculate
the thermodynami&, values for the MH-OH/Mn"-OH couples, which differ slightly from the
peak potentials observed by Chhe results are collected in Tal@d®, which also includes values

for [Mn"'(OH)(dpa®)]* complexes’

The calculatedEy> values mirror the trend in the experimentg)c values, with
[Mn''(OH)(PaPyN)]* showing a more negative potential tg. 250 mV (calculated:/, values
for [Mn"'(OH)(PaPyQ)]" and [Mnl" (OH)(PaPyN)]* are-0.75 and-1.01 V, respectively)Thus,
the computations reinforce the conclusion fivat"!' (OH)(PaPyN)]* is a significantly poorer ore
electron oxidant than [Mh(OH)(PaPyQ)]*. The (Ka calculations indicatéhat [Mnl' (OH)(PaPy
2N)]* is considerably less acidic than [MOHz)(PaPyQ)]" (pKa = 38.2 and 29.6, respectively).
The basis for this large difference comes from the strong hydilogeeh in the former complex
that is lacking in the latter. The DFT sttures for the Mivaqua complexes (Figurel.30) reveal
a short OH---N(naphthyridinyl) distance of 1.64 A in [M®H.)(PaPyN)]*. This interaction
causes a distortion in the aqua binding position, giving aMNI02 angle of 159°, with the aqua
ligand tilted toward the naphthyridinyl group. In contrast, the corresponding angle in
[Mn''(OHy)(PaPyQ)]", which lacks any hydrogen bond with the aqua ligand, is 170°, with the

agua angled slightly away from the quinolinyl moiety.
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When combined, thedculatedEizand [Ka values give GH BDFEs for [Mr'(OH)(PaPy
2Q)]" and [Mr'(OH,)(PaPyN)]* of 78.3 and 84.0 kcal né) respectively (Tabl@5 and Figure
2.12). The larger BDFE for [MH{OH,)(PaPyN)]* explains the higher reactivity with TEMPOH
observed for the corresponding NHmydroxo complex. The stronger bond formed in
[Mn''(OH.)(PaPyN)]* creates a larger driving force for the CPET reaction. The BDFE of
[Mn"(OH)(PaPyQ)]* is comparable to thaof [Mn"(OHy)(dpaq)l (79.1 kcal/mol), which
explains their observed similar reaction rates with TEMPOH (1.7(1) and 1.1(8% M

respectively; see Tabib).
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In(kz) for TEMPOH oxidation by MH-hydroxo complexes as a function of the HDBDFE of
corresponding Mh-aqua complexes.

When considering the readty of a broader series of Mihydroxo complexes with
TEMPOH? a plot of the Ink2) vs the QH BDFE of Mr'-aqua complexes shows a linear
correlation, albeit with some scatter (Fig@rg2, bottom). These results reinforce the conclusion

that higher ©H BDFEs in the Mf-aqua products lowers the activation barrier and increases
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reactivity. The [M#'(OH)(PaPyN)]* and [Mn" (OH)(dpa§™®)]* complexes provide the extremes

of this series, where thea. 35-fold difference in rate constants is in line with tiee5 kcal mot*
difference in GH BDFE. What is remarkable for this series is that the basis for the higher
reactivities of [MA'(OH)(PaPyN)]* and [Mn"(OH)(dpad'©?]* are of a different origin. While
[Mn'"'(OH)(PaPyN)]* shows a rapid reaction with TEMPOH on the basis of the basicity of this
complex, it is the relatively high reduction potential of [M@H)(dpad'©?]* that causes this
species to be a good CPET agent. This difference is illustrated in the bar graph i2 ER(hap),
which readily displays the large contribution to the'Migua BDFE from the Kx term of
[Mn''(OH)(PaPyN)]* and the large contribution to the BDFE from the more positive reduction

potential of [MA'(OH)(dpad©?)]".

Variation in CPET Reaction Rates of Mn'"-hydroxo Complexes Using Substituted
Phenols. We further assessed reactivity differences between "'[@H)(PaPyQ)]* and
[Mn'""(OH)(PaPyN)]* using 4X-2,6-di-tert-butylphenols (4X-2,6-DTBP), where X denotes
various substituents (X = OMe, MBu, H, and CI). By exploring reactions with thgsara-
substituted phenols, we are able to correlate changes itheh@odynamic properties of the
substrate with the reactivity of the Mehydroxo unit. In Figure2.13, we show the decay of
[Mn''(OH)(PaPyQ)]* (top) and [Mif'(OH)(PaPyN)]* (center) upon the addition of 10 equiv. 4
'Bu-2,6-DTBP at 50 °C. In eachase, we observe the disappearance of the electronic absorption
signals associated with the Msydroxo complexes and the appearance of bands at 380 nm, 400
nm, and 628 nm. These bands are characteristic of thet@;#@-butylphenoxyl radicat®
which forms as a product of this reactionci 60 and 97% yield relative tti¢ Mr'"-hydroxo
concentration of [MH(OH)(PaPyQ)]" and [Mr"(OH)(PaPyN)]*, respectively. Xvand EPR

experiments of the product solutions in perpendicular mode are dominated by signals associated
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with the 2,4,6tri-tert-butylphenoxyl radical (FigurA&1.12 andA1.15). The electronic absorption

and EPR data thus indicate that both M@H)(PaPyQ)]* and [Mr"(OH)(PaPyN)]* react with
4-'Bu-2,6-DTBP to form the corresponding phenoxyl radical and' Mroducts. Reactions using
different concentrationsef the 4'Bu-2,6-DTBP substrate allowed us to determined/alues of

5.2(2) and 0.08(1) Ms! for [Mn"'(OH)(PaPyN)]* and [MAd"(OH)(PaPyQ)]*, respectively.

Thus, we observe a remarkablef6fl rate acceleration for the former complex. Onlihsis of

our thermodynamic analysis discussed in the previous section, we infer that this rate increase
comes from the enhanced thermodynamic capabilities of'[@Hr)(PaPyN)]* in CPET

reactions.
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We performed similar experiments for the remaining-2,6-DTBP (X = OMe, Me, H, and
Cl), and the data are shown time Supporting Information (Figur&1.31). Seconebrder rate
constants for each reaction are collected in (T2lle From these data, it is immediately apparent
that thek. for phenol oxidation by [MH(OH)(PaPyN)]* is always significantly larger thahat
of [Mn"'(OH)(PaPyQ)]". The reactions with-#-2,6-DTBP provide the extreme example, where
a 100fold rate enhancement is observed. Thus, for this set of phenol substrates,
[Mn"'(OH)(PaPyN)]* shows rate enhancements of -4Go 10Gfold relative to

[Mn''(OH)(PaPyQ)]".

Table 2.6. Secondorder Rate Constantg&] for the Oxidation of 4X-2,6-DTBP Substrates by
[Mn'"'(OH)(PaPyQ)]" and [Mr'"(OH)(PaPyN)]* with DFT-Computed Thermodynamic
Parameters for the Phenol Substrates.

substrate ko (M1s?) O-H
[Mn"'(OH)(PaPyQ)]* [Mn"'(OH)(PaPyN)]* BDE?* pKa =
4-MeO-2,6DTBP 2.3(1) 127(2) 773 281 058
4-Me-2,6:DTBP 0.165(4) 8.0(4) 81.6 275 0.86
4-'Bu-2,6-DTBP 0.08(1) 5.2(2) 82.3 28.0 0.93
4-Cl-2,6:DTBP 0.0323(1) 2.4(2) 835 254 1.17
4-H-2,6:DTBP 0.012(1) 0.99(2) 839 26.8 1.15

21n kcal mott. PIn V relative to Fé/Fc.

When the rates of -X-2,6DTBP oxidation by [MH (OH)(PaPyQ)]* and
[Mn"'(OH)(PaPyN)]* are considered with respect to the phenol BDE, we observe a uniform
decrease in the reaction rate with increasing BDE of the phertélll@nd (Table2.6). (In this
analysis, we have used Df€&lculated ©H bond dissociation enthags, as experimental values
in MeCN are not known for all the phenols considered.) A plot &)lfi¢r phenol oxidation by
both [Mn"(OH)(PaPyQ)]" and [Mr"(OH)(PaPyN)]* shows a linear correlation with the

calculated phenol {H bond strength (Figur2.14). This behavior supports a common reaction
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mechanism for all phenols. The unitless sldpefpr these correlations (which was obtained by
correcting the slope in the kaj versus BDE plot for thermal energy in kcal thadee the caption

of Figure2.14) isca. -0.5, which is common for such linelxee energy correlations.

Plots of Ink2) versus the calculated reduction potenti@dsy( of the phenols are also quite
linear, showing faster reaction rates for phenols with more negative potentials @lgs®etop
left). In the comparison of rate versus potential, we can determine a unitless slap® @ from
plots of RT/F)In(kz) versusEs. (Figure A1.32, top right). This small slope indicates that the
reaction rates are far less sensitive to the potential of the substrate tharHtiBD&. Tolman,
Mayer, and cevorkers observed similarly small slopes when investigating phenaitixidby a
pair of CU'-hydroxo complexest An analysis of the reaction rates, asih{ersus the phenol
pKa shows more significant scatter (Figukel.32, bottom), although there is a general trend that
more acidic phenols.€., 4-Cl-2,6-DTBP) show slower reaction rates. This trend tends to rule out
mechanisms involving ratiémiting proton transfer, as then we wdwxpect faster reaction rates
with more acidic phenols. We therefore conclude that both'"[{@H)(PaPyQ)]* and
[Mn"'(OH)(PaPyN)]* perform phenol oxidation by a CPET mechanism, with rates determined by

the BDE of the substrate-®l bond.
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Figure 2.14. Plot of Inkz) for the oxidation of 4X-2,6-DTBP by [Mn'"(OH)(PaPyQ)]" and
[Mn"'(OH)(PaPyN)]* versus the DFTalculated ©@H BDE of the phenol substrate. The
parameter is related to the slope by the equatienslopeRT, whereR is the gas constant afd
is the reaction temperature of 50°C.

24 Conclusions

The extended coordination environments of metal catalysts plajgraficant role in
modulating reactivity. In metalloenzymes, this extended coordination environment is created by
second and thirdsphere amino acid residues that can influence reactivity in severafways;
creating substratbinding pockets, promoting coordination of exogenous ligands, or forming
hydrogen bonds with firstoordination sphere amino acid residues. A prominent feature of the
active sites of th&InSOD and MnLOX enzymes in the Mrstate is a hydrogen bond between a

coordinated hydroxo ligand ancte carboxylate ligand (Figur2.1).

In this present study, we have examined a pair of ¥Mpdroxo complexes that differ only in
one functional groupf the supporting ligand. One of these complexes,"[MH)(PaPyN)]*,
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contains a naphthyridinyl moiety capable of forming an intramolecular hydrogen bond with the
hydroxo ligand. The second complex, [Mi©H)(PaPyQ)]* contains a quinolinyl moiety that

does not permit any intramolecular hydrogen bonding. Using a variety of spectroscopic and
computational methods, we propose that the "[K@H)(PaPyN)]* complex has the same
coordination geometry and ligafinding confguration as [MH (OH)(PaPyQ)]", but that the

latter complex contains an intramolecular hydrogen bond. In particular, the strong similarities of
the 'H NMR spectra of [MH(OH)(PaPyQ)]" and [Mn"(OH)(PaPyN)]* support a common
ligand-binding configurabn (Figure 2.8). In addition, computational studies of a model of
[Mn"'(OH)(PaPyN)]* containing an intramolecular hydrogen bond nicely reproduce the
experimental electronic absorption spectrum of this complex and reproduce spectral shifts relative

to [Mn"'(OH)(PaPyQ)]" (Figure2.9).

Despite their very similar structures, the [Mi©®H)(PaPyN)]* reacts with substrates with
activated OH bonds far more rapidly than [MiOH)(PaPyQ)]* (Figures2.10 and2.13). Using
various substrates, we observeate enhancements for [MOH)(PaPyN)]* over
[Mn''(OH)(PaPyQ)]* of between 15and 106fold. A detailed analysis of the thermodynamic
contributions to CPET reactions of [M(OH)(PaPyQ)]* and [Mr"(OH)(PaPyN)]" reveals that
the latter complex isignificantly more basic. This increased basicity more than counteracts the
more negative reduction potential of this complex, leading to a strongdr EDFE in the
[Mn''(OHy)(PaPyN)]* product. Thus, the differences in reactivity between'{f@H)(PaPyQ)]*
and [Mr'"(OH)(PaPyN)]* can be understand on the basis of thermodynamic considerations,
which are strongly influenced by the ability of the latter complex to form an intramolecular
hydrogen bond. Accordingly, this work suggests that the hydrbged nferred in the activsite

structures of MNnSOD and MnLOX likely serves a functional role by increasing the basicity of the

84



hydroxo ligand. In the case of MnLOX, this increased basicity would activate tHehyiroxo

unit towards CPET reactions involvitige biological substrate.
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Chapter 3

Characterization and Chemical Reactivity of RoomTemperature-Stable Mn'" -
alkylperoxo Complexes

This chapter has been submittedCleem. Sciand is undergoing revisions.
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3.1Introduction

Metalalkylperoxo adducts are essential species in industrial and biological oxidation
reactions:® For example, Cb-alkylperoxo adducts are proposed as intermediates in the industrial
oxidation of cyclohexane to adipic acid’ In the oxidatiormechanism, homolytic cleavage of
the G O bond of a CH-cyclohexylperoxo species leads to the production of cyclohexanol and
cyclohexanoné. ® Further radicainduced oxidation of cyclohexanone by € bond cleavage
yields adipic acid.In biological systems, metalkylperoxo adducts are conemintermediates in
a variety of oxygenase enzymes, where they can be directly involved in substrate oxidation or
precede the formation of higralent metaloxo specie$: 1° Given the importance of metal
alkylperoxo species in such reactions, there aremany examples of synthetic £¢ ?Co-,1: 4
5> and Cualkylperoxd '3 *adducts, and these complexes are capable of oxidizing substrates such

as 1,4cyclohexadiene,-phenylpropionaldehyde, dririphenylphosphine.

While such studies of synthetic model complexes have probed the properties and reactivity of
many types of metallkylperoxo complexes, examples of Mikylperoxo adducts are more
limited, and there remain many open questions conugrhie factors governing the decay and
reactivity of these complexes. Kovacs anewawrkers have performed pioneering investigations
of Mn'"-alkylperoxo adducts, including structural characterization of a family of complexes by X
ray crystallography® 8 These studies employed pentadentate, thiglateaining NS ligands,
which in thecorresponding [MH(OOR)(N:S)]* complexes placed the thiolate doris to the
alkylperoxo ligand, with bulky quinolinyl or-Ghethylpyridyl substituentsansto each other and
cis to the alkylperoxo moiety (Fige 3.1, left)!®> 16 The crystallographically observed MN
distances for the quinolinyl andrBettylpyridyl donors range from 2.35 to 2.52 A, which are quite

long for M- N interactions. Interestingly, these long My distances are correlated with the
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alkylperoxo Q O bond lengths, which vary from 1.43 to 1.47%%s shorter MaN distances
gave longer ©O bonds, it was proposed that less Lewis acidit' enters yielded more activated
Mn'"-alkylperoxo adducts. By using variallemperature kinetic studies, the@bond lengths
for these MH' -alkylperoxo complexes were in turelated to their thermal decay rates. 'Mn
alkylperoxo adducts with longer-@ bonds decayed more rapidly, with lovegd? values and
qf values that were more negatit?eBecause of the correlation between the- Mmlistances and
the G O bond lengths, these results suggest that activation 8f-adkylperoxo complexes can be
controlled by the donor strength of groups to the alkylperoxo unit. Thermal decomposition
studies and analysis of the decay products of th&-stimylperoxo adducsupported a decay by

homolytic cleavage of the alkylperoxe O bond?!®

R =H: [Mn" (0O Bu)(dpaq)]*

Mn'"{OO'Bu)(SN,(6-MeDPEN))]*
[Mn™( u)(SN4( e Nl R = Me: [Mn"'(OOtBu)(dpanME)]+

Figure 3.1. Schematic structures of [MfOOBU)(SNy(6-MeDPEN)) (left) and
[Mn'"'(OOBu)(dpa®)]* (right). The [MA'(OOBu)(SNy(6-MeDPEN))] complex is a
representative example of a Mvalkylperoxo adduct supported by anS\ligand.

While these studies provide structweactivity correlations with regards to the thermal decay
pathway, the MH-alkylperoxo adducts of the 48 ligands failed to show any direct reaction
towards a range of substraté®roduct analysis of the reaction solutions provided evidence of the
oxidation of a variety of substrate (i.e., BETEMPOH, and cyclohexane carboxaldehyde)

following decay of the Mh-alkylperoxo adducts, implying that a product of the decay pathway is
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a capable oxidant. In contrast, Niiydroperoxo complexes supported by neutral, macrocyalic N
ligands are known to react directly with aldehydes, sulfided,hgdrocarbons possessing weak

C- H bondst” 18 Given that metahlkylperoxo adducts are often taken as analogues of -metal
hydroxoperoxo specig$?*the stark difference in reactivity between 'Nalkylperoxo and MH -
hydroperao adducts in substrate oxidation reactions is striking. The disparate reactivities of these
complexes might reflect the differences in the properties of the supporting ligands empl&yed (N
for Mn'"-alkylperoxo versus neutraly¥or Mn"'-hydroperoxo)There is a clear need to understand
better the role of nethiolatecontaining supporting ligands in influencing the properties and

reactivity of Mrl'-alkylperoxo complexes.

| SN X +
\N—/—:Mn"""N —
" N L | SN
A
H N | N |
NS —_—
NZ I o
X HeMegpag X = OH: [Mn"(OH)(®Medpaq)]*

X = 00'Bu: [Mn"(0O0Bu)(®Medpaq)]*
X =00Cm: [Mn"(OOCm)(*Medpaq)]*

Figure 3.2. Hedpaq ligand (left), and [Mh(OH)(®“edpaq)f, [Mn"'(OOBu)®Medpaq)}, and

[Mn"'(OOCm)fMedpaq)l complexes (right). The -Ble-pyridyl substituents have been
highlighted in blue in the structure of the metal complexes.

We previously generated a pair of Nhalkylperoxocomplexes with ligands lacking thiolate
ligation?® These MH'-alkylperoxo complexes were supported by the pentadentate dpag and
dpag™® ligands, both of which feature strongly donating amide groups trans to the alkylperoxo
moiety (Fig.3.1, right; dpaq = Zbis(pyridin-2-ylmethyl)JamineN-quinolin-8-yl-acetamidate,
dpagV® = 2-[bis(pyridin-2-ylmethyl)JamineN-2-methykquinolin-8-yl-acetamidate}® Both
[Mn'"'(OOBu)(dpaq)f and [Mr'"(OOBu)(dpad"®)]* were unstablet{; = 3200 and 3600 s,
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respectively, for 2 mM solution in GEN at-15 °C) but were characterized by electronic
absaption, Mn K-edge %ray absorption, and FIR spectroscopie®The obser vati on
in EPR spectra of the complexes following their thermal decay provided support for a decay
pathway involving MRO bond homolysi® While these data suggest differendasdecay
pathways for the thiolateversus nosthiolateligand complexes, the large exceséfOOH (a.
100equiv.) required to form the [Mh(OOBuU)(dpaq)] and [Mr" (OOBu)(dpad“®)]* complexes

made a complete analysistbiir reactivity and decagathways unfeasible. The large excess of

‘BuOOH also complicated any investigations of substrate oxidation.

Given the limitations of the Mh-alkylperoxo complexes of the dpaqg and d&¢jgands, we
sought to develop a derivative of the dpaq ligand that would better stabilize thalkiperoxo
adduct. Herein, we report Mralkylperoxo adducts supported $¥fdpaq (Figire 32). This new
ligand incorporates steric bulk at the 6 pasitof the pyridyl substituents in the equatorial plane.
This choice was inspired by the higher stability of the''Mrkylperoxo complexes supported by
N4S ligands with two bulky Ndonor ligandgisto the alkylperoxo ligand (Fige 31, left). X-ray
crystallographic characterization of the lkydroxo adduct [MH (OH)(Medpaq)](OTf) reveals
that the emethylpyridyl groups cause elongations in the-Mndistance of 0.11 A relative to
[Mn"'(OH)(dpaq)](OTH?¢ The [Mn'"(OH)EVedpaq)](OTf) complex reacts with stoichiometric
amounts ofBUOOH and CmOOH in C#CN to generate the [MH(OOBu)(Medpaq)l and
[Mn"'(OOCm)fMedpaq)l complexes. These Mnalkylperoxo complexes are stable in solution
at room temperature withalf-lives of ca. 5 and 8 days, respectively. Structural characterization
for [Mn"' (OOCm)fMedpaq)f was obtained by Xay crystallography. Despite their relatively high
thermal stabilities, kinetic studies of [MOOBuU)(Medpaq)t and [MA"(OOCm)fMedpaq)t

provide evidence for the direct reaction of thesé'Muikylperoxo adducts with phosphines. These
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results show that the ligand sphere of'Malkylperoxo adducts is critically important in governing

their reactivity in substrate oxidation reactions.

3.2Experimental Details and Methods.

General Methods:

All chemicals were used as obtained from commercial sources unless noted otherwise.
Acetonitrile, diethyl diethyl ether, and methanol were dried and degassed using a PureSolv Micro
solventpurification system. 18enzoquine was purified by sublimation. Bis((@thylpyridin
2-yl)methyl)amine was synthesized according to a reported proc&diiie.concentration dért-
butyl hydroperoxide'BuOOH) in decane stock solution was found to be 4.3 M by iodometric
titration?® Experiments were performed under dinitrogen atmosphere in a glovebox unless
otherwise noted.

Instrumentation:

El ectronic absorption experiments were perf.:
spectrophotonter equipped with a Unisoku cryostat and stirrer. Vibrational data were obtained
using a PerkinElmer Spectrum100 FTIR spectrometer with samples sealed in 0.1 mm gastight
NaCl cells. Electrospray ionization mass spectrometry-{#S) experiments were perfoed
using an LCT Premier MicroMass electrospray tofdlight instrument. Xband EPR
experiments were performed using a Bruker EMXplus with Oxford ESR900 contifioaus
liquid helium cryostat and an Oxford ITC503 temperature systdrand3P NMR speci were
obtained on a Bruker DRX 400 MHz NMR spectrometé€. and HSQC NMR spectra were
obtained on an Avance AVIII 500 MHz NMR spectrometer. Hyperfine shitleldMR data were
collected within the spectra width of 150-t®0 ppm with 1000 scans to progidufficient S/N.

Spectra were baseline subtracted with the multipoint fitting procedure using the spline functions
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in the MestReNova program. GC analysis was performed on the Agilent 6890N gas
chromatograph coupled to a triple quadrupole mass analyzerbeth electron impact and
chemical ionization sources.-pay crystallography experiments were performed on a Bruker
diffractometer equipped with Helios hiddnilliance multilayer optics, a platinum CCD detector
and a Bruker MicroStar microfocus rotatingoae Xray source operating at 45 kV and 60 mA.
Synthesis of 2(bis((6-methylpyridin -2-yl)methyl)amino)-N-(quinolin-8-yl)acetamide
(H%edpagq). The HMedpaq ligand was synthesized according to a modified literature pro¢&dure.
Under an inert atmosphere in a Schlenk fl@&8&79 g (6.1 mmol3-aminoquinoline and..238 g
(12.7 mmol) sodium carbonateere dissolved in 2thL CH:CN. The solution was cooled to 273
K in an ice bath, and 1.231 g (6.1 mmol) bromoacetyl bromide was added dropwise to the cooled
solution. The reaction was stirred for one hour at 273 K. The reaction mixture was filtered through
an ultrafine frit, ad the solvent was removed under vacuum. The resulting orange solid was
combined in a flask witli.002 g(9.5 mmol) sodium carbonate and dissolved in 40 mls@NH
under an inert atmosphere. The solution was cooled to 273 K in an ice bath. 1.387 g (6.4fmmaol)
bis((6-methylpyridin2-yl)methyl)amine was added slowly while stirring, and the reaction mixture
was stirred overnight at 273 K. Aftea. 20 hours, the reaction mixture was filtered through an
ultrafine frit, and the solvent was removed under vaculime. resulting red solid was purified
through column chromatography on neutral alumina as the stationary phase and 99:1% vol:vol
CH.CI:MeOH as the mobile phase. The purification was completed with 98:2% vol:vol
CH:Cl2:MeOH. The final product was obtained @ dark yellow solid in 80% yield and
characterized byH, 13C, and HSQC NMR method§igure A21 i A2.3).'H NMR data (400
MHz) for H®Medpaq (CDC4, a) = 11.61J€42 1.71H4;)H), 8.85.(dal4 6.1,d d ;

2.9 Hz; 1H), 8.19 (ddj = 8.3, 1.7 Hz; 1H), 7.82 (&= 7.7 Hz; 2H), 7.52 (m, 5H), 7.02 (m, 2H),
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3.99 (s, 4H), 3.52 (s, 2H), 2.47 (s, 6H) ppft NMR data (125 MHz) for edpaq (CDCY, U ) =
169.92 (s, C=0), 157.88 (s, Py), 157.80 (s, Py), B81Qu), 139.02 (s, Qu), 137.01 (s, Qu),
136.42 (s, Qu), 134.58 (s, Qu), 128.22 (s, Qu), 127.58 (s; Qu), 121.98 (s; Py), 121.73 (d; Py,Qu),
120.30 (s, Py), 116.65 (s, Qu), 61.48K:Py), 59.39 {CH,CO-), 24.50 (CHPY) ppm.

Synthesis and Characterizationof [Mn' (OH2)(®Medpaq)](OTf). The reaction of 0.545 g
(1.3 mmol) HMedpaq with 0.577 g (1.3 mmol) M(OTf)2-2CHCN in 40 mL MeOH under an
inert atmosphere using 0.128 g (1.3 mmol) NBaOas a base stirred for 18 hours yields a bright
orangesolution. The MeOH was removed completely in vacuo leaving behind an orange powder.
The orange powder was dissolved in a minimal amount gCCHand layered with diethyl ether.
This procedure led to the formation of an orange precipitate. The solvenewa#aet, and the
orange solid was dried, washed with diethyl ether, and dried again. The recrystallization
procedures were repeated two more times and orange microcrystalline solid was obtained. The
microcrystalline material was dissolved in a minimal anmtoof CH:CN and setp for crystal
growth by slow vapor diffusion of diethyl ether into the LNl solution. Single crystals suitable
for X-ray crystallographic analysis were obtained by this method.

X-band, perpendiculanode EPR data obtained for aa. 2 mM solution of
[Mn''(H20)(Medpaq)]OTfin CHsCN reveals a 4ine signal ¢ = 2.00,A = 93.9G;Figure A25).
The g-value and hyperfine splitting observed in this EPR spectrum are similar to those reported
for the highspin [Mn'(N4S)]" complexes ¢ = 1.98 - 2.00, A = 907 100 G) and
[Mn"(NCMe)(dpadV®)]* (g = 2.04)3% 31Thus, we conclude that the monomeric structure observed
in the Xray structure of [Mh(H20)(“edpaq)](OTf) is retained in solution. In addition, a
determination of the magnetic moment for this complex by the Evans method yielded a value of

5.7 s, Which is consistent with the assignment of this species as apiigtMr' complex (the
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calculated spironly value fo anS= 5/2 species is 5.91g Massspectral analysis of a GAN
solution of [Mr'(H20)(®Medpaq)](OTf) revealed a peak at/z = 465.12, consistent with the
[Mn"(®Medpaq)] ion (calculatedn/z= 465.14;Figure A26). The ESIMS data also show an/z
pe& at 482.14, which is consistent with [Mi(OH)®Medpaq)] (calculatedm/z= 482.15). The
appearance offMn"'(OH)®edpaq)! indicates the oxidation of [MifH.0)(EVedpaq)]OTf by
ambient oxygen in air to form [MHOH)(Medpaq)l. This phenomenon has been observed in
other Mr' complexes with similar ligands: 3°

X-ray diffraction data collection and analysis for [Mn'" (H20)(®™edpaq)](OTf). Complete
sets of unique reflections were collected with monochromatedCadtiation for a crystal sample
of the [Mn'(H20)(®Medpaq)](OTf) compound. The [MiH-0)(Medpaq)](OTf) crystal was a 95/5
racemic twin. Totals of 1639 1@vide w- or f -scan frames with counting times oB4seconds
were collected for [MIH20)(®Medpaq)](OTf) with a Bruker APEX Il CCD area detector-rays
were provided by &8ruker MicroStar microfocus rotating anode operating at 45kV and 60 mA
and equipped with Helios multilayerray optics. Preliminary lattice constants were obtained
with the Bruker program SMARY Integrated reflection intensities were produced using the
Bruker program SAINT.Data sets were corrected empirically for variable absorption effects using
equivalent reflections. The Bruker software package SHELXTL was used to solve the structure
using Adirect met hods o t e c-marix lgasteqeares rafindmens t a g e s
were conducted using Fdata with the SHELXTL v2014 software packd§e.

The final structural model incorporated anisotropic thermal parameters for all nonhydrogen
atoms and isotropic thermal parameters for all hydrogen atéyasogen atoms in th&“edpaq
ligands and acetonitrile molecules of crystallization were fixed at idealized riding mader sp

sp-hybridized positions with & bond lengths of 0.950.99 A. Both hydrogen atoms for the
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water molecule were located fromdifference Fourier and included in the structural model as
independent isotropic atoms whose parameters were allowed to refine isojearss refinement
cycles. All methyl groups were refined as idealized rigid rotors (withHakond length of 0.98

A) that were allowed to rotate freely about thei€®onds in leassquares refinement cycles. The
isotropic thermal parameters of idealized hydrogen atoms were fixed at values lr2ethgt)

or 1.5 (methyl) times the equivalent isotropic thermal patanof the carbon atom to which they

are covalently bonded. The relevant crystallographic and structure refinement data for
[Mn''(H20)(Medpaq)](OTf) are given in Table AR.

Synthesis and Characterization of [Mr' (OH)(®Medpaq)](OTH). The
[Mn'"(H20)®Medpaq)]OTf complex reacts very slowly with dioxygen to produce
[Mn"'(OH)(®Medpaq)]OTf Figure A27, left). A more ready method for obtaining
[Mn"'(OH)(®Medpaq)]OTf was identified through oxidation of [MiH.0)EMedpaq)]OTf in
CHsCN using 0.5 equiv. RO (Figure A27, right). The oxidation reaction led to a change in color
from the bright orange color GBN solution of [MA (H20)("¢dpaq)]OTf to dark bronze color.
Mass spectral analysis of GEN solutions of [MH'(OH)(Medpaq)](OTf) reveal a prominepeak
atm/z= 482.14, in good agreement with the predictédfor [Mn"' (OH)(Medpaq)T (calculated
m/z= 482.14 Figure A28). The ESIMS data also show a peak associated with tHechi@gon of
the HMedpag ligand Figure A28). The solutionphase magnetic moment of
[Mn"'(OH)(®Medpaq)}, as determined using the EvaHd NMR method with diamagnetic
correction, support the assignment of this species as aspighMrl" center (4 = 4.5 |,
expected sphonly value of 4 = 4.9 15). 'H NMR characterizatiosuggests that the dissolution

of [Mn"'(OH)(Medpaq)](OTf) in CRCN does not result in the formation ofu-
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oxo)dimanganese(lll, lispecies? Presumably the steric bulk of the additionah6thyl moiety
is sufficient to prohibit formation of auoxo)dimanganese(lll, Ill) complex.

X-ray quality crystals ofMn"' (OH)®Medpaq)](OT) were obtained by crystallization of the
concentrated bronze color solution resulting from the oxidation of (Nu®)(V¢dpaq)]OTf by
slow vapor diffusion of diethyl ether into the &N solution at room temperature.

X-ray diffraction data collection and analysis for [MA" (OH)(®Medpaq)](OTf). A set of
4121 unique reflections were collectédfor a 92/8 racemicallywinned crystal of
[MN(C25H24Ns0)(OH)][OsSCH] usi-wg d do r@scan frames with scan times of38
secomls and monochromated Calfadiation [ = 1.54178 A) on a Bruker Proteum Single Crystal
Diffraction System equipped with dual CCD area detectors. Data collection utilized a Platinum
135 CCD detector and Helios higpnilliance multilayer optics. Xays were provided with a
Bruker MicroStar micréocus Cu rotating anoderay source operating at 45 kV and 60 mA. The
integrated daf4 were corrected empirically for variable absorption effects using equivalent
reflections. The Bruker software package SHELXTL was used to solve thessteictwu s i ng fAdi |
met hodso techni ques.-makikleastsqtiaeeg refimement were eandudted e d  f
using R?data with the SHELXTL XL v2014 software packdye

The asymmetric unit of [Mn(f&H24Ns0)(OH)][OsSCR] contains an ordered
[Mn(CosH24NsO)(OH)J* cation and an ordered triflate anion. All nonhydrogen atoms of
[MN(C25H24Ns0)(OH)][OsSCR] were included in the structural model with anisotropic thermal
parameters that were allowed to vary along with their positional parameters tisqeases
refinement cycles. The hydrogen atom of the coordinated hydroxyl group was located from a
difference Fourier and included in the structural model as an independent isotropic atom whose

parameters was also allowed to vary. Methyl groups for [I#H{&Ns0)(OH)][OsSCR] were
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incorporated into the structural model as idealized rigid rotors (ustruyspidized geometry and

a C H bond | ength of 0.98 j) that were -permit
squares refinement cycles. The enraining normethyl hydrogen atoms for
[Mn(C25H24Ns0)(OH)][OsSCHR] were included in the structural model as idealized ricimaylel

atoms (assuming $porsp-hy br i di zati on of the carbon at oms
0.99 A). Thesotropic thermal parameters of all idealized hydrogen atoms were fixed at values 1.2
(nonmethyl) or 1.5 (methyl) times the equivalent isotropic thermal parameter of the carbon atom

to which they are covalently bonded.

Synthesis and  Characterization of [Mn""' (OO'Bu)(®Medpaq)]* and
[Mn"" (OOCm)(*Medpaq)]*. [Mn"'(OOBu)®Medpaq)] and [Mn"(OOCm)EMedpaq)l were
prepared by the reaction of [MH-0)(Medpaq)]OTfin CHsCN with 1.5 equiv. ofBuOOH and
CmOOH, respectively, at 298 @mount detemined by titration, see Figure A 2.9he formation
of [Mn"(OOBuU)(Medpaq)l and [MA"(OOCm)fMedpaq)] were monitored by electronic
absorption spectroscopyhese data shothe appearance of an electronic absorption feature at
around 650 nm. This feature increased in intensity with time, and the formation was deemed
complete after there was no change in intensity with time. The formation of
[Mn"'(OOBu)EMedpaq)T and [MA"(OOCm)EMedpaq)T was also performed by the reactioh o
[Mn"'(OH)(®Medpaq)T in CHsCN with 1.0 equiviBUOOH and CmOOH, respectively, at 298 K.
In thi case, the formation was evident by the decrease in the intensity of the 510 nm feature of
[Mn"'(OH)(®Medpaq)l and the appearance of a 650 nm featditee famation was deemed
complete after there was no change in intensity of the 650 nm feature withNass. spectral
analysis of a CECN solution of [Md! (OOBu)(®Medpaq)f shows a peak ah/z= 554.19 that is

consistent with the formulation of thapecies as [Mh(OOBuU)(®Medpaq)] (calculatedm/z =
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554.20,Figure A210, left). The magnetic moment of [Mi{OOBu)(Vedpaq)T, as determined
using the EvansH NMR method with diamagnetic correction, supports the assignment of this
species as a higépin Mrl" center (4 = 4.5 s, which compares well with the fréen value for

an S = 2 system of 4.9 g). ESFMS data collected for [Mh(OOCm)fMedpaq)] show a
characteristic peak at m/z = 616.18 that agrees with that expected for this complex (catozlated
= 616.21,Figure A210, right). X-ray quality crystals of the [MHOOCm)EMedpaq)l were
obtained by layering of concentrated €M solution of [Mr"(OOCm)&Medpaq)] with cold
diethyl ether. The satp was kept in a freezer at 233 K and green crystalline material used for X
ray crystallography studies were obtained after 2 days.

X-ray diffraction data collection and analysis for [Mn'"'(OOCm)(®Medpaq)](OTH).
Complete sets of unique reflections were collected with monochromated adkation for a
crystal sample of the [MH(OOCm)fMedpaq)](OTf) with single domain. Totals of 4998 1.0
wide w- or f-scan frames with countingimes of 1015 seconds were collected for
[Mn''(OOCm)fMedpaq)](OTf) with a Bruker APEX Il CCD area detector-rags were provided
by a Bruker MicroStar microfocus rotating anode operating at 45kV and 60 mA and equipped with
Helios multilayer xray optis. Preliminary lattice constants were obtained with the Bruker
program SMARTE Integrated reflection intensities were produced using the Bruker program
SAINT.® Data sets were corrected empirically for variable absorption effects using equivalent
reflectons. The Bruker software package SHELXTL w:
met hodso techni ques.-makikleastsquaeegrefinement were eandutied e d f
using FG data with the SHELXTL v2014 software packafe.

The final strutural model incorporated anisotropic thermal parameters for all nonhydrogen
atoms and isotropic thermal parameters for all hydrogen atoms. Hydrogen atom&iiulpiae
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ligands and acetonitrile molecules of crystallization were fixed at idealized rididglrsg- or
sp-hybridized positions with & bond lengths of 0.950.99 A. All methyl groups were refined
as idealized rigid rotors (with a8 bond length of 0.98 A) that were allowed to rotate freely about
their GC bonds in leassquares refinemenycles. The isotropic thermal parameters of idealized
hydrogen atoms were fixed at values 1.2 ¢(nmathyl) or 1.5 (methyl) times the equivalent
isotropic thermal parameter of the carbon atom to which they are covalently bonded. The relevant
crystallograpic and structure refinement data for [M©OCmM)EMedpaq)](OTf) are given in
Table A21.

Decay kinetics 1.25 mM sample solutions of the [MI©@OR)¢EMedpaq)f complexes (R *Bu
and Cm) in CHCN were prepared in the glovebox, dispensed into a quartz cuvette and covered
with a rubber septum. The septum was wrapped with Parafilm. The cuvette was taken out of the
gl ovebox, and the decay ki netics were monit

spectrophotometer equipped with a temperature controller and stirrer.

PPhs reaction kinetics and Eyring analysis. Samples of the [MHK(OOR)EfMedpaq)]t
complexes in CkCN were prepared in the glovebox and dispensed into a quartz cuvette, covered
witharlober septum and wrapped with Parafil m. 30
amount of PPhin a 4.0 mL vial. The vial was covered with a rubber septum and wrapped with
Parafilm. The cuvette and the vial containing the substrate were taken outgyitevéimx. The
cuvette was placed on the bNs spectrometer and equilibrated at 298 K for 10 minutes before
the PPhsolutionwas added using a gastight syringe that was purged five times with nitrogen gas.
For variable temperature kinetic experiments, dame procedure was repeated using 1.25 mM

[Mn"'(OOR)fMedpaq)f and 100 equiv. PRI the temperature range of 28813 K.
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Reactivity of [Mn"' (OO'Bu)(®Medpaq)]* and [Mn"" (OOCm)(®Medpaq)]* with DHA. The
reaction of [Mi'(OOBu)(Medpaq)l with 9,10dihydroanthracene (DHA) was performed by
adding 100 equi v. DHACItdaicweite dontagitg ai1.75 niMosOlutienL o f
of [Mn"(OOBu)®Medpaq)l in CHsCN in the glovebox. The cuvette was sealed with a rubber
septum and wrapplewith Parafilm. The reaction mixture was brought out of the glovebox and the
reaction was heated to 323 K while monitoring the reaction by electronic absorption spectroscopy.
After the reaction was completed, evident by the disappearance of the 65Qure tha reaction
mixture was passed through-@n2h silica plug and the eluate was dried in vacuo. The solid residue
was analyzed b¥H NMR spectroscopy for characterization and quantification. Quantification was
performed with 1,d0enzoquinone as ant@rnal standardrijgure A211). At first, quantification
showed 2.4 equiv. DHA converted to anthracene. However, control experiments without the
[Mn"'(OOBu)(®Medpaq)T also showed the conversion of DHA to anthracefigufe A212).
Another control experiment was conducted wherellgit from the spectrometer was isolated
from a reaction solution. In this case, the control experiment lacking' (®@Bu)©Medpaq)t
revealed no oxidation of DHA. This result revealed that -lityht from the spectrometer
contributes to the observed 2.4 equiv. conversion of DHA to anthracene. In subsequent procedures,
we isolation the reaction mixture from the interference from thelight and quenched the
reaction after 7 hours. These experiments revealed that 1.4 equiv. DHA were converted to
anthracene. A similar reaction performed at 298 K over the course of 13 hours revealed only trace
amounts of anthracene. Under these conditions, tiaé¢ $olution was still green, indicating the
lack of full consumption of [MH(OOBu)EMedpaq)T. Similar conditions were used to explore the
reaction of [MA'(OOCm)fMedpaq)f with DHA. In this reaction, we also fourzh. 1.4 equiv.

DHA converted to atiracene. The decay rate of [M©OOCmM)fMedpaq)} was 0.0188 min,
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which is comparable to that of [MGOOBuU)(®Medpaq)] under the same conditions (0.0141 min

1. These decay rates are indistinguishable from the thermal decays rates of these cofffgexes
presence of €also had an effect on the product distribution. Aerobic studies of this reaction gave
mixtures of products, including anthracene and the oxygenated products anthraquinone and
anthrone. The same experimental procedure wapeated for the reaction of
[Mn''(OO'Bu)(®Medpaq)T with ds-DHA, and no change in the decay rate of the!'Mitkylperoxo

species was observeligure A213).

3.3 Results and Analysis

Formation and Characterization of [Mn'"(OH2)(®Medpaq)](OT) and

[Mn " (OH)(®Medpaq)](OTf).

[Mn" (H20)(®Medpaq)]OTf was prepared by the metalation 8f'%dpaqg with M (OTf)2. The
X-ray crystal structure of [Mi{H-0)(Vedpaq)]OTf reveals a monomeric, sivordinate MH
center coordinated by the pentatite®edpaq ligand and a water molecule (ffig3.3, left).
Previous Xray crystal structures for [Mitdpaq)](OTff® and [Mrl'(dpag™V)](OTf)3° showed
polymeric speies, where the coordination site trans to the amide function was occupied by a
carbonyl oxygen from a second [Mapaq)T (or [Mn"(dpad™®)]*) cation (Figire A214). The 6
Me-pyridyl functions in [Mr{ (H20)(Medpaq)]OTf give rise to elongated bor({®4ni N4 and Mri
N5) when compared to those in"(dpaq)](OTf) and [MA(dpagfV€(OTf) (Tables3.1 and
A2.2). The bonds involving the amide and amine functions-(Nhand Mn N3, respectively) of
[Mn"(H20)(®Medpaq)]OTf are slightly contracted compared be tcorresponding distances in
[Mn'(dpaq)](OTf) and [MH(dpag§“e|(OTf) (Table3.1), which could reflect some compensation
for the longer bond lengths with theMe-pyridyl donors. In the solidtate structure, the aqua
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ligand of [Mn'(H20)(*“¢dpaq)]OTf lydrogen bonds with both an amide oxygen of a neighboring
[Mn''(H-0)(®Medpaq)]OTf molecule in the unit cell and with an oxygen of a triflate counter anion
(H---O separations of 1.79(7) and 1.86(6) A, respectively). Sokptimse characterization of
[Mn''(H20)(®Medpaq)]OTf in CHCN by EPR (Figre A24), ESFMS (Figure A26), and Evans

NMR provide evidence that the mononuclear structure observed in the solid state is retained in

solution.

[Mn''(H-0)(*Medpaq)]OTf reacts very slowly with dioxygerElectronic absorption data
collected during the oxygenation of a 2.5 mM solution of [#20)(Medpaq)]OTf in CHCN
shows the appearance of a single feature at 510 nm, but this new chromophore is still forming even
after 48 hoursKigure A27, left). This reactivity contrasts with that of [M(dpac)](OTf) and the
majority of its derivatives, as these Mecomplexes reacted with dioxygen with full conversion to
Mn'"" products over the course of several hafr&: *2Presumably, the elongation of the My
and Mn N5bonds in [Mi (H20)(®Medpaq)]OTf leads to a more electrdaficient Md' center with
muted reactivity with dioxygen. In contrast, the reaction bemdn'(H.0)(EVedpaq)]OTf and
0.5 equiv. PhIO is rapid, resulting in the formation of a bronze colored solution with a single

electronic absorption featureat 510 nm Figure A27, right).

X-ray diffraction studies of crystals obtained from tderk orange solution establish the
oxidation product as [Mh(OH)(®Medpaq)](OTf) (Figire 33, right). In this complex, a six
coordinate MH' center is coordinated in a distorted octahedral geometry with the hydroxo ligand
transto the amide function. Thicoordination mode is identical to that observed iti' Mgdroxo
complexes of dpaq and its derivati&s’® 32The Mn OH distance of 1.806(6) A is within error

of that observed for [Mh(OH)(dpaq)](OTf) (1.806(13); see TalBel)?® and is on the low end of
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the range of MnOH bond lengths reported for other M4mydroxo complexes (1.811.86 A)3%
3&44Further comparisons of the-bdy structure of [MH (OH)(®Medpaq)](OTf) with those of related
Mn'""-hydroxo species reveals that theMé-pyridyl groups give rise tosubstantial bond
elongations. Specifically, the MiN4 and Mn N5 distances of [MH(OH)(®Medpaq)](OTf) are
2.322(6) and 2.381(7) A, while the corresponding distances i (®H)(dpaq)](OTf) are
2.260(14) and 2.216(15) A (TatBel).26 Mn"' complexes of t NsS class of ligands (Figre3.1)
with 6-Me-pyridyl or quinolinyl substituents in the equatorial field had-Mndistances ranging
from 2.352i 2.581 A% 31 The 6Me-pyridyl Mn- N distances of [MH(OH)EMedpaq)](OTf) are
thus on the short end of this range. For {N@H)(®Medpaq)](OTf), the longer MrN4 and Mn N5
distances are accompanied by modest contractions eNnMn- N2, and Mn N3 by 0.031,
0.013, and 0.043 A, respectively, relative to [MOH)(dpaq)](OTf) (Table.1). The extended X
ray structure of [MH (OH)(Vedpaq)](OTf) reveals a hydrogen booetween the hydroxo ligand
and the amide oxygen of a neighboring [(M&®H)E"edpaq)] cation(Hé O distance of 2.008 A,
see Figure A214). This kind of interaction was also observed in the crystal structure of
[Mn"'(OH)(®Medpaq)](OTf) (H O distance of 1.982 A, sédgure A214).%° A free triflate ion is
also present in the asymmetric unit of [M©OH)(edpaq)](OTf), though there is no interaction

with the Mn center (closest M@ distance ota.7.5 A).
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Figure 3.3. X-ray crystal structures of [MiiH-0)(*Medpaq)]OTf and [MH (OH)(Medpaq)](OTf)
showing 50% probability thermal ellipsoid. Triflate counter ion and-aqume and noiydroxo
hydrogen atoms were removed for clarity.

Previous investigations of [MH{OH)(dpaq)](OTf) and a subset of its derivatives have shown
that dissolution of the salts of these 'Mhydroxo complexes in dried GBN leads to the
formation of an equilibrium mixture of Mhkh v d r o x eoxoydimdnganese(lll,lll) complexes
that can bothbe detected by!H NMR spectroscopy” *° The H NMR spgectrum of
[Mn'"'(OH)(®Medpaq)](OTf) in CRCN at 298 K exhibits seven hyperfishifted peaks that lie well
outside 0 20 ppm (the diamagnetic region), as well as two-esdblved peaks in the-0 ppm
region (Figure 34, red trace). The lack of a largeimberof peaks in the diamagnetic region
suggests that dissolution of [M(OH)®Medpaq)](OTf) in CRCN does not result in the formation
of (u-oxo)dimanganese(lll, 1) species. The chemical shifts for tHe NMR signals of
[Mn"'(OH)(®Medpaq)} are quite similar to those of [M{OH)(dpaq)] (Figure 34 and Table
3.2).32%5The four most upfieléhifted peaks in thtH NMR spectrum of [MH (OH)(dpaq)f were
assigned to protons from the quinolinyl moiétyrhe upfield region of théH NMR spectrum of
[Mn"'(OH)(®Medpaq)T shows three sharp peaks-29€.3,-45.0, and-61.6 ppm that resemble the
peaks of [MH'(OH)(dpaq)T at-15.5,-33.7,-53.8 ppm (Figre 34). TheH NMR spectrum of
[Mn"'(OH)(®Medpaq)T lacks a broad, highly upfielshifted peak analogous to the weak, bread

63.4 ppm signal of [MH(OH)(dpaq)], but the breadth of this signal renders it difficult to resolv
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The overall similarities between the upfield regions of thé NMR spectra of
[Mn"'(OH)(®Medpaq)} and [Mn"(OH)(dpaq)] are expected given the lack of changes to the
quinolinyl group in the former complex. The downfiéld NMR signals of [MH'(OH)(dpaq)f
and the resonance at.6 ppm were attributed to pyridyl protoftsConsequently, the larger
relative perturbations in the downfield regions of tHeNMR spectra of [MH (OH)(dpaq) and
[Mn"'(OH)(®Medpaq)] can be rationalized by changes in chemical shifts of pyridyl protons. The
peak at 130.5 ppm for [MH(OH)(dpaq)] was assigned to tHé-H of the pyridine substituerit.
The lack of a corresponding peak in theNMR spectrum of [MH (OH)(®Medpaq)T is consistent
with the functionalization of the pyridyl functions in thepésition. The'H NMR spectrum of
[Mn"'(OH)(®Medpaq)] contains a broad, upfield peak @5 ppm, lacking in thtH NMR spectrum
of [Mn"'(OH)(dpaq), that we attribute to protons of thentethyksubstituents. Overall, thid
NMR spectra of [MH (OH)(Medpaq)T and [Mrl" (OH)(dpaq)] are quite similar, and the observed
differences can be rationalized in terms of the presence ofhe@/ridyl groupsin the former

complex.
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Figure 34. 'H NMR spectra of 20 mM solutions of [MiOH)C®Medpaq)l (red), 15 mM
[Mn"'(OOBu)®Medpaq)! (green), 15 mM [MH(OOCm)EMedpaq)t (purple), and 15 mM
solutions of [M(OH)(dpaq)] (blue) with 45 pL RO. All samples were prepared in @IN at
298 K. The MH'-alkylperoxo complexes were prepared by treating'[k®H)(edpaq)] with 1
equiv.'BUOOH (green) or CmOOH (purple). Insexpanded view of the 0 to 13 ppm region.

Table 3.1 Manganesdigand bond lengths (&) and angles fromra§ crystal structures of

[Mn" (OH)(*“'*dpaq)](OTf), [MA' (dpaq)](OTH), [Mn" (OH)(*M¢dpaq)](OTf),
[Mn"'(OH)(dpaq)](OTf), and [MH (OOCm)EMedpaq)](OTH).
Bond  [Mn'(OH)(L)](OTF) [Mn"(L)](OTH) [Mn'"(OH)(L)](OTf) [Mn""(OOCm)(L)](OTY)
L = SMegpaq L = dpaq L= L = dpaq L = SMegpaq
6Medpaq
Mn- O1 2.108(3) 2.079(2} 1.806(6) 1.806(13) 1.849(3)
Mn- N1 2.233(3) 2.214(3) 2.041(7) 2.072(14) 2.044(4)
Mn- N2 2.152(4) 2.191(3) 1.962(6) 1.975(14) 1.955(4)
Mn- N3 2.280(3) 2.314(3) 2.130(6) 2.173(14) 2.100(4)
Mn- N4 2.354(4) 2.244(3) 2.322(6) 2.260(14) 2.284(4)
Mn- N5 2.417(3) 2.286(3) 2.381(7) 2.216(15) 2.394(4)
01- 02 1.466(4)
Mn- O1- 02 110.4(2)

@ For[Mn"(dpaq)](OTf), the oxygen atom derives from a carbonyl unit of a separatédpém)]
cation
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Formation of [Mn"' (OO'Bu)(®™edpaq)]* and [Mn"' (OOCm)(®Medpaq)]*

The addition of a slight excess BUOOH to [Mr'(H.0)®Medpaq)]OTf in CHCN at 298 K
results in the formation of a green chromophore with a prominent electronic absorption band at
650 nm (%myY 2a4@ M shoul der Heerh seeFg@reB5 el (U =
(Extinction coefficients were determined assuming full conversion under these conditions.)
Maximal formation of the green chromophore from [{#0)(®Medpaq)]OTf requires 1.5 equiv.
'BUOOH (Figure A29). A similar reaction isobserved upon the addition of CmOOH to
[Mn''(H.0)(®Medpaq)]OTf Figure A215). Spectroscopic data provided below support the
formulation of these green chromophores as '[M®OBu)(6Medpaq)] and
[Mn""(OOCm)fMedpaq)]. The halflives of the 2 mM solutios of the [MA'(OOBu)(Medpaq)f

and [Mr"(OOCm)fMedpaq)f areca.5 and 8 days, respectively, in @EN at 298 K.

The time course for the formation of [MEOOBu)®Medpaq)} from [Mn' (H20)(Vedpaq)t
shows an initial rise in absorbance intensity at 510 nm that maximizesand# minutes and
then drops and levels by 120 minutes. In contrast, the absorbance intensity at 650 nm shows a steep
rise from 0 to 40 minutes, grows more slowly fromi4000 minutes, and then rises quickly and
levels by 120 minutes (Rige 35, left inset). On the basis of this reaction profile, we propose the
formation of the MH'-hydroxo adduct [MH (OH)(®Medpaq)} as an intermediate in this reaction,
as this species showa absorption maximum at 510 nm. This proposal is consistent with the 1.5:1
‘BUOOH:Mn' stoichiometry, where initial oxidation of [M(H20)Medpaq)]OTf to
[Mn"'(OH)(®Medpaq)] consumes 0.®quiv. '‘BUOOH, and the remaining 1.0 equfBuOOH
converts [MA'(OH)(®Medpaq)T to [Mn"' (OOBu)(EMedpaq)T by a ligand substitution reaction that

yields water as a eproduct (Schem8.1). To test this mechanism, we added 1.0 edBivOOH
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to [Mn"(OH)®Medpaq]* in CHsCN at 298 K and observed the formation of
[Mn"'(OOBu)Medpaq)T in maximal yield (Figire 35, Right). In this case, the conversion is
accompanied with isosbestic points at 505 and 555 nm, indicating the lack of an accumulating
intermediate. The formation of a Mrhydroxo intermediate during the reactioiBiOOH with

[Mn"(dpaq)](OTf) and [MHA(dpadV'®)](OTf) was observed previoustfy.

0.8l
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a-{N

0.2 l.
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Figure 35. Left: Electronic absorption spectra showing the formation of the green 1.5 mM
[Mn"'(OO'Bu)®Medpaq)T species (blue trace) from the oxidation of [NH.0)(EMedpaq)]OTf

(red trace) with 1.5 equiVBuOOH. Right: Electronic absorption spectra showingftinmation

of 2.0 mM [Mn"(OOBu)(Medpaq)f from the reaction of [MH{(OH)EMedpaq)] (red trace) with

1.0 equiv!BUOOH (blue trace is the final spectrum). Time courses for each reaction are shown in
the insets.
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Scheme3.1. Synthetic route for the preparation of [M(OOR)EMedpaq)T.
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Structural Properties of [Mn"' (OOCm)(®Medpaq)]*
While all attempts at obtaining crystalline material for (M®@OBu)(Medpaq)](OTf) were

unsuccessful, we were able to obtain diffractiplity crystals  for
[Mn''(OOCm)fMedpaq)](OTf), which confirmed the formulation of this complex (F&3.6).
The cumylperoxo ligand of [Mi(OOCm)fMedpaq)](OTf) is boundransto the amide nitrogen
(N2-Mn-O1 angle of 176.6°), occupying the position of the hydroxo ligand in
[Mn'"'(OH)(®Medpaq)](OTf). The MRO1 bond length for [MA(OOCM)fMedpaq)](OTf) is longer
than the MRO1 bond in the MH-hydroxo analogue (1.849(3) and 1.806(6) A, respectively), bu
similar to crystallographic MHOOCm distances for the [Mi{OOCmM)(NiS)]" complexes
(1.848(4) and1.84(1) A% 16 The 0102 bond is oriented such that the projection of this bond
onto the equatorial plane bisects theMd-N4 bond angle. The aryl ring of the cumyl moiety is
parallel to the plane of the pyridines coordinated to th¥ bbmter, as opposed to the -aifitplane
orientation observed in the [MiSV®N4(6-Me-DPEN))(OOCm)](BPW) complex® This
orientation of the cumyl moiety is stabilized pyCH interactions between the aryl ring and a
methylene group othe ®Médpaq ligand, as evidenced by short H---C contactsao2.8 A. The
01-02 bond length of 1.466(4) A for [MH{OOCM)EMedpaq)](OTf) is consistent with that
expected for an alkylperoxo moiéty “¢ 4’and is within the range of values observed for the
[Mn"(OOCmM)(N:S)* complexes (1.457(5) and 1.51(2) &) The nitrogen atoms of the Me-
pyridyl groups (N4 and N5 of [Mh(OOCm)fMedpaq)](OTf)) are 2.284(4) and 2.394(4) A,

respectively, from the Mn center.
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Figure 3.6. ORTEP diagram of cationic portion of [MifOOCm)EMedpaq)](OTf) showing 50%
probability thermal ellipsoids. Hydrogen atoms of $Médpaq ligand, solvent of crystiahation,
and the triflate counterion were omitted for clarity.
Spectroscopic Properties of [MH#' (OO'Bu)(®™edpaq)]* and [Mn"' (OOCm)(®Medpaq)]*

Although we were unable to obtain crystallographic information concerning
[Mn"'(OOBu)Medpaq)T, the'H NMR spectrum of this species in @ON is essentially identical
to that of [Mr" (OOCm)EMedpaq) (Figure 34 and Table3.2). Each spectrum shows six peaks
outside the diamagnetic region, three downfield and three upfield. The only notable difference
between the spectra of [MWOOBuU)(*edpaq)l and [MA" (OOCm)fMedpaq)} are the number of
peaks from 10 5 ppm (Table3.2). While [Mn"(OOBu)®Meédpaq)l shows a single prominent
peak at 9.2 ppm, [M(OOCm)fMedpaq)] shows five peaks in this region. We tentatively
attributed these peaks to protons from thetlyl and cumyl moieties, respectively. Tié NMR
spectra of [MH (OOCm)fMedpaq)f and [MA" (OOBu)EMedpaq)f are also very similar to that of
[Mn"'(OH)(®Medpaq)] (Figure3.4 and Tablé&.2), which is consistent with the same binding mode
of the®Medpagq ligand in each of these complexes. In particular, the three upfield peaks of'the Mn
alkylperoxo adducts ata.-22,-47, and-60 ppm have chemical shiftery similar to the upfield
resonances observed for [MOH)Vedpaq)] (-19.3, -45, and-61.6 ppm; see Tabl8.2).

Similarly, the downfield peaks af. 67, 46, and 42 ppm in tHél NMR spectrum of the Mh-
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alkylperoxo adducts show only slight deviasorirom the corresponding resonances of
[Mn"'(OH)(®Medpaq)] (66.0, 51.4, and 44.8 ppm; see TaBl2).The solution FIIR spectra of
[Mn"'(OOBu)®Medpaq)T and [Mn'"(OOCm)fMedpaq)] show features at 877 chand 861 cm

! respectively, that a@bsent in the FTR spectrum of [MH (OH)(®Medpaq)] (Figure3.7). These
bands have energies similar to those eéd@ibrations reported for Mtralkylperoxo complexes
(8721 895 cm!; TableA2.3).!> 6. 25As such, we assign these features as th@ Sretches of
[Mn"'(OOBu)®Medpaq)T and [Mr"(OOCm)EMedpaq)f. EPR analysis of frozen 5 mM GEN
solutions of [MA' (OO'Bu)(*Medpaq)f and [Mn" (OOCm)fMedpaq)] collected at 10 K showed no
signals in either perpendiculanr paralleimode Figure A216). This observation is consistent
with the lack of Xband EPR signals for many Micomplexes due to moderate to large ezt
splitting relative to the microwa energy®>? Additional ESIMS data and solutiephase
magnetic moments further support the formulations for thesé& -Mkylperoxo complexes

(Supporting Information).
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Figure 3.7. Solution FFIR spectra obtained following the reactions of 2 mM solutions of
[Mn'"'(OH)(®Medpadq)] in CHsCN and with 1.0 equiVBuOOH (red trace) and 1.0 equiv. CmOOH
(black trace). ThET-IR spectrum of [MH (OH)(®Medpaq)] (blue trace) is shown for comparison.

Table 3.2 'H NMR Chemical Shifts (ppm) for [Mk(OH)(Vedpaq)T, [Mn"' (OO'Bu)(Medpaq)T,
[Mn"(OOCm)EMedpaq)t, and [MA'" (OH)(dpaq)] in CDsCN at298 K.

[Mn"(OH)(*Yedpaq)]  [Mn"(OOBu)(**dpaqg)]  [Mn"(OOCm)¢"dpaq)f [Mn"'(OH)(dpaq)}

130.5 (Hpy)
66.0 66.8 67.8 62.7 (Hqn)
51.4 46.1 46.7 60.9 (Hpy)
44.8 42.2 41.8 54.3 (Hpy)

40.5

8.9 9.2 8.9, 7.38,7.26
55 6.05, 5.3
-9.6 -4.6 (Hpy)
-19.3 -22 -22.3 -15.5 (Hgn)

-33.7 (Hgn)
-45 -46.9 -47.6 -53.8 (Hgn)
-61.6 -60 -60.3 -63.4 (Hgn)

Data and assignments (in parentheses) for'[{@H)(dpaq)] in CDsCN with 880equiv. of D-O from reference 39
(py = pyridine, gn = quinoline).

Thermal Decay Pathways of [MA!' (OO'Bu)(®™edpaq)]* and [Mn"' (OOCm)(®Medpaq)]*
The thermal decay of [MWOOBuU)(Medpaq)l and [MA"(OOCm)fMedpaq)] in CHsCN at

323 K under anaerobiconditions was monitored by electronic absorption spectroscopy. Each

decay reaction progressed with the disappearance of the 650 nm feature associated with the Mn
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alkylperoxo adduct and the appearance of a feature at 510 nimg(B#). The feature &10 nm,

along with ESIMS analyses of the product solutiofegure A217), marks [Mr{' (OH)(®Medpaq)}

as the major product of these decay reactions (99 and 92% formation from
[Mn""(OOCm)fMedpaq)f and [Mn"(OOBu)(®Medpaq)}, respectively, on the basiof the
extinction coefficient of the Mh-hydroxo complex). For [MK(OOCm)EMedpaq)T, the decay
proceeds with isosbestic behavior, and the respective decay and formation rates of the 650 and 510
nm electronic absorption signals are identical {Fég3.8, right; keos = 0.016 min' for both
processes). In contrast, the thermal ddoayMn"' (OO'Bu)(Vedpaq)T is not isosbestic, and the
rate of formation of the 510 nm chromophore lags behind the decay of the 650 nm baral (Fig
3.8, left). We tentatively attribute this differencetihe higher purity of [MH (OOCm)fMedpaq)t

used in these experiments, as thignplex was obtained as a recrystallized solid. In support,
thermal decay studies of crude [M(©OCm)fMedpaq)] also failed to show isosbestic behavior
(Figure A218). Additional product analysis following the thermal decay of 18 mM
[Mn'"'(OOCm)fMedpaq)fin CHsCN at 323 K revealed 61.3 + 0.1%pRenyt2-propanol and 25.7

+ 0.1% acetophenone formed relative to the initial [N@OCm)EMedpaq)T concentration. (The
organic products from the thermal decay of [MOOBu)(®Medpaq)} were nd quantified, because

the volatility of acetone, a potential produeinders quantification unreliable.)

When the decay of 6 mM [MHOOCm)EMedpaq)l was performed in CECN, we observed
50 = 0.3% 2phenyt2-propanol and 40 £ 0.3% acetophenone relatige the initial
[Mn"'(OOCm)fMedpaq)}, a marked change in the product distribution. The implications of these

results with respect to the decay mechanism are explored in the Discussion seliorfrg).
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Figure 3.8 Electronic absorption spectra showing the decay of anaeroki€CHolutions of 2
mM [Mn"'(OOBu)Medpaq)l and 6 mM [Mr'(OOCm)EMedpaq)T (red traces) at 323 K to give
[Mn'"'(OH)(®Medpaq)] (blue traces). The inset shows the change in absorbang@ ahé 510 nm

over the course of the decay reaction.

To further probe the decay reactions, we monitored decay kinetics for 1.25 mNINCH
solutions of each complex from 3338 K in CH:CN under anaerobic conditions. At each
temperature, the decaypuld be fit to a pseuddirst-order process, and the,svalues at different
temperatures were fit to the Eyring equation to obtain activation parameteuse(&ER). This
analysis yieldedp P = 21.4 + 1.5 kcal/molgp %= -9.5 + 4.9 cal/mol-K, andpG= 24.2 + 3.0
kcal/molat 298 K for [Mr' (OOBu)(®Medpaq)T; andp M = 23.5 + 1.2 kcal/mokp $=-1.5 + 3.6
cal/mol-K, andp G=23.9 + 2.2 kcal/mol at 298 K for [MH{OOCm)fMedpaq)}. Both complexes
d i s p M aauescsignificantly higher than those of the [[M@OR)(NsS)]'c o mp | ebe s

15.9 - 10.5 kcal/mol)® which is in line with the greater thermal stabilities of

[Mn'"'(OOBu)®Medpaq)l and [Md"(OOCm)EMedpaq)T.

Mn""'(OOBu)(®Medpaq)] and [Mn'"(OOCm)fMedpaq)l are slightly negative and smaller in

magnitude than those of the [M(OOR)(N:S)]" c 0 mp | eSk=e-15 to¢34pcal mott K1),

500 600 700 800 900 1000
Wavelength (nm)

The entropies of activation of

118

(

00)



e Deta 42 - e Data
— Linear Fit —— Linear Fit

13 -

= o~ 14 -]
2 5
£ 14 - =
— 15— *
15 <
4 -16 - .
16 - R?=0.9975 R =09948
— T T T T ] L e S e A B m
2.8 29 3.0 31 3.2 3.3 29 3.0 3.1 3.2 3.3
T'(K") x10° TK™) x10°

Figure 39. Eyring plot from variabldemperature thermal decay kinetics of
[Mn''(OOBu)Medpaq)T (left) and [Md' (OOCm)EMedpaq) (right) in CHsCN.

Substrate Oxidation by Mn'" -alkylperoxo Adducts.
Direct Oxidation of Triphenylphosphine

The addition ofL00 equiv. PP#to an anaerobic solution of [MifOOBu)(*Medpaq)] (2.0 mM
in CHsCN) at 298 K resulted in the loss of intensity at 650 nm over the course of two hours,
resulting in an electronic absorption spectrum consistent with the generation' girbttucts
(Figure 3.10, left). The decay of the 650 nm absorption signal could befivesl a firstorder
model, yielding a pseulfirst- order rate constakts(Figure3.10, left inset). AP NMR analysis
of the organic products revealed the formation ofP@h Figure A2.19). EPR analysis of the
reaction mixture shows a signal centered at2.03that is similar in appearance to that of the
[Mn"(H20)(®Medpaq)]OTfstarting material, albeit with the lack of apparent hyperfine splitting
(Figure A220). %% 31 This evidence is in accordance with the featurelessvig\spectrum of the
final reaction mixture, which is characteristic of a'Mgroduct (Figire 3.10, left). The rate of

decay of [MA'(OOBuU)(®Medpaq)]" increased linearly with increasing concentrations of sPPh
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(Figure 3.10, right). A linear fit ofkons versus PPhiconcentration yields a secondder rate
constant for PPhoxidation by [Md'(OOBu)(Medpaq) of 0.0035 M's! at 298 K in CHCN.

The [Mn'"'(OOCm)(®Medpaq)} complex displayed similar reactivity with PRlk. = 0.0033 M's

Lat 298 K; sedigure A221). These rates show that the nature of the alkylperoxo group does not

have a significant influence on theactivity with PPh

Further insight into the reaction of PRkith [Mn"!'(OOBu)(*Medpaq)] was obtained through
an Eyring analysis of variablemperature kinetic experiments (&ig3.11). These experiments
yieldedgH¥ = 17.6 * 1.4 kcal/mol®’ =-12.6 + 4.6 cal/mol-K, andG’ = 21.3 + 2.8 kcal/mol at
298 K. The high activation enthalpy and Gibbs free energy of activation account for the
sluggishness of this reaction, and the negative entropy of activation is consistent with a bimolecular

reacton.

Mechanistic insight into the reaction between £&td the MH' -alkylperoxo was obtained by
the reaction of 22 mM [MK(OOCm)EMedpaq)f with 5 equiv. of PPhin CHsCN at 298 K.
Quantification of the organic products of this reaction by @& revealed 88.5 + 0.3%2henyt
2-propanol and 15 * 0.3% acetophenone based on the initial concentration of
[Mn''(OOCm)fMedpaq)f. ESFMS analysis of the final reaction mixtures for the reaction of
[Mn''(OOCm)fMedpaq)l with PPk showed the presence ofgks aim/z= 465.14, 482.14 and
743.23, which are consistent with expeatgdvalues for [MA (*edpaq)T, [Mn"' (OH)(Medpaq)]

and [Mr" (OPPh)(®Medpaq)], respectively Figure A222).
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Figure 3.10. Left: Electronic absorption spectraonitoring the reaction of a 2.0 mM anaerobic
solution of [M" (OOBu)(®Medpaq)[ (red trace) irCHsCN with 100equivof PPhat 298 K. Left
Inset: time course for the spectral changes. Right: Psinstlorder rate constant&gps (S2),
versus PPhconcentration (M) for a 1.25 mM solution of [MOO'Bu)®Medpaq)] at 298 K.
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Figure 3.11. Eyring plot fromvariabletemperature reaction kinetics of [M(OO'Bu)(Medpaq)f
with PPhin CHsCN.

Indirect Oxidation of 9,10-Dihydroanthracene (DHA)
The reaction of the Mi-alkylperoxo complexes with the hydrogatom donor DHA was also

explored. In thiscase, the addition of a large excess of DHA (100 equiv. relative tt) Mn
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to[Mn"' (OOBu)(Medpaq)T or [Mn'"'(OOCm)fMedpaq)] in CHsCN at 323 K did not result in any
change in the rate of decay of the'NMalkylperoxo complexesgure A223). We alscobserved
no change in the thermal decay rate wifbHA (Figure A213). Nonetheless, an analysis of the
reaction solution following the full thermal decay of [MOOBu)C®Vedpaq)l or
[Mn""(OOCm)fMedpaq)] (afterca. 7 hours) revealed the formation ad. 1.4 equiv. anthracene
relative to the starting Mhalkylperoxo concentrationF{gure A211). Thus, while neither
[Mn"'(OOBu)Medpaq)T nor [Mn'"'(OOCm)EMedpaq)T is capable of direct oxidation of DHA,

a produt of the thermal decay of each complex is an effective oxidant of DHA.

3.4 Discussion

Ligand-Sphere Influence on the StructureProperty Correlations of Mn''-alkylperoxo
Complexes

The generation of the rootemperature stable [MHOOBu)(®Vedpaqg)l and
[Mn"'(OOCm)fMedpaq)l complexes relied upon previous observations thalt' Menters with
higher Lewis acidity give rise to corresponding 'Malkylperoxo adducts with shorter and more
stable QO bondst® The basis of this correlation rests on thxelonating properties of the
alkylperoxo ligand. A more Lewis acidic Mncenter fosters greatgs-donation from the
alkylperoxop* MO, which strengths the @ bond. The @vie-pyridyl groups of the structurally
characterized [MH (OOCm)fMedpaq)l complex give two elongated MN distances of 2.284(4)
and 2.394(4) A. These weak meligiand interactions increase the Lewis acidity of the"'Mn

center, stabilizing the Mtalkylperoxo unit.

The crystal structure dMn'"'(OOCm)fMedpaq)} allows us to determine how closely this

complex follows previously observed correlations based on thé (MOR)(N:S)]* complex.The
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[Mn'"'(OOR)(N:S)]* complexes showed a linear correlation between the elongatédidisiances
andthe OO bond lengths, with the shortest Midistances ofa.2.40 A giving rise to the longest
O-O bonds ofca. 1.47 A (Figure 312). The metric parameters for [MOOCmM)EMedpaq)}
follow the spirit of this correlation; that is, this complex has a short averagé tistance of 2.34
A and an GO bond of 1.466(4) A, on the long end of that observed fd Jdikylperoxo adducts
(1.437 1.47 A). However, if we use the previous cortiela as a guide, the MN distances
observed for [M# (OOCm)EMedpaq)l would predict a @O bond length far longer than that
observed, making this complex a clear outlier gF&g.12). It is not completely surprising that the
markedly different coordinatn spheres of [MH(OOCm)EMedpaq)t and the [MA'(OOR)(NsS)]*
series would cause such a deviation, as th® @istance should be a reporter of the entire
coordination sphere. It is additionally possible that there is a limit to the extent to whiokCthe

bond can be elongated in MfOOR complexes, and that the limit is near 1.47 A.

The [Mn"(OOCm)fMedpaq)l complex also breaks the previously observed correlation that
Mn""-alkylperoxo adducts with longer-O bonds are less stable than those witbrteh GO
bonds!® [Mn"'(OOCm)fMedpaq)} has an @O distance at the long end of "' (OOR)(NyS)]*
seriesbut has a roomtemperature hallife of ca 5 days. In contrast, the most stable
[Mn"'(OOR)(N:S)]* complex has a halffe of ca.5 minutes at 293 K® One caveat that must be
noted in omparing the thermal stability of [M{OOCM)fMedpaq)] with the
[Mn""(OOR)(N:sS)]" series is the difference in solvents (Tl and CHCIy, respectively}® To
address this complication, we determined the-lifalfof [Mn"' (OOCm)fMedpaq)t in CH:CI. at
298 K. The [MA'(OOCm)EfMedpaq)l complex did decay more rapidly in @&l than in CHCN
(half-life of 3 vs. 8 days, respectively). While solvent does have some effect on the stability of the

Mn'"-alkylperoxo complex, theolvent change alone cannot account for the dramatic increase in
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stability of the [Mi'(OOR)EMedpaq)] complexes relative to the [M{OOR)(N:S)]* series. On
this basis, while also noting the limited sample size, it is tempting to speculate thasdneeref
thiolate ligands in the [Mh(OOR)(N:S)]" series severely reduces the stability of the''Mn
alkylperoxo adducts. This conclusion makes it all the more remarkable that the first isol&ble Mn

alkylperoxo adducts contained thiolate ligands.
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Figure 3.12 Correlation between average Mistance and alkylperoxo-O bond length for
[Mn'""(OOR)(NsS)[" complexes (see ref. 16) and corresponding point for
[Mn''(OOCm)fMedpaq)](OTf) described in this work.
Thermal decay mechanism of [MA' (OOCm)(®™edpaq)]*

The organic products observed upon the decay of cumylpenexal complexes are often used
to infer the nature of the decay pathwayHomolytic cleavage of the @ bond produces
cumyl oxyl radi cal -sdishiato poduce acetephenama nCitdScHeme b
3.2, path b). Alternatively, heterolytic cleavage of th&ond produces cumyl oxyanion that
can deprotonate solvent to produeghnyt2-propanol (Schem&.2, path af>>° Previous studies

of Mn"-alkylperoxd® and some Pé-alkylperoxd? complexes showed organic products

exclusively attributable to @ homolysis. In contrast, there are examples df-&kylperoxa®
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adducts that decay exclusively by heterolytic cleavage of #debOnd, andhere are a handful of
examples where the decay of a metlltlylperoxo adduct yields a mixture of products

characteristic of both pathways: 11 13 57

o )
0 protonation & OH

reduction | u  Cumylalcohol
v ’ Mn

0-0 heterolysis |
Mn

l n o
Mn o
(b) . b i i )J\© ' CH
p-scission & OH 3

0-0 homolysis 0 reduction |
m
Mn'Y (c) Mn

acetophenone

solvent

'as
OH

| cumy! alcohol
Mnll!

(d)} reaction with

Scheme3.2. Possible Decay pathways fdin"' (OOCm)EMedpaq)](OTH).

Analysis of the organidecay products of [Mh(OOCm)fMedpaq)] reveal both Zphenyt2-
propanol and acetophenone (61 and 26% yield relative to th&(IMDCm)fMedpaq)fadduct).
Electronic absorptiorttH NMR, and ESIMS data identify [M#' (OH)®Medpaq)] as a dominant
decay poduct fFigure A217 and Figure A224). The distribution of Zhenyt2-propanol and
acetophenone could suggest that both homolysis and heterolysis ofQhieo@d occur in the
thermal decay of [MH(OOCm)fMedpaq)T in CHsCN, with a slight preference faine heterolytic
pathway. Either @ cleavage pathway would yield a higalent Mroxo intermediate that could
be reduced to the observed thydroxo product. There are recent reports of'Mixo adducts

of the closely related dpaq ligand that react \@itH bonds to yield a Mh-hydroxo produc®® °°
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To clarify the decay pathway of [Mi{OOCm)fMedpaq)], we examined the products formed
when the complex decayed in €IN. In this case, we observed increased formation of
acetophenone and decreased formationgiiényt2-propanol (40:50%) compared to the decay
in CHsCN (26:61%). A change in product distribution in deuterated solvent was also observed by
Choet al®® Itoh® 3 and other®” >*have rationalized a change in the acetophenomteny}2-
propanol product distribution in terms of solvent involvement in the decay pathw@y:CN,
the cumyloxyl radical decays by competing reactions:l&gcission to yield acetophenone and
methyl radical, and 2) hydrogextom abstract from solvent to yielebhenyt2-propanol (Scheme
2, paths ¢ and d)3 >3 %6.57.84n CD;CN, the rate of the hydrogeatom abstraction egtion from
the solvent igdecreased, yielding a marked increase in acetophenone formatiorstigsion.
Consequently, the change in the distribution of acetophengpieer®/t2-propanol in CRCN is
strong evidence for homolysis of the@bond of [MA'(OOCm)fMedpaq)f. Whether or not
some of the bhenyt2-propanol product derives from a minor heterolytic pathway is unclear at

present.

A second line of evidence for the production of cumyloxyl radicals By Romolysis of
[Mn"'(OOCm)fMedpaq)f comes from changes to the decay kinetics of [k@OCm)EMedpaq)t
in CHsCN and CRCN. The [Md"(OOCm)fMedpaq)} complex decays slowly in GEN, and this
rate of decay matches the rate of formation of the'[{@H)EVedpaq)l product (Figire3.8). In
contrast, the decay rate of [MOOCmM)fMedpaq)] increases in CECN by about eightfold
relative to that in CECN (Figure A225). In addition, the decay rate of [MOOCm)EMedpaq)]
in CDsCN is fivefold faster than the rate of formation of [M(OH)(®™edpaq)f. These
observations are consistent with our proposal that'[({@©Cm)EMedpaq)t decays by homolytic

0-0 cleavage to give a Mfroxo adduct and cumyloxyl radical. In @EN, the cumyloxyl radical
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and MnV-oxo intermediates react rapidly anceferentially with solvent to give the observed
[Mn"'(OH)(®Medpaq)] and 2phenyt2-propanol products. Under these conditions, a relatively
small amount of cumyloxyl radical undergdescission to yield acetophenone. In £, the
Mn'"V-oxo adduct and cumyloxyl radical decay products have slower rates of reaction vétit,solv
allowing for reaction with [Mf (OOCm)fMedpaq)T, which hastens its decay.

Reaction mechanism ofMn "' (OOCm)(®Medpaq)]* with PPhs
To the best of our knowledge, the reactions of '[MDOBu)®Medpaq)l and

[Mn''(OOCm)fMedpaq) with PPk at 298 K are the first observations of direct substrate
oxidation by Mi'-alkylperoxo complexes. The reaction of [M©®OCm)Vedpaq)] with PPh
showed the near exclusive formation opl2enyl2-propanol, with only a trace amount of
acetophenone~{gure A226). This distribution suggests a change t@eterolysis under these
conditions. An Eyring analysis for the reaction of [M@®OBu)EMedpaq)T with PPh givesqt
=-12.6 = 4.6 cal/mol-K, which is consistent with a bimolecular reaction invothiegssociation

of [Mn'""'(OOBu)(®Medpaq)] with PPh to form the activated complex. The change in reaction rate
as a function of PRhconcentration is further evidence of a direct reaction between the
[Mn'"'(OOR)fMedpaq)] complexes and PBh We propose a reaction mechanism where
[Mn"'(OOR)fMedpaq)} and PPk form an activated complex, with PPmteracting with the
proximal oxygen bthe alkylperoxo ligand (Schen#3). Recent reports show that Brgnsted and
Lewis acids, or the introduction of secondary coordination interaction through pendant amines
which act as hydrogebond acceptor in an BeOOR (R = H, acyl) adduct could dirdotterolytic
cleavagé?l %63 This interaction between [MHOOR)EMedpaq)] and PPhmay also be able to
instigate  heterolytic cleavage of the Whalkylperoxo GO bond. For the

[Mn"'(OOCm)fMedpaq)l complex, this decay will lead to the formation of cumyloxy anion,
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which gives 2phenyt2-propanol after protonatiér?® >’and a MH'-species that is reduced to the
Mn" product observed by UVis and EPR spectroscopy (Sche@8). The identityof the

reductant for the Mh center is unclear.

/
0 h PhyP - - : /
J | o, O 0-0 heterolysis km
o] o PPh, ey i =
| ) (-i) Mn + HO | P
Mn Mt ll ~F

O=PPh,
L _ Ml’l“

Scheme3.3. Proposed mechanisms for RRixidation by [Mn'(OOCm)fMedpaq)T.

Reaction mechanism ofMn " (OOCm)(®Medpaq)](OTf) with DHA
In contrast to the direct oxidation of PPlthe reaction of [MH(OOBu)®Medpaq)] and

[Mn''(OOCm)fMedpaq)] with DHA is an indirect oxidation caused by products of the''Mn
alkylperoxo decay process (Sche®d). Neither [MA' (OOR)EMedpaq)] complex shows any
change in decay rate in the presence of an excess amount of fidike(A213), although the
decaysolutions reveal the formation of 1.4 equiv. anthracene relative to the inittdQOR
concentration. The notion that the reaction is indirect is further supported by the lack of any change

in decay rate wheds-DHA is used as substratEigure A2.13)

The formation of 1.4 equiv. anthracene is consistent with the thermal decay of the
[Mn'"'(OOR)fMedpaq)] complexes by @ homolysis (Schent4). The MY -oxo decay product
should be capable of DHA oxidation, as observed for severainaxmanese complexe® *°This
reaction will result in a Mh-aqua complex, consistent with the observation of 4 signal in the
EPR spectrum of the final reaction mixtuFegure A227). The cumyloxyl radical also generated

by O-O homolysis could be responsible for the remaining 0.4 equiv. anthracene.
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100 equlv

50°C, MeCN

1.5 equlv
N-——M il |N = ©-0 Homolysis \N——-M;@ N-—M@
| N/\ - "’\ N’\

ROH
[Mn"OOR}(® M “dpag)]* [Mn"’(OJ(‘s"" dpaq)]* IMA(OH) dP *

Scheme3 4. Mechanistic proposal for the reaction of DHA withn'' (OO'Bu)(®Medpaq)].

35 Conclusions

Inspired by previously developed structueactivity correlations, we developed a new ligand
derivative Medpaq) that provides remarkable stability to'Malkylperoxo complexes. A simple
change of twayridyl groups to éMe-pyridyl groups results in new Mnralkylperoxo complexes
that i) can be generated using stoichiometric amounts of oxidant rather than large excesses, and ii)
are stable at room temperature. This enhanced stability allowed usctoirstity characterize a
Mn"'-cumylperoxo adduct by Xay diffraction. In spite of the unusual stability of these'Mn
alkylperoxo adducts, these complexes are the first members of their class to show direct reactivity
with a substrate (triphenylphosphjn@his result demonstrates that the ligapthere of MH -
alkylperoxo adducts has great control over reactivity. Theskgsted Mn'-alkylperoxo adducts
show a dominant decay pathway by homolyti®©bond cleavage, similar to that observed for
Mn'"-alkylperoxo adducts bound by thiolatentaining NS ligands. While the basis of the
enhanced stability gMn"' (OOBu)(Vedpaq)t and [MA" (OOBu)EMedpaq)] will be the subject
of future investigations, it is tempting to speculate that the thiolate ligands in the
[Mn''(OOR)(N:S)]* complexes serve to lower the activation energy for ddoagddition, while
the new MH'-alkylperoxo adducts generally followpeviously identified structural correlation
between MAN and QO distances, the observed@distance for the Mi-cumylperoxo adduct
is far shorter than expected on the basis of theNMistances. Thus, perturbations to the primary

coordination sphereot only affect reactivity but also render this complex an outlier compared to
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previous compounds. Future work will be aimed at understanding the basis for this outlier status

in terms of both structural correlations and chemical reactivity.
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Chapter 4

Modulating CPET Reactivity of Mn'" -Hydroxo Unit by Steric Perturbation and The
Reactivity of its Mn"" -Alkylperoxo with Protic Solvent
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4 .1 Introduction

Coupled proton electron transfer (CPET) reactions are a subclass of-goofdad electron
transfer (PCET) reaction, where the proton aletttron are transferred in the same kinetic Step.
3 CPET reactions are used by biological enzymes such manganese lipoxygenase (MnLOX) to
oxidize unactivated & bonds of a polyunsaturated fatty acid into its hydroperoxide
hydroperoxides are metabolized into oxylipins lieekotrienes and jasmonates, which act as
inflammatory mediators and reproductive/growth regulators in pfahtsigh-valent Mnoxo
species are well reckoned to promote CPET reacfithslowever, current interests have been
directed towards the exploration of Nihydroxo species as well. For examptethe MnLOX,
the Mrl"-hydroxo unit acts as the CPET agent to initiate substrate oxidation. Despite this
established reaction, only few synthetic 'Mhydroxo complexes are known that oxidize$iC
bonds? 1+

A notable example among the few synthetic'MBH complexes that arcapable of CPET
reactions with hydrocarbons is the Whhydroxo complex of a neutral pentadentate ligand
[Mn"'(PY5)(OH)F* (PY5 = 2,6bis(bis(2pyridyl)- methoxymethane)pyridine) by Goldsméhal.
that oxidizes toluene, a hydrocarbon with a retdsivstrong GH bond (CH BDE = 88 + 2
kcal/mol) by a CPET mechanisth.Our lab also reported Mirhydroxo complexesi
[Mn"'(OH)(dpaq)] and [MA"(OH)(dpag“®)]* (dpag = 2[bis(pyridin-2ylmethyl)JamineN-
quinolin-8-yl-acetamidate) that are capable of CPET reactivity with xantfert®. The
[Mn"'(OH)(dpad™®)]* is a [Mn" (OH)(dpaq)f complex with a methyl substituent on the second
position of the quinoline ring. The observed rate const&pig for the reaction of 25@quiv. of
xanthene with 1.25 mM solution of the [M(OH)(dpaq)] and [MA"(OH)(dpad“®)]* in MeCN

at 50 °C are 8 x 1®s!and 2.5 x 1§ s respectively*® DFT calculation revealed that the slower
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reactivity d the [Mn"'(OH)(dpad™®)]* with xanthene relative to that of the [M(OH)(dpaq)] is
due to the steric encumbrance created by theethyl substituent on the quinoline ring of the
[Mn"'(OH)(dpad™®)]*, which mitigates reactivity by requiring a diffetearientation of the
xanthene with the OH)(dpa , compared to that in the OH)(dpaq)].

h ith the [MR(OH)(dpad"*)]* d hat in the [M{OH)(dpaqg)l.*®
Calculations show that this reorientation in [t (OH)(dpag“®)]* introduced a destabilizing
effect that caused the transition state of[ila"' (OH)(dpad"®)]* to be higher than that of the
[Mn"'(OH)(dpad™®)]* by about 3 kcal/mot®

To gain some insight into how the reactivity of [Mi©H)(dpaq)f and [Md"(OH)(dpag“®)]*
complexes with xanthene compare to that of the'[[fry5)(OH)F*, A seconedorder rate constant
for xanthene oxidation by [MhPY5)(OH)F* was extrapolated to 25@juiv. of xanthene used in
the studies of [MH(OH)(dpaq)f and [Mrl"(OH)(dpadV®)]* complexes, and knsof 8 x 10 %s
" lwas estimated. This revealed that the xanthene reactivity of ("6)(OH)F* is ca10 and 30
fold faser than those of [Mh(OH)(dpaq)f and [MnA"(OH)(dpad™®)]* respectively:? 13 2°The
relative enhancement in the rate of [MRY5)(OH)F* vs. [Mn'"(OH)(dpaq)] and
[Mn"'(OH)(dpad™®)]* can be explained to stem from the higher'Wrredudion potential of the
[Mn"'(PY5)(OH)F* (+0.14 V vs Fc/Ftin MeCN) compared to those of the [M(OH)(dpaq)]
and [MAd"(OH)(dpadV®)]* (-0.73 V and-0.62 V respectively, vs Fc/Fin MeCN)!® 8 This
difference of 76870 mV explains why [MH(PY5)(OH)F" is a better oxidant than the
[Mn"'(OH)(dpaq)] and [Md"(OH)(dpad"®)]*. The experimental K» of 13 + 0.5 of the
[Mn"(PY5)(OH)]?* relative  to the calculated Ka of the [Mn'(OHy)(dpaqg)l and
[Mn"'(OHy)(dpad™®)]* (29.3 and 28.7 respectively) revealed and suggested that the reactivity of

[Mn"'(PY5)(OH)F*is even suppressed by its lower proton affifty> 2°
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An alternative means of investigating CPET reaigtivn metal complexes is by using
TEMPOH. TEMPOH is a hydroxylamine, and it does not model a typical biological PCET
substrate. However, it is desirable for studying biomimetic PCET reactions because of its
relatively weaker @H bond (BDFE = 66.5 kcal nidin MeCN at 298 K3t which allows reactivity
studies of metal complexes with BDFE of 60 to >80 kcalffnpbor Bronsted acidity ¢ = 41
in MeCN) and the difficulty of olation (TEMPOH E, = 0.71 V vs. Ft9).! Therefore, it
strongly prefers to react by CPET. Kovaatsal. reported a MH-hydroxo thiolate complex
[Mn'"'(OH)(SY2N4(tren))]* that is capable of CPET reactivity with TEMPOH substrate at a very
fast rate with a secorarder rate constanks) of 2.1 x 16 M-1s? at 25 °C2 However, this complex
shows no activity towards hydrocarbdnsthe [Mn'"(OH)(dpaq)] and [Md'(OH)(dpagMe)]*
also displays activity toward TEMPOHkz(= 1.1 and 3.9 Ms? respectively at35 °C)!8 The
higher reactivity of [MH'(OH)(dpadV®)]* vs. [Mn"(OH)(dpaq)f originates from the steric
bulkiness introduced by the methyl substituent in '[N@H)(dpad"®)]* which leads to the
elongation of the MilNquinoine bond by 0.11 A relative to [MhOH)(dpaq)]. As a result of this
elongation, the MH center becomes more Lewis acidic, leading to th&Mreduction potential
of the [Mn" (OH)(dpad“®)]* being higher than that of the [MOH)(dpaq)] (-0.62V and-0.73
V respectively, vs. Fc/Fan MeCN)18 2°This increase in reduction potential enhanced the rate of
reaction of [MA' (OH)(dpad“®)]* relative to [Mn' (OH)(dpaq)]. A comparison of their reactivity
with that of the [MA'(OH)(S"®2Na(tren))]" complex reealed that they are slower lop. two
orders of magnitude.

We went further in our studies to investigate how electronic modulation controls the reactivity
of [Mn""(OH)(dpaq)] through a series of substitutions at th@dsition of the quinoline by

synthesizing a series of complexegMn''(OH)(dpagf)]* (R = H, NQ, OMe, and CP°, but the
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modifications only provide limited enhancement of CPET reactivity (The largest rate constant was
obtaned for the most electron deficient compliexMn"' (OH)(dpagN°d]* (k2= 7(1) M 1§,

and the smallest rate constant obtained for the least electron deficient coinplex
[Mn"'(OH)(dpad®™®)]* (k2= 0.8(1) M I 3.2

Since we have observed how steric perturbation of the quinoline moiety modulates the
reactivity of the dpaq complex through the comparative studies betwed{@¥M)(dpaq)] and
[Mn"'(OH)(dpad™®)]*. We understand that the elongation of theMhond increases the M
reduction potential which foster reactivity, but this was at the expense of steric hinderance which
also affects the reactivity. We want to investigate further theenfie of steric perturbation around
the reaction center by exploring the extent to which the elongation of the equatoidyMin:
bond will modulate the MH{" reduction potential and how steric encumbrance around the pyridine
donor rings will compee to the results from the studies of [Mi©H)(dpadV'®)]*, wheresteric
hinderance was introduced by the methyl substituent on the quinoline ring. Kah\alcalready
reported using a thiolates8 ligand scaffold, that an introduction of steric encuamtze around
the equatorial pyridine ring donors lead to a significant elongation thél\aine bonds?® 24
Motivated bythis, we describe here the modification of the dpaq ligand by the introduction of
methyl substituents at thegsitions of the pyridines rings that aransto each other in the
[Mn"'(OH)(dpaq)7 to obtain a new compleéx[Mn"' (OH)(®Medpaq)].

The[Mn"' (OH)(Medpaq)T display some interesting spectroscopic and reactivity as compared
to the other dpaq complexes studied previously. Firstly, an attempt to prepare the
[Mn"'(OH)(®Medpaq)} by oxidizing the [Mr (®Medpaq)} with dioxygen showed aonsiderable
lengthening in the time taken for complete formation of the'[§@H)EMedpaq)} complex as

compared to other dpagq complexes. Secondly, the electronic absorption spectrum of
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[Mn"'(OH)(®Medpaq)] looks different from that of the other [MigOH)(dpadd)]* (R = H, 2Me,
5NQ,, 50Me, and 5Cl) complexes. The [M{OH)(dpadf)]* complexes exhibit similar electronic
absorption spectra with a feature around 770 nm that has been assigned tt§ theé ydry dzZ
transition!® 2% 25The structural modifiation in the[Mn"'(OH)(®Medpaq)] leads to an expected
elongation of the MiNpyridgine bond that results in a change in the electronic absorption spectrum.
We explained this change in the electronic absorption feature HyHDcalculation. Thirdly, the
structural modification in[Mn'"'(OH)(Medpaq)l also leads to an increase in reactivity with
TEMPOH relative to the [MH(OH)(dpaq)], and almost a similar rate with
[Mn"'(OH)(dpad™®)]*. However, what is more interesting is that this modification turns off the
reactivity of the]Mn"'(OH)(Medpaq)l with xanthene. Finally, the [Mh(OH)(Medpaq)] reacts

with alkylperoxides tert-butyl hydroperoxide'BuOOH) and cumyl hydroperoxide (C®H) to
produce a roostemperature stable [M{OOR)fMedpaq)t (R ='Bu and Cm) complexes and the
[Mn"'(OOR)fMedpaq)l complexes were found to undergo hydrolysis in the presence of protic

solvents.

4.2 Materials and Methods

All chemicals obtained fromommercial sources were of ACS grade or better and were used
as obtained, unless noted otherwise. Acetonitrile, diethyl ether, and methanol were dried and
degassed using a PureSolv Micro solvent purification system. PM&paq ligand and the
[Mn''(OH)(®Medpaq)](OTf), [Md'(OH)(Medpaq)](OTf), [MA'(OOBuU)(Medpaq)](OTf) and
[Mn''(OOCm)fMedpaq)](OTf) complexes were synthesized according to a reported procedure.
(see chapter 3). Experiments were performed under dinitrogen atmosphere in a gloves®x u

otherwise noted. Electronic absorption experiments were performed using a Varian Cary 50 Bio
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UVivisible spectrophotometer equipped with
experiments) or a Quantum Northwest temperature controlleppaspl with a stirrer (for high
temperature experiments). Electrospray ionization mass spectrometiyi@ &kperiments were
performed using an LCT Premier MicroMass electrospray-tifrfight instrument.*H NMR
spectra were obtained on a Bruker DRX 4062M/NMR spectrometer.

Kinetic studies of TEMPOH and xanthene oxidation by [Md" (OH)(®Medpaq)](OTf). A
1.25 mM solution of [MH# (OH)(®Medpaq)f was prepared in 2.0 mL of MeCN in a nitrogféted
glovebox and transferred to a quartz cuvette that wasdsedtle a rubber septum. The cuvette
was removed from the glovebox and allowed to equilibrat8satC for 10 minutes on the bixis
spectrometer. A 100 eL solution of -60&gM¥ OH,
relative to [Mr' (OH)(®Medpaq)T, was added to the cuvette using a gastight syringe that had been
purged with N gas. The addition of TEMPOH led to the disappearance of the 510 nm electronic
absorption feature of [MhOH)®Medpaq)]. The change in absorbance as a function of time was
fit to obtain a pseudfirst-order rate constankdpy). The reportedkons represent an average from
three separate measurements. A linear fit of the plétwivs the concentration of TEMPOH

provided the secondrder rate constanks).

The reactivity of[Mn"'(OH)®Medpaq)] with xanthene was investigated using a similar
approach. In this case, 250 equiv. xanthene
in a 400 mL vial. The solution of xanthene was added to 2 mL of a 1.25 mL solution of
[Mn'"(OH)(®Medpaq)T that had equilibrate at 50°C for 10 minutes on the spectrometer. The decay
of the 510 nm feature of the [MiGOH)(Medpaq)l was monitored by electronic absorption

spectroscopy over a period of 1000 minutes.
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Reaction of [Mn"' (OO'Bu)(®Medpaq)]* with protic solvents (water, trifluoroethanol and
methanol). The propensity for [MH(OOBu)®Medpaq)] to undergo ligand substitution reactions
was first discovered when trying to prepare the complex in various protic solvents. In a
repregntative procedure, [MHOOBu)(®Medpaq)l was prepared in MeCN and then dried in
vacuo to remove the solvent, leaving behind an oily film. The oily film was taken into the glovebox
and dissolved in trifluoroethanol (TFE). The solution was transferredqueartz cuvette, sealed
with a rubber septum, and wrapped with Parafiim. The sample was then removed from the
glovebox, inserted in the UVis spectrometer, and heated to 50 °C. Initial absorption spectra
collected wunder these conditions revealed the ctreleic absorption band of
[Mn"'(OOBu)(Medpaq)T at 650 nm. This band decayed over the course of 60 minutes, with the
concomitant formation of a band at 510 nm. An-E analysis of the product solution revealed
a prominent ion peak at 564.87z consstent with [Mrl"' (OCHsCFs)(®Meédpaq)] (m/z= 564.14;
seeFigure A31 andFigure A32). Thus, while [MH'(OOBu)®Medpaq)f is initially formed upon
dissolution of the [MH (OOBu)(®Medpaq)](OTf) salt in TFE, a ligand substitution reaction occurs
that replaces the alkylperoxo ligand with &CH2O" ligand. This ligand substitution reaction with
TFE was only observed at 50 °C. A similar, albeit far more rapid, ligand substitution reaction
occurs upon dissolution of [M{OOBu)®“edpaq)](OTf) in M&H at 25 °C.

To determine rate constants for ligand substitution reactions df (®@Bu)(®Medpaq)}, an
acetonitrile solution of [MH(OOBu)®Medpaq)} was prepared in the glovebox and transferred
into a quartz cuvette sealed with a pierceable rubber septum and wrapped with Parafilm. The
cuvette was removed from the glovebox and 100 equiv. degasgedvelre injected while

monitoring the reaction by el@ohic absorption spectroscopy at 25 °C. The same procedure was
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performed for | igand substituti orFigureeA8kand on wi
Figure A34).

It is also important to note that attempts to form the '[NDOBu)®Medpaq)l and
[Mn"'(OOCm)fMedpaq)T in protic solvents using the preparation methods described above were
not successful due to ligand substitution competing with'[{@OR)EVedpaq)T formation. An
example is where we tried to form [M(OOBu)(Vedpaq)f from [Mn"'(OH)(Medpaq)T in TFE
and MeOH by reacting each solution with 1.0 equilBofOOH at 25 °C. This results in the decay
of theca. 500 nm features to feature reminiscent of the '[#ha0O)(EVedpaq)l complex. On the
other hand, attempt to make [M(OOBu)(Vedpaq) by the reaction of [MH(H20)EMedpaq)t
and 1.5 equiv ofBUOOH in TFE as discussed in previous studies where MeCN was used as a
solvent (Chapter 3) led to the formation of a mixture of products containing the
[Mn'"'(OO'Bu)(Medpaq)l and[Mn'"' (OCH.CFs)(®Medpaq)l complex results from the substitution
of the'butylperoxo ligand with trifluoroethoxy ligand) (Figure A3.5, left). Also an attempt to form
[Mn"(OOBu)(Medpaq)] in MeOH using [Mi(H-0)(®Médpaq)f and 1.5 equiv. 0BuOOH led
to the formation of the [Mh(OMe)EVedpaq)f complex (Figure A3.5, right), with no change to
the absorption feature even after addition of additional amoUBuUGfOH up to 5 equiv.

These studies show the sensitive of the alkylpecoxaplexes towards protic solvent and revealed
that the alkylperoxo cannot be prepared in protic solvents.

Cyclic Voltammetry. Cyclic voltammograms were recorded using Basi® PalmSens
EmStat3+ potentiostat. The working electrode was a glassy caldxxirode with a Pt wire as the
counter electrode. A 0.01 M AgCl solution was prepared using 0.14MMBg electrolyte solution
in CHsCN. The 0.01 M AgCl solution was used for the Ag/AgCI quagerence electrode. HEc

potential was measured as an exabreference. 2 mM solutions of [M@OH)(EVedpaq)](OTf)
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was prepared from 10 mL of a degassed 0.1 MNB¥s electrolyte solution in CECN. These
sample solutions were sparged with nitrogen gas with the aid of Teflon tubing for 15 minutes
before measureemt. The Teflon tubing was placed above the surface of the solution to continue
flushing the headspace, while not disturbing the solution in the electrochemical cell during
measurement. All measurements were performed at room temperature. Data waserkferirec
cathodic peak potential for H&Ec in MeCN.

Electronic Structure Calculations. All DFT calculations were performed using ORCA
4.2.12% Geometry optimizations used the B3L3P%functional with the defZ'ZVP basis set for
Mn, N and O atoms, while the de®/P basis set was used for C and H at6h¥8Gr i mme 6 s D3
dispersion correctic¥®* was aso applied with a fine integration grid (Gridé and GridX6 in
ORCA). Analytical frequency calculations were performed using the same level of theory. The
zeropoint energies, thermal corrections, and entropies were obtained from the analytical
frequency calulations. Single point energies were obtained for all structures using the same
B3LYP-D3 functional but with the larger defR2ZVPP basis set on all atoms and a finer integration
grid (Grid7 and GridX7). In all cases, solvation was accounted for by usn§MD solvation
model with default parameters for acetonitfile The RIJCOSX approximation together with

def2/J auxiliary basis set was used for all calculatiéris.

4 .3 Results and Discussions

Summary of previous characterization of [Mn" (OH)(®Medpaq)](OTf)
Previous studies have discussed the preparatiorstatllished the molecular structure and
spectroscopic properties of [MOH)(Medpaq)](OTf). Chapter3) The XRD structure revealed

a mononuclear sigkoordinate MH -center coordinated in a distorted octahedral geometry with an
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hydroxo ligand intrans configuration to the amide moietyH NMR spectroscopy of the
[Mn''(OH)(®Medpaq)](OTf) solution in CBCN confirmed the presence of monomeric species and
the absence of thei{oxo)dimanganese(lll, Ill) species in solution, due to the absence of a large
number of peaks in the diamagnetic region. The chemical shifts forkth& MR signals of
[Mn"'(OH)(®Medpaq)] (see chapter 3) are quite similar to those of '[NM®H)(dpaq)}.2®
Electron spray ionization mass spectrometry {€Sl) analysis of [MH (OH)(“¢dpaq)l showed

an ion peak withm/zratio that matched the expected value for the "[K@H)("edpaq)l and
Evans NMR gave a 4.89 BM value expected foBaf d* system. (Se€hapter 3) All these data
confirmed the formation of mononuclear [M{OH)(®Vedpaq)](OTf) in solid state and in MeCN
solution. However, the electronic absorption spectrum of thé' [@H) (¢Vedpaq)](OTf) in MeCN
showed just a broad feature frara. 800 rm to 470 nm wittemaxat 510 nmidqmd)) = 250
(Chapter 3. This is different from the electronic absorption spectroscopic features of the
[Mn"'(OH)(dpadf)](OTf) (R = 5H, 50Me, 5CI, 5N@and 2Me) in MeCN which show absorptions

with amaxVvalues ata.500 and 770 nnif20. 38

Structural comparism of [Mn "' (OH)(®Medpaq)](OTf) and [Mn"' (OH)(dpaq)](OTf).

The coordination mode of traf [Mn"' (OH)(®Medpaq)](OTf) and [MH (OH)(dpaq)](OTf) are
similar (Figure4.1) and their Mn OH distances are within error range (1.806(6) and 1.806(13) A
respectively Tabld.1). These MROH bond lengths are in the low end of the values reported for
other Mr"-hydroxo complexes (1.811.86 A)2 18 3%46 The most striking structural differences
between these two Mikhydroxo complexes arises from the #Miyrigine bonds (MAN4 and Mn
N5, see Tabld.1& Figure4.1). It can be seen that these bonds are comparatively elongated in the

[Mn"'(OH)(®Medpaq)](OTf). These elongations are comparatively compensated by slight
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contractions of the MiN2 and MaN3 bonds in theNIn"'(OH)(®Medpaq)](OTf) (see Tablé.1).
The elongations of the MNpyrgne bonds in [Mn"'(OH)(“edpaq)](OTf) relative to
[Mn'"'(OH)(dpaq)](OTf) is due to steric perturbation resulting from the methyl substituent at the

6-positions of the pyridine ringgigure4.l, left).

Figure 4.1 Crystal structure of [MH(OH)(dpaq)](OTf) (left), and [MH (OH)EMe dpaq)](OTf)
(right) showing 50% probability thermal ellipsoid. Triflate counter ion, solvent of crystallization
and norhydroxo hydrogen atomsgere removed for clarity.

Table 4.3. Manganesdigand bond lengths (A) from XRD structures of [M@H.)(
tMedpaq)](OTH), [Md'(dpag)Tand [Mn" (OH)(L)](OTf) (L = *Medpaq and dpag).
Bond [Mn"(OHy)(®Medpaq)](OTF) [Mn'"(dpaq)](OTf) [Mn"(OH)(L)](OTf)

L =%Medpag L = dpaq

Mn-O1 2.108(3) 2.079(2} 1.806(6)  1.806(13)
Mn-N1 2.233(3) 2.214(3) 2.041(7)  2.072(14)
Mn-N2  2.152(4) 2.191(3) 1.962(6)  1.975(14)
Mn-N3  2.280(3) 2.314(3) 2.130(6)  2.173(14)
Mn-N4  2.354(4) 2.244(3) 2.322(6)  2.260(14)
Mn-N5  2.417(3) 2.286(3) 2.381(7)  2.216(15)

a For [Mn'"(dpaq)T, the oxygen atom derives from a carbonyl unit of a separaté(fidaq)T cation.
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[Mn"'(OH)(®Medpaq)] reacts with stoichiometric amount (1.0 equiv.) of ROOH (B or
cumyl) to produce the alkylperoxo complexes [MO®OR)EMedpaq)T (see chapter 3Bimilar but
nonstoichiometric reaction have been reported for the '"[{OH)(dpaq)] and
[Mn"'(OH)(dpa?®)]* where large excess offBUOOH is needed to form the

[Mn"'(OOR)(dpaff)]* complex?’

Properties and & Reactivity of [Mn" (H20)(®Medpaq)]*

The crystal structure and chemical reactivity of [{O)CMedpaq)](OTf) was briefly
presented in Chapt8r Here we compare thidructure to that of other Micomplexes with similar
ligands, and we provide additional information concerning the reactivity of this complex. The Mn
center in [Mi(H20)(®Medpaq)](OTf) is sixcoordinate, with a pentadent&tdpaq ligand and an
axialaqua ligand in the sixth coordination site (Figdr2 left). This structure is generally similar
to those of [MA(dpaq)](OTf)® and [Mr'(dpadV®)](OTH),!8 with the exception that the crystal
structures of those complexes revealed polymers of the respectivé(dpdg)l and

[Mn"(dpad™®)]* cations. These polymeric sttuces were achieved by having the sixth

coordination position of the Mrcenters occupied by the carbonyl oxygen atom of the amide group

of another [MH(dpaq)] or [Mn"(dpac™®)]* cation (Figuret.2, right).
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Figure 4.2 Crystal structure of [Mi(OH,)(®*Medpaq)](OTf) (left), and [M#(dpaq)](OTf) (right)
showing 50% probability thermal ellipsoid. Triflate counter ion, solvent of crystallization ard non
hydroxo hydrogen atoms were removed for clarity.

When dissolved in MeCN, the [M(H-0)(“edpaq)](OTf) complex shows a weak electronic
absorption band at froga. 600 nm to 490 nm (Figuek3). Exposure of an MeCN solution of this
complex to Q results in the eventual growth of a bandcat 510 nm that is attributed to
[Mn'"'(OH)(®Medpaq)T. This reaction is very slow, such that only partial oxidation is observed after
48 hours (Figurd.3). In contrast, other [MK{dpaq)]" complexes show complete formation within
0.57 5 hours!®?° The sluggish nature of the reaction of [AMiH-0)(“edpaq)T with Oz could be
caused by having a more electeficient M center. The @Me-pyridyl groups in
[Mn"(H20)(Medpaq)] give rise to elongated MNpyigne bonds when compared to
[Mn'"(dpaq)](OTf) and its derivatives by 0.020.04 A% 19 These longer bonds presumably
mitigate electron donation from the pyridyl ligands to the! Manter, leading to a less electron
rich metal. Along similar lines, the [M{dpagN®?)](OTf) complex, which contains a strongly
electrondonating nitro group orthe quinolinyl moiety, shows essentially no reactivity with
dioxygen?® While the formation of the [MHA(OH)(Vedpaq)l complex from Q@ oxidation of
[Mn''(H20)®Medpaq)T is very slow, the M"'-hydroxo complex can be rapidly formed from the
reaction of [M(H20)(Vedpaq)} and PhlO, as previously described (see Cha&ter
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Figure 4.3 Electronic absorption spectra showing the reaction of a 2.5 mM solution of
[Mn''(H20)(Medpaq)]OTfin CHsCN (red trace) with dioxygen at 298 K. The dashed traces show
the reaction progress and the blue trace is the final spectrum.

Spectroscopic Propertis and Electronic Structure of[Mn!"' (OH)(®Medpaq)]*

The electronic absorption spectrum of [M®H)(Medpaq)] in MeCN at 25 °C shows a
single broad absorption feature frama. 800 to 470 nm wittmaxat 510 nmidmd = 250
(Figure4.4). Thisspectrum deviates significantly from that observed for'f¥@H)(dpaq)f and
its derivatives(Figure 4.4) The electronic absorption spectra of those complexes showed two
absorption maxima withmax values ata.500 and 770 nm (Figure4).182% 38To understand the
origin of the spectral perturbations for [M(OH)(Vedpaq)](OTf), we used timdependent
density functional theory @-DFT) calculations. Although TIDFT calculations have known

drawbacks, this method has performed exceptionally well for mononucléachmplexes®>?

potentially because ligarikld transitions dominate the electronic absorption spectra of these

complexes.
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Figure 4.4. The electronic absorption spectrum of 1.0 mM [M@H)®“edpaq)T (blue trace) and
1.0 mM [Mn"(OH)(dpaq)] in MeCN at 25°C shown for comparison (red trace).

DFT geometry optimization for [Mih(OH)(®Medpaq)T and [Mn'" (OH)(dpaq)] reproduced the
trends in metric parameters obtained from XRD analysis of the com§leadaie4.1). The Mr" -
hydroxo distances (MrO1) for these complexes are essentially identical, while the largest
difference is in the MilNpyrigine distances (MaN4 and Mn N5), which are elongated by 0.08 to
0.2 A in [Mn" (OH)(EMedpaq)f. DFT calculations predict ad)(dy2)*(0k)*(d*+?)*(d2)° ground
configuration for each complex. (In the DFT computations for "fk@H)®"edpaq)] and
[Mn'"'(OH)(dpaq)], we chose a coordinate system wherezthgis lies along the MrO(H) bond
and thex- andy-axes coincide with the equatorial Migand bonds. Accordingly, thé? andds.
¥ MO ar e-antibbndingMOs, and théy, dy, anddx; MOs are capablef p-interactions.)
With this ground configuration, each sgatlowed ligandfield transition can be reasonably
approximated by a onelectron excitation from a singlyccupied M#' d-based MO to the
unoccupiedd-based MO. Consequently, the ligafield electronic transition energies can be

directly related to the Mh d-orbital spliting pattern. We will therefore briefly discuss the
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compositions and energies of tiased MOs of [MH(OH)(®Medpaq)] and [Mn" (OH)(dpaq)T,
as differences in these orbitals can account for all perturbations in the electronic absorption spectra

of these complexes.

Table 41. Sel ected ManganeseiLigand"(OB)dpad)] dn@ ngt hs
[Mn'"'(OH)(®Medpaq)}from X-ray Crystallography and DFT Computations.
[Mn"(OH)(dpag)] [Mn" (OH)(**dpaq)I

XRD DFT  XRD DFT
Mn-O1 (A) 1.806(13) 1.829 1.806(6)  1.830
Mn-N1(A) 2.072(14) 2.089 2.041(7)  2.048
Mn-N2 (A) 1.975(14) 1.980 1.962(6)  1.968
Mn-N3 (A) 2.173(14) 2.222 2.130(6) 2.134
Mn-N4 (A) 2.260(14) 2.213 2.322(6)  2.339
Mn-N5 (A) 2.216(15) 2.209 2.381(7)  2.422

In each complex the higheshergyd? MO i s strongl y-andimsdingbi | i z
interactions with both the hydroxo and carboxamido donors (FigBye #hesed? MO in each

complex have ligand contributions from thg @rbital of the equatorial N donor atomg; @rbital

of the carboxamido nitrogen atom ar @rbital of the oxygen atom of the hydroxo ligand (Table

A3.1 andA3.2). The DFT calculations actuallygdict nearly identical energiesa(-2.2 eV, see

Figure 4) for thal> MOs of [Mn"'(OH)(V¢dpaq)f and [MA" (OH)(dpaq)}. Thus, any differences

in the spectroscopic or chemical properties of these complexes are not related to differences in

Mn"'-hydraxo or Mn'"-amide bonding interactions. This D#Bsed prediction is in full

accordance with the nearly identical Wh®nydroxo (Mn- O1) and MH'-Namige (Mn- N2) bond
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lengths observed in both the experimental and ©oéhputed structures of these complexes
(Table 4.1). The energy and composition of tig?,> MOs of [Mn"(OH)®Medpaq)l and
[Mn"'(OH)(dpaq)] show significantly more variation (Figu#e5). Thed®,?MO i s-antibonding
with respect to the equatorial ligands and is therefore sensitive to the longegyMre bond
lengths in [MA' (OH)(®Medpaq)] (Mn- N4 and Mn N5; see Tabld.1). These longer, and therefore
weaker, MaNpyridgine bonds lead to a stabilization of tlig?.,> MO by ca. 0.3 eV relative to
[Mn'"'(OH)(dpaq)T (Figure 45). The dx. anddy; MOs of each complex have wepkantibonding
interactions with the hydroxo ligand. The nearly identical -Wdroxo distances for the
[Mn"'(OH)(®Medpaq)} and [Mr"(OH)(dpaq)f give rise to similar Mrhydroxo [J-interactions,
causing thely; anddy; MOs of these complexes to lie at similar energies. Gh&MO of each

complex is norbonding.
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Figure 4.5. MO energy level diagram fgMn" (OH)(dpaq)! and [Mnl" (OH)(***dpaq)] based
on the KohrSham orbitals from DFT calculatiorildandb refer to spirup and spirdown MOs,
respectively.

The TDDFT-computed electronic absorption spectra of both "fk@H)®Vedpaqg)l and
[Mn"'(OH)(dpaq)t are inexcellent agreement with their experimental counterparts (Fg6ye
Starting with[Mn"' (OH)(dpaq)T, thecalculated spectrum shows two bandsaa?70 nm and 500
nm, which nearly perfectly reproduce the experimental spectrum é4dideft). An analysis of
the electrordensity difference maps (EDDMSs) for the states contributing to these bands shows

that each band derives from Miigand-field transitions. Tie lowerenergy band at 770 nm is due

to a oneelectrondy? - d.? transition. The band @a. 500 nm contains contributions from two
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ligandfield transitions- ady,- d.? transition at 505 nm anddi.- d.? transition near 486 nm.
Given these assignments, the position of the lemergy band reflects the differencetlween
Mn-ligand U-interactions with the axial and equatorial ligands, while the energy of the higher

energy band reports differences betweenhyldroxoU- andp-interactions.
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Figure 4.6. TD-DFT computed electronic absorption spectra for '[NDH)(dpaq)f (left) and
[Mn"'(OH)(®Medpaq)] (right). The sticks indicate electronic transitions; EDDMs of selected
transitions are included as an inset. Red and blue colors in the EDDMs denotes gain and loss of
electron density, respectivelfhe DFT-computed structures of the Mrhydoxo complexes are

shown above the absorption spectra.
The TD-DFT-computed electronic absorption spectruniin'' (OH)(®Medpaq)T also nicely
reproduces the experimental spectrum. The computed spectrum shows a weak fegi@Gemuar

that corresponds with the distinct rise in absorption intensity in the experimental spectrum. The
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calculated spectrum also shows more intensity aeleagths less than 550 nm, in good agreement
with experiment (Figure4.6, right). Importantly, the TEDFT-computed spectrum of
[Mn"'(OH)(®Medpaq)] reproduces all the major differences and similarities relative to
[Mn"'(OH)(dpaq)T; i.e., the lowestenegy band has a pronounced bistft, while the higher
energy bands are relatively unperturbEoe lowestenergy band diMn'"' (OH)(®Medpaq)T at 630

nm arise from a onelectrond,? - d.? transition The pronounced blughift relative to that of
[Mn'"'(OH)(dpaq)T (770 to 630 nm) can be nicely rationalized on the basis of the stabilization of
dy? MO of [Mn"' (OH)(®Medpaq)] caused by the longer MNpyrigine bond lengths (Figure.8and
Table4.1). The higherenergy band in the TIDFT-computed spectrum of [MH{OH)®Medpaq)f
contains thedy, - d2anddx; - d7 transitions. The wavelengths of these transitions are only
slightly blueshifted relative to the corresponding transitiongMm'"' (OH)(dpaq) (505 vs 499
nm, and 486 vs 469 nm, respectively; see Figude Overall, the TBDFT computations reveal
that the spectral perturbations between [M®H)(dpaq)f and [MA"(OH)(®Medpaq)} can be

understood on the basis of the elongatedNyidine bOnds in the latter complex.

Oxidative reactivity of [Mn "' (OH)(®Medpaq)](OTf)

To evaluate the effect of thBIn-Npyridine bond elongations of [MK(OH)(®Medpaq)t on
chemical reactivity, we explored the reaction of this complex with TEMPOH and xanthene. Both
substrates have been employed previously to assess the reactivity' dfyldioxo adducts® °
TEMPOH has an unusually smaltDbond dissociation &e energy (BDFE = 66.5 kcal/mol, in
MeCN at 25 °C) and therefore participates in CPET reactions with a range of compounds.
Xanthene has relatively aectited bisbenzylic GH bonds, which provide a reasonable
approximation of the biallylic C- H bonds of the native substrate of MnLOX.

154



The addition of 10 equiv. TEMPOH to a 1.25 mM solution of fN@H)(Medpaq)} in MeCN
at -35 °C led to the disappearanoéthe electronic absorption features of the'Mmydroxo
complex within 100 s, giving a final spectrum identical to that of [(\#0)("edpaq)f with ca.
100 % vyield (Figureél.7). The observed products are consistent with a CPET reaction between the
Mn'""-hydroxo center and TEMPOH, which would afford TEMPO radical and
[Mn''(H-0)(®Medpaq)f. Kinetic experiment to obtain the secemdler rate constankd) were
performed at35 °C using 10 60 equiv. TEMPOH. A plot dfobsvs the concentration of TEMRD

is linear, and a fit to these data provided the secwddr rate constankd) of 3.4(2) Mlstat-35

°C (Figure4.3).
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Figure 4.7. Reactions of 1.25 mM [MhOH)(®Medpaq)](OTf) with 10 equiv. TEMPOH a85 °C

in MeCN (initial and finalspectra are the red and blue traces, respectively). Inset: The decay of
the 510 nm band over time (black trace) and fit to pséusksorder kinetic model (red trace).
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Figure 4.8. Pseuddfirst-order rate constanksps(S ) as a function of EMPOH concentration for
a 1.25 mM solution of [MH(OH)(®Medpaq)](OTf) in MeCN at35 °C. The secondrder rate
constant>) was calculated from the slope of the linear fit.

Table 42 compares the secowdder rate constant for TEMPOH oxidation by
[Mn'"'(OH)(®Medpaq)] with those determined for [MHOH)(dpaq)f and its derivatives. The rate
constant for TEMPOH oxidation fgkMn"'(OH)(®Medpaq)] is nearly thredold faster than that of
[Mn'""(OH)(dpaq)] (k2 = 1.1(1) Ms!) and almost the same abat determined for
[Mn"'(OH)(dpad™®)]* (k2 = 3.9(3) M1s?).18 20Thys, Me substituents on the pyridyl or quinolinyl
groups have similar consequences on reactivity.

We also investigated the reactivity [Mn'"' (OH)(®Medpaq)] with xanthene by treating a 1.25
mM solution of this MH'-hydroxo complex in MeCN with 250 eiyu xanthene at 50 °C. In this
case, the absorbance band of [M@H)®“edpaq)l at 510 nm decayed by only 10% over the
course of 1000 minutes, which is within the range otdetfay rate for [MH(OH)(“¢dpaq)T at

this temperature. This apparent ladkeactivity is somewhat unexpected, as [M@H)(dpaq)f

reacts with xanthene under similar conditions, albeit at a slow rate (0.6D08is possible that
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the decreased reactivity for [MiGOH)(®Medpaq)] might be due to the steric bulk of ther@thyl
substituents, which could hinder the approach of xanthene to tHehyhliroxo unit. Notably,
[Mn"'(OH)(dpadM®)]* reacts with xanthenea. three times slower than [M{OH)(dpaq)]
(0.00025 ¥ vs 0.0008 ¢ respectively)® In that case, DFT computations demonstrated that the
stericbulk of the 2Me-quinoline moiety in [M#' (OH)(dpad“®)]* caused the xanthene to orientate
differently in the transition state from when compared to'[®H)(dpaq)]. This reori@tation
introduced a destabilizing effect that caused the transition state of tHéQ¥N(dpad'®)]* to be
higher than that of the [M{OH)(dpaq)] by about 3 kcal/mol. A similar situation caused by the
6-Me-pyridyl groups of [MA'(OH)(Medpaq)l coud hamper the reaction of this complex with

xanthene.

Table 4.2. SecondOrder Rate Constantsk] for TEMPOH Oxidation by MH-hydroxo
complexes experiment&h,, and DFFCalculated Thermodynamic Parameters.

Experimental DFT-calculated

complex ko (M1s?) Mn"/MEy & MM Ef Mn''-OH, pKa BDFE?
[Mn"(OH)®edpaq)] _ 3.4(2) -0.63 -0.60 28.6 80.2
[Mn"'(OH)(dpaq)] °® 1.1(1) -0.70 -0.70 29.3 79.1
[Mn" (OH)(dpag™9)]*  3.9(3} -0.62 -0.58 28.7 80.9
[Mn" (OH)(dpag"®9]*® 7(1) -0.57 -0.51 27.8 81.2
[Mn'""'(OH)(dpad®)]*™®  2.8(2) -0.66 -0.62 28.7 79.8
[Mn"' (OH)(dpag®Ve]*® 0.8(1) -0.72 -0.73 29.5 78.4

2n kcal mott. P From ref.2% ¢In V relative to F&/Fc.9 From refls,

Thermodynamic Driving Force for TEMPOH Oxidation Using Experimental and
Computational Methods.

In our previousnvestigation of the CPET reactivity of a series of'Mmydroxo complexes,

we observed a strong correlation between the CPET reaction rate and the variation in the

157



thermodynamic driving forc&. The driving force for these reactions is the difference between the

BDFE of the MAO(H)-H bond being formed and the TEMR®bond being broken (eqn. 1).
oG = BDFE(MA'O(H)- H) i BDFE(TEMPG H) (1)

Thus, the variation in driving force among a seMui"-hydroxo complexes comes from the
O- H BDFE of the Mfi-aqua complex. To understand the basis for changes in-tHeBDFE, it
is convenient to deconstruct the BDFE into individual protamd electroftransfer steps, as
represented by a square diagi@uohemet.1). The horizontal lines in this diagram represent single
electron transfer steps, and vertical lines represent single proton transfer steps. The diagonal line
represents CPET. The square scheme also illustrates thatkhBOFE of a Mif-aquacomplex
can be calculated using the eslectron reduction potential of the MA-OH couple and theky

of the Mrl'-OH; product using the modified Bordwell equation (eqr32).
BDFE(Mn'O(H)- H) = 1.37fKa + 23.0&12 + Co sol 2

In this equation, €soliS a constant for a given solventd€, mecn= 54.9 kcal/mol). In our
previous investigation of [Mh(OH)(dpagR)]* complexes, we observed that both the reduction
potential and a changed as a function of the R substituent, but changes in the potential were the
larger and, therefore, dominate contribution to the change hEBDFE2° A stronger GH bond

in the Mr'-aqua product was associated with faster reactionfates.
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Scheme 4.1. Thermodynamic Square Scheme for Decomposing théd BDFE of a
Mn"T OH/ "M® HCouple.

As a first step in understanding thermodynamic contributions to the CPET reactivity of
[Mn"'(OH)(®Medpaq)}, we performed cyclic voltammetry (CV) experiments to rueasthe
Mn"""-OH peak potential. The MH'-OH peak potential was measured to-Be&3 V Fé¢/Fc
(Figure A3.6). This potential is between those of [M©H)(dpag"®)]* and [Mn" (OH)(dpad®)]*

(-0.62 V and-0.66 V vs. F&/Fc respectivelyY’The Mr""-OH peak potentials previously

measured for [MH(OH)(dpaq) and its derivatives are presented in Tabk

Following a previous approaéhwe also calculated thekp andE1z values associated with
the [Mn" (OH)(Vedpaq)]/[Mn" (OH2)(®Medpaq)T couple. With this method, which was inspired
by HammesSchiffer and Solis? intrinsic errors in the calculations should be comparable, and
largely cancel, among the series of similar complexes being compared. The details of these
calculations are discussed in thigpendixand the calculated values are presented in TéBle
The Ex2 value of [Md" (OH)(Medpaq)/[Mn" (OH.)(*Medpaq)] couple is 30 mV higher than the
experimental MW"-OH peak potential. The calculate&i, value of -0.60 V for

[Mn"'(OH)(®Medpaq)} is 100 mV more positive than that of [M(OH)(dpaqg)f (-0.70 V) but
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nearly the same as that of [M(OH)(dpad"®)]* (-0.58 V). Thus, [MH (OH)(®Medpaq)] is a better
oneelectron oxidant than [Mh(OH)(dpaq) and is on par with [MH(OH)(dpad™®)]*. The origin

of the increased MW' reduction potenél in [Mn"(OH)®Medpaq)l relative to
[Mn"'(OH)(dpaq)] results from the longer Mhyrigine bonds (Ma N4 and Mn N5, see Table
4.1). This elongation reduces the interaction between the Mn center and the pyridine ligands, which
consequentially leads tomaore Lewis acidic Mn center with a higher propensity to underge one
electron reduction. The DFT calculations predicKa yalue of 28.6 for [MH(OH,)(*Medpaq)T,
which makes this complex more acidic than [MDH.)(dpaq)] (pKa = 29.3). Together thEi/

and [Kavalues combine to yield a-® BDFE of 80.2 kcal/mol for [MOH,)(®*™edpaq)T, which

is larger than that of [MA(OH)(dpaq)] (79.1 kcal/mol). It is important to note that tBe. and

pKa terms for [Mn' (OHy)(*Medpaq)] shift in directions that oppose one another when considering
the net BDFE, but the shift ify2 is larger and therefore dominant. Specifically, while
[Mn"(OH2)(®Medpaq)] is less basic than [MHOH)(dpaq)f by 0.7 Ka units (0.96 kcal/mol
contributin to BDFE), the MH center in [MA'(OH)(®Médpaq)l has a more positivEs2 than
[Mn"'(OH)(dpaq)f by 0.10 V (2.08 kcal/mol contribution to BDFE). The slightly higheHO
BDFE of [Mn"(OHy)(*Medpaq) than [Mr'(OH.)(dpaq)] is as expected given the slight rate

enhancement for TEMPOH oxidation observed for [N@H)®Medpaq)] (Table4.2).

The rate ® TEMPOH oxidation by [MH (OH)®Vedpaq)l can be plotted against the- B
BDFE of the [MA(OHz)(®™edpaq)] product (Figure4.9. As shown in this plot, the
[Mn'"'(OH)(®Medpaq)l complex nicely follows the linear correlation previously observed for
Mn'"-hydroxo complexe& The individual contributions of thekg andEi2 to the M -aqua Oi
H BDFEs for these complexes are presented in Figut® and the correlations of these

parameters to the reaction rates of the''Miydroxo complexes with TEMPOH are shown in
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Figure4.11 Among this series, the more significant change to BDR@inates from theEi

contributions, with only a slight contribution originating from th& pTable4.2 and Figuret.11).

The Ka change across the series is 1Kz pnits (2.33 kcal/mol), whereas the calculaig

changes by 0.22 V (5.07 kcal/mol)hds, theEi contributes about twice as much as tha fo

the net BDFE across the series.

e Data 5NO2
20 _|inearFit
1.5 4
x'1.0 1
£
0.5
004 e dpaq
- dpag™™ R?=0.9327
-05 T T
78 79 81

[Mn"(OH,)(L)I" BDFE__, (kcal/mol)

Figure 4.9. A plot of Ink. vs Mn'-aqua O° H BDFE (kcal/mol).
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Figure 4.10 Thermodynamic contributions to the B BDFE of Mrl'-aqua complexes from the
Mn'"-OH/Mn"-OH reduction potentials and Nhaqua iKa values.
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Figure 4.11 A plot of Inkz vs calculateEy2 vs FE/Fc (V) and [Ka.
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From Figure4.11, we observe a strong, linear correlation betweeiihef the MA"" couple
and the Ink2) for TEMPOH oxidation, with more positive potentials translating to faster reaction
rates. In contrast, the plot of ka) for TEMPOH oxidation versus the Nhaqua [Ka value shows
an inverse correlation, where the more basic complexes show slower reaction rates. TKs, the p
and E2 contributions to the ©H BDFE are counterbalancing each other to affect the rate of
reaction. However, from the slope of tBg. and [Ka plots (slope = 10.1 ¥ and-1.31/K, unit,
respectively see Figure 4.)1theEi»term has a superior effect on the reaction rate relative to

pKa. Thus, increasingkx only leads to slight damping of the reactivity of these complexes.

Ligand Substitution Reactions of [Mn" (OO'Bu)(®™edpaq)]* with protic solvents.
While the reaction of TEMPOH with [Mh(OH)(®Medpaq)] mimics one of the elementary

reactions proposed ithe catalytic cycle of MnLOX, one of the proposed mechanisms for this
enzyme postulates a ligand substitution reaction, where "&-&lkylperoxo adduct reacts with
water to give the alkylhydroperoxo product and a 'whydroxo adduct® Since both
[Mn"'(OH)(®Medpaq)} and its MA'-alkylperoxo analogue [Mi(OOBuU)(®Medpaq)] are both well
characterized and stable at robemperature, we took advantage of these complexes to explore if
we could mimic this proposed ligand substitution reaction. The addition of 100 eg@vtoH
[Mn''(OO'Bu)(®Medpaq)T in an anerobic solution of MeCN results in a loss of intensity of the
electrornic absorption band of the Mnralkylperoxo adduct at 650 nm and growth in absorbance at
~500 nm (Figuret.12). This conversion showed isosbestic behavior (with an isosbestic point at
~574 nm), suggesting a simple conversion involving no accumulatingniedigates. The final
spectrum is identical to that of [MOH)(®Medpaq)], suggesting the occurrence of a ligand

substitution reaction. Mass spectral analysis of the solution following the reaction of
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[Mn"'(OO'Bu)(Medpaq)l with H.O revealed a peak am/z = 482.14, further confirming the
formation of [Mr" (OH)(®Medpaq)T (calculatedn/z= 482.14, Figurd.13. At longer time periods,
we observed precipitation of a brown solid, which may be evidence of some demetallation of the

[Mn'"(OH)(®Medpaq)] due to the presence of water
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Figure 4.12 Electronic absorption spectra monitoring the reaction of anaerobic sample of 2 mM
solution of [MA"(OOBu)(®Medpaq)l in MeCN with 100equiv. of H2O at 298 K. (Inset) time
course for thespectral changes.
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Figure 4.13 ESKMS data for a 2 x I® mM solution of anaerobic reaction of
[Mn"'(OOBu)®Medpaq)T with H2O at 298 K.
4.4 Conclusions

In this study, we were able to explain the observed difference in the electronic spectrum of the
[Mn'"'(OH)(®Medpaq)] relative to those of [MK(OH)(dpaq)f and its derivatives using FDFT
calculations. The spectral change result from the elongatitdmed¥nNyyridine bonds caused by
the 6Me-pyridyl groups in [MA'(OH)(®Medpaq)T, which leads to the stabilization of the Mx?-
y? orbital. This stabilization results in the blue shift ofdx&y? Y dZ electronic transition relative
to thatobserved in the [MHA(OH)(dpaq)] complex and its derivatives. The blue shift caused the
dx2-y? Y dZ transition to be enveloped into a single band f@n800 nmi 489 nm, together
with a more intensek; Y dZ at 469 nm. The oxidative capability of tfdn'"'(OH)(Medpaq)
complex was assessed by exploring the rate of TEMPOH oxidation. The reactivity of
[Mn''(OH)(®Medpaq)T with TEMPOH is 3fold faster than that of [Mh(OH)(dpaq)]. This rate

enhancement has its basis in the more positiv&'Meduction potential of [MH(OH)(Vedpaq)}
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than [Mn"(OH)(dpaq)]. The TEMPOH oxidation rate for [MHOH)(Medpaq)l is thus
congruent with a previously established linear free energy relationship established"for Mn
hydroxo complexes. Theleted [Mr"(OOBu)(Medpaq)l species reacts with water to form the
Mn'""-hydroxo adduct [MH(OH)(Medpaq)T. This reaction mimics an elementary step proposed

in some mechanisms for the MnLOX enzyme.
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Chapter 5

Summary and Outlook
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5.1 Summary

This work contributed to the knowledge in the field of N4mydroxo and MH-alkylperoxo

complexesSummaryfrom this work include the following:

- Using a pair of Mff-hydroxo complexes (with and without hydrogen bonding), we
mimicked ahydrogenbonding interaction observed in the active sit¢hefMnLOX and
MnSOD enzymesThe Mn'"'-hydroxo complex showed an enhancement in rate bgric
100-fold relaive to the complex without hydrogen bonding in a CPET reactotetailed
analysis of the threnodynamic contributions to CPET reactions of two'Mmydroxo
complexes revealetthat the complex witla hydrogenbonding interaction is significantly
more basicThus, we were abl® show that the hydrogdronding interaction observed in
theactivesite of biological enzymes like MNnSOD and MnLOX likely serves a functional
role of increasing the basicity of the hydroxo ligand. This increase in basicity will activate
the Mrl"-hydroxo unit towards CPET reactions with biological substrate

- The synthesis of two new, rootemperature stable Mnalkylperoxo complexes
[Mn''(OO'BuU)(*Medpaq) and [Mr'(OOCm)fMedpaq)}, was achievedbased on the
inspiration from previously developed structueactivity correlations.These new
complexes have structural perturbatairthe 6position of the pyridine rings thagsulted
in an elongation atheequatoriaMn' -Npyridine bonds These complexes are the most stable
Mn'"-alkylperoxo complexes knowto date.Because of this stabilitywe were able to
structurally characterize one of Hege complexeshy X-ray crystallography thereby
obtairing structural informationto assesscorrelatiors with other Mn'-alkylperoxo

complexes
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The new MH'-alkylperoxo complexes display direct reactivity with phosphines, making
them the only known Mh-alkylperoxo complexeso react with substratehe M-
alkylperoxo complexes also react with 3DBIA indirectly, by decomposing to give high
valent Mnoxo specis that oxidize the €H bond of 9,16DHA. These resultexemplify

the effect of structural perturbatiand local coordination environment on the stability and
reactivity of Mrl"-alkylperoxo complexes.

The Mr"-alkyperoxo complexes are sensitive to protic solvents, undergoing hydrolysis in
the presence of water, TFE and MeOH. In the case of water, hydrdbads to the
formation of the MH'-hydroxo compound, and this reaction mimics the reactivity of the
Mn""-alkylperoxo intermediate in the proposed alternative mechanism of MnLOX.
TheMn'" complex of theH®*Medpaq ligand showda sgnificantly suppressed reactivity with
dioxygen This could be due to thelongatedequabrial Mn-Npyridine bonds resultingfrom
thesteric perturbation from theidethyl substituentd his elongatiodeads to an increase

in the Lewis acidity of the Mitenter thusincreasng the Md"" reduction potential. The
increased MW" reduction potential presumably leads to suppression of the reactivity of
the Mr' complex with dioxygen.

The structural perturbatiorfrom the 6methyl substituentalso enhamed the CPET
capability of the [Mn'"'(OH)(®Medpaq)] complex by thredold relative to the
[Mn"(OH)(dpaq)] complex. These results exemplify how structural perturbation can
modulate thermodynamic parameters, which will eventually affect the rateC&fEa

reaction.
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5.2 Outlook

The effort to develop metal complexes that model biological enzymes is continually thriving,
with new and interesting discoveries that provide knowledge and principles that can be employed
to develop synthetic biocatalystsidtaprivilege tomake some contributiorad be gart of this

great effort. However, there is still more work to bealon

Starting with the MH-hydroxo chemistry, we have been able to provide insights into the
functional role of the hydrogen bonding interaction observed in the active sites of MNnLOX and
MnSOD, but it has been difficult to obtain structurdbrmation for the model complex containing
the hydrogen bond acceptor. Although we provided experimental and computational evidence to
establish the structure of the complex with hydrogen bonding interaction, it will also be ideal to
obtain the actual gstal structure of this complex. This structural information will help gain an
insight into the degree of hydrogen bonding interaction preserg imytirogerbondingcomplex.

The crystal structure of this complex aitsl proposedierivatives(Figure 6.} can be useful to
create structuractivity correlationsi(e., hydrogerbonding distance between acceptor and donor
atoms vs. reactivity). While the solidate structures may be difficult to obtain, dmelsolid-state
structures may not be an exact regentation of the structure in the solution, the electron density
on the nitrogen donor atooan be modulatedly functionalizing the para position ttydrogen
bond acceptofnitrogen atomwith electrondonating and electrewithdrawing group. This will
regulate tie degree ofiydrogenrbonding interactiomn the Mrl"-hydroxo complexBeing able to
control the degree of hydrogé&onding interactiorwill allow us to understanthe correlation
betweerthe degree of the hydrogéonding interactiorandthe reactivity of the Mn""'-hydroxo

complexesAdditionally, thesestudies will helpo establish that thebservedcenhancement in the
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reactivity of the complex with hydrogebonding interaction relative to theomplex without

hydrogen bondingriginatesfrom this hydrogenbonding effect.

R = OMe, Me, NO, and Cl

Figure 6.1. Functionalization of the 1;B8aphthyridine group to modulate the degree/strength of
hydrogenbonding interaction.

Another important progress will be the protonation ofée'-hydroxocomplexegwith and
without hydrogen bondingo obtaintheir Mn'"'-aqua complexes. This approach seems promising
as observed from exploratory experimefisr example, theeactionof the [Mnl"' (OH)(PaPyN)]*
with 1.0 equiv. HCIQ gave a new speaabserved by electronic absorption spectroscapy
proposedo be[Mn'"'(OH,)(PaPyN)]?* (Figure 6.2) This new species can also be deprotonated
with 1.0 equiv of E&N to reform [Mr" (OH)(PaPyN)]* (Figure 6.3) Similar results have been
observed with the [MHh(OH)(PaPyQ)]*. More detailedstudies o confirm the fornation of the
Mn""-aqua complexeshould be pursuedhe attainment of this featill be useful in measuring
the experimental i, of the Mr''-aqua complexes, whiolvhencombined with electrochemical
measurementsan be used to calculate the bond dissociation free energy (BDFE) of theMia
complexes. The obtainment of experimentally determined BDFE will be usefabflatng

reactivity withthermodynami@ropertes

Additionally, more work needs to be done on the investigation of the reaction of the

[Mn"'(OH)(PaPyQ)]" and [Mn"'(OH)(PaPyN)]* with 4-nitro-2,6-di-tert-butylphenol (4NO.-
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2,6:DTBP) substrateWe observed faster reaction isiiean expected with this substrate. Perhaps,

there is a change of mechanism in the reaction of this substrate with theydroxo complexes.

The Mr"-alkylperoxo complexes are very interesting and group isvery excited tdurther
exploretheir chenistry. While we have shown the influence of the local coordination environment
on the stability and the reactivity of the complexes, we can tentatively propose that theecombin
effect of steric perturbatienalong the equatorial MNpyrigne bonds, coupled with the sN
coordination sphere of the dpaq ligand contributes to the dramatic enhancement in stability and
reactivity of these complexes. Although the bond length of the equatorial)Miine bondscisto
the alkylperoxo GO bondshave been correlated to stabilitit is currently unclear how this leads
to a dramatic improvement ie stability of dpaq complexes compared to the thicligtted
complexes Future workwill include the synthesis of th&“edpaq derivatives of the MH-
alkylperoxo complexesby functionalization at the 5position of the quinoline group
[Mn''(OOR)fMedpag®)]* (R = NO, and OMeand R ='Bu or cumy) (Figure 6.4)to investigate
the effectof modulatingthe donatiorstrengththrough the amide nitrogeransto the alkylperoxo
ligand on the complex stability and reactiyvignd we are eagerly looking forward to the exciting
results from the studies.am particularly looking forward to th&tructure andeactivity of the
H®MedpagN©? complex It will be interesting to see the effect wkakening the MilNamige bond
resulting fromthe electrorwithdrawingpropertyof the 5NQ groupon the complex stability and
reactivity with substratesMy assumption ighat theMn"'-center in[]Mn"' (OOR)fMedpagN©?)]*
complexwill have a relativelyhigherLewis acidityand a consequentiglhigherMn"""" reduction
potential compared to thether H*™edpagqR complexes Thus [Mn"'(OOR)EMedpagN©?)]* is
expected to beotentiallymore reactivdowards substrateé library of these Mt -alkylperoxo

complexes will allow us to correlattructure with activity and thus gain more insights it® t
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factors that control the reactivity, enhance stability determinethe thermal decomposition

pathway of the MH-alkylperoxo complexes.

Additionally, more workshould bedoneto investigatethe reaction mechanisrf the Mn'"-
alkylperoxocomplexeswith para-substituted 2 @li-tert-buytlphenolicsubstragés We observed
the reaction of these substrates with 'Nalkylperoxo complexes, but the pleto obtainthe
secondorder rate constants are always with intercepiso, the characterizatisiof the resulting
organic produafrom the reactions showed mixtures of oxidized organic compoUrmis, this

reaction should be investigated forunderstanding of the reaction mechanism

Finally, work shouldalsobe done tmbtain the secondrder rate constai(k.) for the reaction
of the Mn""-alkylperoxocomplexes with protic solvesito give the hydrolyed products (MH-
OH in the case aokater) Currently, we are only informed of thereactiors, but we have no kinetic
information about the redaon. Thus,it will be necessary tpursue the obtainment of ttke for
these reactions and the information frdnese studiesan provide some insight into the step
involving the conversion of Mh-alkylperoxo to MH'-OH in the alternative pathway for the

activity of MNnLOX enzyme.
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Figure 6.2. Reaction of [MH' (OH)(PaPyN)]* (red tracewith 1.0 equiv.of HCIO4 in MeCN at

25 °C The black dashetines represenintermediatesand the blue trace is the final reaction
mixture.Inses show zoomedn regions.
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Figure 6.3. Reaction ofputative[Mn"' (OH,)(PaPyN)]?* (red trace) with 1.0 equiv. &N in

MeCN at 25 °C. The black dashed lines represent intermediates, and the blue trace is the final
reaction mixture. Insets show zoomedegions.
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\

R =NO, and OMe
R = ‘Bu and Cumyl

Figure 6.4.[Mn"'(OOR)fMedpag™)]* showing functionalization at theposition of the quinkne
ring to modulate donatioto the Mr''-centerthrough the Bmigeatom.
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Table Al1.1 Crystal data and structure refinement for'Ndomplexes.

Parameter [Mn"(PaPyQ)](OTf) [Mn"(PaPyN)](OTf)-CH3sCN [Mn'"(PaPyN)](PFs)-CHsCN
Formula CasH22F3MNNs04S CaeH24F3MNN7O4S CasH22 F6MnNNg.720P
Identification code q76k vOAf 68k

Formula weight 600.47 642.52 633.41

Crystal system Monoclinic Monoclinic Triclinic

Space group P2iJ/c P2iJ/c P-1

Crystal size (mrf) 0.035 x 0.035 x 0.010 0.260 x 0.135 x 0.060 0.126 x 0.113 x 0.043
a/A 10.9171(3) 12.1535(5) 7.6747(2)

b/ A 21.5758(6) 29.7838(13) 12.1236(4)

c/ A 11.9690(3) 7.8581(3) 30.3033(9)

us/ A 90.00 90.00 78.610(2)

b/ A 112.0894(15) 97.228(2) 88.801(2)

o/ A 90.00 90.00 80.682(2)

v/ A3 2612.30(12) 2821.8(2) 2727.39(14)

Z 4 4 4

Dcalcd/g cn? 1.527 1.512 1.543

F(000) 1228 1316 1287

Absorption coefficient /mm 5.422 5.081 5.163

T/IK 200(2) 200(2) 200(2)

&/ i 1.54178 1.54178 1.54178

d range/ A 4.09870.233 2.96768.165 1.48770.367
Reflections collected 18292 15551 36334

Compl eteness = 987 98.7 96.2

(%)

Index ranges

Data/Restraint/parameters
R1(F), wR(F?)
R1(F), wR(F?) (all data)
Absorption correction
GOF on B

Largest peak/hole/ eA
Max and min transmission
CCDC #

(>%))270(

-110hQ@BDk0O2 2,
1301 014

4782 /0/ 356

0.0475, 0.1282

0.0611, 0.1356

Multi-scan

1.048

0.918/0.439
0.7533/0.5717

2089847

-1 4 Oh €81240 k €r30H (¢

5004 /0 /464
0.0679, 0.1688
0.0764, 0.1738
Multi-scan
1.089
0.668/0.740
0.7533/0.4727
2046920

-8 0h &%, Ok €81640,1 |

9581/0/750
0.0747 0.1963
0.0841, 0.2038
Multi-scan
1.088
1.366/0.512
0.7533 /0.4654
2089919
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Table A1.2. Crystal data and structure refinement for'Mmethoxy complexes.

Parameter [Mn"(OMe)(PaPyQ)](OTf) [Mn'"'(OMe)(PaPyN)](OTf)
Formula CoeH25F3MNN5Os 455 CasH24FsMNNgOs 30S
Identification code g87k ql4l

Formula weight 638.71 637.30

Crystal system Triclinic Triclinic

Space group P-1 P-1

Crystal size (mrf) 0.274 x 0.070 x 0.028 0.040 x 0.040 x 0.035
a/A 7.7533(3) 7.71890(10)

b/ A 13.6242(4) 13.5521(3)

c/ A 14.9049(5) 14.8199(3)

us/ A 114.9368(15) 115.0816(11)

b/ A 96.128(2) 96.1141(13)

o/ A 93.4281(19) 93.3409(12)

VI A3 1409.88(8) 1386.86(5)

Z 2 2

Dcalcd/g cn? 1.505 1.526

F(000) 655 653

Absorption coefficient /mm 5.098 5.188

T/IK 200(2) 200(2)

al 1.54178 1.54178

d range/ A 3.30570.139 3.62570.422
Reflections collected 20814 18726

Compl eteness t 963 96.2

Index ranges 80hQB0kQT®,) (-80h a%,0k €17501
Data/Restraint/parameters 4991/6/384 4889 / 44 A54
R1(F), wR(F) ( >?»)2 4 ( 0.0735,0.2023 0.0580, 0.1617
R1(F), wR(F?) (all data) 0.0789, 0.2097 0.0659, 0.1692
Absorption correction Multi-scan Multi-scan

GOF on B 1.043 1.050

Largest peak/hole/ eA 1.109/1.232 0.842/0.522

Max and mintransmission 0.7533/0.4261 0.7533/0.5326
CCDC # 2047833 2089852
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Figure A1.1. *H NMR spectrum of PaR@H ligand in CDC4. Letters mark the peak assignments.

The assignment of peaks were performed with the aid of an omiféMR simulator from
nmrdb.org 13
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Figure A1.2. ESFMS data folPaPyQH ligand in CHCN at 298 K.
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Figure A1.3.*H NMR spectrum of 1 $aphthyridine2-carboxylic acid in RO. Letters mark the
peak assignments. The assignment of peaks were performed with the aid of ab-bNIMBR
simulator from nmrdb.org3
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Figure A1.10. X-ray crystal structure of [Mi{fPaPyQ)](OTf) showing the triflate counterion
occupying the pocket between the quinolinyl andpyddyl group. Structure shown at 50%
probability thermal ellipsoid.
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Figure A1.11.Electronic absorption spectra of 1.25 mM solutions of [{@aPyQ)](OTf) (black
trace and [Mr'(PaPyN)](OTf) (red trace) in CBCN at 25°C.
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X-band EPR (10 K)

[Mn'(PaPy,Q)](OTf)

[Mn"(OH)(PaPy,Q)](OTf)

[Mn"(OH)(PaPy,Q)](OTf) f
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Field (G)

Figure A1.12. Perpendiculamode Xband EPR spectra of 3 mM solution of
[Mn'(PaPyQ)](OTf) (blue trace) and 5 mM solution of [MOH)(PaPyQ)](OTf) (red trace) in
CHzCN. Perpendiculamode Xbard EPR spectra of GJ€N solutions obtained from the reaction

of 1.25 mM solution of [MH (OH)(PaPyQ)](OTf) with 20 equiv. TEMPOH at35 °C (black
trace) and 20 equiv-Bu-2,6- DTBP at 50 °C (green trace) in GEIN. Experimental conditions:
temperature = 10 K, microwave frequency = 9.64 GHz, modulation amplitude = 0.4 G, and
modulation frequency = 100 kHz.
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Figure A1.13.Evans NMR data for [MH(PaPyQ)](OTf) in CDsCN and calculations to
determine its effective magnetic moment.
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Figure A1.14.ESFMS data for [MA (PaPyQ)](OTf) in CHsCN at 298 K.
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X-band EPR (10 K)
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Figure A1.15. Perpendiculamode Xband EPR spectra of 3 mM solution of
[Mn!'(PaPyN)](OTf) (blue trace) and 5 mM solution of [MifOH)(PaPyN)](OTf) (red trace) in
CHsCN. Perpendiculamode Xxband EPR spectra of GEN solutions obtained from the reaction

of 1.25 mM solution of [MH (OH)(PaPyN)](OTf) with 20 equiv. TEMPOH at35 °C (black
trace) and 20 equiv-Bu-2,6- DTBP at 50 °C (green trace) in GEIN. Experimental enditions:
temperature = 10 K, microwave frequency = 9.64 GHz, modulation amplitude = 0.4 G, and

modulation frequency = 100 kHz.
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Figure A1.16.Evans NMR data fofMn' (PaPyN)](OTf)-CHsCN in CDsCN and calculations to
determine its effectivenagnetic moment.
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Figure A1.17.ESFMS data fo[Mn" (PaPyN)](OTf)-CHsCN in CHsCN at 298 K
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Figure A1.18. ESFMS data fo[Mn"' (OH)(PaPyQ)](OTf) in CHsCN at 298 K.
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Figure A1.19. Evans NMR data for [MH(OH)(PaPyQ)](OTf) in CDsCN andcalculations to

determine its effective magnetic moment.
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Figure A1.20.Evans NMR data for [MA(OH)(PaPyN)](OTf) in CDsCN and calculations to

determine its effective magnetic moment.
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Figure A1.21.ESFMS data fofMn"' (OH)(PaPyN)](OTf) in CHsCN at298 K.
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Figure A1.22. ESFMS data fofMn'"'(OMe)(PaPyQ)](OTf) in CHsOH at 298 K.
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Figure A1.23.ESFMS data fofMn"'(OMe)(PaPyN)](OTf) in CHsOH at 298 K.
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Figure A1.24.Evans NMR data for [MA(OMe)(PaPyQ)](OTf) in CDsOD andcalculations to

determine its effective magnetic moment.
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Figure A1.25.Evans NMR data for [MHh(OMe)(PaPyN)](OTf) in CDsOD and calculations to
determine its effective magnetic moment.
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