Modeling the Active Sites of Copper Monooxygenase Enzymes

A Dissertation
SUBMITTED TO THE FACULTY OF
UNIVERSITY OF MINNESOTA
BY

Benjamin David Neisen

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

William B. Tolman, Advisor

July, 2017



© Benjamin D. Neisen



Acknowledgements

It has been said that nobody achieves anything on their own. | am a firm believer
that this statement is true for everything in life and it is especially truaine My
graduate career has been a series of collaborative worksnsatb and outside the lab,
and it is those collaborators wial wish to thank. My friends and family have given
their unrelenting suppodver the years and | believe this makey ofmy achievemerst
as much theirs as it is mine.

| particularly would like to acknowledge my advisor Professor William B.
Tolman for letting me be a part of his lab and showing me what it means to be an
independent researcher. The freedom he has given mg iprojects and pursuits has
made my time at Minnesota all the more rewarding. AdditionaNyould like to thank
Dr. Victor Young Jr. who allowed me tork alongside him as the-bay crystallography
TA and learn technical skills that greatly enhancegdr@search.

Moreover, | would liketo thank my labmates fahe years of fun we have had
together. More often than not, the problems | faced in my research could be solved over a
cup of coffee with Debanjan Dhar, Gereon Yee, Pavlo Solntsev, and Andr&thSpa
may have never enjoyed talkiafoutchemistry more than during our morning coffee.

My final acknowledgement is to the wonderfully talented and intelligent Gabriella
Perell. She has been an outstanding source of support and | am absolutelytbleased
her in my life Her love and words of encouragement kept me going through the worst of

my obstacles and | am forever grateful dtirshe has done.



Dedication

Dedicated to my parentdoel and LuAnn Neisemvho have been unwavering in their

love and support.love you both and hope to make you proud.



Abstract of the Dissertation

Mechanistic investigation of coppexygen intermediates relevant to the
oxygenation reactions of copper monooxygenase enzymes is atéomdjng goal of
bioinorganic chemists. To elucidate and understand the key species in copper
monooxygenase pathways, small molecule synthetic chemistry has been employed to
discretely generate and characterize individual species of interest. In Chapter 1, previous
enzymatic and modelg work with respectto copper monooxygenase chemisisy
discussed and current mechanistic proposals are explored in detail.

Chapter 2 describes modeling studies of monocopper sites and the influence of
secondary sphere hydrogen bonding interactionsheir tedox behavior. A series of
monocopper complexes with secondary sphere hydrogen bond interactions were
determined to result in large increases of the electrochemical potentials of'tHeuCu
redox couple when compared to Aeydrogen bound analog¥he hydrogen bonding
model systems provide evidence for the struetunetion relationship of secondary
coordination influences on metebntaining active sites.

Chapter 3 discusses development of a previously undescribed dinucleating
macrocyclic ligand designed to support dicoppaxygen cores relevant to the enzyme
particulate methane monooxygenase (pMMO). Attempts to generate didomexo
type cores resulted in hydrolytigroductsfound to bedicopper complexes that were
crystallographically charct er i zed. Observed ndApaddl e whe:q
cis-labile coordination sites in the dicopper complexes represent a class of compounds
with diversecoordination chemistry.

The final chapter (Chapter 4) describes the synthesis and charaderiabi
formal Cu"-alkylperoxo core utilizing spectroscopic and computational methods. The

Cu'""-alkylperoxo complex has been shown to undergo protmplel electrontransfer



(PCET) reactions with weak -8 bond substrates. The ialkylperoxo core is
considered to be a model system of & @OH core, proposed to be a possible reactive

intermediate in lytic polysaccharide monooxygenase (LPMO).
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[Cu(OOR)F* for [(a,b) R = cumyl20*; (c,d) R =tBu 21*] where (a & c) are the triplet
states and (b & d) are the brokeymmety solution singlet states using PBEO / Def2
TZVP | Def2QZVP(Cu) level of theory where gray, white, blue, red, and green atoms
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Figure 4.19.0verlay of20* (left) and21* (right) experimental UWis spectrum [THF;
80°C, black line] with the TEDFT predicted [PBEO / DefZZVP] spectrum of the
singlet state (red line) and triplet state (blue line) using a Lorentzian lineshapei¢hhalf
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Figure 4.20. TD-DFT difference density plots of the most intense oscillator strength
transition (purple is loss of electron density, orange gain of electron density) of
[Cu(OOR)F* for [(a,b) R = cumyl20*; (c,d) R =tBu, 21* where (a & c) arehe singlet
states and (b & d) are the triplet states using PBEO /-D&¥2P level of theory where
gray, white, blue, red, and green atoms represent C, H, N, O, and Cu,

"""""""""""""""""

Figure 4.21.Reaction of 0.1 mM20" with 100 equiv. TEMPEH at -80 °Cin THF.
Starting spectrum [NB{{20] (black), oxidized spectrun20* (red), and final decay
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Figure 4.22.Plot of observed rates of reaction 28 with TEMPO-H vs. concentration
of TEMPOH (left). Plot of decay of 50 nm feature over time with varying equivalents
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Figure 4.25. Cyclic voltammogram of 2 mM solution [NB}i22] in THF (0.3 M
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Figure 4.27. UV-vis spectra of0.1 mM of starting [NBu[20] (black trace), after

addition of 1 equiv of [Fc][B(Af)4] to generate20* (red trace), after addition of 200

equiv. ofN"°Ph OH (bl ue trace) (left) and plot of
ongoingreaction (righ é ¢ é e e é é e éééeeéééeééeéé. ... 140

Figure 4.28. UV-vis spectra of0.1 mM of starting [NBul[20] (black trace), after

addition of 1 equiv of [AcFc][B(A)4] to generte 20" (red trace), after addition of 200

equiv. of N°2PhOH (green trace), after addition of 1 equiv. of Fc (blue trace) (left) and

pl ot of absorbance at > = 504nm vs. ti me
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Figure 4.29. UV-vis spectra of0.1 mM of starting [NBul[20] (black trace), after
addition of 1 equiv of [AcFc][B(AN4] to generate20* (red trace), after addition of 200
equiv. of benzoic acid (green trace), and after addition of 1 equiv. of Fc (blug trace
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Figure 5.3 Known copper complexes &flb? and possible analogs supported-y 3%
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Figure 5.4 Oxy-form (left) and reduced forrright) of the diiron active site of SMMO.
Reprinted with permission froméréeéf.el53%ence 2

Figure 5.5. Generic coordination modefor bimetallic systems utilizing54 (naphthyl
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Figure 5.7. Several reported complexes containing cogpsmen cores relevant to
biological monocoppeenzyme intermediates wittlb? ligand scaffoldé é é é ...162

Figure 5.8 Steric and electronic variants of formal'Galkylperoxo complexestilizing
previously reported ligand®or further study ofelectronic and steriperturbationson
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Figure 5.9. Proposed protonation of.1bCu(OO)] to give the proposetlbCu(OOH)
complex (top) in relation to the proposed tautomeric relationship of' es@eroxo core
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Chapter 1
Copper Monooxygenaseslnderstanding their Mechanisms
1.1 Introduction

Approximately one third of all enzymes that have been discovered have been
shown to utilize transition metals to perform their lbgical function! These
metalloenzymes perform a wide array of roles in nateng@ DNA/RNA polymerization,
O transport, hgirolysis, neurotransmitter regulation, reductadmadical oxygen specigs
etc.)® One sucthrole that metalloenzymes have been shown to be particularly adept at is
the mediation of the reduction of moleculag for the subsequent oxidation of organic
substrates.The redoxactivity of their metatcontaining active si{g) is responsible for
their proficiency in performing these oxidation reactionswhereby dioxygenis
sequentially reduced tgeneratemetatbound superoxo, peroxo, hydroxo, and oxo/oxyl
intermediatesthat are postulated to attack strongHCbonds’™® One suchfamily of
metalloenzymes that have been showrcatalyzeoxidation chemistry in this manner
have been classified as oxygenadesygenases can be further subdivided into two
classes; ixygenases which transfer bothatoms of oxygento substrate and
monooxygenasesvhich transfer only one oxygen atomhile the other is lost as watét.
The capability of oxygenaseso promotethermodynamically challengingeactionsin a
selective and étient manner has made them the target of intamsearchin the
scientific  community. Several well-studied examples of copper containing
monmxygenasesncluded o p amimoenob xygen &¥pe g DbMy l-gl yci n
hydroxylating monooxygenase (PHM)* Iytic polysaccharide monooxygenase

(LPMO),*®> and particulate methane monooxygenase (pMMOJhese enzymesill



catalyze CH bond activation and subsequent oxygenation of a variety of hydrocarbon

substrategFigure 1.1)

peptidyl glycine
+

HO NH3 DBM HO '\/NH3
o =
HO HO

Dopamine

OH OH
OH OH
cellulose
H H
cl: pMMO (I:
H /l ,H H /l -,IOH
H H
methane

Figure 1.1. Native substratesna respective products of selected examples of copper
monooxygenase enzymes

1.2 lllustrative copper monooxygenases
Coppermonooxygenasegenerallycontaineithermono or dicopper active sites

where molecular © binds and oxidation of substrate takes place. the following

sections we discugkie copperoxygen chemistry of this subset of metalloenzymes. To

better understand the enzymatic function at the active site the neighboring amino acid



residues and configuration of the ligand environment about the icappéer must be

assessed such thetnds in structuréunction relationshigan beascertained.

1.2.1 Monocopper oxygenasetivesites

The enzymes PHM, BM, and LPMO all are monooygenass that have been
shownto have a single coppén in their respective active sites.should be noted that
DbM and PHMareclosely relatecand havenearly identical active sitealthough they
are often classified asortaining monocopper active sitedoth enzymeshave an
ancillary copper site ~11 Awayfrom the Q binding copper site, across the protein
interface of two protein subuni(&igure 1.2}%1” No bonding interactions or electronic
couplingbetweerthe two opper centers has been detected by extendexy ¥bsorption
fine structure (EXAFS) methods or by electron paramagnetic resonance (EPR)
spectroscopy®!® For the sake of discussion we witicus our analysisof the copper

oxygen chemistrand substrate bdingatthe Cuv copper site

.
Figure 1.2 Depiction of PHM active site resting state withyCand Cu sites (left)
oxygenated Gu active site with bound dioxygeAdapted from refl8.

The Cuw site is shown to be coordinated by two nitrogens of nearlidinis
residues as well as a sulfur from a methionine residbes. site has been shown be

responsible for @binding as is evidencertystallographicallyin the oxygenated form of



PHM (shown in Figure 1.2)t is believed that binding and subsequenyg®enation of
peptidyl glycine and dopamine substrate occurs at thesita of both PHM and b IV
respectively®

An alternative monocopper momo/genasenzymes LPMO, whichdiffers from
the active sites of BM and PHM in several ways. First, the actsite is found at the
surface ofthe enzyme (Figure 1)3as opposed tduried within the proteinprotein
interfaceof its subunitsasis observed for the Gusites ofPHM and bM. This active
site location i s rationalized by t he, whnch tare Hagge o f L |
polysaccharidic chains that are incapable of diffusion to internal active sites. Secondly
there are no ancillary copper sites analogous to thesites in [bM and PHM sono

electron transfer from secondary metal sites is propasedMO.

Figure 1.3 Ribbon representation of crystsiructureof LPMO (left) and space filling
model of LPMO crystal structure shown bound to polysaccharide substrate (right).
Adapted from ref20.

The final major difference of LPMO from the other describethocoppesites is
its unique primary coordination spheaboutits copper center. The peripheral copper
active site has been shown to be coordinated by two separate histidine residues. One

histidine reside binds in a typical imidazoleound fashion whd theother is an N
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terminal histidine which coordinates in a bidentatede through both its imidazole

nitrogen and its amino terminughis highly conserved bidentate binding mode of an N
terminal histidine has been guleultp @dmbther he fh
interesting feature surrounding the histidine brace motif is that certain variants of LPMO
exhibit methylation at one of the imidazolium nitrogens of théefhinal residue.
Additionally a nearby tyrosine is sometimes observed nearaxied position of the

copper although this residue is not found in all LPMO variants. The significance of the
histidine brace is not fully understood but is thought to perform a crucial role in the

LPMO mechanisnf®2224

Figure 1.4 Fungal LPMO copperaive site shown with histidine brace binding motif.
Adapted from ref20.

RecentX-ray and neutron diffraction studie$ the LPMO active site suggetste
amino terminal residuenay undergadeprotonation at physiological pH.In this work
isotopically ldeled DO was used to exchange all acidic protons with deuterium in the
LPMO enzyme. Crystallization of the partially deuterated enzfotiewed by neutron

diffraction experiments allowed visualization of the occupancy of deuterons on the amino

5



terminal tal (Figure 1.5). In several of the metallated active sites a monocopper core was
observed coordinated to an activated dioxygen ligand in bothoendnd sideon
configuration which the authors assigned as a peroxo ligand based onQhleofid
distance (~# A). The authors clainthatin the active sites with ergh peroxo bound
ligands, the amino terminus is best modeled as awifh a deuteron missinglhis
crystallographic worksuggeststhat a deprotonation of the histidine brace may be

mechanisticallyelevant

U o~ U 4

Cu Alal07
Cu TW

>y P

A [/ X
,./r?’i..\/\/ ! \
a g ,, F
| o KXY
~ His32 | His32

R

Figure 1.5 Active site of the two LPMO molecules in the asymmetric,ustibwing Fo

T Fc nuclear diffeueedeadeBsiOtiy cafNDxéns pp ndo
molecule A and right) a putative ND species in molecule B, with the deuterium
pointing toward the carbonyl of Alal0Reprinted with permission fromef. 25.

1.2.2 Mechanistic proposals for monocoppabn@mxygenases
All monooxygenase enzymes must first reduce dioxygen to generate reactive
metatboundoxygenintermediatesin general,initial reaction ofa Cu' centerwith O; is

thought toyield a formal Cll-superoxo intermediate. The ability of Cio perform one
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electron reduction of molecular,@ give superoxidand CU is well-known and welt
characterized Some potential mechanisra invoke the CU-superoxo specieas being

responsibldor hydrogen atonabstractiorfrom substratéShown in Figure B).2°

3 O | H

0 0-° R-H o '
| 2 | o ! I RQ
Cu — Ccu! — |Cu

[ C-H activation|

H,0
2H" 2e l

o Oon ™. T OH -
Ayl 4'7— o*@ R |[«—— |O"7 + R
Cull Cull
R-OH

[ radical rebound |

Figure 1.6. Genericmechanistic proposal for Gtsuperoxcasthe reactive intermediate
in monocopper monoygenases

In the above mechanisnthe initial GH bond activation produces CU-OOH
speciesasnd a c ar b olhhagbaeh suggested haRBefBrd can di ffuse
from the active site the ®OOH species a radical rebouncpathway is followed
wherebyhomolytic cleavage of the-O bondoccurs concertedly with formation afG
OH bondvia trapping of thecarbon radicat! After radical rebound a formally ¢Geoxyl
species is leftwhich with the additiorof two protonsand twoelectrons can be reduced
back to the starting Caore to restart the catalytic cycle.

Alternate proposals havaiggestd thatthe Cu'-superoxo is not responsible for
C-H bond activation and instedldata CU'-oxyl is the responsiblexidant?®2° This idea
is supported bytheoretical workarguing thatoxidation by a Clroxyl is much more
favorable thanby the superoxo speciesThus, amechanism can be proposed for a

monocopper site whereby thieitially formed Cu'-superoxois cleaved bytwo protons
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and twoelectrons to afford th€u''-oxyl core(Figure 1.7) The Cull-oxyl can abstracin
H-atom from the substr@ and subsequent radical rebound by 4-@d intermediate

generates hydroxylated product and the regeneratezb@u

0
cu s : 2H" 2e O
—_— I I
Cu HZO Cu
R-OH\T l/ R-H

r_\. 3 . i | $
OIH A R|=—— ?H + R|<*—|O \JﬂQ
Ccull Cul Gyl R

[ radical rebound | [ C-H activation|

Figure 1.7. Genericmechanistic proposal for ¢toxyl asthe reactive intermediatén
monocopper monoggenases

In PHM and M an alternativemechanisnwherebya CU'-OOH specieds the
reactive copper intermediateas also been investigated® It was suggested that-i&
bond activatiorby this species occurs in conceith O-O bond cleavag® produce the
desired hydroxylaon chemistry(Figure 1.8. This type ofrreactivity of a Cu'-OOR
species has been supported both in synthetic models systems and computational
models®!3? However, studies involving®O-labeling kinetic experiments of PHM have
suggested that, although '8OOH may lie on the mechanistic pathway, an initiaDO
bond cleavagerior to GH bond activationto generate a Croxyl is morelikely.®3
Regardlessf whether it is the@eactivespeciesn the monooxygenase mechanisnGu'-

OOH core can be considéras another possibiletermediatealong the reaction pathway



R-OH o (ol H* e ol
%' cu R, Syl —> &
R R-H
0 H* e

\ —~ 3 H 1t
5 " X s OH A~
O YR| «——1|0© +R<—Qf é)

I | i
Cull cu' Cull
[ radical rebound | [ C-H activation|

Figure 1.8. Genericmechanistic proposal for ¢OOH asthe reactive intermediaten
monocopper monoygenases

More recent synthetiand computationalvorks have suggested another possible
copperoxygen species foconsideration in coppemnonooxygenasanechanismss the
Cu'"-OH core?*2%:343¢ These reports suggettatthe Cl'-OH species issompetentor
performing HAT from hydrocarbon substrateShis work frames theCu'-OH as the
formally protonated Clioxyl core.In light of the crystallographic studies on the active
site of LPMO whichsuggest the amino terminus of the histidine brace maietyPMO
can be deprotonated, it has been suggested that in L& kkEprotonate®lH™ termirus
could stabilizea CU"-OH coreandmay exist as a tautomerform of thefully protonated
NH. terminus with a Clroxyl core The mechanism for C4OH as thereactive
intermediateéin LPMO has been proposed to processhownin Figure 1.%%2325This
mechanistic proposdbr Cu'"-OH is analogous tdhat involving Cu'-oxyl species,
except tautomerization with the amino terminles another proton transfer pathway)
occurs to give a Ct+OH unit which participates in theC-H bond activationstep
Subsequent reprotonation of tiNH- tail gives a Cli-OH corethat canundergo radical

rebound and regeneration of'@o complete the catalytic cycle.
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Figure 1.9. Mechanistic proposal for ¢4OH asthe reactive specie;n LPMO active
site whereby deptonation of amino terminus stabilizes @d"-OH core.

1.2.3 Dicopper monooxygenase active sites

Dicopper active sites have been identified for saveopper monooxygenase
enzymes. Two specific dicopper monooxygenases we will discuss in this section are
tyrosnase and pMMOTyrosinase is welkknown dicopper enzyme that implicated in

the catalysis of both thlydroxylation of phend and the conversion otatechol to
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qguinone. Its active site consists of two copper centers each coordinated by three
imidazolium nitrogens of neighboring histidine residégyure 1.10. Crystallographic
studies of theeduced CICU form of tyrosinaseput the CuCu distance at4.2 A, where
the copper centers are close enouglengage in cooperative dioxygememistryas

oppased to the nowoupled copper centers observed for PHM Rrfol M.

Figure 1.10 Depiction of structure of th€UCuU binuclear active site ofgaricus
bisporusmushroom tyrosinas®&eproduced with permissidrom ref 37.

The structural determination of the active site of pMMO has been a topic of
intense researcAmong biochemists. Early after the discovery of pMMO, ithetal
responsible for its chemistry, location of its active site, the nuclearity were all initially
ambiguous?® Mutagenesis studies in conjunction with metal titration experiments have
assigned thective site of pMMO to be located in the spmoB subunit of the enzyme
(Figure 1.1).1539 Crystallographic work has identified a metal coordination site near the
N-terminal histidine residue that can equally be modeled as a-neondicopper site
(right side of Figure 1.1Q° a tricopper alternative has also been suggeés$tEXKAFS
studies potentially indicate a dicopper core with aGudistance at ~2.6 A, a full 1.6 A
shorterthan that of the tyrosinase dicopper cr&XAFS and EPR studies have been
used to bolster thassignmenof the pMMO active site as having two copper cenbers
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the debate of the actual nuclearity is ongdittf.It has been noted that the copper core
exhibits a histidine brace mothalogougo what has been observed for thenocopper
enzyme LPMO. The termindalistidineis highly conserved across pMMO variants and is
proposed to play eole in its catalytic mechanism, possibly through deprotonation events
as proposed for LPMO although no experimental evidencddéas obtaing to support

this notion.

*His 29 His 29
His 133 q
O His 133 O

%35 VHis 135

Figure 1.11 Crystal structure of trimeric pMMO enzyme with spmoB subunit shown in
blue (left) and proposed copper active sitth N-terminal histdine brace motif modeled
asa single copper and dicopper cdreproduced with grmissionfrom ref.40.

1.2.4 Mechanistic proposals for dicopper monooxygenases

Dicopper activation of molecular dioxygen has been observed in both biological
and synthetic systems. The reaction of moleculamwith two Cu centers is known to
involve the twaelectron reduction of ©to produce a variety of peroxo and oxo bound
dicopper cores.Several cores known to be generated from this reaction include
dicopper(ll) peroxo species in both eod €-d*: %peroxolu'; and sideon E-d% 4

peroxoCu'; geometries, as well as the highlent bisfi-oxo)Cu" core.In the case of
12



tyrosinase, the mechanism has been elucidated thrextgnsive spectroscopic and
crystallographicstudies that have showtrang support for th@ossibility of thereactive

intermediateto be the sid®n (e-d% Fperoxolu'; core?4 A proposed mechanism
accepted form (-d% “peroxolCu'; reactive species ityrosinase is shown in Figure

1.12

His'H* ; E His His O i

H His
I!O Q II/H \ I ‘\\O"":. : /
Hige: Cu CU «onHis - S Cu 2 Cu”"'"HiS
His His Hig His

Figure 1.12. Mechanisticproposal for oxidation of phenol substrate by €-d* 4
peroxolCu', reactivecorein tyrosinase.

In the tyrosinase mechanisshown abovea sideon peroxobridge with two Cll
ions is generated upon initial Oreduction by the (taqua)Clp core The brilging
peroxide ligand then abstracts a protam the phenolic hydroxygroup Subsequently,
deprotonatecphenoxide group then binds the sixth coordination sitef one of the
copper centersThe six ligands coordinated tthis copperarrange as a squae
bipyramidal geometryand the ortho- position of the boundubstrate approaches the
peroxo groupand an oxygen atom from thperoxide is then addeat theortho- position

13



A catecholate intermediate formed andstabilized by spanning the two copper esst
To form the catecholatentermediateone of the histidine residudsecomes unbound
This resulting intermediatean be further oxidized by the €oenters resulting in the

formationof quinoneand the regeneratgd-aqua)Cly core.

Alternate propoals have suggested that tlie-d* “peroxolCu'z is not the
reactive intermediate and instead an isomerization to the-bis()CU", species occurs
prior to initial activation of phend’ The reversible isomerization ofe{% 4
peroxoCu'; to bis(iroxo)CU', has beershown to ecur in many synthetiadicopper
examples (Figure 1.13¥°°The evidence for these mechanistic proposdkrgely based
on synthetic modeling experiments whereby bisfo)CU'"; intermediatesidentified by
UV-vis and resonance Raman spectroscogyeshown to undergo aromatic substitution
of phenolic substrat€. These proposals have been corroborated by DFT calculdtions
but evidence for a bis¢pxo)CU", intermediaten the native tyrosinase enzyme has yet

to beobserved

_|2+ 0 _|2+

(0]
Cu”/ \Cu“ —— CUIH/ \Culll

0 o
(nZn?2-peroxo)Cul'l, bis(u-oxo)Cu'll,

Figure 1.13.Reversble isomerization of &> %peroxo)Cuz to bis(proxo)Cu'>.

Much less is known abouhe mechanism by which methane hydroxylation
occursin pMMO, particularly because the structure of the active site is still under debate.
Nonetheless,different copper species have been proposed as possible oxidants
Oxygenation gperimentsof the spmoB subunitsing either @ or H.O- resulted in the
formation of a U\vis featureat 345 nm which the authoadtribute to beconsistent with

the formation of a siden (s-d* “peroxoCu', complex (Figure 1.13.4° Further
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computationalmolecular modeling work has been performedyptimizing potential
oxygenated states from the predicted resting state of pMMRDis theoretical work
supported thédentification of the 345 nrfeature as a-d* “d-peroxeCu'; species albeit

with puckering of theore.

\ N\ ~* experiment
— TDDF1

Absorbance

—

| IS F— -v.lvA.A..—.—‘--—‘Vﬁ,f-r—v;}

300 350 400 450 500 550 600
Wavelength (nm)

overlaid TDDFT simulate spectrum for &d: 4 -peroxeCu'z complex (left) and
TDDFT optimizede-d% FperoxeCu'; core in pMMO activesite (right). Reproduced
with permissiorfrom ref.51.

Other computational worksing density functional theory (DFRjps suggested
series of possible mixed valent figoxo)CU'Cu" cores with various protonatin
states’>>3 These coes have been proposed based on taulatedactivation energies
for C-H bond activation of metharveherethe reaction barrier for the bis¢pxo)Cu'Cu"
is calculated to bd6.1 kcal/molas opposed to 44.0 kcal/mfar the bis(p-oxo)Cu''2
core®? The poposed mixeeralentreactive dicopper intermediater pMMO is depicted

in Figure 1.15
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Figure 1.15 Depiction d the proposed mixedalent bis(poxo/hydroxgCu'Cu
intermediaten the pMMO active site.

1.3  Modeling reactive species focopper monooxygenase chemistry

Synthetic modeling approaches to understanding ceppayen chemistry can
provide important fundamental chemical insights into copper monooxygenase reactivity
This section discusseselected examples of syntite attempts to model proposed
reactive intermediates in copper monooxygenase chemistry. The viability of these
copperoxygen species as potential reactive intermediates is andlyzbd contextof
these model complexes and their observed structuralctspgcopic, and reactivity

characteristics.

1.3.1 Cu'-superoxo model systems

The Cu'-supero core has many synthetic modedported in literaturéhat have
shownto exhibit both endon (@) and sideon (d? coordination modes. Additionally
Cu'-superox cores have also been found to lie on an electronic continuum in which
certain complexes are better described d$-@aroxo cores. Thislectronic continuum is
evidenced by severatystallographic exampleshown in Figure 1.16vhereassignments
for eachelectronic configuration on the superegeroxo continuunare noted®>°*°% As

such, both electronic states stibbk considered when discussjag(OO)]* cores.
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(@)
Figure 1.16 Crystal structures ofCu(OO)]" complexes with different electronic
configurdaions and binding modeReproduced with permissidrom refs 26, and 5466.

Regardless of the myriad of spectroscopic and structural techniques which have
elucidated the nature of [QDO)]* cores in a variety of supportirfmgand frameworks,
[Cu(OO)]" conplexes have consistently besnown to exhibit only moderatapability
as PCET reagents. A literature report of a (D))" complex supported bya
benzimidazolébased NS ligand boasts the activation of the strongest reportét ond
by a [C{OO)]* systen whereby 9,1@lihydroarthracene (DHA) with a bond strengtbf
~77 kcal/mol was shown to bmonverted toanthracenewith a pseuddirst order rate
constant of 0.002 & at-60 °C (Scheme 1.F).1t should be noted that the BDE of 77
kcal/mol for DHA is meh lower than any of the native enzymatic substrates of copper
monooxygenased hus, whether a [C(0O0)]* intermediate should be considered as the
primary reactive species in any of the monooxygenase mechanisms is currently a point of

contentior?82°
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k=0.002 s

Scheme 1.1 Literature example of a Gtsuperoxocomplex performing PCET from
DHA to give anthracene a &«DOH speciesAdapted from referencs?.

1.3.2 Cu'-oxylcharacterization

The CU-oxyl has been heavily favored as iatermediate ofnterestas several
computational works have predicted it to be a powerful oxidant, capable of abstraction of
strong GH bonds?836°80 Direct experimental evidence for a 'Goxyl core has
previously beenreported by a mass spectrometry experiment whereby features
correponding to [CYO)]" coressupported by phenambline and bipyridine frameworks
were observed in the gas phagégure 117).°%6! Additionally, a diatomic [Cu(O)]
moleculewith no supporting ligand framework was also observed in mass spectrometric
analy$s.®° The Cd-oxyl core, although an attractive target remains uncharacterized
outside of gas phase studisslittle experimental evidencexists with whichto bolster

its assignment as a reactive intermediate in copper monooxygenases.

7 N\__/ \
N =N N=
N\
\q( Clu/
o o

Figure 1.17. Depiction of gas phase [Cu(O)]+ complexes generated by callisiduced
dissociation methodsefs 59 and 61).
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1.3.3 Cu'-OORmodel systems

Model systems of CUOOR (R = alkyl, H) are often ngarticularlystable as the
O-0 bond has a tendency to cleave at higleperature$>-40 °C) Low temperature IR
and Raman studies have esislid the existenceof such coresin a variety of
complexe$2%4 A significantdifficulty associated with the study @fu'-OOR complexes
is that they have been shown to be pronedé@omposition whereby intramolecular
hydroxylation of ligand backbonegcurs®>%’ Only two crytallographicallycharacterized
Cu'-OOR complexeshave been reported, a GOOCmM(Cm = cumyl)structur&® and a
Cu'-OOH structure where the &DOH is stabized by intramolecular hydrogen bonds

to the proximal oxyge(Figure 1.18.5°

Figure 1.18 Crystal structure of a tripgrazol§borate supported ¢tOOCm core (left)
and the crystal structure of a TPA based'-O®H complex with intramolecular
hydrogen bnding interactions to proximal oxygen ®©OH ligand.Reproduced with
permissiorfrom ref 7.

Through reaction product analysis, it has been shown tHaODQR systems can
attack weak €H bonds. For exampleyclohexadiene (BDE ~ 76 kcalbl) has been
shown to be convertedo benzené? Notably, no synthetic examples of 'GOOR
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complexeshave been shown to reastth exogenousydrocarbonsubstrate containing
C-H bond B D E @rs par with native monooxygenase subssfailg/pical mechanistic
proposalsnvoke concerted €H bond activatiorwith homolytic O-O bond cleavage such
that oxidized produstand Cl-OH complexes are obtaing8cheme 1.2)The ability of
Cu'-OOR to abstract & bonds in model systems suggetiat these coreshould be

considered ageactive intermediataa monmxygenase mechanisms.

LC Il
ol 1/2©
; OH

OCm

Scheme 1.2Proposed mo_de of-&l bond activ;tion of CHD for LCIOOCm complexes
through concerted HAT and homolytic@bond cleavage transition state.

1.3.4 Cu"-OH model systems

Synthetic complexes contaij a Cu'"'-OH core supported bypyridine and
piperdine dicarboxamido framewoek (L1a% - L1d?) have been reported(Figure
1.19)233570The Cu"-OH is the formally protonated versiaf the Cu'-oxyl core and as

suchcan behoughtof asa more synthetally accessible analog.
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L1aCu(OH) (R = Me, X =H) L1dCu(OH)
L1bCu(OH) (R =iPr, X = H)

L1cCu(OH) (R = iPr, X = NO,)

Figure 1.19 ReportedCu''-OH complexes with several dicarboxamide ligand variations.

The generation of th€u"-OH complexescan be achieved bihe oneelectron
oxidation of aCu'-OH precurso. In these model systems,-k bond activation of
common hydrocarbon substrates has been shown riaplze In 1,2diflurobenzene (1;2
DFB) at-25 °C reactios of L1bCu" (OH) with DHA werefound to havea second order
rate constant of 50 M (Scheme 1.8 This translates to a rafive orders of magnitude
faster thanthe fastestreported Cu'-superoxocomplex albeit under slightly different
experimental conditions?>>’ The high rates of reactivity wittC-H bonds are key

indicators that the Ct+OH unit may be biologically relevan

/ 112 O

g é _Z,%N\Cu é %MC /Né
OH,
[L1bCu(OH)] L1bCu(OH) 1/2 O L1bCu(OH,)
Scheme 1.3 Single electron oxidation ofLLbCu'(OH)] to give the corresponding

L1bCu"(OH) species, capable of-l& bond activation of DHA to produce anthracene
andL1bCu'(OHy) (ref. 23).
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The reactions of L1bCu"(OH) with hydrocabonsesults inthe formation of a
new GH bond to give the aqua adductbCu'(OHy). The thermodynamic parameters
for this PCET procedswere determinedEi. (Cu"/Cu') = -74 mV vs. F¢/Fc, Ka ~
18.8) which led to the calculation of th&DE of theaqua adducO-H bond to be ~90
kcal/mol(Table 1.1) This high BDE represents a strong thermodynamic driving force for
the PCET reaction, whicks consistent with the high observed rates of reaction with
organic substrate$erturbation of the electronic environment of @¢'-OH cores by
employing the more electron deficient ligabhtic> resulted inan increase in the BDE
(=91 kcal/mol) whereas the more electron rich ligaddi> decreased the BDE (~88
kcal/mol). These small BDE differences were found to roughly pardiérences in

rates of PCET reactions withi€ bonds®®

Table 1.1.Thermodynamic parameters for selected [Cu(@&Hpmplexes (ref. 35).

Complex E1z(vs. FC/Fc) pKa BDE (kcal/mol)
L1bCu(OH) -0.074 V 18.8+1.8 90+ 3
L1cCu(OH) +0.124V 16.2+2.2 91+3
L1dCu(OH) -0.260V 20+ 2 88+3

Overall, with the clear characterization of the"@H core by a variety of

methods and the demonstrationtsfability of it to perform PCET from relatively strong

C-H bonds, the viability of the GltOH unit & a possible interméte for GH bond

activation in monooxygenaséms been demonstratelth the context of LPMQthese

models are particularly of interest due the anrtgmninus deprotonation proposals

discussed in Section 1.2.2 whereby the active th&-GH core is theorized to be

stabilized by the monoanionic NHail. Yet, the synthetic Cu"-OH complexeshave

shown no propensity for radical rebound to erateoxygenated product§Ve speculate

that thedianionic pyridine dicarboxamido framewodoesnot support theCu' unit that
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would be expected to form upon radical rebouidreover,no rebound mechanism has
ever been suggested from a''@gua species, even in biological systems. Serious
consideration of the Cl+OH as a biological intermediafer hydroxylation of substrates

thusdemands new proposals for copper monooxygenase mechanisms.

1.3.5 ( € “peroxo)Cll, model systems

Model compounds of dicoppexygen cores are vast in number. It is well
described in literature that small perturbation®lectronic or steric environment about
the copper core can affect the formationaopartcular core*®’273 |n the context of
modeling the active sitef tyrosinase, even simplaonodentate ligandhodel systems
have proven to beact as reasonable modelSubstituted imidazole ligasdat low
temperature-25°C) in 22methyl tetrahydrofuran (MeTHRyereshown to be capable of
producing nearly identical UVis spectra to what is observed in native tyrosinase
enzymewhen complexed with Cand subsequently reacted with (Figure 1.20Y* The
corewas unambiguously identified ag&d* “peroxolCu'; species irconjunctionwith
Cu K-edge Xray absorption spectroscopy (XAS) and Ef#ectroscopyln addition to
being a structural and spectroscopic model fortiresinase active site, it was noted that
these complexeare also functonal moels with reactions withexogenous phenolates

occurring at reasonable raggen at low temperatur¢is= 0.2/ 0.3M'1 s' 1),
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Figure 1.20.Preformed Clfimidazole} complex reacting with oxygen to giees-d 2 : d 2
-peroxeCu'z complex (left) and werlaid UV-vis spectra of native oxtyrosinase
enzyme and the imiadozle supportett-d*: peroxolu'z compkex at -125 °C in
MeTHF (right).Reproduced with permissidrom ref.74.

1.3.6 Bi soko3Cu', model systems

Additional synthetic examples have aitatively implicateddi s-¢xe)Cu'', cores
as possiblereactive intermediates in tyrosinase and pMM®?2 Complexes utilizing
simple bilentate amine donors have shown to generats-§xe)CuU"', coresand in
certain cases have been shown to be profi@erhe aromatic substitution of phenolic
substrate$’ The observed reactivity with phenols suggest that the4gxe)Cu'" > cannot
be discounted as a reactive intermediate in the tyrosinase mechanism. Additionally,
similar studies employing histaminegla n d s t o hisidnebordaucceed fit ype
coordination geometriesrevealed stabilization of b s-¢xe)Cu', cores at low
temperatures-{25 °Q) asshown in Figure 1.21>76 From this work the b s-¢xe)Cu">

has been counted among the possible reatigemediates for pMMO as well.
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Figure 1.21 Selected examples of bs-¢xe)Cu', employing simple bidentate ligands
(ref.47,79.

1.3.7 Cd'Cu" mixedvalent model systems

Many attempts have been madegenerate model systemkthe computationally
propsed mixeevalent CUCU" cores for pMMO. Only two independent reports of
complexes containing dicopper u" cores have been publish€d In one such
model complexa p(hydroxo)Ctl, core with a short G€u 2.66 A distance (pMMO Gu
Cu ~2.6 A) wagienerated using a tetraanioni@crogclic supporting ligandavingtwo
pyridine dicarboxamido pockets tethered together by phenyl lifgetseme 1.43° This
complexwas shown to undergo one and telectron oxidationreactions producing
mixed valent (u-hydroxo)CUCu" and (u-hydroxo)Cl', complexes, respectively
Preliminary reactivitystudiesof the (u-hydroxo)CHCu" complexwith DHA showed
formation of anthraceneltit at relatively slow rate¢k = 0.0031 3). This level of
reactivity is afar reach from the activation of methaneHCbondsas seen innative

pMMO.
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Scheme 1.40ne and two electron oxidation pthydroxo)Cudl, macrocyclic comlex to
give (u-hydroxo)CUCu" and(u-hydroxo)CU', complexes, respectively (réf9).

1.4  Research goaand objectives

The work described herein explores related effortertploy ligand design to
further investigate the properties of tf@u"'(OH)]?>* cores as well as other potentially
biorelevant high valentnits. In the next chapter, secondary coortiore hydrogen
bonding effects are studied using two mononucleating macrocyclic ligands with varying
intramolecular hydrogen bonding modes. The secondaoydinationsphere effects are
observed structurally in a crystallographic analysis of a series wlipgdicarboxamido
complexesand their effects on the electronic environment of the copper center
determined by electrochemical studies of the effectivé/Cu' redox potentialsThese
studies are discussed in the context of metalloenzyme coordieatwmonments and the

enzymatic modulation of redox potential by secondary coordination sphere interactions.

Chapter 3presents workdoneto developa new macrocyclic ligand framework
containing two pyridine dicarboxamido pockets conducive for binucleamistry
relevant to pMMO Theligand was designedith the intention of generating two tu
OH units in close proximity such that-l€ bond activation andadical rebound steps
might become possible. We hypothesized that a singlé-@d unit would perfom

PCET as has been described in previous systems while a secomgastitie radical
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species will be able to undergadical reboundo generate the respective hydroxylated
product and a solvato copper speclesthis third chapter, @ describe the symesis of
this new ligand framework and the crystallographic analysis of several new dicopper

compounds supported by this tetraanionic framework

Finally, in Chapter 4vork towards generation of a new [Cu(OOR)ore (R =
alkyl) is discussedIn this work two novel highvalent Cualkylperoxo cores are
characterized and their spectroscopic properties asségsedvariety of techniques
Propensities of thed€u(OOR)F* cores to undergo PCET reactidosvards GH and G
H bond substrates is also assessed d@disdussed in the context of the analogous
[Cu(OH)]** complexes.Possible implicationdor a proton transfer from the amino
terminus to a Clisuperoxo intermediate to generate a formally! @OH species as a
reactive intermediatan LPMO are proposed,ralogous to what has been proposedafor

Cu"'-OH mechanism previously.
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Chapter 2

Unique Coordination Chemistry of Novel Monocopper Macrocyclic
Complexes and the Effects of &ondary Sphere Hydrogen Bondingon
Redox Behaviof

aThe results presented in this chaptere previously published in:

Benjamin D. NeiserPavlo SolntsevMohammad R. HalvagaandWilliam B. Tolman
Secondary Sphere Hydrogen Bonding in Monocopper Complexes of Potentially

Dinucleating Bis(carboxamide) LiganBur. J. Inorg. Chen2015 36, B56 5863.

2.1 Introduction

By understanding the properties and reactivity of coppg§gen intermediates
implicated in reactions of metalloenzymes and other catalysts, progress toward the
development of new oxidation processes may be achfévedtivated ly intriguing
proposals for such intermediates, including [Cu@pecies in enzymes such as
peptidylglycine  monooxygena&é,d o p a mimomooxygenase (DBMF and Iytic
polysaccharide monooxygenase (LPMt§ and [CuOCu}(n = 24) species in
particulate methane monooxygenase (pMM®&) and heterogeneous @ioped
zeolites®3> we and others have targeted for synthesis and detailed study reactive mono
and dicopper complexes containing these and related ¥oireprevious worke3-34:35.79.85
the novel conpounds[L1aCu(OH)], [L1bCu(OH)] and [2Cu(OH)] were successfully
prepared and proposed to cont&n''-OH+ and [Cu" (OH)Cu"]*5* moieties Figure
2.1). The powerfulelectron donating ability of the ligand carboxamido donors was

critical for stabiizing the reactive oxidized cores of these complexes.
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Figure 2.1. Ligands and complexes of previously described pyridine dicarboxamido
systems and the oxidized copitsdroxo cores that they support.

Concerned about the potential redox noninnocendeeartho-phenylenediamine
linkers inL2, and with the aim ofurther enhancing the carboxamidiectron donating
properties and thus further stabilizing oxidized copper species to enable more complete
characterization, we turned to the analogous ligdrf$® comprising simple ethylene
linkers. This chapter describes hosiforts to isolate dicopper complexes Lg% have
failed, leading instead to thdiscovey of a new class of monocopper complexes that
feature hydrogen bonding from the free carboxamidié! groups in the doubly
protonated form of the ligandHeL32 ) to the fourth ligand coordinated to the'daon
(Scheme 2.1).
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Scheme 2.1.Generic depiction of H2L3% and its copper bound complexes with
intramolecular hydrogen bonding.

Such interactions model secondary sphere hydrogen bondingnportant
metalbenzyme active sité$’® |t is understood that hydrogen bond donating and
accepting residues in the second coordination sphere of enzyme active sites have an
effect on the redox potential of the metal center. In previously reported enzymatic studies
the direction and magnitude of a shift in potential is not always obwuatls reportsof
secondsphere residues both raising and lowering the redox potential. For instance, in Fe
Superoxide Dismutase (SOD), a glutamine residue (Q69) acting as a hydagkn b
donor to the inner sphere of the iron has been implicated in lowering the potential by
T 2 2 0 % @onversely, increasing-Hond donation in the F& protein rubredoxin has
been shown to modulate the potential up to +126%mA&.number of studies aimeat
understanding how such hydrogen bonding influences metal complex reactivity and
redox properties have also been publistiéd.

In model complex work there is a much more obvious trend of sesumere H
bonding interactions raising the redox potentdl the metal as compared to the
analogous complex with little to no second sphere interactions. Particularly relevant in
the present context is recent work in which hydrogen bonding groups were introduced as

unconstrained appendages in bis(carboxamidmjoy ligands to evaluate their effects
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on redox potentials and/or catalytic activity of'@emplexes? The work in this chapter
encompasses thevaluaion of the structures of a series of monocopper complexes of
H2L32% " and the new purposefully mononeating ligandsHz2L4a?" and H2L4b? in

which the carboxamide 1N groups are held in place by the macrocyétgure 2.2).
Different secondary sphere interactions were observed, and their role in influencing the

redox properties of a subset of the compaumepared was examined.

YOY

NY@Y
X,
R

H,L4b?

Figure 2.2.Purposefullymononucleating macrocyclic ligatbL4a®> andH2L4b?.

2.2 Synthesis and baracterization of ligands
2.2.1 Synthesis of macrocyclicgigand HiL3

The ligand precursdf4L3 was prepared using a modified versioragfublished
method (Scheme 2.2 A mixture of 2,6pyridine dicarboxylic acid and ethylene
diamine was reacted in the presence of triphenyl phosphite and pyridine at 100 °C to
afford target macrocyclel4sL3 (9.04 g, 40%). Triphenyl phosphite and pyridime ased
to generate the {ghosphonium salt irsitu which creates a good leaving group to afford
carboxamides when reacted with primamyines (Scheme 2.3).The condensation to
give the pyridine carboxamide macrot®y H4L3 is thought proceed through this

mechanism.
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Scheme 2.3Synthetic route to form carboxamide from carboxyhcid group, pyridine
and triphenyl phosphite.

Characterizatiomf H4L3 by *H nuclear magnetic resonance (NMR) spectroscopy
displays an expected singlet at 9.45 ppm consistent with four carboxamide protons
(Figure 2.3 as well as features in the aromatic region (8.B421 ppm) consistent with
six pyridyl protons. In the alkyl region we observe a singlet at 3.60 ppm that can be
assgned as eight equivalent ethylene protons of the linker groups. Additionally,

elemental analysisf the producsuppors the assignment of this compoundra4.3.

32



Figure 2.3 'H NMR spectrum (300 MHz) dfisL3 taken in DMSGd6.
2.2.2  Synthesis of macrocycliegligands HL4a and HL4b

The synthesis of the macrocyclic precursdub4a and H4L4b involved use of
proceduresnodified from previously reported work (Scheme 2)nlike the synthesis
of HaL3, the synthesis of both macrocycles regsir@tial formation of a hemicycle
precursor NK2,N6bis(2aminophenyl)pyriding€,6-dicarboxamide). An initial Boc
protection reactionof commercially available 1;@henylene diamineyields N-Boc-
phenylene diaminé21.9 g, 70.4%)The protected producs then allowed to et with
2,6 pyridine dicarbonyl dichloride afford the protected condensation product which can
be subsequently deprotected using trifluoroacetic acid to give theN2ge6bis(2-

aminophenyl)pyriding,6-dicarboxamid€8.68 g, 80%)Scheme 2.4).
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Schane 2.4 Synthesis ohemicyclic precursoN2,N6&bis(2aminophenyl)pyridine,6-
dicarboxamide

With the hemicycle precursor in hand, a final condensation step using either
isopthalyl dichloride forH4L4a or 5tert-butyl-isopthalyl dichloride forH4L4b was
performed similarly to the condensation reactioNeBoc-phenylene diamingith 2,6-
pyridinedicarbonyl dichloride in the second step scheme 2.4. It was observed,
however, that this final step required refluxing temperatures in THF in order to obtain
product in appreciable yields. After recrystallization, crystalline samples ofHidtha

(0.94 g, 68%) an#lisLb (1.85 g, 60%) were obtained (Scheme 2.5).

o) J__o
N
NH HN Cl Cl @NH HND
.
@ @ NEt; NH HN
0 o

R
H,L4a (R = H) : 0.94 g, 68%
H,L4b (R = Bu) : 1.85 g, 60%

Scheme 2.5Synthesis of proliganddsL4a andHaslL4b.
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Characterizatiomf HisLa andHaLb by *H NMR spedroscopy reveals two sets of
carboxamide protons, consistent with a macrocycle with a pyridine dicarboxamide pocket
and a benzene dicarboxamide pockEigre 2.42.5. In both macrocycles eleven
aromatic protons corresponding to the phenylene linkerssemgyridyl protons were
observed in the aromatic region of the NMR spectrumi(B% ppm). The phenyl group
opposite the pyridine ring shows three protons in the aromatic regidtufa and two
protons forH4Lb. A singlet at ~10.2 ppm was assigned las protonortho- to both
carboxamide groups on the phenyl pocket of the macrocycle. The large downfield shift of
this aromatic proton is consistent with a phenyl proton flanked by two carboxamide
groups based on other literature examples of similar congsdéfhAdditionally, theH
NMR spectrum ofHsLb exhibits a feature (~1.34 ppm) in the alkyl region consistent
with the nine protons of th@ppendedert-butyl group. Eemental analysisf the isolated

products furthesupport the assignmeasH4L 4aandH4L4b.
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Figure 2.4 *H NMR spectrum (300 MHz) dfisL4a in DMSO-ds.
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Figure 2.5 'H NMR spectrum (300 MHz) dfisL4b in DMSO-ds.

2.3 Synthesis andspectroscopiccharacterization of macrocyclic Cu'' complexes
2.3.1 H.L3* Monocopper @mplexes

After initial attempts to generate dicopper complexes df34' by
treatingH4L3 with excess base in the presenceaggpet 1 | ) salts (02 equi
monocopper complexds 3, a more purposeful synthesis was developttallation of
H2L3% to generate monocopper compounds [M#g2L3Cu(Cl)] ([NMes][1]) and
[NMeg][H2L3Cu(OAC)] (INMe&][2]) were performed sing similar procedures, wherein
the ligand was dissolved in a degassed water/pyridine mixture and different copper salts
were introduced to give corresponding copper species of interest. It was observed that
the cases wherehloride or acetate copfd) salts were employed, [NME1] (0.236 g,
58%) and [NMe][2] (0.187 g, 42%)were generated, respectivelyscheme 2.6).
Converselywhen copper(lDtrifluoromethanesulfonate (Cu(QJfyas used as the metal

source, formation of a monocopper hydroxide complex was observed,
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[NMeg][H2L3Cu(OH)] ([NMe4][3]) (53 mg, 12%. The poor coordination of triflato
anions to the copper center explains why a hydroxide ligand coordinates in the fourth

coordination site of copgy, unlike in the anionic complexésand2.

o .
N
\ /N\CU\
(i) N )f\“ N_ o
K
N
|\ N
o) P =
N 1(X=Cl)
[NH HNj 2 (X = OAc)
NH HN o —|
N N
e 0\
\__/N=Cu~n~H
HL/3 i < b9 RN o
4 Il o \‘
\H N\
N I
3 0

Scheme 2.6Synthetic preparation afomplexesl, 2, and3 (i) NMesOH (2 eq.), CuX
(X =Cl, OA0), (ii). NMe4sOH (3eq.), CYOT)..

The mononucleatedcomplexesof H2L3% were characterizedn solution by
eledron paramagnetic resonandePR spectroscopyl(i 3) (Figure 2.62.8) aswell as
negative mode high resolution electrospray ionization mass spectrometySHRS, 1
and?2) (Figure 2.62.7). The axial angpseudeaxial spectra observed in the EPR spectra
of 1-3 are consistent with monocopper(@yr 1/2 complexes coordinated in square planar
geometry. The EPR parameters were extracted from simulations of the experimental
spectra (Table 2.1)Notably, the EPR parameters f@& differ from those of
[L1bCu(OH)]" previously reported, suggesting perturbations to the electronic
environment of the Cucenter.

Negative mode HHESIMS allowed identification of features that could be

simulated with expected molecular formulae of aniérend 2. The simulation of the
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isotopic patterns confirm that the parent peaks are monocopper complexes of the doubly
deprotonated liganH2L32 with respectivechloridoand acetato ligand¥he assignment
of mononucleated species is in agreement with the EPR spectraraf2 speciesin

solution where no evidence of.8% dicopper species is observed.
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Figure 2.6. For [NMe4][H2L3Cu(Cl))] ([NMe4][1]): (left) negative ion mode HESK
MS with theinset showng the experimental (bottom, black) and simulatedp( red)
peak envelope fathe ion[H2L3Cu(Cl)]" (right) experimental (top, black) and simulated
(bottom,red). EPR spectrum (?band, 30K). EPR parameters are listed in Table 2.1.
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Figure 2.7. For[NMe4][H2L3Cu(OAc)] ([NMe4][2]): (left) negative ion mode HESH
MS with theinset ©iowing the experimental (bottom, black) and simulatedp( red)
peak envelope for the iofH2L4Cu(OAc)f. (right) experimental (top, black) and
simulated (bottomyed). EPR spectrum (band, 30K).EPR parameters are listed in
Table 2.1.
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Figure 2.8 For [NMes][H2L3Cu(OH)] ([NMe4][3]): experimental (top, black) and

simulated (bottonred) EPR spectrum ¥and, 30K) EPRparameters are listed Table
2.1.

Table 2.1. EPRParameters Derived fro@imulations of Experimental-Band Spectra

Compound Ox Oy o AS  A(Nam) A(Npy
(Cu)

[NBus][LLbCu(OH)] 2032 2.055 2.185 196  17.7 13.4
[NMed[HoLACU(C] @)  2.05 2.06 221 190 14 14
[NMed[H2LACU(OAC)] @) 2.05 2.07 221 200 17 17
[NMeg[H2L4CU(OH)] B) 2.05 2.05 2.187 210 15 15
[NMey4][H2L4aCu(OAC)] 205 206 221 190 15 15
(8, R=H)
[NMea][ H2L4bCu(Cl)] 205 205 221 185 16 16
(9, R =tBu)

aMeasured in DMF at 30K. Units of A are in't@m'*.

X-ray crystallographic determination of anionic spedi€® revealed interesting
structural characteristics. Tlohlorido (1), acetatd2), and hydroxidd3) ligands are all
engaged in intramolecul&ydrogen bonding to the two carboxamieH groups (Figure
2.9). This hydrogen bond interaction was indicated by the NH---X and N---X (X = Cl,
OAc, OH) distances which all well within range of standard hydrogen bond distances
(Table 2.2)¢ Classically, hydrogen bond doracceptor distances of 2i22.5 A are
considered fstroongdi smoasntcleys icd@anagki eongidered o m 2 .

Amoder at e,t rnoossttaltyi cel,ecaimd. @i st ameescomnfsi 8e?
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el ect r%Fot exanmple,2 ¢ considered to have a moderate hydrogen bond
interaction with distances @1---H4=2.202 A, O1---H6 = 2.197 A, O1---N4 = 3.003(2)
A, and O1---N6 = 3.002(23..

Focusing on the primary coordination sphere of the copper(ll) center, comparable
parametersare observedwith respect torelated complexesreported previously for
coppetll) complexes of other carboxamido compleX&Shere is a slight elongation of
the CuX (X = OH, CI) distance inl and 3 compared to analogous systems without
hydrogen bonding, as in the case [flotb Cu(OH)] vs. 3 where the C+tOH distances are
1.863 A and 1.884 A respectivélyThe elongation of the GH distancesaside the
geometryabout the coppe(ll) center is nearly identicalo the nonhydrogen bonded
systemsHR-ESFMS and EPR spectroscopy ©3 appear to be in agreement with the
solid-state structures observed by crystallography suggesting the spectemserved in

solution state.
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Figure 2.9 Representations of the anionic portions of thea)X structures of (a)
[NMe4][H2L3Cu(Cl)] (INMe4][1]), (b) [NMe&][H2L3Cu(OAc)] (INMe&][2]), and (c)
[NMeg][H2L3Cu(OH)] ([NMe4][3]), showing all nonhydrogen atoms as 50% thermal
ellipsoids and hypothesized hydrogen bonds as dashedRepsoduced with permission

from ref. 97.

Table 2.2.Selectednteratomic Distances (A) and Angles (deg) fidMe4][H2L3CuCl]

([NMe4][1]), [NMeg][H2L3Cu(OAc)] ([INMe][2]), and [NMes][H2L3Cu(OH)]
(INMey4][3]).
[NMe4][HzL3CuCl] ([NMe4][1])
Culi N1 1.986(2) N4 A A 3.393(3) N27 Culi O1 178.75(7)
Culi N2 1.926(2) N6 A A 3.390(2) N27 Culi N1  80.40(9)
Culi N3 19842 H4A A2602 O1i Culi N1  99.99(7)
Culi O1 2.240808) H6 A A 2628 N27 Culi N3 80.78(10)
O1i Culi N3 98.77(7)
N1i Culi N3 161.01(10)
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[NMe4][H2L3Cu(OAC)] (NMe][2])

Culi N1 1.980(2) N4 A A 3.003(2) N27 Culi O1 171.46(6)
Culi N2 1.920(2) N6 A A 3.002(2) N2i Culi N1  80.97(7)
Culi N3 1.991(2) H4A A 2.202 O1i Culi N1  99.43(6)
Culi O1 1.937(2) H6A A 2197 N2i Culi N3  80.73(7)
Culi 02 2.636(2) O1i Culi N3  98.11(6)
N1i Culi N3 161.31(7)
[NMe4][H2L3Cu(OH)] ((NMes][3])
Culi N1 2.0052) N4A A 2.890(2) N27 Culi O1 172.8(7)
Culi N2 1.931(2) N6 A A 2.865(2) N27 Culi N1  80.08(7)
Culi N3 2.00222) H4A A 2038 O1i Culi N1  99.69(6)
Culi O1 1.884(1) H6A A 2055 N2i Culi N3 80.27(7)
O1i Culi N3  99.59(7)
N1i Culi N3  160.25(7)

A separate sebf neutral monocopper compounds was also identified when

metallation of H4L3 was attempted using potassium hydride in dimethyl sulfoxide

(DMSO) (Scheme 2.) Solid, highly insoluble crystals from the same reaction mixture

were formed and identified by silegcrystal Xray diffraction as two distinct variations

of neutral DMSO adducts. One compound was found to be the coordination polymer

[H2L3Cu(DMSO)}(4) and the other a solvaamduct H2L3C u ( D M D®IBQ (B. No

synthetic conditions were identified thabuld discriminately generate one species

preferentially over the other. Both compourdand5 were found to be insoluble in all

typical organic solvents, making further studies of these compoumdsolution

impossible.
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[ j 2 eq. KH
—»

H,L3

4 (Sol. = DMSO) 5 (Sol.= DMSO)
Scheme 2.7 Synthetic route to dford [H2L3Cu(DMSO)l (4) and
[H2L3C u ( D M DOIBQ (B).

The X-ray structure ot showed it to be a ordimensional coordination polymer
where each copper is bound through the O1 oxygen of the neighboring carbonyl group
(Figure 2.10 a, b). The second neutrainocopper specigswas found to be a solvato
adduct, wherein the DMSO occupies the fourth coordination position at the equatorial
site 6) (Figure 2.10 c, d). Interestingly both of these structures exhibit hydrogen bonding
interactions, but not in theme way as observed In2, and3. In complexesgt and5 the
carboxamide protons are not engaged in hydrogen bond donation to the equatorial ligand
of the copper center but rather are hydrogen bound to a separate DMSO solvent molecule
located near the axigosition of the copper (figure 2.11). The do@aceptor distances
are N4--02 =2.972(6) A and N6-02 =2.958(6)A (Table 2.3), both consistent with

moderately strong hydrogen bond interactions.
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Figure 2.1Q X-ray structures of (a) repeat unitletL3Cu(DMSO) coordination polymer

(4), (b) representation of polymeric chain df (c) [H2L3Cu ( D M DMBQ &)

solvateadduct fromon view, and (d) solvatadduct 5 sideon view showing all
nonhydrogen atoms as 50% thermal ellipsoids and hypothesized hydsogda as

dashed lines.

Table 2.3.Selectednteratomic Distances (A) and Angles (deg) feleL3Cu(DMSO)}
(49 andH2L3Cu ( DMS O) ASpMS O

[H2L3Cu(DMSO)} (4)
Culi N1 1.987(4) N4 A A 2972(6) N27 Culi O1 169.83(17)
Culi N2 1.911(4) N6 A A 2.9586) N2i Culi N1 80.35(18)
Culi N3 1.967(4) H4 A A 2155 O1i Culi N1 97.35(15)
Culi O1 1.923(3) He A A2114 N27 Culi N3 81.91(18)
O1i Culi N3 100.48(16)
N17 Culi N3 162.14(17)
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H2L3Cu ( DMS O) ASPMS O

Culi N1 2.083(6) N4 A A 3.077(6) N27 Culi O1 160.27(23)
Culi N2 1.858(6) N6 A A 2.887(5) N27 Culi N1 81.93(23)
Culi N3 2.066(6) H4 A A2319 O17 Culi N1 104.49(23)
Culi O1 1.902(5) He6 A A 2074 N27i Culi N3 81.64(24)
017 Culi N3 91.69(22)
N1i Culi N3 163.46(22)

The change in hydrogen bond acceptor in these molecules can be rationalized by

the lack of a charged fourth ligand on the copper center. A neutral ligand occupying this
site is less likely to accept a hydrogen bawmiden bound to copper than a negatively
charged ligand such as chlorido or hydroxido as observédind 3, respectively. This
diversity in hydrogen bond donacceptor pair orientation betweé&f8 and4-5 may be
viewed as biologically pertinenDynamic donoracceptor pair interactions are often
speculated as one waywhich metalloenzymes control substrate bonding and reactivity
at their active site®°! The diversity in binding modes &f2L.3% copper complexes is a
nice example of this dynamic secamng coordination interaction as a function of the
metalcentdfs pri mary coordination sphere
2.3.2 H.L3* dicopper and tricopper carbonato complexes

During the course of this work, the anionic compodndas found to readily
react with atmospheric G() to aford multinuclear carbonato complexes that could be
readily crystallized (Scheme 2.8). It was obsenrtbdt from randomly selected crystals
from the same mixture two different species could be observed by single crystal X

diffraction crystallography. Ainuclear complex [NMg2[(H2zL3Cu)(COzs)] ([NMe4][ 6])
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with a bridging dianionic carbonate molecule was identified along with a trinuclear
complex [NMe]2[(H2L3Cu)(COs)] ([NMeg][7]) with a dianionic carbonato molecule
also bridging the three coppeentes (Figure 2.11, Table 2.4). Anioneompound? was

also observed by negative mode 883, where the isotopic pattern, along with the
massto-charge ratio i/z= 695.754), matches with what is predicted for the dianionic
tricopper complex (Figure 2.12)Simulation of the observed isotopic pattern of the

feature confirms three coppers are present.

o [N
| > j- N '/\l O
0 N o > & Cu 7
Z] / N%

N— Dn
air (gz NMM (/)\\’\\j N5 0
Cu -or- r“'J B\ 2
(0] @)
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N 07 T & NG e S =0
= (0]
3

Scheme 2.8Reactionof 3 with ambient atmosphere to affoécand7.
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Figure 2.11. (a) Representation of the anionic portion of thera)¥ structure of
[NMeg]2[(H2L3Cu)(CQOs)] ([NMe4]2[6]), showing all nonhydrogen atoms as 50%
thermal ellipsoids and hypothesized hydrogen bonds as dashed lines. (b) Expanded view
of core, with all carbon atoms (except C36) omitted. (c) Representation of the anionic
portion of theX-ray structure of [NMg2[(H2L3Cu)(COs)] ([NMe4]2[7]), showing all
nonhydrogen atoms as 50% thermal ellipsoids and hypothesized hydrogen bonds as
dashed lines. (d) Expanded view of core, with all carbon atoms (except C63) omitted.
Reprinted with permissn from ref. 97.

Table 2.4. Selected Interatomic Distances (A) and Angles (deg) for
[NMe4]2[(H2L3Cu)(COs)] ([NMe4][6]) and [NMe]2[(H2L3Cu)(COs)] ([NMe4][ 7]).

[NMeg4]2[(H2L3 Cu)(COs)] ([NMe4][ 6])

Culi N1 1.982(2) N4 A A 20957(4) N2i Culi O1  169.468)
Culi N2 1.931(2) N6 A A 3.024(4) N2i Culi N1  80.38(9)
Culi N3 1.982(2) H4 A A 2106 O1i Culi N1 99.96(8)
Culi O1 1.9602) H6A A 2170 N2i Culi N3  80.32(9)
Culi O3 2543(3) N10A A3194(5) OL1i Culi N3 98.30(8)
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Cu2i N7 1.991(2) N12A A3.1285) N1i Culi N3 160.32(9)
Cu2i N8 1.919(2) H10A A2019 N8i Cu2i 02  177.96(9)
Cu2i N9 20193) H12A A1908 N81 Cu2i N7  80.84(10)
Cu2i 02 1.908(2) 02i Cu2i N7 99.76(10)
N87 Cu2i N9  80.50(10)
021 Cu2i N9  98.68(10)
N771 Cu2i N9 160.35(10)
[NMea]2[(H2L3Cu)(COs)] ([NMe4][7])
Culi N1 1.979(3) N4 A A 3.045(4) N2i Culi O1  171.37(12)
Culi N2 1.9233) N6 A A 3.167(4) N2i Culi N1 80.68(14)
Culi N3 1.9913) H4 A A 2219 O1i Culi N1 100.31(12)
Culi O1 1.9453) H6A A 2395 N27 Culi N3 80.35(14)
Cu2i N7 1.979(3) N10A A 3.1084) O1i Culi N3 97.95(12)
Cu2i N8 1.919(3) N12 A A3.140(4) N1i Culi N3  160.75(14)
Cu2i N9 1.975(3) H10A A 2440 N81 Cu2i O2 168.19(R)
Cu2i 02 1.949(3) H12A A2421 N87 Cu2i N7  80.36(13)
Cu3i N13  1.9874) N16 A A3.090(5) 02i Cu2i N7  99.71(12)
Cu3i N14 1931(3) N18A A 2984(5) N8i Cu2i N9 80.87(13)
Cu3i N15 19774 H16 A A 2503 021 Cu2i N9  98.46(12)
Cu3i 03 1.942(3) H18A A 2398 N77 Cu2i N9 161.21(13)
N147 Cu3i O3 173.86(13)
N14i Cu3i N13 80.08(16)
031 Cu3i N13  98.16(13)
N147 Cu3i N15 81.17(16)
031 Cu3i N15  99.94(13)
N137 Cu3i N15 160.54(14)
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Figure 2.12 For [NMey]2[(H2L3Cu)(COzs)] ([NMe4]2[7]): negative ion mode HESH
MS with theinset showng the experimental (bottom, black) and simulatedp( red)
peak envelope for the idtH2L3)Cu)(COs)]?.

In the dicopper compleg, the carbonato ligand is cabinated in a monodentate
fashion to Cu2 and in a bidentate fashion to Cul. In the tricopper coriptbe
carbonate adopts a monodentate binding mode with each Cu(ll) ion. Complete
delocalization of the C=0 double bond in the carbonate is evidenced legdéstially
identical GO bond distances. These binding modes are both precedented in the copper
coordination chemistry literatur&1°t albeit normally not found as individually attainable

cores from a single starting compound as we have described.herein

2.3.3 HolL4a and HL4k* monocopper complexes
HsL4a andH4Lb were synthesized intentionally in orderdaly allow a single
copper to coordinatevhile still allowing forthe possibility of intraralecular hydrogen

bond donation. AdditionallyH2L4a% andH2Lb? contain aromatic carboxamide donors
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akin to L1b%, making them closer ligand analogs to the -hgdrogen bound systems
than H2L3% complexes.The goal was to generate compounds analogous-3oas
additional comparison points in the analysis of the rs@&ry coordination sphere effects.
HaslL4a andH4Lb were metallated using similar methods as those employed in the
metalation of the macrocycléisL3. Using organic solvents and NMgH as a
deprotonation reagent, several new compounds were isolated. In vdmEre
Cu(OAcrA,0 or CuCk were used, monocopper complexes [Nid2L4aCu(OAc)]
(INMe4][8]) and [NMe][H2L4bCu(Cl)] ([NMe4][9]) were formed, respectivel\s¢heme
2.9). Characterizatiorof these compounds by frozen soluti&PR spectroscopyas
performed.Similar to the compound$-3, pseudeaxial features consistent wigguare
planar S = % monocopparomplexes are observed, consistent with their supposed
structures (Figure 2.13.14). Negativeon modeHR-ESFMS displayed predicted parent
features am/z= 597.136 corresponding to anionic compoudnd at m/z = 631.134
corresponding to anionicompound9 (Figure 2.132.14). Simulationof the isotropic

patterns were consistent with the presence of a single copper ion.

| AN
(@) Z O
N Cu(X),
NH HN 2 eq. NMe,OH
0 O
NH HN
(@) O
R 8 « Sol. (X = OAc, Sol. = DMA, R = H)
H,L4a (R = H) 9 » Sol. (X= Cl, Sol.= MeCN, R = tBu)

H,L4b (R = tBu)
Scheme 2. Syntheticscheme for gemation ofmetallated complexe&and9.
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Figure 2.13 [NMes][H2L4aCu(OAC)] (INMe4][8]): (left) negative ion mode HESH
MS with theinset showng the experimental (bottom, black) and simulatedp( red)
peak envelope for the iofH2L4aCu(OAc)f. (right) experimental {op, black) and

simulated (bottom, red) EPR spectrumi§xnd, 30K). EPR parameters are listed in Table
2.1
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Figure 2.14 [NMe4][H2L4bCu(Cl)] (INMe4][9]): (left) negative ion mode HIESIMS
with the inset showng the experimental (bottomblack) and simulatedtdp, red) peak
envelope for the ioffH2L4bCu(Cl)]". (right) experimental (top, black) and simulated
(bottom,red) EPR spectrum (§and, 30K). EPRarameters are listed frable 2.1.

X-ray crystallographic determination of the strueturof anionicH2L4a%* and
H2L4b?% monocopper complexes was performed upon crystallization from DMA or
MeCN for [NMe&][8] and [NMe][9], respectively (Figure 2.15)Standard primary
coordination sphere bond metrics were observed in the structure, butnotaisly, a

change in hydrogen bonding mode was observed. Instead of the carboxamide protons

51



interacting with the chlorido or acetato ligands as previously observed in anionic
compoundsl and 2, the carboxamide donors were hydrogen bonded to separatetsolven
molecules of DMA in8 and CHCN in 9, respectively. This doneacceptor orientation is
similar to what is observed in complexésand 5. The donotacceptor distances are
N4---07 =3.096(5)A and N5--0O7 = 3.164(3)A in the structure ofNMe4][8]A D M&nd
N4---N6 =3.348(3)A andN5---N6 =4.013(3) A in the structure of [NME9] A eCN
(Table 2.5). These&lonoracceptor distance suggest these interactions are rather weak

when compared to the doracceptor distance of ~2.9 A observed in complex

Figure 2.15. (a) Representations of the anionic portion of thea¥X structures of (a)
[NMeg[H2oL4aCu ( OAc ) ] AIDMeA][SIADMA R = H) and (b)
[NMe4][H24bCu(Cl) )CHs&EN ([NMe4][9] ACH:CN, R=tBu), showing all nonhydrogen
atoms as 50% thermal ellipsoids and hypattess hydrogen bonds as dashed lines.
Reproduced with permissidrom ref.97.
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Table 2.5. Selected Interatomic Distances (A) and Angles (deg) for
[NMeg][HzL4aCu ( OAc ) J[MM2MBA D MAahd [NMeg][H2L4bCu ( C1 ICNACH
(INMe4][9]A CBN).

[NMeg][H2L4aCu(OAc ) ] A D MA 4][8] (A DNWre)

Culi N1 2.005(2) N4 A A 3.096(5) N2i Culi O1 177.84(6)
Culi N2 1.915(2) N5A A 3.164(3) N2i Culi N1 80.55(6)
Culi N3 2.018(2) H4A A 2183 O1i Culi N1  100.68(6)
Culi O1 1.912(1) H5 A A 2691 N27 Culi N3 81.00(7)
Culi 02 2.819(2) O1i Culi N3  97.65(6)

N1i Culi N3  161.14(7)

[NMeg][H2L4bC u ( C 1 3CN ANOM&][9] A 6CN)

Culi NI 2.043(2) N4 A 3.348(3) N2i Culi O1 178.05(5)
Culi N2 1.918(2) N5 A 4.013(3) N2i Culi N1 80.56(7)
Culi N3 2.021(2) H4 A 2.602 O1i Culi N1  99.81(5)
Culi CI1 2.185(5) H5 A 2.628 N2i Culi N3  80.23(6)
O17 Culi N3  99.62(5)

o To Do D>

N1i Culi N3  159.62(7)

The rationale for the change in hydrogen bonding mod@& &nd 9 is not
completely mderstood. We speculate that it may be due to the lack of chargeupuiid
the primary coordination sphere of the copper ion due to the less electron donating nature
of the aromatic carboxamido donors as opposed to the alkyl carboxamido donors in the
ligandH2L3%. It is also possible that this doracceptor interaction is dynamic when in
solution state and the observed solid state structures are not reflective of the stri&ture of

and9 when dissolved.
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2.3.4 HjL4adicopper ithydroxo @mplex

Attempts to geerate the analogous monocoppgdoxido species t@ in the
H2L4a? or H2L4b? frameworkproved to be unfruitful. Generation of hydroxidipecies
using these macrocylces with aromatic phenylene linkers, as opposed to its ethylene
bridged counterpart, reked in formation offNMe4][(H2L4bCu)2(OH)] ([NMe4][10])
(Scheme 2.10)This new species consisté a dicopper phydroxido core, wherein two
monometallated macrocycles bridge through a single hydroxide ligand (Figure 2.16). The
species[NMe4][10]ACHsCN was observed by single crystal-ry crystallographic
studies and is believed to be the thermodynamic product of the metallation conditions

described in scheme 2.8

® (7T
o) N0 —N N Ann,
N Cu(OTf), ¢ N/\G“/

NH HN 3 eq. NMe,OH 3 P \
> OH
@[ :O MeCN N  /
NH HN 0 Neu
a
9 o) 2N N

o}
R 10 (R = tBu)
H,L4b (R = {Bu)

Scheme 2.10 Synthetic pregration of metallated complex
[NMe4][(HzL4bCu)( O HEH:CN ([NMes][ 10]ACH:CN).

Analysis of the crystal structure df0 reveals standard 48u distances in the
primary coordination sphere but with a GO1 distance 0fl.936(3 A and Cu201
distance 0f1.890(3) A (Table 2.6). Thedifference in distance between the cappe
hydroxo bond lengths suggest the hydroxo is more strongly bound to Cu2 than Cul.
Additionally the two macrocylces are canted two one another and exhibit-©CGL2
bond angle of 127.81°. The dicopper(Ibhydroxo motif is not uncommon in copper(ll)

compounds and is often observed in systems that do not have appropriate steric bulk to
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prevent such species from foing1°? Notably, the carboxamide protons are pointed
away from the hydroxide and instead interact with as@¥ molecule and a carbonyl
oxygenof a neighboring complex. We speculate that the absence of hydvogdmg

from the carboxamide protons to the hydroxo allows for its lone pairs to participate in
coordination to a second copper and ultimately resaltformation of the anionic

complex10.

Figure 2.16. (a) Representations of the aniorportion of the Xray structureof (a)
[NMe4][(H2L4bCu)2(OH ) ] A ME@ENMBYL][10]ACHSCN), (b) close up of the dicopper
hydroxo core, and (c) the portion pfiMe4][10] that contains hydrogen bonding to a
molecule of CH:CN showing all nonhydrogen atoms as 50% thermal ellipsoids and
hypothesized hydrogen bonds as dashed lines.
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Table 2.6. Selected Interatomic Distances (A) and Angles (deg) for
[NMes][(H2L4bCu)( OH) ] ANMEINL]]).

[NMe4][(H2L4bCu)( O HYECK ([NMed4][10])

Culi N1 20155) N4 A A 4.079(3) N2i Culi O1  179.15(13)

Culi N2 1.903(3) N5A A 3.112(4) N2i Culi N1  80.86(13)

Culi N3 2.0373) H4A A 3.313 O1i Culi N1 99.40(12)

Culi O1 1936(3) H5A A 2345 N27i Culi N3  80.2713)
A

Cu2i N6 2.01933) N9 A 4.304(5) O1i Culi N3  99.43(12)
Cu2i N7 1903(3) N1O0A A 36852 NI1iCuli N3 159.92(13)
Cu2i N8 2.040(3) H9A A 3569 N77 Cu2i O1  172.50(13)
Cu2i O1 1.890(3) H10A A 2920 N77 Cu2i N6  80.82(14)
O1i Cu2i N6  102.97(12)
N7i Cu2i N8  80.31(14)
O1i Cu2i N8  97.06(13)
N67 Cu2i N8  158.18(14)

2.4  Electrochemistry of copper @mplexes
2.4.1 Cyclic voltammetry of onocoper hydroxo omplexes

Cyclic voltammetry (CV) experiments using [NBLL 1bCu(OH)] and [NMej[ 3]
were performed in DMA using NBBF (0.1 M) as electrolyte. For
[NBu4][L 1bCu(OH)], a reversible redox feature assigned to @&"" redox couple of
interest was observed and the. was calculated to be67 mV vs. the FdFc redx
couple (Figure 2.17)n the CV measurement &8 at the same scan rate (500 mV/s), an
irreversible oxidation was observed at +310 mV. Upon increasing the scan rate (2000

4000 mV/s), the corresponding cathodic featur& siecame more pronounced, giving
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current ratio values/ipc) of ~3.16 and ~2.13 at 2000 and 4000 mV/s respectively. In a
perfectly reversible systemy/ipc = 1, where the current intensity of the anodic and

cathodic features are equivalent.

0.4 0.0 0.4 0.8
Potential (\V vs. Fc /Fc)

Figure 2.17. Cyclic voltammograms (0.1 NBwNPFs, Pt electrode) of (a) the complexes
() [(L1b)CuOH] and (ii) H2L3Cu(OH)]' (3) in DMA. Scan rategi) 500 mV/s (ii) 500
(bladk), 2000 (blue), 4000 (red) mV/Reprinted with permissiofiom ref.97.

The scan rate dependence that is observe@® ferconsistent with the oxidized
complex undergoing a chemical reaction. We propose that the oxidized species
([H2L3LCu(OH)] (34)) forms and the rate at which it reacts/decays is on the order of the
rate that the electrochemical sweep is occurring irCieexperiments (Scheme 2.11). At
higher scan rates the specids thenable to be reduced back to the starting compound

3 as the electrochemical redox process begins to outcompete the decay rate
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Scheme 2.11Genericscheme for reaction side degasthway of oxidized speciés.

An approximateEs 2 value for theCu'"" redox couple o8 was calculated from its
CV data to be ~+284 mV vsFc'/Fc (Table 2.7). Comparedo the measured
[L1bCu(OH)] redox couple, a difference Ey2 ~ +350 mV is aparent between our two
monocopper hydroxido systems. This electrochemical difference is large and positive,
consistent with what might be expected for the presence of strong hydrogen bond donors.
Yet, whether this shift can be wholly attributed to the preseof hydrogen bond
donation cannot be ascertained from only two points of comparison. To better understand
the hydrogen bonding relationship wkh,we went on to compare the chlorido series of
these macrocyclic monocopper complexes.

Table 2.7.Redoxpotentials for the indicated copper compleXaslapted from ref97.

Compound Solvent E12(mV)P
[L1bCu(OH)[ DMA 67
[H2L3Cu(OH)T (3) DMA +284
[L1bCu(ChJ CHsCN +338
[H2L3Cu(Cl)] (1) CHsCN +632
[HzL4bCu(CI)] (9) CHsCN +581

aConditions: room tenmgrature, 0.1 M BINPF;, Pt electrodévs. Fc/Fc.
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2.4.2  Cyclic voltammetry of monocoppérlorido complexes

Cyclic voltammetrydataof the complexesNBus][L1bCu(Cl)], [NMe4][1], and
[NMe4][8] were obtainedin acetonitrile using NBi#PFs (0.1 M) as electrolyte (g§ure
2.18). It was necessary to switch solvents to acetonitrile in the CV experiments of the
monocopper chlorido complexes as they have much higher redox potentials that are
unobservable in DMAO6s el ectrochemical sol v
conditions, a reversible redox feature afLhpCu(CIl)] was observed with aki» of
approximately +338 mV vs. F=c (Table 2.7), muchigher than that of the measured
Ei2 -67 mV for its analoglf1bCu(OH)]. Compound [NMg[1] was found to have a
quasireversible redox feature at a scan rate of 500 ri/&c = 14.1) and showed only
modestly increased reversibility at higher scan rates of 2000 (ip¥is: = 6.5)and 4000
mV/s (ipdipc = 5.9). An Ei value for the supposed &(Cu' couple of 1 was
approximated to be +632 mV/s. 'iec, 294 mV higher than the redox couple of
[L1bCu(ClI)]".

Compound was also found to have a quasversible redox feature with a larger
scan rate dependence thinwhereipdipc = 3.9 at 500mV/s andipdipc = 2.0 at4000
mV/s. The Ei» value for 9 was calculated to be +581 mV vs."Fe (Table 2.7).
Interestingly the Ex2 of 9 value is only ~50 mV lower than compouhdThe similarity
in Ei2 values betweer® and 1 suggests that both compounds experience secondary
coordination sphere interactions that are responsible for the raise of their observable

cu'"/Cu' redox potential relative to the compléxtpCu(CI)J.
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0.0 0.5 10
Potential (V vs. Fc /Fc)
Figure 2.18 Cyclic voltammogramsf (i) [L 1bCu(CI)]", (ii) [H2L 3Cu(Cl)]" (1), and (iii)

[H2L4bCu(Cl)]" (9, R =tBu) in CHCN. Scan rates{(i) 100 mV/s, (ii, ii) 500 (bla&),
2000 (blue), 4000 (red) mV/Repoduced with permissiofiom ref. 97.

Comparisonbetween the ncehydrogen bonded systems relative to the two
macrocyclic complexe$ and9 with potential hydrogetbond donors again shows a large
positive difference in the CYl' redox couple. The difference B2 values is +294 mV
between [[1bCu(Cl)]” and 1. Similarly, a +243 mV difference was found between
[L1bCu(Cl)]" and 9. The relative potdtials of all the new macrocylic complexes
measured, with respect to their Aeydrogen bonded.1b? monocoppercounterparts,
consistently showed large positive shifts in all cases, albeit with larger overall shifts
observed in the monocopper hydroxide ptemes. The larger observed shift in the

hydroxide series may be a result of hydroxide ligands engaging in stronger hydrogen
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bond interactions with the carboxamide protons as is evidenced by their shorter donor
acceptor distances relative to the chloridmlags in their respective -dy crystal

structures.

2.5 Conclusions

Treatment of macrocyclic proligandulL3 with base and Cu(ll) salts results in the
formation of complexes in whickl2L3% binds to a single Cu(ll) ionMonoanionic
compoundsl-3 and neutral DNBO adductgl and 5 were generated depending on the
specific metallation conditions employed. Carboradond complexe6 and7 were also
found to form upon the reaction 8fwith ambient carbon dioxide.-Kay crystallographic
studies of compounil-3 and6-7 revealedntramolecular hydrogen bonding between the
carboxamide NH groups to the fath ligand (Cl, OAc, OH, or C&) bound to the
Cu(ll) ion. Alternate hydrogen bonding interactions in the seme3? ligand framework
were observed in the neutral sms 4 and 5, where in carboxamide -N groups
hydrogen bond with DMSO molecules that do not occupy the fourth ligand site of the
Cu(ll) center.

The macrocyclic proligandbisL4a and H4L4b were synthesized and used to
generateB and 9, analogous monocoppeoropounds to complexels3. A monocopper
hydroxo core could not be isolated using these ligand frameworks and instead resulted in
formation of the dicopper(ll) {nydroxo specied0. X-ray crystallography o8 and 9
revealed hydrogen bonding from the carbuide protons in to molecules of DMA and
CHsCN respectively. The observed hydrogen bond orientation was more akin to that
observed in the structures dfand 5 where the hydrogen bond acceptors are solvate
molecules located near the axial postion of thdlCcénter.

Electrochemical measurements of these macrocyclic monocopper compounds

indicated thatsecondary coordination sphere hydrogen bonding interactesudt in a
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significant positive risén the CU""' redox potential. We surmise that these shifte not

due to the ethyl linkers, as we observe a similar increase in the redox potential for the
monocopper comple® supported by the purposefully mononucleating ligaHdL4a*

and HzL4b* that features aryl groups on the carboxamido donors. WhileXthay
structures of complexes ¢fz2L4a® and H2L4b* show a different hydrogen bonding
pattern involving inteactions between the carboxamidéH groups and solvate
molecules, we speculate that intramolecular hydrogen bonding in solution underlies the
observed redox potential f@. Additional influences of the secondary sphere interactions

in the various complexes we have prepared on their reactivity aresuthject of

continuing research.

2.6  Experimental section
2.6.1 Materials and rethods.

All reactions and mapulations were performed under an inert gas atmosphere
using Schlenk techniques or a Glove box unless otherwise noted. HPLC grade Water was
distilled and degassed by one frégaemg thaw cycle. The solvents tetrahydrofuran
(THF), diethyl ether (ED), penane, dichloromethane (GAI;) were passed through
solvent purification columns (Glass Contour, Laguna, CA). Pyridine and ethylene
diamine were purified by distillation prior to use. All chemicals were purchased from
Aldrich and used without purificationnless stated otherwise. Perpendicuerde X
band (9.62 GHz) EPR spectra were recorded on a Bruker Elexsys E500 spectrometer.
Simulations were performed using Bruker SimFonia software (version 1.25).
Electrospray ionization mass spectrometry (E&) was grformed on a Bruker Bio
TOF Il instrument. Cyclic voltammetry (CV) was performed in a three electrode cell with

Ag*/Ag reference electrode, platinum auxiliary electrode, and platinum working electrode
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and analyzed with BASI Epsilon software. Tetrabutylaonmam hexafluorophosphate

(BusNPFs) was used as the supporting electrolyte.

2.6.2 Preparation of compounds

H4L3. The synthesis of4L 3 was procedure modified relative to that previously
reported.This procedure was not performed using Schlenk line techniques. Th
compound 2, @yridine dicarboxylic acid (20 g, 0.120 mol) was dissolved in dry
pyridine (250 mL) at 100 °C. To this homogeneous solution, stirred by a mechanical
stirrer, was added a solution of ethylene diamine (6.5 mL, 0.120 mol) and pyridine (1
mL) dropwise from a syringe. A white solid formed and the mixture was stirred for 10
min. Triphenyl phosphite (63 mL, 0.240 mol) was then added to the reaction solution via
an addition funnel and the mixture was stirred at 100 °C for an additional 5 h. The
soluion was then cooled to room temperature and stirred for an additional 12 h, after
which the mixture was concentrated by removing the pyridine by distillation. The
resulting white slurry was then washed with distilled water (2 x 50 mL), a 0.1 M solution
of NaHCG (2 x 200 mL), a 0.1 M solution of &0z (2 x 200 mL), and 0.1 M solution
of NaOH (2 x 200 mL). MeOH (40 mL) was added to the washed product and the
mixture was refluxed for 40 min, cooled, and the solid collected via filtration using a
Bichner funel. After washing the white solid with additional MeOH (2 x 30 mL) and
EtO (2 x 30 mL), it was allowed to dry in air. This white solid was then refluxed once
more with 180 mL of DMF for 10 min, filtered while hot, and the filtrate allowed to cool
to roomtemperature, producing white crystals-bil 3 (9.04 g, 40%)H-NMR (DMSO-
d6, 300 MHz) U (ppm):-81F(m6H, Y, 3.648.68)M,8HCO) ,
CH2). Anal. Calcd for GgH1sNsO4: C, 56.54; H, 4.75; N, 21.98. Found: C, 56.67; H,
4.71; N, 21.97.
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N-Boc-1, 2phenylenediamine.A procedure modified relative to that prewgy
reported was used. This procedure was not performed using Schlenk line techniques. 1, 2
phenylenediamine (16.2 g, 0.150 mol) was added to 100% EtOH (300 mL) and the
mixture was slowly heated to 30 ° C until a clear yellow solution was obtained. A
soluion of BoeO (33.0 g, 0.150 mol) in EtOH (65 mL) was added dropwise over a 90
min period, keeping the temperature at 30 °C. After completing the addition the mixture
was left to stir for 30 min, after which the volatiles were removed under vacuum to yield
a white solid. To the raw product-Ex (20 mL) and hexanes (20 mL) were added and a
white solid was filtered off using Buchner funnel, washed with additional hexanes (20
mL), and the white crystalline product was dried in air. An additional amount of the
product was obtained by slow evaporation of the filtrate over 2 d. The white crystals were
collected by filtration, washed with hexane (2 x 10 mL), and dried in air (21.9 g, 70.4%).
The 'H NMR spectrum matched that which was reported.[16,17] This compaasd
carried on as a precursor for the synthesis of the hemicycle, MiSKEB

aminophenyl)pyridine,6-dicarboxamide.

N2,N6-bis(2-aminophenyl)pyridine-2,6-dicarboxamide. A procedure modified
relative to that previously reported was used. Pyridined@&@étbonyl dichloride (5.0 g,
0.025 mol) was dissolved in dry THF (50 mL) and added dropwise to a solution of N
Boc-1,2-phenylenediamine (10.41 g, 0.050 mol) and NEtTHF (300 mL) over 10 h.
After the addition was complete, the mixture was stirred for 2chtla@ resulting white
solid was collected by filtration, washed with@t(2 x 20 mL), and dried under vacuum.
Next, the dried product was added to a mixture ob@(100 mL) and CECOH (50
mL) and the mixture was stirred for 2 h. It was then carefadiyred into aqueous NaOH
(2M, 500 mL). The solution was immersed in an ice bath and allowed to cool. Additional

CHxCl, (900 mL) was added to dissolve all of the product, and theCGHayer was
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washed with water (3 x 200 mL), dried over8@&, and volates removed under
vacuum to afford yellow solid. Recrystallization of this yellow solid from2Cle (100
mL) and E$O (100 mL) at O °C yielded pure compouBd8.68 g, 80%).:H-NMR

matched reported values in literature.

Hal4a (R = H). A procedure modifiedelative to that previously reported was
used.17 A solution of isophthalic dichloride (1.18 g, 0.0058 mol) in dry THF (60 mL)
was added dropwise over 12 h to a refluxing solution of NQNE-
aminophenyl)pyridine,6-dicarboxamidg2.0 g, 0.0058 mol) im mixture of THF (250
mL) and NEt (20 mL), all under Argon atmosphere. The mixture was cooled to room
temperature, left to stir for an additional 24 h, filtered, and then solvent removed from the
filtrate under vacuum to give a sticky brown solid. Aduitiof MeOH (300 mL)
generated a white suspension that was filtered. The filtrate was collected and
concentrated to ~50 mL and»Et (50 mL) was added to give a white powder that was
collected by filtration and then washed witho@&t(3 x 30 mL). The powder as
redissolved in DMF (10 mL) and recrystallized with the addition e®E20 mL) at 0 °C
over 24 hours to yield the product, which was dried under vacuum (0.94 g, $8%).
NMR (DMSOd 6, 300 MHz) U (ppm): 11.15 (s, 2H,
(s,1H, CH), 8.438.40 (d, 2H, CHPy), 8.28.24 (m,1H, CHPYy), 8.158.07 (m, 4H, CH),
7.727.66 (m, 2H, CH), 7.37.25 (m, 4H, CH). Anal Calcd for 4H26NsOs (Hal 4a
(R=H) with one molecule of DMF) C, 65.45; H, 4.76; N, 15.26. Found: C, 64.57; H,
4.70; N, 15.2.

H4L4b (R =tBu). H4L4b was synthesized analogouslyHaL4a ( R 6except H)
5-tert-butyl-isophthalic dichloride was used instead of isopthalic dichloride (1.85 g,
60.2%). 1IHNMR (DMSOd 6, 300 MHz) U (ppm): 11.25 (s,
NHCO), 9.22 (s, 1H, CH), 8.42.39 (d, 2H, CHPYy), 8.28.22 (m, 1H, CHPy), 8.16.04
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(m, 4H, CH), 7.687.65 (m, 2H, CH), 7.36.26 (m, 4H, CH), 1.33 (s, 9H, CH3). Calcd
for C3aH34NeOs (HaL4b  ( RBu) with one molecule of DMF): C, 67.31; H, 5.65; N,
13.85. Found: C, 67.02; H, 6.01; N, 13.80.

[NMe4][(H2L3)Cu(Cl)] ([NMe4][1]). To a solutim of H4L3 (300 mg, 0.78
mmol) in 1:3 water (3 mL)/pyridine (9 mL) was added a solution of MDiein MeOH
(0.38 mL, 0.0017 mol, 2.18 M). Upon addition of base and with vigorous stirring, a clear,
yellow solution resulted. An equivalent of CuC105 mg, 0.8 mmol) was added slowly
to the yellow solution, which gradually turned green and eventually purple upon stirring.
After allowing to stir for 12 h, the solvent was removed under vacuum and the resulting
purple powder was dissolved in DMF (5 mL). Vapor ukibn of EtO into the solution
afforded the product as purple crystals which were dried under vacuum (0.236 g, 58%).
HR-MS (ESF, CHOH): m/z = 478.137. Calcd. forl : 478.022. Anal. Calcd for
CooH28CICUN/O4: C, 47.74; H, 5.10; N, 17.71. Found: C, 47.A95.14; N, 17.24.

[NMe4][(H 2L3)Cu(OAc)] ([INMe4][2]). Compound2 was prepared analogously
to 1 except Cu(OAc}H20 was used instead of CuGD.187 g, 42%). HRMS (ESH,
CH3O0H): m/z = 502.032. Cald for 2 : 502.066. Anal. Calcd for £H31CuN/Os: C,
49.95;H, 5.41; N, 16.99. Found: C, 49.26; H, 5.59; N, 16.74.

[NMe4][(H 2L4)Cu(OH)] ([NMe 4][3]). The compoundH4L3 (300 mg, 0.78
mmol) was added to a degassed solution of 1:3 water/pyridine. Subsequently, 0.55 mL
(0.0025 mol) of a 2.18 M NM@©H solution in water &s added to this solution resulting
in a yellow color. An equivalent of Cu(OBf§280 mg, 0.78 mmol) was added slowly to
the solution resulting in a slight green color that turned purple after stirring for several
minutes. The solution was left to stir f@2 hours and then the solvent was removed
under high vacuum. The resulting purple powder was dissolved in DMF (10 mL) and an

equivalent amount of ED (10 mL) was added and placed in a vial and left to sit under
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Nitrogen atmosphere at room temperaturée A5 days purple crystals were observed on
the sides of the vial that were found to [NMe4][3] (53 mg, 12%). Anal Calcd for
C22H29CUN/Os: C, 49.39; H, 5.46; N, 18.32. Found: C, 49.05; H, 5.93; N, 17.97.

[H2L3Cu(DMSO)]n (4) and HoL3Cu(DMSO):2 (5). The conpoundH4L3 (300
mg, 0.78 mmolandPotassium hydride was dissolved in 10 mL of DMSO and allowed to
stir until all bubbling ceased and all reagents were fully dissolved. To this solution was
added Cu(OT#$) salt and the mixture allowed to stir for 4 houos afford a purple
solution. To this solution 8 mL of DCM was layered added and the resulting mixture left
in a-20 °C freezer. After 24 hours purple crystals were afforded and identified as a
mixture of compoundst and 5 by X-ray crystallographyBecaugs the product was
identified as a mixture, no CHN analysis was attempted.

[NMe4]2[(H2L3Cu)2CO3]  ([NMe4]2[6]) and  [NMes]2[(H2L3Cu)sCO3]
(INMe4]2[7]). Compound3 (200mg, 0.40 mmol) was dissolved in 10 mL of DMF was
left open to atmospheric CO2 for over 24its Upon EXO vapor diffusion into the DMF
solution, purple crystals were isolated and identified as a mixtuéeaofd 7 by X-ray
crystal structrures of randomly selected crystals. Anra&s spectrum of one crystal
was consistent witll (ESF, CHsOH): m/z= 695.754. Calc fo77: 695.571. Because the
product was identified as a mixture, no CHN analysis was attempted.

[NMe4][H2L4aCu(OAc)] ([NMe4][8]). To a solution of ligandHsL4a (R = H)

(200 mg, 0.4mmol) in 10 mL ofdry DMA, 0.13 mL (0.6 mmol) of a 28lLM NMesOH
solution in MeOH was added and the solution was left to stir for 10 min. resulting in a
clear yellow solution. To this yellow solution an equivalent of Cu(@AtO (80 mg,

0.4 mmol) was added resulting in a green color change of the solutientection was

left to stir at room temp for 2 hours aftftenfiltered. The solventwasremovedunder

vacuumto afford a green powder. The powder was dissolved in acetone (10 mL), filtered,
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and the solvent removed to affoflMe4][8]. (125 mg, 62%). Cryals of [NMe4][8]
were obtained by slow evaporation ob@&tinto a concentrated solution [iMe4][ 8] in
dry DMA. HR-MS (ES}, CH:OH): m/z= 597.136. Cald. for 8 : 597.071. Repeated
attempts to obtain correct CHN analysis were unsuccessful, which weutattrio
incomplete combustion.

[NMe4][H2L4bCu(Cl)] ([NMes][9]). Compound [NMe4][9] was prepared
analogously tdNMey][8] except CuGlwas used instead of Cu(OAd)20 andHa4L4b
was used instead éfsL4a (140 mg, 66%). Crystals §NMe4][9] were obtainedby slow
evaporation of ED into a concentrated solution pfiMe4][9] in dry MeCN. HRMS
(ESF, CHsOH): m/z= 631.134. Calc fo®: 630.568. Repeated attempts to obtain correct
CHN analysis were unsuccessful, which we attribute to incomplete combustion.

[NMes][(H2L4bCu)2(OH)] ([NMe4][10]). Compound[NMe4][10] was prepared
analogously tdNMey][9] except Cu(Of). was used instead of CuCind an additional
equivalent ofNMe4OH (0.9 mmol) was use@110mg, 43%). Crystals of[NMe4][10]
were obtained by slow eparation of E4O into a concentrated solution [pfMe4][ 10] in
acetonitrile These crystals were identified to [déMes][ 10] by X-ray crystallography.

X-ray Crystallography. All crystals were placed onto the tip of a 0.1 mm
diameter glass capillary and omded on a Bruker APEX Il Platform CCD diffractometer
or a Bruker D8 Photon 100 CMOS diffractometer for data collection. The data collections
were carried out wusing MoKU or CuKU radia
0.71073 A or 1.54184 A) at 173 Kr 123 K respectively. Structure solutions were
performed by direct methods using SHEL-X813 softwarand refined against F2 using
full-matrix-leastsquares using SHELXB7'%and SHELXI-2013 software. All
hydrogen atoms were placed as idealized ande@fin a riding approximation. The

thermal ellipsoids of the hydrogen atoms were bonded to the parent atom as follows:
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Uiso(H) = 1.2W(N/C) for aromatic, amide, andCH>- protons and {d(H) = 1.5UN/C)

for -CHz protons, where bi=1/3(Ur1tU22+Uz3). The s$ructure ford was found to be a
nornrmerohedral twin, in which two twin components are related to each other by a
rotation around the a* direction in reciprocal space. The corresponding twin law was
found to be 1 0 0 O 711 O epbsitddl datalare asTfdllevs: CCDC
1424005 [NMes]2[7]); 1424006 [NMes]2[6]); 1424007 [NMes][1]); 1424008
(INMe4][2]); 1424009 [NMe][3]); 1424010 [NMe4][8]); 1424011 [NMe4][9]).
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Chapter 3
Dicopper Complexes of a NapthaleneBridged Dinucleating Ligand
3.1 Introducti on

Finding new and useful ways to utilize existing energy sources is currently a topic
of intense researcli*'%” One particular facet of this research revolves around the
conversion of natural gas feedstocks to a more readily usable liquid fuel sonetgble
to the existing liquid fuel infrastructure. Liquid methanol production from natural gas,
and more specifically from its primary component methane, is one way researchers have
attempted to address this probleciieme 3.13%1%8111 The challengeof this chemical
process is twofold. First, conversion of methane to methanol requires selective single
oxidation so as to not simply generate carbon dioxide. Second;khbddd strength in
methane are particularly high, with bond dissociation energfes-104 kcal/mol
Although mild success has been had with heavy manalzeolite based catalyst§t’
chemists are strivingo find faster, cheaper, and more efficient ways to perform this
highly desirable chemical process.

HsC=H + 1/20, — CH30OH

—H
A\ 104 kcal/mol

Scheme 3.10xidationschemeof methane to methanol

The identification of a class of metalloenzymes, methane monooxygenases
( MMO6s), whose natur al function is the con
the door to addressing the catalytic problems of these conversions framardanic
standpoint. Methane monooxgenases come in two known forms, an iron containing
soluble methane monoxygenase (sMM&)2° and a copper containing particulate
methane monooxygenase (pMM#)21122 The study of these systems has been

undertakertio elucidate key mechanistic informatiohtwow they perform their chemistry
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and give insights into development of catalyst systems capable of similar
reactivity.16'42'75'123'124

Although the actual nuclearity of the pMMO active site is still hotly debate
the literature, a variety of dicoppexygen cores have often been proposed as the active
species in its mechanism. Specifically, several papers have discussed the possibility of
cu""Cu" or mixed valent CICu" cores with possibleridging oxo otydroxo ligands as
being responsible for the initial activation of the metharé Gond (Figure 3.13%°2The
reactivity of these proposed cores for activation and hydroxylation of theb©nds of
methane has been evaluated by theory, and the prowcatults have made these and
similar cores synthetic targets. This chapter focuses on our synthetic efforts to generate
similar cores as those proposed in pMMO using specific ligands designed to promote the

formation of novel dicopper species.

H H
HN—\ N
"\ ® N\ o )
\Cu """" Cu/N —_— \Cu'”/ \Cu”/ﬁl
yd . —_— N/ N\ / N\
=N N = 0
HN_ z H, HN_ / (H) H>
Cu-Cu: 2.6A

Figure 3.1. Proposed resting state of pMMO going to several reactive cores proposed
previously for the oxidation of methane. Protons in parentheses may or may not be
present.

Binucleating macrocyclic complexes containing pyridine dicarboxamido moieties
have been prgously reported by our group using the ligan2* (Figure 3.2)° The
binucleating capability of. 2% along with the tetraanionic nature of its framework for
stabilization of higkvalent metal centers make them attractive from a ligand design
standpoint. The one and twelectron oxidation of[L2Cu(OH)] yielded putative

Cu'Cu" and Cl'Cu" complexes. Importantly, the observed-Cu distances of the2*
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complexes (~2.7A) are close to the GGu distances predicted in the pMMO active site
(~2.6A). A shortcoming of the dicopper complexed. @f- is the apparent ability to only
accommodate a single bridging ligand. To facilitatél ®ond activation and subsequent
hydroxylation of substrate, we suspect a second oxo or hydroxo ligand for radical

reboundand subsegent hydroxylation is necessary.

@ ]@ ©[N———CU~N:© QN—C:—ND
*Q* *@* A

[L2Cu,(OH)] [L2Cu,(OH))o*

Figure 3.2. Prewously reported tetraanionic ligard2#, its metallatedpy-hydroxo
complex [2Cw(OH)] and its oxidized formsLR Cu(OH)]?*.

We hypothesize that the classical rebound pathway known to oc&aations of
terminal metalbxos such as those found in enzymes like cytochrome P450 can be
extended to dicopper systems. In particular, we suggest that a dicopper(lll) complex with
two proximal terminal hydroxo ligands can effect hydroxylation alkanesalltHAT,
known to occur rapidly with mononucle@u"-OH complexes, would yield organic
radical (RA), which could be trapped by a
3.3.Dueto its inherent geometric limitationk24 is unsuitable for suppting dicopper
cores with two hydroxo or oxo ligands, preventing study of their competency in the
hydroxylation chemistry of organic substrates in these framewdt&sypothesized that
in order to prevent formation of bridging hydroxidemplexegshat wepostulate will be
less reactive, a ligand variant b2 with alinker to allowthe appropriate geometry is

needed.
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Figure 3.3. Proposed €H bond activation and hydroxylation reaction mechanisms for
terminal bishydroxo [CU'2(OH),]** core supportetly a tetraanionic ligands.

R-OH

One such ligandrariation, described herein, is the macrocyclic lightd. This
new macrocycle contaimgaphthyllinkers that bridge the pyridine dicarboxamide pockets
instead of the phenyl linkers employedLig+. Exploiting the tendency of the pyridine
dicarboxamide planes to orient themselves orthogonally to their aromatic groups, we
hypothesize that by employinghaphthyllinker we will open up the labile sites such that
the dimetallic center can accommodate two ligandsis ligand geometry may be
suitable for the generation of the target-lygliroxo [CU2(OH)]?* core to give the
compound [5Cw(OH);]* (16, Figure 3.4. Herein we report the development of a
synthesis ofL5% and explorations of its copper coordinatichemistry. While the
ultimate aim of developing a terminal bis(hydro®a)'> species was not met, novel
structures and reactivity of dicopper compounds were uncovered that will inform further

efforts to target models of pMMO.
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AN
/ /
L5% [L5Cu,(OH),1*
16

Figure 3.4Target macrocya ligand L5% and the proposed dianionic species
[L5CW(OH)]? (16).

3.2 Synthesis and characterization of macrocyclic prayjand HaL5

The synthesis of target macrocyclic proligatd 5 was initially attempted using
similar methods to those previously desedb for synthesis of other pyridine
dicarboxamide compountts”12>126 by employing a condensation reaction of -2,6
pyridinedicarbonyl  dichloride with a corresponding equivalent of - 1,8
diaminonapthalene.To prevent undesired oligomeric products, slow toldiof 1,8
diaminonapthalene to a solution of the 2pfyridinedicarbonyl dichloridend base was
performed. When this initial synthetic route was used a red cloudy mixture was observed.
This reaction mixture was found to contain two products after wotkypNMR
spectroscopy and ESMS. One of these products was found to be the debirie8 but
only as a minor component (<10%), with a major component of a bright red organic
compound (Scheme 3.2H NMR spectroscopy of the isolated red species shows peaks
consistent with the three aromatic pyridine protons as well as three equivalent sets of
naphthylaromatic proton signals (Figure 3.5). No signals consistent with carboxamide
protons were detected, suggesting that this species wadH#d& or any other

carlomxamide containing species.
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Scheme 3.2Syntheticprocedurewith slow addition of 2,yridinedicarbonyl dichloride
added slowly to a THF solution of i¢Baminonapthalene in the presence of excess

N,N-diisopropylethylamine.
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Figure 3.5.'H NMR spectrunof purified H2L6 in DMSO-d6.
Crystallization of the red compound and subsequefayX crystallography

experiments led to the identification of this compound as aip@&imidine pyridine
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compound Ki2L6, Figure 3.6). The crystal structure is in agreemeitih the *H NMR
spectrum shown in Figure 3.5. The structuréldi6 is completely planar suggesting it is
fully conjugated throughout the molecule. The formation of this undesired species under
the reaction conditions, as described above, can be ratieshdiy invoking a double
condensation mechanism of the diamine with thep®r&linedicarbonyl dichloride. In

this proposed mechanism, the desired condensation of an amino arm with the carbonyl
chloride group occurs accompanied by the loss of HCI. After ithitial condensation
occurs, the carboxamide moiety now contains a free amino group which is fiesecto

with the carbonyl moiety and lose an equivalent of water to result in imine formation.
This condensation process is thought to be particularlyrd@® as it forms a stable six
member ring (Scheme 3.3). The proposed reaction route is further supportedM§ ESI
data of an aliquot of the reaction solution before completion (~5 min). ThitESlata

has features which correspond to two intermedipéeiss that have undergone carbonyl
chloride condensation t@ifm the carboxamide arms with one/g = 428.029) and two
(m/z = 446.006) unreacted amine groups, as well as the Holab product atm/z =
410.032 (Figure 3.7). Consistent with the mechaniaoh deature is 18 mass units apart,

the mass of the molecubd water thais lost upon imine formation.
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Figure 3.6. Depiction of X-ray crystal structure oH2L6 with a molecule of water
hydrogen bonding to amide protonsll nonhydrogen atomshown as 50% thermal
ellipsoids and hypothesized hydrogen bonds as dashed lines.
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Scheme 3.3Proposednechanism for formation of perimidine unit to fokaL6.
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Figure 3.7. Negativeion mode ESMS of an aliquot of the reaction mixture of 1,8
diaminonapthalere with 2,6 pyridinedicarbonyl dichloride after 30 min. of reaction
time.

It was discovered that in an alternative synthetic route, if no external base was
added to the reaction mixturdzL6 was formed as the exclusive product of the reaction
(Scheme 3.4)This observation can be rationalized by the fact that imine formation
reactions from amino and carbonyl groups are known to be catalyzed by acid in the
proposed mechanism shown in Scheme 3.3. If no externalidaseled then the initial
condensation toofm the carboxamide will produce an equivalent of HCI. The HCI is
then free to catalyze the next imine condensation reaction. Accumulation of HCI in
solution seems to make the formation L6 much more favorable, perhaps never
allowing H4L5 to form underthese acidic reaction conditions. This proposed synthetic

route may explain the absencerbilL5 asa product.
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O z

NH, NH, N\\((Nj\(l/N
siow addition, 12h ': :’ +2HC| NH NH ‘
~ Q0 <
2Hl HoL6

proposed intermediate 2 HZO
Scheme 3.4.Synthetic procedure with slow addition of 2,6 pyridinedicarbonyl dichloride
added slowly to a THBolution of 1,8diaminonapthalene with no external base added.
Proposed hemicyclic intermediate shown in brackets.

Under the presumption that the carboxamide formation occurs before an imine
formation step, the above synthetic procedure was modified with the intention of favoring
the production of the target macrocyclesL5. To limit formation of the proposed
hemicyclic intermediates that can undergo intramolecular reactions toHel, 1,8
diaminaaphthalenewas added to a concentrated solution of-@j6dinedicarbonyl
dichloridewith excess base. The change indhger of addition of reagents was meant to
take advantage of the supposed difference of rates between the two condensation steps
that ultimately formH2L6. Prevention of the hemicyclic intermediate from Scheme 3.4
would be achieved by allowing the amino groups of thedig@ninmaphthalené¢o react
with the 2,6pyridinedicarbonyl dichloride first and prevent unreacted amino groups to
undergo imine formatianThis new synthetic method, outlined in Scheme 3.5, can be
envisbned to proceed through an alternate hemicyclic intermediate which then can close
upon condensationf a second 2;pyridinedicarbonyl dichloride group to giudsL5.

We were gratified to find that when these new reaction conditions areHidesi forms
with only small amounts dfizL6 observed before purification. Upaecrystallization

H4L5 was obtained in 22% yield as a white crystalline solid.
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NH, NH, — | SN I NH, NH,
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o. N/ 0 slow addition, 12h slow addition
xs N(Et),iPr O NH Cl
Cl Cl THF N
O N (¢}
L | P ] 4 [HN(Et),iPr][CI]
proposed intermediate 0 40 g, 21 6%
+ H4L5

2 [HN(Et),iPr][Cl]
Scheme 3.5Synthetic procedure with slow addition of dBminmaphthaleneadded
slowly to a THF solutiorof 2,6 pyridinedicarbonyl dichloride in the presence of excess
N,N-diisopropylethylamine. Proposed hemicyclic intermediate shown in brackets.

The producHsL5 was identified by'H NMR spectroscopy (Figure 3.8) and HR
ESHMS (Figure 3.9). ThéH NMR spectum shows four equivalent protons at 11.27 ppm
consistent with the presence of the diagnostic carboxamide protons, as well as aromatic
protons consistent with the pyridyl and naphthyl groups. Mass spectrometry also has two
features that correspond to a s$endeprotonated ligandHBL5], m/z= 577.129) and a
second peak correspondingHaL5 with a single chloride anionr(/z= 613.102). Single
crystals ofH4L5 were grown by vapor diffusion of diethyl ether into DMA solutions. X
ray crystallography experimen provided the thredimensional structure ofH4L5
(Figure 3.10), confirming the formulation of the desired macrocyclic compound.
Interestingly, the topology dfi4L5 as seemy the crystal structure is unique in that both
pyridyl planes run parallel to enanother with theaphthyl bridges running roughly
perpendicular to the pyridyl planes. The observed geometry contrasts with that of the
previously synthesized compoumtiL2 which contains phenyl bridging groups but is
only modestly bent by comparison. 8BoH4L5 and H4L2 contain hydrogen bonding
interactions from their carboxamide protons to a molecule of DMA. This type of
interaction is typical as carboxamide macrocycles are known to be good receptors for

anions and polar organié¥’ as noted in Chapte.
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Figure 3.8.'H NMR spectrum of purifiedH2L5 in DMSO-d6.
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Figure 3.9.Negativemode HRESFMS of H4L5 runin MeOH



©) C)
Figure 3.10. Fronton view of Xray crystal structure oH4L5 with DMF molecule
hydrogen bonding to carboxamide protons (a),-swleiew H4L5 with DMF molecule
omitted for clarity (b), Frorbn view of X-ray crystal structure oHsL2 with DMF
molecule hydrogen bonding to carboxamide protons (c), andosideéew HalL 2 with
DMF molecule omitted for clarity (d)All nonhydrogen atomshovn as 50% thermal
ellipsoids and hypothesized hydrogen bonds as dashed lines.

A final modification for the optimization of the synthetic procedure was
performed to increase scale and yield as well as decrease the overall reaction time for the
synthesis oH4L5. It was discovered that by cooling the concentrated THF solution of
the 2,6pyridinedicarbonyl dichloride andN,N-diisopropylethylamineto ~0° C and
adding a THF solution of 1;8iaminmaphthaleneover the course of approx. 1 min,

H4L5 will subsequetty precipitate out of the concentrated THF solution and is easily
collected by filtration to give the product in 71% yield on a ~ 4 g scale (Scheme 3.6).

This method, which is precedented in macrocycle syntié5esn be run on scales
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roughly four timegyreater than that of the slow addition procedures described previously,
and does not seem tocrease production of larger macrocycles or oligomeric species.
The absence of oligomeric species is not fully understood but suggestiibais the

most themodynamically favorable species to form in a concentrated reauntidare.

NH, NH»
(0) | yz (0]
N N
(o) | N/ (o) fast addition, 1 min. O NH HN O
Cl Cl xs N(Et),iPr O %il O

0°C, THF N

4.0 g, 71%
H,L5

Scheme 3.6Synthetic procedure ¢14L5 using fast addition method.

3.3  Synthesis and baracterization of copper complexes.

Initial attempts to metallate the macrocydiel5 to geneate dicopperL5%
complexes involved use of procedures similar to those previously reported for generating
dicopper complexes df22.” In an effort to prepare the target compoundHyidroxo
complex 16, the ligand was deprotonated with excess equivalemtf
tetramethylammonium hydroxide and Cu(QTf¥yas added (Scheme 3.7). When this
reaction was performed M,N-dimethyl acetamide (DMA) as a solvent medium, a green
product powder was isolated. Isolation of pure bulk product was not able to be obtained
but single crystals were able to be grown from diethyl ether diffusion into a solution of
DMA. An initial crystal structure of the metallated product was obtained but only
isotropic refinement was possible due to the poor quality of theyXata (R1 = 10.00
Atom connectivity information of the product was still obtainable, however, allowing

identification of the green product d5[Cw(OAcC)] (11, Figure 3.11). Th&-ray crystal
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structure definitively shows both pyridine dicarboxamido pockets occupieddped(ll)

centers with a bridging acetato ligand spanning the two metafs.has never been
shown to be proficient at generating dicopper cores in such a geometry, suggesting the
desired topological differences of the macrocycké may be responsibleof making a

K(1,3) coordination mode accessibléhe two copper centers are in close proximity with

a CulCu2 distance of ~2.7 A (approximate distance from low qualitaydata) and
square planar geometries with respect to the NNN plane and the aggatb (ITable

3.1). The primary coordination sphere of the dicopper core is notably similar to that of
the crystal structure of Cu(OACR - (Cu-Cu: 2.6143(17) A) which is known to

di merize as awhéeeloppeomp@ilpax divet hordinaied r bri
acetate ligand¥® The presence of an acetate in the compound led us to speculate that
hydrolysis of an irsitu generated hydrolytiantermediate (possiblyl6) may be

performing hydrolysis of DMA solvent to afford the acetato complex

tN—cu—d t 3 n—é—ﬂ

X= COs (14) H""s Sol.= DMA, X = OAc™ (11)
Sol. = CH3CN, X = CH;CONH" (12)
Sol. = CH3CH,CN, X = CH3CH,CONH" (13)

Schene 3.7.Synthetic procedure for generation of 1-13 with 6 equiv. of NMeOH
and 2.5 equiv. of Cu(OTJfand (ii) 14 with 6 equiv. of NMeOH and 2.5 equiv. Cu(OT)
in a 1:3 water/pyridine solvent mixture and subsequently exposed to ambigg).CO
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Figure 3.11. Representations of the anionic portion of theraX structure of
[NMe4][L5Cw(OAC)] ([NMeg][11]) from fronton view (left) and the siden dicopper
core withnaphthyllinkers omitted for clarity (right). All atoms displayed isotropically.

Table 3.1.Selectednteratomic dstances (A) and Angles (deg) idtMes][ L5Cux(OAC)]
(INMe4][11]).

[NMe4][L5Cu(OAC)] (NMe4][11])

Culi N1 2.01(21) N27 Culi O1  176.7(8)
Culi N2 1.90(17) N2i Culi N1  80.0(16)
Culi N3  2.02(20) O1i Culi N1  100.1(13)
Culi O1 1.90(17) N27i Culi N3  80.7(16)
Culi Cu2 2.694(48) O1i Culi N3  99.3(12)
Cu2i N4  2.024(20) N1i Culi N3  160.5(14)
Cu2i N5  1.849(22) N5i Cu2i O1  177.5(9)
Cu2i N6  2.030(22) N5i Cu2i N4 82.7(16)
Cu2i O1 1.876(19) 027 Cu2i N4  98.4(14)

N5i Cu2i N6  81.7(16)
027 Cu2i N6 97.2(13)
N4i Cu2i N6  164.3(16)
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To further investigate the metallation chemistry of the new ligas#i, other
solvents were used in attempts to isolate the desiredhydi®xo complex
[L5C(OH),]% (16). When acetonitrile is used as a solvent the resulting product was
found to be yet another hydrolytic decomposition spedi&sC{p(CHsCONH)] (12).

Again, bulk pure product was not able to be obtained and as such only crude product
could be obtained as a gre powder. From the crude product severakra}
crystallography quality crystals of this compound were grown by adding potassium
triflate to give the potassium salt b2 (Figure 3.12. The anionic compounti2 contains

a similar geometry to that observad 11 but with an acetamido ligand spanning the
dicopper core in the same p(1,3) fashion. The-Cu?2 distance is 2.780(11) ATable

3.2). Again in this structure, both coppers were found to exhibit pseudo square planar
geometriesvith both labile sites aardinated to the oxygen and nitrogen of the acetamido

ligand.

Figure 3.12 Representations of the anionic portion of theraX structure of
[K][L5Cuw(CHCONH)] ([K][12]) from fronton view (left) and the siden dicopper
core withnaphthyllinkers omittel for clarity (right). All nonhydrogen atoms shown as
50% thermal ellipsoids.
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Table 3.2. Selected interatomic distances (A) and Angles (deg) for
[K][ L5Cw(CH:CONH)] (K][ 12).

[K][ L5Cw(CHsCONH)] ([K][12])

Culi N1  2.003(5) N27 Culi N7  175.53(21)
Culi N2 1.925(5) N2i Culi N1  80.17(21)
Culi N3  2.041(5) N7i Culi N1 102.42(20)
Culi N7  1.914(5) N27 Culi N3  80.62(20)
Culi Cu2 2.780(1) N7i Culi N3  96.99(20)
Cu2i N4  1.994(5) N1i Culi N3  160.43(20)
Cu2i N5  1.927(5) N5i Cu2i O1  178.75(2)
Cu2i N6  1.999(5) N5i Cu2i N4 79.86(21)
Cu2i 01 1.922(5) O1i Cu2i N4  99.83(20)

N5i Cu2i N6  80.55(20)
O1i Cu2i N6  99.76(19)
N4i Cu2i N6  160.41(20)

To confirm whether analogous species with other nitriles form under the same
condiions that producel2, the metallation reaction df5% was run in propionitrile
solvent. Upon crystallization of the product and subsequealy)analysis, the product of
this reaction was found to b&qCu(CH3CH.CONH)J (13) with similar geometric
charateristics to those observed il and 12, againwith a short CeCu distance of
2.811(17) A (Table 3.3, Figure 3.)3 We took the presence of propionamide as
confirmation that hydrolysis of nitriles is a general pathway that may involve an

intermediaténydrolytic species such ds.
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Figure 3.13 Representations of the anionic portion of theraX structure of
[NMe4][L5Cu(CHsCH.CONH)] ([NMe4][ 13]) from fronton view (left) and the siden
dicopper core witmaphthyllinkers omitted for clarity (right)All nonhydrogen atoms
shownas 50% thermal ellipsoids

Table 3.3. Selected interatomic distances (A) and Angles (deg) for
[NMe4][L5C(CH3CH.CONH)] ([NMe4][13]).

[NMe4][L5Cp(CH3CHCONH)] (INMe][13))

Culi N1  1.993(7) N27i Culi N7 173.01(26)
Culi N2  1.937(6) N2i Culi N1  78.94(25)
Culi N3  2.007(6) N77 Culi N1 100.76(27)
Culi N7  1.926(6) N27 Culi N3 80.26(25)
Culi Cu2 2.812(1) N771T Culi N3 99.01(27)
Cu2i N4 2.022(6) N1i Culi N3 158.00(25)
Cu2i N5 1.918(6) N571 Cu2i O1 171.97(23)
Cu2i N6  2.020(6) N57 Cu2i N4 80.16(24)
Cu2i O1 1.906(5) O1li Cu2i N4 98.71(23)

N5i Cu2i N6  81.03(24)
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O1li Cu2i N6  99.98(23)
N4i Cu2i N6  161.18(24)

In order to avoid undesirable solvent hydrolysis and taigefor synthesis,
metallationattempts were then employed using water/pyridine mixtures as the solvent
medium. These metallation conditions resulted in dark green solytlmrtsattempts to
crystallizeand purify the productinder inert atmosphere proved to be difficult. When
these raction solutions were exposed to ambient atmosphere, however, we were able to
obtain several Xay quality crystals from organic solvents.-ray crystallography
revealed the formation of a dianionic complds Cw(COs)]% (14, Figure 3.13. This
new dianimic species exhibits the p(1,3) bridge motif observed in complekds but
with a carbonato ligand acting as the bridging group. A-Cu2 distance of 2.717(7) A
is observed and the same pseudo square planar geometry about the copper centers is
conservedTable 3.4). Charge balaneed bond lengths are consistent with the carbonato
unit being fully deprotonated making the compléx} dianionic, as opposed to the
monoanionic complexe$1-13. Much like the reactions discussed in section 2.3.2, it is
believed that a metahydroxo intermediate (possiblyt6) may be reacting in a

nucleophilic manner with ambient G@) to produce the carbonato ligand.
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Figure 3.14 Representations of the dianionic portion of theray structure of
[NMe4]2[L5Cw(COs)] ([NMea]2[14]) from fronton view (left) and the siden dicopper
core withnaphthyllinkers omitted for clarity (right)All nonhydrogen atomshownas
50% thermal ellipsoids

Table 3.4. Selected interatomic dstances (A) and Angles (deg) for
[NMey]2[ L5 Cux(COz)] ([NMe4]2[14]).

[NMe4]Z[L5CW(COs)] (NMe4]2[14])

Culi N1 1.983(2) N27 Culi O1  175.47(7)
Culi N2 1.915(2) N2i Culi NI  80.53(7)
Culi N3  2.004(2) O1i Culi N1  99.11(7)
Culi O1 1.900(2) N27i Culi N3  80.72(7)
Culi Cu2 2.7172(7) O1i Culi N3  99.66(7)
Cu2i N4 1.983(2) N1i Culi N3  161.23(8)
Cu2i N5  1.915(2) N5i Cu2i 02  175.47(7)
Cu2i N6  2.004(2) N5i Cu2i N4 80.53(7)
Cu2i 02  1.900(2) 027 Cu2i N4  99.11(7)

N5i Cu2i N6  80.72(7)
027 Cu2i N6 99.66(7)
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N4i Cu2i N6  161.23(8)

Ancther solvent change to methanol (MeOH) in these reactions yielded yet
another new dicopper species but with a coordination mode that is different from those
observed in complexekl-14 (Scheme 3.8). The bulk product could only be obtained as a
crude producin the form of a green powder but single crystals for crystallography were
able to be grown by diethyl ether diffusion into MeOH solutions of the product. The
crystal structure was identified ds5Cuw(OMe)JA2 ( Me OH) , a di copper
methoxomonoatomic bridge with two flanking neutral methanol molecules coordinated
near the axial positions of thevo copper centers (Figure 3)15his dicopper(ll) H
methoxo moiety has previously been observed crytallographically supported by the
ligand L2%, dso shown in Figure 3.13. Thimnionic complex, [2Cw(OMe)]A Me QO H
contains only a single neutral methanol molecule as opposed to the two methanol

molecules observed itb.

OY@YO m—l_
6 eq. NMe,OH
NH HN 25eq.CuOT),  Cu Cu
™ HO N OH
NH HN MeOH ] @) ]
N Me Me Me

O | O 15 « 2(MeOH)
=

H,L5 m = L5%

Scheme 3.8Syntheticprocedure for generation of compound Cu(OMe)JA 2 ( Me OH)
(15A2 ( Me OH) )
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(c) (d)
Figure 3.15 Representations of the anionic portion of theraX structure of
[NMe4][L5Cw( OMe ) ] A ([RNeM@5DA) 2 ( Me OH) )-on fiewoapantl r o n t
the sideon dicopper core withaphthyllinkers omitted for clarity (b)the anionigortion
of the Xray structure of [NMg[L2Cw( OMe ) ] £c), and thedsiden dicopper
core with phenyl linkers omitted for clarity (d\I nonhydrogen atomshownas 50%
thermal ellipsoids

Tabl e S3e.l5e.citretder at omi c di straqilceessg)(djor an
[ NMe[ &£ u OMA& Me OH) ¢ Il B\\ade OH) ) and
[ NMe] Z u( OMd)e]OH.

[NMeJ[L5Cw( OMe ) ] A 2 ( MBEH)2 ((Me O )

Culi N1 2.024(6) N27 Culi O1 148.04(23)
Culi N2 1.938(6) N27 Culi N1 79.75(25)
Culi N3  2.024(6) O1i Culi N1 100.39(22)
Culi O1  1.952(5) N27i Culi N3 79.51(27)
Culi 02  2.228(6) O1i Culi N3 95.67(24)
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Culi Cu2  2.729(1) N1i Culi N3 159.05(26)

Cu2i N4  2.023(6) N5i Cu2i O1 148.09(24)
Cu2i N5  1.932(6) N5i Cu2i N4 79.80(27)
Cu2i N6  2.024(6) O1li Cw2i N4 95.58(24)
Cu2i O1  1.949(5) N5i Cu2i N6 79.90(26)
Culi 03  2.226(6) O1i Cu2i N6 100.06(22)
N4i Cu2i N6 159.48(26)

Culi Oli Cu2  88.79(20)

[NMeg[L2Cw( OMe) ] A Me OH

Culi NI  2.020(4) N2i Culi O1 169.14(15)
Culi N2 1.913(4) N2i Culi N1 80.34(16)
Culi N3  2.020(4) O1i Culi N1 96.01(14)
Culi 01  1.921(3) N2i Culi N3 80.04(16)
Culi 02  2.337(3) O1i Culi N3 100.26(14)
Culi Cu2 2.740(1) N1i Culi N3 154.50(15)
Cu2i N4  1.994(4) N5i Cu2i O1 176.62(15)
Cu2i N5  1.907(4) N5i Cu2i N4 80.59(16)
Cu2i N6 1.979(4) O1i Cu2i N4 102.75(14)
Cu2i 01  1.898(3) N5i Cu2i N6 81.27(16)
O1i Cu2i N6 95.35(14)
N4i Cu2i N6 160.16(15)

Culi O1i Cu2  91.71(13)

The geometric parameters about the copper centdisand[L2Cu(OMe)] are
similar with CutCu2 distances o2.729(1)and 2.740(5) A respectively (Table 3.5).
Additionally, the Cu101-Cu2 bond angles were found to be similar at 88.89(20)15or
and 91.71(13)° forJ2Cw(OMe)]. The largest difference can be seée the N2Cul-O1
and N5Cu201 bond angles that are ~20° less 1& than L2Cw(OMe)l. This
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difference is easily observed when looking at the-sile@iews of the dicopper cores in

Figure 3.13 where the methoxo ligandlfis bent out of the NNN planehereas the
methoxide in [2Cw(OMe)[issi gni fi cantl y mealues ofdhe Culanar .
centers forl5 and L2Cw(OMe)Jar e 0. 38 and 0. 26GvyaluecE@pect i
corresponding to perfect square planar geometry and a value of 1 being a perfect
tetrahedral geometry. Thug,5 falls further from square planar on the geometric
spectrum.

The bulk purification of complexes dfl-15 was not obtained despite multiple
efforts to obtain clean EPR, elemental analysis, andElSRVS data. We tentatively
attribute this to monocopper impues in the bulk sample whereby only a single
coordination site is occupied by copper. Monocopper species have been evidenced by
preliminary Xray crystallographic determination of a monocopg@brido complex
([H2L5Cu(CIJA ED) shownin Figure 3.16 This structure is subject to crystal twinning
as well as several symmetrical and positiahabrder issues of solvents and cations and
as such we have not reported the bond metrics as we feel they are not appropriate to
report at this time. This species waggared from identical methods as reported above
but with CuC} as the copper source in lieu of Cu(QIfln the crystal structure we
observe a single pyridine dicarboxiamido pocket occupied by a copper while the second
pocket remains protonated and is &gped in hydrogen bonding interactions with the
chlorido anion (similar to compleX). The presence of monocopper contaminants in the
other complexes is proposed based on the existence df4big monocopper complex
although further evidence is needed donfirm this proposal. Due to the lack of
confidence in bulk purityonly crude yields and scale of product is reported in the

experimental section of this chapter (Section 3.6.).
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Figure 3.16 Representations of the anionigortion of the Xray structure of
[NMe4][H2L5C u ( C IH)OJfromAfronton view (a) and the siden dicopper core with
naphthyllinkers omitted for clarity (b). Hydrogen bond interactions displayed as dashed
lines.All nonhydrogen atomshownas 50% thermal ellipsoids

34  Conclusions

The trget macrocyclic proligandHsL5 was generated and found to exhibit
interesting topological characteristics which allow for unique metal coordination
chemistry that is different from that of its analogdu&" counterpart. The synthesis of
Hal5isreported or t he first time in this work ut.i
methods allowing for synthetically simplistic generation of the product. Additionally, the
exploration of a synthetic route td4L5 also allowed for the discovery of the novel
compundH2L6 along with a synthetic route to generatel 6 cleanly.H2L6 may also
prove useful as a ligand as its structure suggests it may be capable of NNN coordination
of metals as the proligand2L6 or in its singly HL6") or doubly deprotonated %)
states.

The compound.5% was found to be proficient at stabilizing dicopper cores and
attempts to generate complés led to the formation of productsl-15. Evidence for

support of monocopper corby this frameworkvas noted byhis the observation of the
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structure of the monocoppehlorido complex H2L5Cu(CJA KD. The observed
dicopper compoundsl1-14 are supposed products dfydrolytic and nucleophilic
reactions which have been identified by structural determination throughy X
crystallography anasis with both p(1,1) and p(1,3) coordination modes observed. The
unigue ligand geometry has been shown to enforce she@uCdistance and allows for
cis-labile coordination sites in close proximity. The observed dicopper cofdslid are
found to be gewmetrically reminiscent of known carboxylate bridged paddhieel

complexeg?®133

3.4.1 Insights ino formation of dicoppehydroxo species

The dructural determination of 15 suggests that despite the topological
differences betweeh24 and L5% the similarl short CuCu distances of their dicopper
complexes allow for monoatomic bridging modes between the metal centers in both
ligand frameworks. The analogo(js-hydroxgCu', core is quite possibly an accessible
core for theL54 framework to give the complgx5Cu(OH)] (17). With these structural
insights in mind, thepossibility of formation of 17 does not necessarily preclude the
formation of target compourtb. Examples of dicopper complexes with multiple binding
modes and protonation states hatewn hat interconversion between different cores is
possible by variation of theH of the solution (Figure 3.).73*

F F F

/@\ o /@\ N /@\ N

_OH NN,
py......r,,,>Cu/ N\, / \\\\\\\\\\\ — py,.. ........ }/ N, / \\\\\\\\\\\ — pyu.. ....... >/ \C/ -------- Py

OH2 OHz

Cu-Cu : 4.084(1) A Cu-Cu : 2.969(1) A
Figure 3.17.Interconversion of different cores in previously described dicopper complex
as a function of pHrigure adapted fromef. 134.
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The ability of L5% dicopper complexes to adopt different coordination modes
suggest it is entirely possible that the catésand17 lie on a pHdependent continuum
and may be interconvertible along with other possibEdu(H302)]" (18) or bisaqua
[L5C(OH2)7]° (19) moieties (Figure 3.)8 We speculate that in organgplvens,
synthetic strategies may be developed to preferentially form one species over another as a
function of the concentration of base. Additionally, if isolated, any species may lie able
interconvert to any other proposed species through the addition or loss of a proton
allowing a synthetic foothold to generate this family of complexes. It is worth noting
literature reports for conversion fromuahydroxo mode to a bisydroxg or bis@qug
moiety have beershown to be accompanied by significant meta¢tal distance
elongation (~0.5 1.0 A) in bimetallic compounds. The inflexibility df5* in tandem
with the short CtCu distance of its observed dicopper complexes- (2.8 A) may
suggest a favored formation df7 over the bidiydroxg compoundl6 but currentlyno
experimentalevidence forpreferential formation of a particular compouhds been

found.
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Figure 3.18 Potential pH dependent dicopper moietiethmL5% framework.

3.4.2 Insights into products of nucleophilic reactivity114)

The observed compoundkl-14 all are proposed to be products of nucleophilic
attack by an irsitu generated copper intermediate during their respective metallation
reactions. The conversion of nitrile® tamides, amides to acetates, and. GO
carbonates, is consistent with previous reports of dinuclear systems that have been shown
to be hydrolytically competent®>*® The nucleophilic reactivity of many of these
dinuclear complexes is largely attributieda coordinatiofinsertion mechanism, whereby
the substrate coordinates to a metal site, thereby activating the substrate by increasing the
electrophilicity at the point of insertion*®4'Oncethe substrate is bound, a hydroxide
on the neighboringite can reacwith the activated molecule to give the final hydrolytic
product. Binuclear compounds have been found to be particularly effective at this type of
reactivity due to their ability to allow a metal site for coordination and a second site set to

perform insertion.
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Several proposals for a mechanism of reaction obtineeactive dicopper species
with substrate can be suggested, however, a coordiAagertion mechanism routey
complex17or 18 seems to be the most attractive due to theiagisterature precedence
in binuclear bemistry.Analogous routes can be proposed for either terminal or bridging
hydroxo species, whereby substrate coordinates to one copper center (most likely
displacing a molecule of solvent) and the toya ligand inerts (Figure 3.10 It should
be noted hydrolytic chemistry such as this is traditionally considered more facile with
terminal metahydroxo cores as opposed to bridging hydroxo cbiiss is due to the
reduced nucleophilicitgpf a hydroxo ligand when oodinated to twdewis acidic metals
instead of oneThe proficiency of terminal hydroxo compounds to perform nucleophilic

reactions may argue for the existence of compdigahd18.

Cu Cu RCN Cu Cu - Cl|l (|:u
! N L L e
H/ \H"'_ \H H,0 é// w\/ H Y
18 /
R R

/\_\ RCN /\_\ - cmu_‘
S("'/cu\o/ﬁugl' * N/Cu O/cu\sm. ; H/J‘YJ)

Sol. ///k/ Sol.

Cc
17 /
R

bridging hydroxo

Figure 3.19 Proposed hydrolytically competent dicopper cores and tpeiential
coordinationinsertion mechanisms in the presence of nitrile substrate.

Isolation of the products of nucleophilic reactibh14 are suggestive thas* is
capable of supporting a reactive dicopper species that is proficient at nucleophilic

reactions with amides, nitriles, and carbon dioxide under mild conditions. We attribute
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this degree of reactivity to the higthegree ofelectron donation of the tetraanionic
framework ofL5%.The identity of this reactive intermediate is unknown but compounds
1619 all have been proposed as possible intermediates. The isolation and
characterization of these proposed intermediates as well as their ability to produce

oxidized cores for €4 bond hydroxylations an ongoing component of this project.

3.5 Experimental section
3.5.1 Materials and methods.

All reactions and manipulations veeperformed under an inert gasnosphere
using Schlenk techniques or a Glove box unless otherwise noted. HPLC gradevd¢ate
distilled and degassed by thrireezé pumg thaw cycles. The sdvents tetrahydrofuran
(THF), diethyl ether (ED), pentanewere passed through solvent purification columns
(Glass Contour, Laguna, CA). Pyridinveas purified by distillation prior to use. All
chemicals were purchased from Aldrich and used without patific unless stated

otherwise.

3.5.2 Preparation of compounds

H4L5. To a flask of 50 mL dry THF, 2,6 pyridine dicarbonyl dichloridd.0 g,
0.02 mol)was added along witBO mL (0.12 molpf N,N-diisopropylethylamineThis
mixture was allowed to stir until albagents were dissolved and then the solution was
cooled to 0°C using an ice bath. In a separate fla€®s8 g (0.02 mol)of 1,8
diaminahaphthalenavas dissolved in 10 mL of dry THRJsing a 20 mL syringe he
solution of 1,8diaminmaphthalenavas then dded to the flask containing,6 pyridine
dicarbonyl dichloride and\,N-diisopropylethylamine ove60 seconds. A resulting
cloudy offwhite mixture was formed and allowed to stir at 0°C for 2 hours. The reaction
solution was then vacuuffiitered using drit funnel to give an offwhite solid. The solid

was then washed wi##0 mL boiling methanol (3x) and subsequently washed 26timL
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of diethyl ether.This solid was then allowed to dry over 8 hours under vacuum. The
resulting powder was found to b&L5 (4.0g, 71%). *H-NMR (DMSO-d6, 300 MHz){
(ppm):11.25 (s, 4H, NHCO), 7.99 (m, 4H, CHPy), 7.89 (m, 6H, CH), 7.60 (m, 8H).C
HR-MS (ESI, MeOH)m/z [HsL5] Calcd. for[CzsH21NeO4]” 577.162; found 577.129;
m/z [H4L5 + CI]" Calcd. for[CzaH22CINsO4]~ 613.139; found 613.102.

H4L6. To a flask of 200 mL dry THF, 1.0 g (0.006 mol) of 1,8
diaminaaphthalenevas added and allowed to dissolve to give a deep red solutian.
separate flask?,6 pyridine dicarbonyl dichloride (1.30 g, 0,006 mebs dissolved in 25
mL of dry THF. Using a 50 mL syrge, the solution d2,6 pyridinedicarbonyl dichloride
was added via syringe pump at a rate of ~ 1 drop/sac8keurs. A resulting clear de
solution was observed and all solvent removed under vacuum to give a resulting red
powder. This powder was waghevith 20 mL of pentane and allowed to dry under
vacuum. A deep red powder resulted that was found tésb6 (1.71g, 70%)H-NMR
(DMSO-d6, 300 MHz)i (ppm): 8.58 (d, 2H, CHPy), 8.
CH), 7.18 (d, 4H, CH), 6.91 (d, 4H, CH).

[NM &][L5Cu 2(OACc)] ([NMe4][11]). To a 50 mL shlerk flask, 200 mg (0.35
mmol) HsL5 and 310 mg (0.86 mmol) of Cu(O%fivas added. To the flask, 20 mL of
dry DMA was added and the resulting mixture allowed to stir for 10 minutes, resulting in
a suspension. Tthe suspension, 1.0 mL of2al8 M solution of NMeOH in MeOH
was added resulting a color change to a deep green. The solution was allowed to stir for
one hour and the solution concentrated to ~ 5 milliliters. Diethyl ether (20 mL) was added
to the DMA sdution resulting in the precipitation of green powder that was subsequently
filtered by vacuum filtration and a frit funnel. The green solid was washed with diethyl
ether (20 mL. 2x) and allowed to dry on the filter. The resulting solid was taken up again

in minimal DMA (~5 mL) and recrystallized by vapor diffusion of diethyl ether into the
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DMA solution over the course of 48 hours. Green crystals were obtained and identified
by X-ray crystallography to be [NME11] (115mg, 40%)Repeated attempts to obtain
correct CHN analysis were unsuccessful, which we attribute to incomplete combustion.

[NMe4][L5Cu(CH 3CONH)] ([NMe 4][12]). CompoundNMe4][12] was prepared
analogously tdNMey][11] except CHCN was used as the solvent medium instead of
DMA to afford a grea powder (96 mg, 33%). Crystals could only be obtained by
addition of potassium triflate to the DMA solution to produce green crystdls][af2].
Repeated attempts to obtain correct CHN analysis were unsuccessful, which we attribute
to incomplete combusin.

[NMe4][L5Cu(CH 3CH2CONH)] ([NMe4][13]). Compound [NMe4][13] was
prepared analogously {t\Me4][11] except CHCH2CN (propionitrile) was used as the
solvent medium instead of DMA to afford a green powder (124 mg, 42%). Single crystals
were obtained by s evaporation of EO in concentrated DMA solutions of
[NMe4][11]. Repeated attempts to obtain correct CHN analysis were unsuccessful, which
we attribute to incomplete combustion.

[NMe4]2[L5Cu(CO3)] ([NMea4]2[14]). Compound [NMe4][14] was prepared
analogouly to [NMey4][11] except a 3:1 mixture of pyridine/water was used as the
solvent medium instead of DMA. The resulting mixture was then allowed to crystallize
open to air to afford green crystals[dfMe4][14] (165 mg, 52%). Repeated attempts to
obtain corret CHN analysis were unsuccessful, which we attribute to incomplete
combustion.

[NMe4][L5Cu(OMe)] ([NMe 4][15]). Compound [NMey4][15] was prepared
analogously tdNMey][11] except MeOH was used as the solvent medium instead of
DMA to afford a green powder §7/mg, 25%). Single crystals were obtained by slow

evaporation of ED in concentrated MeOH solutions [(i¥Me4][ 15]. Repeated attempts
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to obtain correct CHN analysis were unsuccessful, which we attribute to incomplete
combustion.

[NMe4][L2Cu(OMe)]. Compound [NMey][L2Cu(OMe)] was prepared
analogously tdNMe4][15] exceptHsL2 was used insteadsL5. (114 mg, 38%). Single
crystals were obtained by slow evaporation efCEin concentrated MeOH solutions of
[NMey4][L2Cu(OMe)}

[NMeg4][H2L5Cu(Cl)]. Compound [NMeg[H2L5Cu(Cl)] was prepared
analogously tdNMey][11] except CuGlwas used instead of Cu(O7tp afford a green
powder (76 mg, 25%). Single crystals were obtained by slow evaporation@firct
concentrated DMF solutions dNMey4[H2L5Cu(Cl)]. Repeated attepts to obtain
correct CHN analysis were unsuccessful, which we attribute to incomplete combustion.

X-ray Crystallography. All crystals were placed onto the tip of a 0.1 mm
diameter glass capillary or mitogen polymer tip and mounted on a Bruker APEX Il
Platorm CCD diffractometer or a Bruker D8 Photon 100 CMOS diffractometer for data
collection. The data collections were carrtr
graphite monochromator (& = 0.71073 j or 1
Structue solutions were performed by direct methods using SHERXIS3 softwareand
refined against F2 using futhatrix-leastsquares using SHELXR7 and SHELXL-2013

software.
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Chapter 4

Formally Cu'"'-alkylperoxo complexes as models of intermediates in
monoxygenase enanes?

aThe results presented in this chaptere previously published:in

@Benjamin D. Neisen, Nicole L. Gagnon, Debanjan Dhar, Andrew D. Spaeth, and
William B. Tolman* Formally Copper(lIBalkylperoxo complexes as models of possible

intermediates in wWnooxygenase enzymek Am. Chem. So2017. ASAP

4.1  Introduction

Understanding the mechani sm(s) of mo n @
monocopper si‘ed obhhefzygmemliymgertant rese:
wor k. A gener al iszcende mme cthhaanti sthiighl i ght s s e
processes under active discussion for many
first step in monooxydeomans esd ¢ ihy iOrkdegtai dn 1
adduct typical Cy'sdmpe mdr*ddbeud**anshi @h i n s ome
compounds Ltlgar baveel¢hiasacheer medi at-e may
coupled el ectr a7 @yiamsdtetradP GEtlb onrds uddrs tdrealti
of a protom amd aano tehleac iraPHY pegi es d( @l § Cu
as [ Cu®) OOHyhli ch may al so attacAKlI tseurbnsattriavteel
protonat i'dnupoefr otxned eCu o 2¥ipeelcd es [('¢lOOMAH) ]y
species thatthseuthehr atte abks been suggested
pepti dylhgldyoixryd at i ng( fMmdMB ok Cu e’08@BIEti es al s
is implicated in a proposed mechanism for
a put at{iloHygp€ai esO,wdbttyi Bl d a hydropleroxyl

presumably involves i A%4’i al formation of |
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Cu' H,0, e cu'
u
-H,0
loz - HoO:-
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cu'-05" H/'
Tl T

Cu”'-022‘ OH
cu'-0”
Figuré&edernal i zed mec hoaarcitgtviad i ah déorge nfomro cO p
f or mal oxidation states indicated.

The chataomeraind study of the reactivity
t hese and -ocoxtyhgeern cionptpeerrmedi ates i s an | mpor
their viability "Ehi%xaanaplyas c ofsaydd Beatis€u/ O
[ Cu( OH) }*°8%hd [ CU(RBOR)Jal kyfhawe mpedenxeshar ac
but to our knowledge there &QCGRuni>famport s
exi stence of 2wtohud d [ Bula(v@ORYil]gni fi cant bi ol o

monooxygengse chemistr

Thi s chapter di scusses efforts to gel
[ Cu( CORWHere R= alkyl) using experimental
characterizatcont af ni[3€a®¢ F@e'Tfcecseess t hese h
cor ersi,diprye di c &albloxlapgmé dox Cupr ecur sors wer e
onel ectron oxidation used t%caopmemerr ater e@.he
spectroscopic and reactivity chzoadtaemi sitgi
modelci epe are subsequently l nvestigated t

bi orel evarti nt @u (M@@H)ajJt es .

4.2  Synthesis and Characterization of Cli-alkylperoxo complexes

4.2.1 Synthesis of Clualkylperoxo complexes
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The generation of alkylperoxo compounds waerformed by reacting the
previously described [NB{[L1bCu(OH)]complex with excess equivalents of ROOH (R
= Cm, tBu) to afford the corresponding anionic 'Calkylperoxo complexes
[NBug][L1bCu(OOCm)] ([NBuj[20:: 160mg, 68%) or [NBs[L1bCu(OQBuU)]
(INBug][21]: 190 mg, 81%), respectively (Scheme 4.1). The reactions were performed in
the presence of activated 3 A molecular sieves to sequester the equivalent of water that is
produced from the reaction and drive it towards the desiréda®ylperoxo produts.
The reactions werearried outat ~-20 °C because bo0and21 were found to decay in
solution state at room temperature over a matter of several hours. Unlike many other
Cu'-alkylperoxo compounds previously reported in the literature, fNBOQ] and
[NBug][21] could be isolated as dark crimson powders that could be stored over a period

months with no appreciable signs of decay.

N " L
7 O O =
N 5.0 eq. ROOH N
N\CU“"_N R= tBU, Cm - N\CU""_N

| 3 A mol. sieves |

OH THF Ohe

-20 °C ]

[L1bCuOHJ R

R =Cm: 21 (160 mg, 68%)
R = tBu : 22 (190 mg, 81%)

Scheme 4.1. Syntheses of [NBYJ[L1bCu(OOCm)] ([NBu][20]) and
[NBug][L1bCu(OOCm)] ([INBu][21] from [NBus][L1bCu(OH)].

4.2.2 EPR UV-vis spectroscopy, and HRSFMS of Cll-alkyperoxo complexes

Frozen solution EPR measurements26fand 21 show very similar features
consistent withS = 2 Cd' complexes (Figure 4.2, a,b). The spectraZ0rand 21 are
similar to the EPR signal obsed for the precursor compound1lpCu(OH)T but key
differences in the Cu hyperfine region is consistent with the desired ligand exchange to
give product20 and21 (Figure 4.2, c). Simulated spectral parameter2oand21 are
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nearly identical to one aftfer in accordance with both compounds having nearly similar
electronic environments, as expected for the absence of significant electronic differences

betweertert-butyiperoxo or cumylperoxo ligands.

2600 2800 3000 3200 3400 3600 3800 2600 2800 3000 3200 3400 3600 3800
Field (G) Field (G)
b
(@) — [L1bCu(OH)] (b)
iy

=21

L T T T T T T T 1
2800 2900 3000 3100 3200 3300 3400 3500 3600
Field (G)

(c)
FigureCofat2nuou-banhv €9 .X64 (GHza (EbBPIRackp etcr ac
simul ati on (red tardaPc e () a )s|Hdc N@Bm) , o fan[dNBav er
[L1®u ( OHE)PIR spect20amd ict)h Al lobsampéds mM
conceninafTHé&§nsol uti on aarl&e®@trK.TaEbPIRe pda.rla met
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Tabl eEPAR 1lparameters from spectral simulatio

Compound [NBu4][L1bCu(OH)P [NBug][20] [NBug][21]
a(x) 2.026 2.044 2.042
a(y) 2.047 2.041 2.042
9(2) 2.194 2.183 2.185

ACY(x) 57 45 60
ACYy) 57 45 60
ACY(z) 567 535 550
APY (x) 30 40 55
APY(y) 50 40 55
APY(z) 30 50 50
AM(x) 32 45 45
A2M(y) 50 50 45
A?"(z) 30 45 45

Ul t reawii il bive speVt rnaM osfol 21 t2iCam&l onf THF
solution exhibit similar features. A sharp
~695waeame obser2Z®@d2lf ofTheood hf eat ures Adave be

transitions of 'thmplcoxeesponding Cu

038+
06+

044

Absorbance (A. U.)
Absorbance (A. U.)

0.2-

0.0 ; Y : - ] 0.0
T - Y y Y , : ; —
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100

Wavelength (nm) Wavelength (nm)

Figure 4.3.UV-visible spectra of [NBi[20] (left) and [NBw][21] (right) in THF at-80
°C (2 mM).
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Figure 4.4. Negative mode HHESFMS of [NBw][20] (left) and [NBu][21] (right),
simulated isotopic patterns inset.

4.2.3 X-ray crystallography of Clialkylperoxo complexes

Efforts t o cryst &l0lainzi2l as o mph expect oV e
t mtbut yl ammonium salts prowedght sobebdiftiycu
sol vent s. Performing the analogous synt hes
starting materi al havignigl®Ga ( OHY F er ehe count
[ NEED and]d[INBtal t s werwerebtsaibmmeedquaemda &y cr y:
gual ity criydspt awesr eofo bjtNeEtned by r emoval of
of excess cumene hydddpergysitdéeé s whesr @dbg afi N
evaporation of di etihoynl oeftJffijeNEXynico yat aHF s b1

were subsequen4dal)y solved (Figure
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FigurBRedré&sentatagncolysthke Xtruz@ureétof aad
21 right), shown as 50% ther mal el l'iipsoi ds

OGBu group omitted for clarity).
Bond metrics detaymcngdthi@miilbbet Mneki 0
with typispadargsleptu®bdacrompl3é@Xwese . di stinct at

compl ex@@seopresent i n i ttsriacssy nfnoert rbboct hununti t
Table 4.2, whe@eideasl occraltyedhalnf tohfe asymmetr r i
fold rotation axi s, resut ebuwmtpyelr axa @iryommet |

obser-02 Péroxo bohdO@B9)ancandoflt 69 (RNt S
ok@Gnd -®820di sttaAdAdé (@@L Theeer peroxosibminidadi s
to those measured f{OWOR'¢(Re=0H] yabkhe)y twmpl
(both of which aBé¢ ¢ ®iFrcigkeomedlrlyy 2®tnddénd (z at
2lal so show gaood tehaeryr Xdtartu othur es (further

optimized structur4es}.id presented in Secti
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Table 4.2. Selected interatomic distances (A) andglas (deg) for bothunits of

[NEt][L1bCu(OOCm)] ([NE#][20]) and [NE&][L1bCu(OQBu)] (INEL][21).

[NEt][LLbCu(OOCm)] (INEF][20], unit 1)

Culi NI  2.0194(15) N2i Culi O1  170.40(6)
Culi N2 1.9336(15) N2i Culi NI  79.50(6)
Culi N3  2.0258(15) O1i Culi N1 108.80(6)
Culi O1  1.8410(14) N2i Culi N3  79.67(6)
O1i 02  1.4689(19) O1i Culi N3 92.08(6)
Cli 02 1.433(3) N1i Culi N3  159.12(6)
N1-Cul-01-02  22.93(15)
Cul-01-02-C1  150.04(14)
[NEtJ[L1bCu(OOCm)] (INE][20], unit 2)
Cu2i N4  2.0171(15) N5i Cu2i O5  169.68(7)
Cu2i N5  1.9303(16) N5i Cu2i N4  79.48(6)
Cu2i N6 2.0260(16) O5i Cu2i N4  90.57(7)
Cu2i O5  1.8240(17) N5i Cu2i N6 80.22(6)
O5i 06  1.469(2) O5i Cu2i N6  109.63(7)
C2i 06 1.414(3) N4i Cu2i N6  159.66(6)
N4-Cu20506  22.93(15)
Cu20506-C2  150.04(14)
[NEtJJ[L1bCu(OQBu)] ([NEL][21))
Culi NI  2.0073(19) N2i Culi O1  165.48(13)
Culi N2 1.931(2) N2i Culi NI  79.71(6)
Culi N3  2.0074(19) O1i Culi N1 114.74(14)
Culi O1  1.855(4) N2i Culi N3  79.71(6)
O1i 02  1.416(6) O1i Culi N3  85.83(14)
Cli 02 1.524(6) N1i Culi N3  159.42(11)
N1-Cul-01-02  6.32
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Cul-01-02-C1 179.61

4.2.4  Electrochemistry of Clialkylperoxo complexes

Cyclic voltammetry measurements of b@&band?21 in solution were performed
to identify potenial Cu"/CU" redox features (Figure 4.6). In THF solution b2€hand21
were found to exhibit quaseversible electrochemical featureg/{(pc = 2.9 and 2.3 for
20 and 21 respectively, scan rate = 500 mV/s). Increasing the-standid not show a
linear increase of reversibility as a function of scan rate, although a cathodic feature was
observed at high scan rates (>100 mV/s). The growth of a return wave at high scan rates
is consistent with an ECE mechanism, involving a reversiéediron redox mcess
followed by a chemical (decomposition?) event, although the poofratadependence
hints at additional complications. Nevertheless, we estimated/dues from the high

scan rate results.

— 20 mV/s
—— 50 mV/s
— 20 mVis 100 mV/s E ,~-205 mV
— 50 mV/s 300 mV/s
~——100 mV/s — 500 mV/s
e 200 mV/s
— 300 mV/s
— 500 mV/s

06 04 02 00 02 0.4 = o2 5 o s
Potential (V) vs. Fc'/Fc Potential (V) vs. Fc'/Fc

Figure 4.6. Scan rate normalized (where current is ddddoy square root of scan rate)

cyclic voltammogram®f [NBus][20] (left) and [NBu][21] (right) in 0.3 M NBuPFs

THF solution at room temperature.
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From the electrochemical daté,. values were calculated f@0 and21 to be-
154 mV and-205 mV vs. Ft/Fc, respectively. The redox procesassociated with these
Eizvalues were tentatively assigned as th& /Qu' redox couple. Notably, the oxidation
potentials for these alkylperoxo compounds are lower than the hydroxo compound
[L1bCu(OH)], which hasa reportedEi» of -67 mV vs. F&/Fc. Importantly, the redox
potentials for20 and21 suggest that both compounds can be oxidized by mild chemical

oxidants such as ferrocenium salts (see sedtibr).

4.3  Decay ofCu'"-alkylperoxo to Cu'"-hydroxo complexes

Decomposition 020 and 21 in solution to a new Cucomplex was observed at
temperatures greater thaB0 °C. Visually, the crimson solutions &0 and 21 were
observed to turn blue over the course of ~12 h at room temperature in THF. EPR spectra
of the decay products were showed close similarity to that of the knownOELu
compound [1bCu'(OH)]" (Figure 4.7). Note the close correspontef the g(x) and

A(x) values.

T T T T T T T T 1
2800 2900 3000 3100 3200 3300 3400 3500 3600
Gauss

Figure 4.7. Continuous wave >band (9.64 GHz) EPR spectra of [NH20] (black),
[NBua][20] decay product (red), and [NE{ L1bCu(OH)T (blue) in THF at 30 K.
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Additional confirmation of the identity of the decay product26fand 21 was
obtained by trating the decay solutions with erfocenium tetrakis[3,5
bis(trifluoromethyl)phenyl]bora ([Fc][B(Arf)4). When the oxidation of the decay
product in THF was monitored by UWs spectroscopy aB0 °C the intense absorption
features associated withlbCu'"(OH) were observed (Figure 438).We take this

spectroscopic data as confirmationlud identity of the decay product aspCu'(OH)J

1.6

1.2

0.8 4

Absorbance (A.U.)

0.4

0.0 T T T T T T T —nl
400 500 600 700 800 900 1000 1100

Wavelength (nm)

Figure 4.8 UV-vis spectra of [NBy[20] decay product (~0.1 mM) (black), and the
product of reaction of that decay product with an equiv. of [Fc][Bel(red) in THF at

80 °C. This latter spectrum mats that reported previously fatbCu'"'(OH) (blue
trace).

Both EPR and UWis spectroscopic techniques support the assignment of the
product of decay o020 or 21 as L1bCu'(OH)]". This result is precedented, as there are
several examples of metalkylperoxo complexes that decompose to give the
corresponding metdlydroxo complexX!2 Most Cu'-alkylperoxo complexes that have
been shown to decay in this manner are thought to undergo homoldicbénd

breakag€! These homolytic events are proposedcdkcur in a concerted fashion
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accompanied by either inteor intramolecular XH bond activation (X = C, N, O) which
produces the Clhydroxo species and an equivalent of alkoxyl radical (Scheme 4.2).
Decomposition of alkylperoxo complexes in this homalyashion is reported to be a
thermally sensitive process, in line with our observation of increased stabiiityaofd

21 at low temperatures. Further exploration of the capabili80aind21 to activate XH

bonds through the mechanism proposed alm®aa ongoing topic of research.

X o & A
o} | N/ (o] O, | N/ o
N\C:u—-’N R-H N\c:u———N 4 N\Cu——‘N
%o riss
k W
20 (R =Cm) L G _ [L1bCu(OH)]-

21 (R = tBu)

Scheme 4.2Proposed homolytic decomposition pathwagoand21to [L1bCu(OH)T.

4.4  Generation andcharacterization of [CUOOR]?* species
4.4.1 UV-vis and EPRsectroscopic studies of [Cu(OOR)lcomplexes

With complexes20 and 21 in hand, we attempted the oxidation of the''Cu
alkylperoxo species usindgr¢][B(ArH)4] chosen as oxidant due to its oxidation potential
being ~200 mV higher than those observed for eiffteor 21 by CV measurements.
Additionally, the [B(AF)4]" anion isnon-coordinating, preventing it from playing any
significant role in the subsequent copper oxidation chemistry. Oxidation reactions of the
precursorCu'-alkylperoxo complexes were initially monitored by Wis spectroscopy
at 0.1mM concentrations in THElsition at-80 °C (Scheme 4.3). The THF solutions of
20 and 21 were found to change from crimson to a deep purple color upon addition of

[FC][B(ArH)4].
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(0] — 0]
| .
1 eq. Fc'B(Ar )4
N———cy—N N\Cu———N
| THF
o\? -80 °C
R

20 (R = Cm)

20* (R cm)
21 (R = Bu)

21* (R = tBu)
Scheme 4.30xidation of L1bCu(OOCm)j (20) and L1bCu(OOCm)j (21) with an

equivalent of Fc][B(Arf)4 to L1bCu(OOCm) 20" and L1bCu(OQBu) (21%)
respectively.

Resulting UWvis spectra from the oxidation reactions usirfec][B(Arf)4]
showed the formation of intense chatgensfer bands in th800-700 nmregion for both
oxidized species (Figure 4.Beveral bands are observed for bioito Cu(OOCm) 20%)
andL1bCu(OQBu) (21%). The oxidized species have an approxintatef 4.0 h at-80
°C in THF solution and are stable only for ~5.0 seconds at room temperatuge Gsif

products have not currentheen identified for eithe20*" or 21*.

15000 - 15000 -
£ 10000 ‘_§ 10000
s s
5 5
2 5000 £ 5000
= =<
i i
0 T T T T T T 1 o T T T T T T 1
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 4.9.UV-vis spectraof [LLbCu(OOCm)] (20, black tracg¢ andL1bCu(OOCm)(20*, rec
trace (left) and[L1bCu(OQBuU)] (21, black trac¢ andL1bCu(OQBuU) (21*, red trace) (righ
at 0.1 mM in THF at80 °C.

The observed UWis absorption features are similar to those reported previously

for L1bCu"(OH) and analogs, which were assigned byDB T as | i gand ar yl
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dy2,? transitions>* Overlaid U\tvis spectra oR0*, 21, andL1bCu'" (OH) are shown in
Figure 4.10. Their absorption features all have intense absorptions with extinction
coefficientsall in the range of 10,000 15,000 M'cm. The similarity between the
spectra for20f, 21" and L1bCu'"(OH) supports similar electronic structures for the

complexes.

15000

)

10000 -

Extinction (M'cm

5000 -

T T T T o T T > 1
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 4.10. Overlaid U\tvis spectra of LLbCu(OOCm) R0, black trace),
Io_clszu(OOCm)(21+, red trace), and1bCu" (OH) (blue trace) at 0.1 mM in THF &0
Additional data support the formulations @0 and 21* as [Cu(OORJ*
complexes.Both 20" and 21" exhibit no signal in perpendicular mode EPR spectra
(Figure 4.11), consistentiti S= 0 CU" but not ruling out aranti-ferromagnetically
coupled(S = 0) Cd'-ligand radical, or a ferromagnetically couple®i< 1) Cu'-ligand
radical specie€**® The electronic structure &0 and 21" is explored and discussed

further using computational methods in Section 4.4.3.
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Field (G) Field (G)

Figure 4.11. Starting (black trace) and oxidized (red trace) EPR spectra of 1 mM
[NBu4][20Q] (left) and 1 mM [NBu][2]] (right) at-243 °C in THF (oxidation performed
using [Fc][B(Ar)4]).

Titration experiments witl20 showed that the absorption features generated upon
oxidation reached maximum intensity upon addition of 1 equiv. of [Fc][B{A{Figure
4.12), consistent with a oredectron process. The results of the oxidation titration data
are in alignment with # hypothesis tha20" is the oneelectron oxidized form of0.
Stronger oxidants such as acetylferrocenium tetrakis[3,5
bis(trifluoromethyl)phenyl]borate ([AcFc][B(A)s]) gave similar spectra to those
generated witfiFc][B(ArF)4).
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Figure 4.12. UV-vis absorption spectra upon addition of varying equivalents of
[FC][B(ArF)4] to 0.1 mM THF solution of [NB][20] at -80 °C (left) and plot of
corresponding absorbance values at & = 5014
[Fc][B(ArF)4](right).

To beter understand whether the oxidized feature associated2@fiticontains
the proposed [QWOR)]?>* core, we conducted experiments to test the chemical
reversibility of the oxidation process 80 to 20*. If 20" is something other than the ene
electron oxidied form of20 then one would not expect this process to be reversible by
subsequent oxidation and reduction processes. In the experimentds Whonitored
titrations employing equivalents ¢Fc][B(ArF)4] oxidant and subsequent addition of
decamethylferroene (Fc*) as a reductant were performed in THB@&CC (Figure 4.13).
Addition of Fc* to the oxidized species under these conditions resulted in bleaching of
the UV-vis spectrum. Subsequent addition of a second equivalent of [Fcljg(Aas
shown to eform theassociated UWis features oR0*. This process was repeated twice,
albeit with some loss of intensity due to decomposition (Figure 4.13). ThesasldMta

convincingly demortsate the reversibility of the orglectron redox processes.
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Figure 4.13. UV-vis titration of [Fc][B(Ar)s] and decamethyl ferrocene (Fc*) to a 0.1
mM THF solution of [NBu][ 28] at-80 °C (* denotes decamethyl ferrocenium signal).

EPR spectroscopic studies were employeddattional confirmation tha20* can
be reduced ik to 20 and that the -Blectron redox process occurs with no accompanying
chemical reactions. Separate EPR samples were generaffy 20 oxidized with an
equiv. of[Fc][B(ArF)4], and20 oxidized with [Fc][B(ArF)4] and subsequently treated with
an equiv of Fc* (1 mM in THF). The three respective EPR spectra show the tygpical
signal associated witB0, an EPR silent spectrum associated Wifh, and a spectrum
that is essentially identical to the initial spectrun6f(Figure 4.14). This EPR data i
conjunction with the electrochemical reversibility titrations26fmonitored by UWvis

spectroscopy support the identity2ff as the onelectron oxidized form a20.
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— [NBu,][20]
—[NBu,J[20] + 1 eq. Fc"
— [NBu,]J[20] + 1 eq. Fc" + 1 eq. Fc*
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Figure 4.14.0Overlaid EPR spectra of [NB{J[20], [NBu4][20] after addition of [Fc][B(AF)4]),
and [NBuw][20] after subsequent addition of [Fc][B(As] and then Fc*. All Spectra taken &
mM in THF at 30 K.

4.4.2 Resonance Raman studies of [Cu(OBGRpmplexes

All resonance Raman spectra weua in collaboration with Nicole Gagnon. To
confirm the presence of the alkylperoxo ligand in thelektron oxidized product, we
obtained resonance Raman spectra for frozen solutid2® of n T & £561 ren) with
samples prepared from natural abun@anCmt®O'®*OH or labeled CrH¥O'®OH.
Isotopically enriched cumene hydroperoxide was synthesized by known literature
procedure®’ and subsequently used for generationt®af-enriched [NBu][20] by the
analogous synthetic procedure described in Scheme ldctrporation of 80 into
complex20 was evaluated by negative mode B8% methods (Figure 4.15)he degree
of 80 incorporation was calculated using relative peak heights of the feature
corresponding td%0 alkylperoxo complexni/z= 697) and the®O enricked complex
(m/z= 701) using Equation 4.1n Equation 4.1, Noiwis the total peak height at/z=
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701, Mro1a is the predicted contribution to the/z = 701 feature due to naturally
occurring isotopes of the unlabeled complex angzé the total peak hght of the
feature am/z= 697. No mixed labeletO-180 alkylperoxo species was detected by-ESI

MS. The'®0 incorporation of compleR0was calculate to be ~60% using this method.

— experimental
——"0 - simulated

2L | b=

695 696 697 698 €99 700 701 702 703 704 705 706 707

miz

=l — =%l & —= T i T 2 T v 1
500 550 600 650 700 750 800 850 900

m/z

Figure 4.15. Negative mode lowes ESIMS of 180 isotopically labeled NBua4][20],
with simulated isotopic pattern for the parent ion shown in the inset (60% incorporation

of label).

, . (M701p - M7012)
%180 incorporation = X 100% 4)1
((M701p - M7012) + Mgg7)
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Figure 4.16.Full resonance Raman spectra of [NB24g][with %0 (black) and®O (red)
showing a shift of the peak at 831 ¢no 813 cm' (right) and enlarged region of interest
(right). (* denotes solvent).

4.4.3 Computational assessmenfGU(OOR)}** complexes

Al l comput asoir&k reported in this sectiol
with Dr. Andrew Spaeth. ?2mopiptyorweoskowedt
was best descri'bepe ddBoga tshien rea mMEPOARY ¢s, t
el ectroni ¢thensigigé®tofand triplet states WwWe

scans ab-@uDiG2het oN1s imB WP ®Wn gITB8P2 Fi gures 4.1
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Figure 4.17. Relaxed surface scan @0" (top) and21* (bottom) mMPWPW / Def2
TZVP] tracking the electronic energy of the singlet (black) and triplet (red) states by
varying the torsion angle about thed811-O1-O2. Not that the electronic energy of the
singlet state has not been spin purified.
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Figure 4.18.Spin density plots (pink is positive density, yellow is negative density) of
[Cu(OOR)F* for [(a,b) R = cumyl20*; (c,d) R =tBu 21*] where (a & c) are the triple
states and (b & d) are the brokeymmetry solution singlet states using PBEO / Bef2
TZVP | Def2QZVP(Cu) level of theory where gray, white, blue, red, and green atoms
represent C, H, N, O, and Cu, respectively.

Density functional opgthiemirzat(iDdnl)o fgetomet s
triplet and singlet el ectronic states ind
bet ween the two proposed electronic confi
menti oned athue/t®2 t baensgNden i s significantly
calcul ated singlet and triplet geometries
and 63A in tpamleespeatesvsefygr AdOiIlL.(%OM%l | vy
and 1.8R2B shHe2t edri sRladig@sarfdarkt. 6L dj xcted fc
stat es2tam2hrodedshpecti vely whereas the invers:
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Table 4.3. Geometric parameters compared between XRD data and DFT optimized
structures.

@ Density Functional Theory (DFT) structures calculated atmB8&VPW / Def2TZVP |
Def2-QZVP(Cu) level whergS) is singlet state and (T) is triplet state.

Complex 20 20" 20" 21 21* 21*
Methoda DFT DFT(S) DFT(T)| DFT DFT(S) DFT(T)
Cul-01 1.881 1.860 1.929 | 1.874 1.856  1.923

Cul-N2 1.964 1.911 1961 |1.960 1.908  1.958

Ll?é(r)lg(tjh Cul-N1 2.095 2006 2.0% |2101 1.995  2.058
A Cul-N3 2115 1995 2053 | 2110 2001 2.044
01-02 1.449 1.407 1.364 | 1.449 1.405  1.363

02-C1 1.461 1.493 1523 |1.452 1482  1.507

Torsion N1-Cul-O1-O2 9 4 80 5 3 63
A?og)'e Cul-01-02-Cl1 | 129 127 175 | 136 128 178

To bet tteer Eselgeh p mMma-s y mkmebry (BS) calcul ati
singlet state optimized2@eomd)B)Ai Wesr g t ppa rsfi or
and shown to favor the singlet state by >1
Tabd .ed) . However, BS calculations starting
(torsion andgl es2BBpA8@ahkofed the singlet sta
using GGA&GAr fmetcai onaGGA, wihhgb-@Ghd,ybandl doub
hyrbi d functionals predominant Rkcélahmoled( Tél
4)5
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Table 4.4.Functional screen of the brokegmmetry calculations f&®0" and21'starting
from the singlet state optimized geometrynPWPW / Def2TZVP | Def2QZVP(Cu}
where a negative number indicates the singlet state is favored and a positive number
means the triplet state is favored for the ground state. Electronic energy of the singlet

state Es) was spin purified according to eq. 4.4.

Spin Purified Es

Complex Functional® Er (Eh) Ess(Eh) <S>  <S%s> (kcal/mol)

mPWPW  -3659.529426  -3659.566989 2.005 0.000 -23.7

MO6-L -3659.303285 -3659.338407 2.011 0.000 -22.1

20 PBEO -3656.952555 -3656.976949 2.012 0.326 -18.4
MO06-2X -3658.679340 -3658.692578 2.013 0.791 -13.8

mPWPW  -3467.757952 -3467.795736 2.005 0.000 -23.8

21+ MO6-L -3467.529614  -3467.564999 2.011 0.000 -22.3
PBEO -3465.38489 -3465.408997 2.012 0.332 -18.2

MO06-2X -3466.955196 -3466.968200 2.012 0.792 -13.6

@ All calculations used the DefPZVP | Def2-QZVP(Cu) basis set, see experimental section for

further details.
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Table 4.5.Functional screen of the brokegmmetry calculations f&0* (top series) and
21*(bottom series) starting from thaplet state optimized geometrynPWPW / Def2

TZVP | Dd2-QZVP(Cu)] where a negative number indicates the singlet state is favored
and a positive number means the triplet state is favored for the ground state. Electronic

energy of the singlet stated) was spin purified according to eq. 4.4.

Complex  Functional® Er (Eh) Ess(Eh) <S> <Sps> S:(IECZE/'I?O?)
mPWPW -3659.545698 -3659.550960 2.005 0.553 -4.6
BP86 -3659.226612 -3659.230524 2.007 0.562 -3.4
OLYP -3659.877159 -3659.882306 2.005 0.553 -4.5
TPSS -3659.988592  -3659.993048 2.006 0.575 -3.9
MO6-L -3659.314125 -3659.316289 2.010 0.580 -1.9
B3LYP -3658.284841  -3658.282856 2.010 0.924 2.3
20 PBEO -3656.974595 -3656.972625 2.011 1.008 25
TPSSh -3659.733747  -3659.733713 2.009 0.765 0.0
PW6B95 -3663.008901 -3663.006935 2.010 1.008 25
MO6 -3658.099305 -3658.095872 2.012 0.937 4.1
MO06-2X -3658.701729 -3658.700219 2.012 1.010 1.9
PWPB95 -3664.091592  -3664.090095 2.015 1.014 1.9
Complex  Functional® Er (Eh) Ess(Eh) <S> <Ss> :f(lﬂczg ;:Leooll)
mPWPW -3467.77868 -3467.779513 2.005 0.555 -4.9
BP86 -3467.504909 -3467.509186 2.006 0.564 -3.8
OLYP -3468.082143  -3468.087702 2.005 0.555 -4.8
TPSS -3468.156636  -3468.161426 2.006 0.577 -4.2
MO6-L -3467.541244  -3467.543870 2.010 0.590 -2.3
B3LYP -3466.607097 -3466.605961 2.010 0.899 1.3
21 PBEO -3465.405376  -3465.403522 2.011 0.994 2.3
TPSSh -3467.923568 -3467.924091 2.009 0.774 -0.5
PW6B95 -3470.953343  -3470.951542 2.010 0.992 2.3
MO6 -3466.450587 -3466.448062 2.012 0.884 2.9
MO06-2X -3466.975813 -3466974268 2.012 1.010 2.0
PWPB95 -3472.438347 -3472.436818 2.016 1.014 2.0

@ All calculations used the DefPZVP | Def2QZVP(Cu) basis set, see experimental section for

further details.
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Compari sDRTosp@&@®dtra calcul atedXZP9or tlbot h
the exper-YimenspdOUNALI fna@n cated marginally |
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no significant difference i nditcdctee dRabmatnwesetn
singlet and tri pl.etWes tcaotnecsl u(dvei tahti nt hZ sc m unc
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accuracy-sgmmbtokepredictiioons| i sfoontF aonsist
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Figure 4.19.0verlay of20* (left) and21* (right) experimental UWis spectrum [THF;
80°C, black line] with the TEDFT prediced [PBEO / DefZTZVP] spectrum of the

singlet state (red line) and triplgtiate (blue line) using a Lorentzian lineshape {hédith
= 50 nm), no khaoDEHe experimental gpedirime o
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Figure 4.20. TD-DFT difference density plots of the most intense oscillator strength
transition (purple is loss of electron degsitorange gain of electron density) of
[Cu(OOR)F* for [(a,b) R = cumyl20*; (c,d) R =tBu, 21* where (a & c) are the singlet
states and (b & d) are the triplet states using PBEO /-D&%2P level of theory where
gray, white, blue, red, and green atonmesent C, H, N, O, and Cu, respectively.
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Table 4.6.TD-DFT for 20" and 21" in the singlet and triplet states using PBEO / Def2
TZVP of the first 40 excited states with an oscillator strength threshold of >0.001. Bolded
values are pictured as differerensity plots in Figure 4.20.

20" (S) 20" (T) 21* (S) 21 (T)
Energy f Energy f Energy f Energy f
(nm) 0OsScC. (nm) 0OsScC. (nm) 0OsScC. (nm) 0OSC.

122 0.038 1453  0.005 719 0.019 1444 0.009
690 0.020 995 0.001 682 0.027 1177 0.002
605 0.008 972 0.002 579 0.039 1030 0.003
584 0.180 946 0.001 568 0.150 985 0.001
564 0.007 895 0.002 561 0.007 964 0.004
531 0.262 685 0.008 527 0.294 915 0.002
479 0.033 588 0.001 433 0.067 689 0.008
447 0.035 543 0.003 429 0.025 649 0.001
434 0.046 509 0.063 405 0.096 637 0.001
429 0.056 499 0.011 391 0.019 501 0.056
405 0.067 449 0.018 367 0.002 493 0.027
396 0.031 430 0.072 364 0.002 466 0.001
370 0.001 425 0.001 360 0.010 453 0.023
364 0.004 408 0.009 347 0.015 427 0.029
360 0.003 395 0.002 344 0.015 425 0.034
351 0.008 394 0.001 342 0.007 405 0.011
347 0.027 393 0.003 338 0.004 396 0.006

388 0.002 391 0.002
386 0.017 388 0.003
377 0.001 382 0.003
373 0.001 371 0.010
365 0.002 368 0.002
359 0.001 365 0.006
355 0.001 364 0.002
350 0.001 358 0.001
348 0.004 351 0.003
344 0.002 351 0.001
341 0.017 345 0.002
338 0.001 345 0.002
337 0.005 340 0.008
334 0.001 338 0.004

335 0.008

332 0.002
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330 0.006
328 0.001

4.5 Reactivity studies of LbCu(OOCm) (20%)

Preliminary investigation into the reactivity &20* with various substrates
revealed notable differences relative tdbCu'""OH.23343% UV-vis spectroscopic
monitoring showed that the rate of decay of solution2@fwas not enhanced amb
new spectral features were observed upon addition of excess (200 equiv.) 9,10
dihydroanthracene, l-@yclohexadiene, phend,4,6tri-tert-butyl phenol, 2,4li-tert-butyl
phenol, 4tert-butyl phenol, or 4nethyt2,6-tert-butyl-phenol. These substratesve relatively
weak GH or O-H bonds that react rapidly with1lbCu"OH via proton coupled electron
transport (PCET) mechanisi$1® The indifference o020+ towardseven weak €H bonds
of phenolic substrates was initially surprising to us as thessratds have been shown
to react nearly instantaneously under identical conditionshiCu" OH 12
45.1 Reactions with TEMP®

After the 1nitial obse2 ®waittiho nmoosft as ulbasctk
was observed thahydurgboxd-t &d @ iamiep & f OTEIMPO
H) 2t TH8,0 AC) rapi d exponveinst i fad a tduercea yr eosfu
concentr at i-Hb nwaosf VvIidEMPeGk qU2 %Y. ) and monanitorir
Vis spectroscopy showadcrt hea -HTEMPIh oant ov é
second order rats2( Eiogpsnt-é&n22)O2l FRe 4f iMnal de
resemiCllésspeadi es with whad &ppears Bo bé70
i sosbestic points at ~3t7hhi snm sanad s~i4m2ghl en ns ti

no observable intermediate species for med.
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Figure 4.21.Reaction of 0.1 mM20" with 100 equiv. TEMP@EH at -80 °C in THF.

Starting spectrum [NB{[{20] (black), oxidized spectrun20* (red), and final decay
spectrum lflue).
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Figure 4.22.Plot of observed rates of reaction2df* with TEMPO-H vs. concentration

of TEMPOH (left). Plot of decay of 504 nm feature over time with varying equivalents
of TEMPGO-H (right).

[TEMPO-H] (mM)
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EPR studies of the final reaction solution indicateghesence of a Cucomplex
the identity of which is still unknown. EPR spin quantification studies also indicate
production of the expected TEMPOA radical
mechanism oR0* with TEMPO-H. TEMPOH is a useful substrate iragging even mild
competency at PCET as it exclusively proceeds through concerted proton electron transfer
processes. The bond dissociation free energy (BDFE) of tHebOnd in TEMPGH is
reported to be ~67.5 kcal/nibbiving us a potential lower limit fastrengths of bonds tha0*
can activate.

If a simple single PCET mechanism with TEM#Doccurs then the expected
products of this reaction wolwsdlvdto dpeciessCmOOH,
presumablyL1bCu(THF) (Scheme 4.4). Identification of thedInCU' decay complex
has not implicated conclusively the presencéddCu(THF) possibly due to a mixture
of products being present at the end of the reaction. Unfortunately, other than the

presence of TEMPOA, we st i lldeactmmpeodusts.r Ssui ng

N\Cu—"‘N N\Cu--"‘N >(j<
THF + HOOR
-80 °C

20* (R=Cm) L1bCu(THF)

Scheme 4.4Proposed products formed from reactior20f with TEMPO-H.

4.5.2 Reactivity with phenols

During our i nitial SubXx@Gwiatthe prheeancotlisv i ¢ ¢
substrates showdd hataawatpiowne sfyuirgvahtteino ni nwe r e
undergo more complicated mechani sms -t han s

H.Addi ti<dnmethylheamdPn OH)2 0( T HB,0 A€sul ted i
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i nstant aneouwi sl ofsesatoufr et2hOsarsisoga mit erd ovfi td nev
at ~740 nm (Figure 4. 23, blue trace). Thi s
form uponlL x@id OHi)) "WPhfOH and was tentatively
phenoxyl r ddido@PYe’@®pAZe x
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Treat mend Ipf( FT8HOB,LAC) Fw] DB ( i el ded -t he se&
vis spectrum as that0wietthiB hfOiHdc otnrse st ead t iw
format2dnFigfure 4. 26). 20he@ 2iconwvlevess oa DpDeét
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= o) o]
N N7
N\clu—-—N 200 eq. NMe2phOH N\clu———N
| - > l
o THF
\c|> -80 °C 9
R
20* (R =Cm) NMe,

L1bCu(sOPhNMe2) (22+)

Scheme 4.6Reaction 020" with "M&2PhOH to giveL1bC u ( AN®H 2.

Screening phenolic derivatives for potential reactivity also showed decay of the
UV-vis spectral features associated v when reacted with-fitrophenol {©?PhOH)
at-80 °C in THF (Figure 4.27). In the reaction2ff* with exces$'°?PhOH (200 equiv.)
no intermediate species was detected by-Wb/ spectroscopy like what had been
observed previously withM?2PhOH. Exponential decay of the characteristic band at 504
nm was monitored over time and full decay of 2@ species was completed after ~300
seconds. The resulting spectrum contained a band at 625 nm consistent with the known
UV-visible features associated with ferrocenium‘jfc solution. Due to the high acidity
of N92PhOH (Ka = 10.8 in DMSO} with respecto other unreactive phenolic substrates
(pKa =17.7- 19.8 in DMSO)?* we speculated that a protonation evenf6f may be
occurring to generate a formally E«cumenehydroperoxide adduttlp Cu(HOOCMm)T.
The protonation oR0" is proposed to increase thedox potential of the complex such
that it can then reoxidize the ferrocene in solution, resulting in rapid de@y ahd the
observed formation of Fc(Scheme 4.7). This type of behavior has been previously
reported with the reaction of phenols witie L1bCu" (OH) whereby protonation by the
phenols was found to generate the correspondintob@u'"(OHz)]* species and
subsequent regeneration of keas observed®? The identity of the final copper complex

is still under investigation in these reacsobut we believe the most likely species to
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exist areL1bCu(X) adducts where X is either THF, CmOOH, cni&ophenoxide
(N9%PhQ).

1.4
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1.0+
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0.2 .
\’g 0.2
0.0 1 . 0.0 1

T T T T T T 1 T T T T T T T 1
400 500 600 700 800 900 1000 1100 0 100 200 300 400 500 600 700 800
Wavelength (nm) time (sec.)
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Figure 4.27. UV-vis spectra of0.1 mM of starting [NBul[20] (black trace), after

addition of 1 equiv of [Fc][B(Af)4] to generate20* (red trace), after addition of 200

equiv. ofN"°Ph OH (bl ue trace) (left) and plot of
ongoing reaction (right).
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/
T N
N==gffp-==N [FCIB(AIF),] A

' e —— + Fe

oL THF o
0 -80°C
R |

20 (R=Cm) 20*

NO,

200 eq. ©

OH

N\Cu——‘N N\Cu—-—N + Fe
+NO2pho-

L1bCu(X
(X =HOOCm, THF NO2PhO-) [L1bCu(HOOCm)]*

Scheme 4.7Proposed mechanistic route for protonatior2@f by N°°PhOH to generate
[L1IbCu(HOOCm)] and its subsequent reduction by Fc to generateafadL1bCu(X)
(where X = CmOOH, THF, df°?Ph0O).

If the proposed protonation @0" occurs as drawn in Scheme 4.7 then using a
chemical oxidant with a redox potential higher than that of théopabed species
[L1bCu(HOOCM)T should allow direct spectroscopic identification of the protonated
intermediate. Employing [AcFc][B(A)4] as the chemical oxidant for generation26f
from 20, we were able to observe the diagnostic spectrum we assodiat20v Upon
addition of excess'°?PhOH to the solution, however, no obvious change to the
absorption spectrum was observed that could be attributed to the generation of a new
compound. The resulting reaction mixture showed no increase in decay rate of th
features of20" indicating that20* is indifferent to the presence Yf?PhOH under these
reaction conditions (Figure 4.28). After ~90 sec. with no change of thei$J&bsorption

featurespneequivalent of external Fc was added to the reaction sojugenlting in the
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rapid loss of absorption featurassociated witl20" anda newfeatureformedat 625 nm

consistent with Fc

1.44 1.6
1.2
1.0
0.8

0.84

0.6
0.6+

Absorbance (A. U.)
Absorbance @ 504 nm

0.4+ 0.4

0.0 0.0]

T T T T T T 1 T T T T T T T T T T T
400 500 600 700 800 900 1000 1100 0 20 40 60 80 100 120 140 160 180 200 220
Wavelength (nm) time (sec.)

Figure 4.28. UV-vis spectra of0.1 mM of starting [NBu[20] (black trace), after

addition of 1 equiv of [AcFc][B(AM4] to generate20* (red trace), after addition of 200

equiv. of N°2PhOH (green trace), after addition of 1 equiv. of Fc (blue trace) (left) and

pl ot of absorbance at = 504nm vs. ti me
THF at-80 °C.

The lack of an observable intermediate spectrum that can be assigned to
[L1bCu(HOOCM)T is suggestive that our initial proposalS¥PhOH protonation 020
was incorrect. The decay 80" after the addition of external Fc to the solution is notably
similar to what is observed when [Fc][B(\] is used as an oxidant initially h& fact
that 20* is stable in the presence ¥?PhOH or Fc but unstable when both compounds
are present points to an alternative reaction pathway. We therefore propose a revised
mechanism involving a bidirectional PCET pathway flffdPhOH and Fc b0*. In a
bidirectional PCET mechanism a reagent abstracts the proton and electron from two
independent sources in a concerted fashion. In the c&@,°?PhOH is the source of
the proton and Fc is the source of the electron (Scheme 4.8). The experimental

observations of the required presence of both reactants for de2@y aflack of discrete
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observable intermediates, and the presence dtfaF¢he end of the reaction all are
supportive of a bidirectional mechanisfi.We reason thawvhile L1bCu'" (OH) was
shown to undergo PT/ET mechanisms WItRPhOH!®*? the expected lower basicity of

20" may disallow an initial proton transfeand a PCET mechanism is instead observed.

=
o |

| A
o) o o
l\[l T/ 0 N o
N =N Fc, NO2PhOH Ne—dy—N |
N—¢cy—N +
Cl) ;» | | +Fc
- THF <o X
i -80°C ‘/ -
R R
OH
F

L1bCu(X)

X (X = HOOCm, THF, NO2PhO")

L NO, el
bidirectional PCET

Scheme 4.8 Proposed mechanistic route for bidirectional PCET fMS8PhOH and Fc
by 20* to generate FandL1bCu(X) (where X = CmOOH, THF, df°?PhO).

To further support the proposal of a bidirectional PCET mechanisg@'pfve
performed analogous reactivity experiments using benzoic acid instedePRIfOH
(Figure 4.29). Benzoic &thas a reportedia of 11.0in acetonitrilg'®® similar to that of
NO2PhOH, and is relatively redox innocent.N#2PhOH is simply a proton donor in the
reaction mechanism then benzoic acid should undergo a similar reaction when subjected
to 20" in the pesence of Fc. Upon addition of excess benzoic acid (200 equi(' to
(generated from [AcFc][B(A)a4]), no new features and no significant decay20f was
observed. Addition of an equivalent of external Fc to the reaction solution caused
gradual decaypf the UV-vis absorption bands &f0" and resulted in a decay spectrum
containing the same 625 nm feature assigned asThRese results suggest that benzoic
acid undergoes a similar bidirectional PCET as proposef®hOH. We noted that the
reaction vith benzoic acid exhibited a slower overall decayof than withN°2PhOH,

the basis for which is unclear and is a topic of ongoing research.
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Figure 4.29. UV-vis spectra of0.1 mM of starting [NBu[20] (black trace), after
addition of 1 equiv of [AEC][B(ArF)4] to generate20* (red trace), after addition of 200
equiv. of benzoic acid (green trace), and after addition of 1 equiv. of Fc (blue trace).
Reactioncarried ouin THF at-80 °C.

4.6  Conclusions

I n this work we have pmewparadd andl athiav e
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l i gnocellulosic degradati on®Weorhylpiodfhweesli zge
deprotonation of the amino group of the hi
CllsuperoxideS{nhher medmat eon of which may a
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andHObonds caoampa(r@eHoginesi stent with the | ow
and expekKat efdorl olvh gpaR@Oo0of the former. The pr

20i s capaibrlectoiforbald PCET, however, may be s
in LPMO although no experimental observat |
work is needed to under st?&kmd et, hk erye d stsiuwist

rel atigsetpr®pes@Cb®nd scission.
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4,7  Experimental section
4.7.1 Materials andmethods

Preparation and handling of the-agnsitive compounds were carried out under a
dinitrogen atmosphere either in a gloveboxusing standard Schlenk techniquédl.
reagents and solvents were purchased from commercial sources and used as received
unless otherwise noted. Tetrahydrofuran (THF) was dried over sodium/benzophenone
and vacuum distilled. Diethyl ether and pentane waseqzhthrough solvent purification
columns (Glass Contour, Laguna, California). All solvents were stored over 3 A
molecular sieves in aNilled glove-box prior to use. The compoundd2(1b, L1b? =
N,N-Bis(2,6-diisoproylphenyl2,6-pyridinedicarboxamidg)®’ [NBus][L1bCu(OH},**
ferrocenium tetrakis(3,5bis(trifluoromethyl)phenyl)borate [Rc][B(ArF),]),e8
acetyferrocenium tetrakis(3,5bis(trifluoromethyl)phenyl)borate AcFc][B(ArF)4]),168 4-
dimethylaminephenol (Me2phOH)16° and 1-hydroxy-2,2,6,6tetramethyt
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piperiding(TEMPO-H)!® were synthesized by known pudiied procedures. The
compound[NEt4][L1bCu(OH) was prepared using the same procedure as reported for
the synthesis diNBuas][L1bCu(OH)]* except tetraethylammonium hydroxide was used
insteadof tetrabuytlammonium hydroxide. The 80% cumene hydroperoxide (CmOOH)
and 9 M tert-butyl-hydroperoxide tBuOOH) in nonane were procured from Sigma
Aldrich Chemical Co!®0-enriched cumene hydroperoxi¢le 60% 0 incorporation by
ESFMS) was synthesized bysing cumene an#O. (procured from ICON isotopes)
according to a literature proceduré.Decamethylferrocene (Fcvas procured from

SigmaAldrich.

UV-vis spectra were collected on a HP8453 (1200nm) diode array
spectrophotometer. Lotemperature UWis experiments were performed using a
Unisoku lowtemp U\tvis cell holder. EPR data was collected on a Bruker Elexsys E500
spectrophotometer using-band radiation at 35 dB and 30 K. EPR spectral simulations
were performed using EasySpin software (vergic.5)!’! Cyclic voltammograms were
recorded using an EC Epsilon potentiostat from BASI, a platinum working electrode, and
an AgNOs/Ag reference electrod@ll cyclic voltammograms were internally referenced
using Fc* and then the potentials convertéthwespect to the standard*Fec couplet’?
Xray diffraction measur e me didtan ande Brakerd8 | | e ct
Photon Il CPAD diffractometer using normal parabolic mirrors as monochromators.
Resonance Raman (rR) spectra were collectecro Acton 506 spectrometer using a
Princeton Instruments LN/CGD1100PB/UBAR detector and STI385 controller
interfaced with Winspec software. The spectra were obtained at 77 K using a
backscattering geometry. Excitation at 561 nm was provided by atCi@l100 mW
laser. Raman shifts were externally referenced to indene and internally referenced to

solvent (THF). Spectra were baseline corrected and normalized to solvenQusgjitg
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(2016) software. Hookeds | aw walgandthed t

expected shift upon isotopic labeling:
T— -t Q "¢t 4.2
L — 4.3

wheres is the stretching frequendin Hz), € is the reduced mass (in kg), amg
andnmy are the masses of the atoms involved in the vibration (in kg final units ok

are N m', which are converted tmdyn A* by dividing by 100.

4.7.2 Preparation of compounds

[NBu4][L1bCu"OOCM], ([NBu4][20]). To a 25 mL $hleck flask 200 mg (0.25
mmol) of solid [NBu][L1bCu(OH) was added along with activated 3 A molecular
sieves and placed under Argon atmosphere. To this flask 10 mL of anhydrous THF was
added which resulted in dissolution dhe [NBw][L1bCu(OH)| to givea blue solution
After stirring thesolution for 30 min, it was cooled t80 °C using a salt/ice baind0.1
mL of an 80% solution (5 equiv.) of cumene hydroperoxide was added dropwise resulting
in a color change from blue to a dackimson.After stirring for 15 min, thereaction
mixture was syringdiltered using a 25 mM diameter, 0.2 pum hydrophobic
polytetrafluoroethylene (PTFE) syringe filtanto a separate dry, flask to remove all
molecular sieve particulate. The solvent wasoved from the reaction solutiamvacuo
while at-20 °C and the resulting crimson oil was subsequently dissolved in minimal
anhydrous diethyl ether (2, ~ 5.0 ml) andtriturated with pentan&x until a more
powdey product was obtained. The productsataen stirred over 10 mL of anhydrous
pentane forl2 hoursand filtered using a frit funneb give a crimson colored solitiat
was washed with pentane axddried on a vacuum line (160 mg, 68% yield)-vis

(THF, -80 C) | mas NM € Mt cmd): 552 (B0), 698 (130).HR-MS (ESI, MeCN)m/z
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20 Calcd. for[CaoH4eCuNsO4]” 697.294 found 697.208Repeated attempts to obtain
correct CHN analysis were unsuccessiith consistently low carbon composition in the
analyseswhich we attribute to incomplete commstion. The @mpound [NE4][20] was
prepared specifically for crystallization purposes using the analogous synthetic procedure
for compound [NBu|[20] but using [NEts][L1bCu(OH) as a precursor in lieu of
[NBug][L1bCu(OH) X-ray quality crystals were forea from the crude reaction mixture

after being subjected to vacuum over a 12 hour period.

[NBug][L 1bCu(OOtBu)], ([NBu4][21]). The analogous synthetic method for
[NBug][20] was used exceptert-butyl-hydroperoxide in nonane was used to give
[NBus][21] (190 mg, 81% yield).UV-vis (THF, -80 C) | max nm € M* cm?): 551
(450), 694 (135)HR-MS (ESI, MeCN)m/z 2b Calcd. for[CasHssCuNsO4]" 635.278;
found 635.270Repeated attempts to obtain correct CHN analysis were unsuccessful,
which we attribute to irmmplete combustionCompound [NEf[2b] was prepared
specifically for crystallization purposes using the analogous synthetic procedure for
compound [NBu][21] but using [NEt][L1bCu(OH)] as a precursor in lieu of
[NBug][L1bCu(OH) X-ray quality crystals we formed by the slow evaporation of

pentane solvent into a concentrated THF solution of {J]NEL] in a-20 °C freezer.

[NBu4][L1LbCu(OPhNMe2)] (INBu4][22]). Solid [NBus][L1bCu(OH) (150 mg,
0.186mmol)and 38 mg (0.279 mmol) otdimethylaminephenolwas mixedalong with
activated 3 A molecular sievas a 20 ml vial inside a Nfilled dry box To thismixture
10 mL of anhydrous THF was added@hich resulted in the immediate formation of a
deep purple solutiorAfter stirring for 30 min. the reaction miture was syringdiltered
using a 25 mM diameter, 0.2 um hydrophobic polytetrafluoroethylene (PTFE) syringe
filter, into a separateial to remove allthe molecular sieve particulate. Thesidual
pulverized sieves were rinsed with anhydrous THF (3 x 2 talgxtract all adhered
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compound and the resulting solution was syrifijered analogously and combined with
the original filtrate. The combined soluti@rasthen concentrateith vacuoto ~ 2 mL and

to the resulting solution excedgethyl ether (EO, ~ 15 mL) was added and the mixture
was stirred vigorously. The fine solid that precipitated out was isolated by filtration on a
fine-pore size frit and washed with copious amount&€eO and dried thoroughly to
yield a deep purple colored solith5 mg, 90 %). UV-vis (THF,-80 C) | max, nm €, M*

cml): 462 (1,000), 533 (1,100¥%26 (570) HR-MS (ESI, MeCN)m/z 22 Calcd. for
[CagH47CUN4O3]” 682.294; found 682.187

Oxidation Reactions A necked 1 cm UWis cuvette in théJnisoku lowtemp
UV-vis cell hober containing 1.8 mL of THF and a stir bar was coole@®°C. To this
cell, 0.1 mL of a 2 mM THF solution of [NBE{{20], [NBu4][21], or [NBus][22] was
added After mixing andallowing for temperature stabilization (5 min), a bNs
spectrum was recorde To the stirring mixture, 0.1 mL of a 2 mM solution of
[Fc][B(ArF)4] was injected and stirred. The spectrum was immediately recorded upon
addition of oxidant. EPR samples were prepared by injecting a 0.15 mL aliquot of a 2
mM THF solution of [NBu][20] or [NBus][21] to a quartz EPR sample tube and cooling
to ~80 °C using a liquid Blacetone bath. To this cooled tube a 0.15 mL aliquot of a 2
mM THF solution of [Fc][B(AF)s was added, mixed using the tip of the syringe needle,

and then immediately frozen liquid nitrogen for storage and analysis.

Preparation of resonance Raman samples of [NBJi20]. To adry schlenk
flask with 3 A molecularsieves, 40.3 mg ofNBu4][L1bCu(OH) was added and
dissolved in 4.9 mL of anhydrous THF. The blue reaction saiuias cooled te20 °C
using a salt/ice bath and 0.1 mL of cumene hydroperoxide in cumel¥®-enriched
cumene hydroperoxide in cumene was added, producing a color change from blue to light
crimson. This mixture was allowed to stir for 20 min. and thénld mL aliquot was
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injected into a septa covered quartz EPR sample tube under.daynidsphere and
cooled to ~80 °C using a liquid Placetone bath. To this cooled tube a 0.15 mL aliquot
of a 10 mM THF solution of [Fc][B(A)4], was added, mixed usinbé tip of the syringe

needle and then immediately frozen in liquid nitrogen for storage and analysis.

Oxidation titration of [NBu 4][20]. To a cuvette with 1.8 mL of THF and a stir
bar in the Unisoku low temperature cell holder& °C was added 0.1 mlf a stock
solution of [NBu][20] (2 mM). After temperature equilibratiod@ min), 0.1 mL of THF
solutions [Fc][B(AF)4] of varying concentration (corresponding toi®® equivalents)
wereadded and the UWis spectra were recorded. This was repeatedridsi where one
titration data point corresponds to a single reaction with specific equivalent amount of

[Fc][B(ArF)4] (Figure 4.12).

Reversible oxidation/reduction of [NBw][20]. To a cuvette with 1.8 mL of THF
and a stir bar in the Unisoku low temperatgell holder at80 °C was added 0.1 mL of
a stock solution of [NBul[20] (2 mM). After temperature equilibratiod@ min), 0.1 mL
of a 2 mM solution of [Fc][B(AT)4 was injected and stirred and the spectrum
immediately recorded. To this oxidized soduttj 0.1 mL of a 2 mM solution of Fc* was
added and the resulting spectrum recorded. The addition of 0.1 mL of [FC[B(Ar
(oxidant) and Fc* (reductant) was repeated with spectra taken after each addition. The
UV-vis spectra shown in Figur@l1l were correted for concentration as a function of

volume change due to addition of reagents.

Kinetics analysis of the reactions oR0*. A necked 1 cm UWis cuvette in the
Unisoku lowtemp U\tvis cell holder, containing 1.7 mL of THF was cooled0 °C or
-25 °C espectively. To this cell 0.1 mL of a 2 mM THF solution of [NB20] was
added Continuous collectiolf the UV-vis absorption spectrum was initiated as soon as

0.1 mL of a 2 mM solution of [Fc][B(A)s] was injected to the mixtureJpon
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observation othe full growth of the oxidized feature 20*. 0.1 mL of a solution of the
desired substrate was added to the @&lé decay oR0" was monitored until nahanges

to the U\vis spectrum could be detected. The single wavelength kinetic trace was
determired by the disappearance of the Wig feature due t@0" at 504 nm. The pseudo
first order rate constantseds were determined from the decay 26 as a function of
time. Second order rate constants for TEMRQeactions were approximated by
producing alinear fit using the plot of ds vs. [TEMPOH] and obtaining the second

order rate constant from the slope of the linear fit of this data (Figure 4.22).

4.7.3 Theoretical nethods.

Density Functional Theory (DFT) calculations were performed using>fR€A
(v.3.0.2) progrant’® Starting gemetries for coppealkylperoxocomplexes were based
on the respective -Xay crystal structureComplexeswere optimized spHunrestricted
(UKS) using themPWPW functional with &ef2-QZVP basis sebn Cu and other atoms
set toa Def2TZVP basis sethe Resolution of Identity (RI) approximation, DEFZV/J
auxiliary basis set, tight SCF convergence (VeryTightSCF), and a large integration grid
(Grid6)1#1® The mPWPW functional was previously shown to giazceptable
geometris for copperoxygen complexes’’ Numerical frequency calculations on all
complexes confirmed stable structures with no imaginary frequerdiserved. A
comparison of the bond metridsr the DFT optimized structures with the crystal
structures is showmiTable4.2 To determine the @ vibration, the generated Hessian
file was r eoprcanvidbt hprroouggrha m hwveh eor e t he mass of
18 amu, as documented in tB&RCAmanual. large shifs in energywere used to assign
the stretching vitation, whichwas confirmed upon visualization of theghly-coupled

vibration

152



Spin density plots foRP0 and 21 were generated from single point calculations
using the BP86 functiondP!’™® wi t h t he -3 ® P aratsfPi&dtges BIt |,
approximation, ad a TZV/J auxiliary basis set, as used previotisBrokensymmetry
calcul ations were computed wusing the O6FIip
the singlet or triplet state geometries with the same basis set mentioned above using a
range of funtionals:mMPWPW2BP86* OLYP,® TPSS!® M06-L, 185186 B3LYP 187188
PBEO®’ TPSSh'® M06,1%° PW6B95¥2 and M062X. Hybrid- and metahybrid-GGA
functionals additionally used tHeesolution of Identity Chain of SpherefRIJCOSX)
approximation withan elevated COSX integration grid (Grid¥8jThe oOodgbbli & 0
functional PWPB95? was utilized (including the RIJK approximation with Def2
TZVP/IIK and DefZTZVP/C auxiliary basis sets using a frozen core) by running single
point energy calculation®n the triplet state optimized geometry and the broken
symmetry solution from the PBEO calculation. The singleti pl et ener gy gap

purifiedodo by thied®% 1 1 owing, equation

‘O'Oqod

(4.4)
whereEr, Es, andEgsare the electronic energies of the triplet, singlet, and broken

symmetry singlet states, respectively, arfflss> is the expectation value of the spin
operator from the brokesymmetry singlet state. Tirgependent DFT (TEDFT)
calaulations were performed with the PBEO functional, DEEX/P basis set, Def2
SVP/J auxiliary basis set, the ZeBwder Regular Approximation (ZOR®}f for Cu,
RIJCOSX, Grid4, TightSCF, and the Tantdancoff approximatiofor 40 excited states.
Surface contou plots were generated using thidolekel (v.5.4.0.8) program with

isodensity values set to £0.003 for spin density plots, +0.002 feDFD difference plots
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and #0.02 for KohsSham molecular orbitaf€> The programsAvogadro(v.1.2.0) and

Gabedit(v.2.4.8 were also utilized%°’
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Chapter 5

Research Perspectives and Future Directions

Throughgenerations oévolutionary refinementnonooxygenasesave become
capable of catalyzinghermodynamicallydifficult and industrially desirable chemical
processesuch as theelectiveconversion of methane to methanol and the degradation of
cellulose to its base glucoseonomers. Attempts to replicate these natural processes in
artificial settings requirethe fundamental physical and chemical understanding eéthe
enzymesinvestigation of the chemistry surrounding copper monooxygenases, has incited
the chemical studies perted within this dissertationThe utilization of biomimetic
synthetic models have been describeith an effort toglean mechanistically relemt
information. This work has served to progress these fields of research with both

biological and inorganic insights into enzymatic modeling.

5.1 Advances and future directions in modeling secondary sphere interactions

Small molecule modeling of enzymatactive sites often requires development of
specialized ligand frameworks to better mimic the complexity of a protein environment.
Chapter 2 of this dissertation describes the utilization of pyridine dicarboxamido
macrocyclesH2L32%, HzL4a%, and Hz2L4b%as supporting frameworks to better model
secondary sphere interactions on copper metal sites. The nuances -cfvalamt
interactions on the behaviof metal ionsare difficult to ascertainvia small molecule
analogswith only a small subset of knowigandframeworks capable of enforcitigese
interactionst®®1%9Select examples of previously reported ligands utilized for the study of

secondary sphere effects are shown in Figure 5.1.
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Figure 5.1. Selected examples of proligands utilized in the gaimr of metal
complexes with intramolecular narovalent interactions.

The work reported in Gapter 2 has contributed to tkellective understanding of
ligand design concepts fdhe study of secondary sphere interactions by establishing
pyridine dicarb@amide macrocycles as supporting ligands for metalloenzyme model
compounds. Previously such compounds were primarily used as anion receptors (as
shown in Figure 5.2) with no mention of their ability support transition metals in the

coordination environmestwe describe in Chapte®126:200.201
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Figure 5.2. Generic depiction of pyridine dicarboxamide macrocycles as anion receptors
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The electrochemical relationship that was established in Chapter 2 between
hydrogen bonding interactions ahdh e ¢ o0 p p e rredax bahavibrasxare isy@rtant
relationship to understand in the context of enzymatic chemisig.knowledge of the
direction and magnitude of the shifts in reduction potential as a functisecohdey
coordination sphere interactioagls researchers in their understandaghe structure
function relationshipin enzyme active sites. Biological systems have been shown to
utilize theseinteractions to discretely modulate the characteristics of theialrsites®?

Model systems, such as the ones reported in Chapter 2, offer direct experimental
evidence to which to refer when proposing the role of biological residues in enzymatic

reaction mechanisms.

Possible future directions include modeling othgopEroxygen cores utilizing our
described ligand systems and studying the effects of hydrogen bonding with respect to
nonhydrogen bound analogs. For example,"-Guperoxo ([1bCu(O0)]), Cu'-
alkylperoxo (L1bCu(OOR)}), and formally Clf-alkylperoxo [ 1bCu(OOR))
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complexes have all been described in literature as enzymatic model complexes in the
L1bZ ligand frameworké4203204 The coordination modes observed iH2L3%
monocopper complexes in Chapter 2 provide a possible extension of this research
wherdy generation of a series of copjmygen complexes with intramolecular
hydrogenbonding interactions may be obtained (Figure 5.3). The possibility for the
generation of a series of cores acrosd. the* andH2L3? ligand scaffoldsmay produce
importantinsightsinto to the effects of hydrogen bonding for particular coppergen

cores currently proposed to be relevant to monooxygenase mechanisms.
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Figure 5.3 Known copper complexes &flb? and possible analogs supportedHy 3%
containing biorelevantores (Cli-superoxo, Clralkylperoxo, Cli-alkylperoxo)

5.2  Advancesand future directions for bimetallic chemistry

Chapter 3 discusses the development of a macrocyclic ligand capable of
accommodating bimetallic cores and the characterization of iassef dicopper
complexes by Xay crystallography. Although the initial goals of the project to model

the proposed dicopper active site of pMMO have not yet been(irmegeneration of
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target compound6), the larger contributions of this work shoulddiscussed in regards
to bioinorganic modeling chemistry aswdole. This is to say that thégand L5% may
prove useful in the modeling of dinuclear active sites beyond pMEithe extended to

the modeling of other bimetallic systems.

Oneextension of ta modeling work with th&54 framework, is its utilization as
a supporting ligand for model systems of the diiron enzyme, soluble methane
monooxygenase (sMMO). The enzyme sMMO, like pMMO, is responsible for the
selective conversion of methane to metharsglectively and as such is an equally
attractive target in modeling studi®€®The diiron active site of SMMO contains two
neutral histidine residues and four deprotonated glutamate residues providing a
tetraanionic ligand environmemtith an Fe-Fe digance of ~3.04 A (Figure 5.4% The
overall charge and metatetal distances are consistent with those observed in the

reported dicopper complexesld* (~2.8 A).
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Figure 5.4 Oxy-form (left) and reduced forrright) of the diiron active site of SMMO.
Reprinted with permission from reference 13.

Beyond bioinorganic modeling studies, the development of lidd&ifd and its
specific coordination chemistry may prove to be useful in other fields. Bimetallic
catalysis has been shown to be particularly pmficin a number of chemical processes

including  polymerization, depolymerization, hydrolysis, and hydrogenation
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reactions37140.207.208precedence for the ability of bimetallic catalysts to outperform
monometallic analogs has been esshigld in many dalytic systems. This enhanced
proficiency is largely attributed to observed cooperativity of binding and activation
between two metal ions in close proximity:>°® The L5% framework may provide a
suitable ligand environment for the development of nawelallic catalysts suitable to
the aforementioned reactiomssulting fromits ability to support bimetallic cores in

multiple coordination modes (Figure 5.5).

X X

M = metal ion
X = |labile site

Figure 5.5. Generic coordination modes for bimetallic systems utilizis§ (naphthyl
bridgeomitted for clarity).

5.3  Advances and future directions in modeling the Cll -OOR core

As described in Chapter 1, modeling biorelevant coppggen coresisingsmall
molecule systembas been utilizeth the study ofpotential intermediates in enzynati
pathways. Proposal concerning the role otopperoxygen intermediatesin
monooxygenases ofterefers to experimental precedermfemodeling workin order to
better refine existing mechanistic theori@$e evidence provided ithesemodeling
studies carthen be used to generate nevechanistigoroposalsbhasedon experimental
precedentThe work reported in Chapter 4 encompasses the first experimental report of a
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formal CuU"-alkylperoxo core which can be viewed as a modelaf@u'" -hydroperoxo
core The Cu"-hydroperoxo core haseen suggestedas an alternative reactive
intermediate to thoseurrently foundin existing mechanistic proposdBigure 5.6) The
existenceof a discrete [CUYOR)]?* (R = alkyl) coreprovides the necessary experimental
precedat for a Cl'-hydroperoxospecieso be invoked in new theorigavolving C-H

bond activation pathways in monooxygenase enzymes.

Figure 5.6.Proposed reactive cores of LPMO.

Additionally, the investigation of the protecoupled electroitransfer (PCET)
capabilities of compoun@d0* have further provided evidence for the possibility of related
species as rtom abstraction reagents in the presence of substrates. As such, this work
has added an additional point @dmparison for discussing other coppeygen cores
and theirrespective oxidative capabilities. In addition to the report@®mf21, 21*and
20", the L1b? framework has also been shown to support-§uperox and CU'-
hydroxc**® cores (Figure 5.7). Both Gtsuperoxo and Clrhydroxo complegs have
shown varying degrees of reactivity towards substrates. Direct comparison of this series
of copperoxygen complexes has generated a spectrum of reactivity for which the
likelihood of individual cores as reactive intermediates in monooxygenase enoan

be assessed.
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