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A global overview of G, activation
and C-H bond activation involving
copper speciesis presented.

Chapter 2 Objectives of the present work are
the study of O, activation
capability of novel copper

Objectives complexes and their reactivity.

Chapter 3 New disproportionation reaction of

A Novel Twist on Copper
Disproportionation: Room
Temperature ArylC-H Activation
by Cu'" to Form Novel
Organometallic Aryl-Cu'"' species

cu" complexes with novel
triazamacrocyclic ligands yield
novel air-stable organocopper(l11)
compounds. Full characterization
of products and approaches to
reaction mechanism are described.

Chapter 4

Aryl-Cu'"" complexes reactivity.
New intermediates in aromatic
hydroxylation

Reactivity of Aryl-Cu"" species in
front  basic/aqueous conditions
leads to intramolecular
hydroxylation of the ligand to
obtain bis(phenoxo)copper(Il) final
products. O, activation by Cu'
systems is shown to be linked to an
aryl-Cu'"' pathway mechanism.

Chapter 5

Magneto-structural correlation of
novel bisphenoxo Cu'" complexes

Magnetic behavior description of
new bis(phenoxo)Cu" complexes.
Subtile  estructural  differences
explain different magnetic
properties.
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Chapter 6

Competitive O, activation
reactivity driven by steric
limitations. Aromatic
hydroxylation vs CO, fixation by
new macrocyclic dinuclear copper
complexes

Capability of dinucleant

hexaazamacrocyclic copper
complexes of performing
intramol ecul ar aromatic

monohydroxylation is presented
aong with the ability of
atmospheric CO, fixation in certain
experimental conditions.

Chapter 7

Conclusions

Conclusions for each chapter and
general conclusions are exposed.
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CRYSTAL STRUCTURE DATA FI LES

CRYSTAL STRUCTURE DATA FI LES

The following G f files for each crystal structure
presented wthin this thesis are |listed bel ow and can be
found in the attached CD.

Crystal structure CGf file
[(H32m O Cu'" (A Q)2 (1-(C Q) ) (1) _(H32m ) Cu(lll).cif
[(HFoMe33m C)Cu'''] (A Q) (2) _(H2Me33m Q) Cu(lll).cif
(2- (A O)2)
[(H33m C)Cu'''] (OTf), (3-(OTf) ) (3) _(H33m O Cu(lll).cif
[(H33m O Cu'''(C)](C Q) (4-(C Oy (4) _(H33m O cu(lll)(d).cif

[((H3Bm Q) Cu'')o(m )] (PFg) -6H,O CH,Cl,  (6) _(H33m C)2Cu(11)2(C).cif
(6- ( PFe) - 6H,0 CH, Ol )

[ (H32mD) ,Cu'',] (OTf) , (1c- (OTf) ) (1c(OTF) 2) _(H32nD)2Cu2.ci f

[ ( HaMe33n0) ,Cu''5] (C Oy) o- CHsCN (2c(d O4) 2) _( H2Me33n0) 2Cu2. ci f
(2c- (O Qy) o CHCN)

[ (H33mD) ,Cu'',] (PFg) 2 (3c- (PFg) 2) (3c(PF6) 2) _( H33nmD) 2Cu2. ci f

[ (HMe33m0) ,Cu''5(Cl ) 2] (2d) (2d) _(H2Me33n0) 2Cu2(d ) 2. ci f
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[ (H.Me33m0) ,Cu'',] () (PFg) - 2H,0 - 0. 5CH;OH
(2c- () (PFg) - 2H,0 - 0. 5CHOH)

[ (H22n0) oCu''y] (PFg) 2 (5¢- (PFe) 2)

[ (m H33+33mD) Cullz( m OH) ] (PFg) 2 - CHCN (11-

( PFe) o+ CHsCN)
[ (H33+33m) ,Cu''4( m COy) 2] (Cl On) 4

- 4H,0 2CH,COCH; (12- (Ol Qy) 4+ 4H,0
- 2CH;COCH,)

[ (H33+33m) Cu''5( CHsCN) 4] (CI Oy) 4

- 2H,0 (14- (O Oy) 4 2H,0)

(2c(C) (PF6)) _( H2Me33nmD) 2Cu2. ci f

(5c( PF6) 2) _( H22mD) 2Cu2. ci f

(11) _(H33+33nm0) Cu2(OH) . ci f

(12) _(H33+33m) 2Cu4(C:B) 2. ci f

(14) _(H33+33m) Cu2(CH3CN) 4. ci f
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CHAPTER 1

1.1 Bioinorganic chemstry: netalloenzynes and

synt heti c nodel s

Approxi mately, half of all protein crystal structures in
Protein DataBank (PDB) contain transition nmetal ions, that
usual ly correspond to only 1% in weight for a wide range of
proteins. Transition netals located in the active sites of
enzynmes play a crucial role on the organisnms. Chem cal
reactions catalyzed by enzynes occur in the active sites,
and are responsible for the biological function of each

enzyne. 234

In the enzyne nolecule, the cofactor is the
non-amno acid fragnment required for catalysis or other
functions, and it is nanmed prosthetic group when it 1is
tighly bound to the pol yam noacid chain (apoenzyne).® There
are two basic types of prosthetic groups in bioinorganic
chem stry: metal ions (or clusters of netal ions bridged by
oxide or sulfide ligands) and the N-heterocycle conpl exes,

that include a tightly bound netal ion due to chelate
effect and present extensive p delocalization into
tetrapyrrol e porphyrinic |igand.

Reactivity of the active site is dependent on many factors:
a) the nature of the netal, b) the nature of I|igands, c¢)
the local geonetry of the netal, d) relative geonetric
di sposition of the nmetal centers in netalloproteins
containing two or nore netal centers in close proximty and
e) the tridinensional conformation of the polyam noacid
chain that forns the apoenzyne. These factors determ ne the
nmetal ion capability towards substrate coordination, the
capability to stabilize different oxidation states and al so
the formation of tridinensional cavities that can contro

substrate accessibility to the netal center. Therefore, the
catalytic activity displayed by a redox enzyne is directly

related to stabilization of different oxidation states and
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to space flexibility in order to adapt structural changes
in front of changes in oxidation state and reversible
coordi nati on of substrates-products.®

Bi oi norganic chemstry focuses its work into structural
characterization of actives sites, study of their
reactivity, and the synthesis of |ow nolecular weight
chem cal nodels capable of reproducing the spectroscopic
and catalytic properties of the original enzynes. ’
Synthetic nodels are wusually discrete transition netal
conpl exes with electronic and steric effects resenbling the

properties of corresponding active sites.

1.2 The biological role of Copper

Cuis a first row transition netal found in trace anounts
in organisns, but indispensable for |Ilive. Its unique
reactivity properties converts copper into a bioessential
metal. Enzynes containing Cu in their active sites present
di verse biol ogical functions, from Q-transport carried out
by henmpcyanin in nollusks and arthropods,® O activation
and substrate oxidation in tyrosinase*® and dopanine b-

nmonooxi genase, 1 and also the reduction of nitrite in

nitrite reductase, !

anong others (see Figure 1).

Copper belongs to 11th group of the Periodic Table and can
be found in organisns as +1 and +2 oxidation state.
However, high oxidation state +3 has been postulated in
many reaction nechani sns. 2

The cu'' ion, with a & electronic configuration, presents
coordi nati on numbers from4 to 6. Jahn-Teller distortions
are generally explained by a different ey (d;2 and dyx2.y2)
orbitals occupation when a d° ion is subjected to an
oct ahedral crystal field. The conmmon result of this effect

is the axial elongation of the octahedron (4 short and 2

10
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| ong bonds) as expected if d» copper orbital is occupied
and dx2.y2 is half-occupied. The extrenme exanple of Jahn-
Teller effect is the elongation until conplete |ost of
axial ligands, |leaving an square-planar conplex. The
orbital mxing determnes if axial elongation is favored in

front axial contraction.

The Cu' species, with a d° full-shell configuration, is
di amagnetic and pale-colored or colorless. |In aqueous
sol uti on, cu' is unstable because disproportionation

reaction occurs to formCu'' and Cu®, due to high hydration

1

energy of divalent ion.*®*! In spite of that, Cu' species

can be stabilized as not very soluble conplexes or by
conplexation wth p-acceptor |igands. The nobst common
geonetry for Cu' is tetrahedral as in conplexes [Cu(CN) 4 ¥,
[Cu(py)s © and [Cu(L-L)2]" (L-L = bipy, phen), but
tricoordinated conplexes are known as in K[ Cu(CN);]
(trigonal polymeric Cu(CN)s units in the solid state), and
al so linear conplexes as [Cud ;]", that forms by dissolving
Cud in HA .

One of the npost relevant aspects of Cu' chemistry is its
affinity to coordinate nolecular oxygen &, that s
activating an inert gas into a reactive form useful to
perform a wide variety of reactions. There are two other
wel | -characterized Q activation centers: the system Fe'
hi gh spin (four unpaired electrons in 3d orbitals) and the
1, 5-di hydroflavin system formally antiaromatic.'* The Q'
affinity for the triplet ground state di oxygen ®® is based
on the enpty 4s and 4p orbital participation and the
possible formation of hybrid 3d/4s and 3d/4p orbitals,’ as
well as the resulting activation fromthe netal -1igand and

met al -met al i nteractions. ®

11
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1.2.1 Copper netalloproteins

Copper versatility is reflected in the high diversity of
bi ol ogi cal functions that catal yze and in the variety of Cu
ions contained in each enzyne’s active site. The copper
net al can be present as nononucl ear, di nucl ear or
trinuclear conplex, sharing the active site wth other
metals as Fe and Zn, and forming clusters.®® The standard
classifications of Cu active sites were useful to correlate
the biological function with spectroscopic and magnetic
properties, and types 1, 2 and 3 were defined.?® Updated
classification includes three nore categories (Table 1):
type (2+3) trinmer, type Cuan and type M- Cu.

12
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Focusing on structural and spectroscopic characteristics
for each type, it is found that Type 1 active sites show a
coordi nation environnment for Cu with a S- cysteine residue,
two histidinic N and one S residue froma netionine in the
axial position. EPR spectrum for oxidized form shows a
hyperfine splitting (A, ) and a low g factor (g). A
|igand-to-metal charge transfer (LMCT: Cys > a'') is
responsi bl e for intense absorption at the visible region in
the el ectronic spectrum

In Type 2, the netal is coordinated to three histidinic N

wth a fourth available coordination site, suitable for
ligands as organic radicals or other adjacent netal

centers. The oxidized form presents a typical Cu'' EPR
spectrum and only ligand field forbidden transitions are
observed, w thout intense absorption bands.

In copper active sites of Type 3, each netal center is
coordinated to three histidinic N and to the peroxo
bridging group in a side-on geonetry fashion for the
oxidized form? The latter is EPR silent due to strong
antiferromagneti c coupling between copper centers through
the peroxo bridge, and shows intense UV-Vis absorptions due
to LMCT (Q% > au'').

In Type (2+3) trimer centers, the three Cu are coordi nated
to histidinic N, and activation of & is nediated by an
hydr oper oxo group bound to one of the Cu centers. '’ Typi cal
EPR spectrumfor Cu'' is found and | arge absorptions at the
el ectronic spectrumare due to LMCT (% > au'').

Type Cua active centers present a coordination of two S
cysteine residues, two histidinic N and one netioninic S or
peptide O to both Cu centers. Equivalence of Cu atons is
reflected in a mnor hyperfine splitting on the EPR
Absorption near the infra-red region is due to netal-to-

metal charge transfer (MVCT).

14
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Proteins wth Type MI-Cu active sites present a
coordination of three cysteinic S per Cu atom Their

function is copper transport and no oxidized formis found.

Figure 1. Reaction catal yzed by Cu-containing proteins!

0;  HPO

cytodl

Hase
NO

N A

RCHNH, + 0,

RCHO + H02 + NHg

RCH,OH  + o,

CRCHO + H0,

galeact ose oxidase

Cu

.
(electron Blie proteins
trangfer) ¢

dopamin ascorbat e oxidase
b- mon genase
HO, NH,
HOU\( rcitinase acorbate + Oy
. | (
HOD)\(NHZ tyrosiney dehydroascorbate + 2H,0
Ho hemdcyanin

OH o

20
/@OH /'w O + 0O,
+ O
OH /;:.:\ HO o
/Q/\ +H20 [e7} 0,
) OH
OH CO + depsd

¢ ( dioxygen OH
[e]
mdanines q—/@
[©]

+H

transport )

The present work wll focus on proteins involved in
di oxygen processing, that can be classified depending on
specific function (Table 2): O transport, nonooxygenati on,

di oxygenati on and dehydrogenati on reacti ons.

15
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Table 2. Cu protein involved on O processing® and superoxide
di snut ati on.

Functi on Protein
O-carrier Henocyani n
H + O oxyHc
Monooxygenati on Tyrosi nase
S+ G + 2 + 2H > SO+ dopanmi ne- b- nonooxygensase
HO phenyl al ani ne nonooxygenase

pepti dyl gl yci ne-a-am dati ng
enzyne

met ano nbnooxygenase

amoni um nonooxygenase

Di oxygenati on Querci tinase

S+ 0 2> SO 2, 3-di hydr oxi benzoate 2, 3-
di oxygenase

i ndol e di oxygenase

oxi dati on gal act ose oxi dase
2SH+ @ =2 2S + 2HO am ne oxi dase
SH, + @ 2> S + H:O, ascor bat e oxi dase
| accase
reduction
O + 4e + 4H > H0 cytochronme c oxi dase
Super oxi de di snut ati on Cu- Zn super oxi de di snut ase

20, + 2H > O + HO

16
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1.2.2 Henopcyanin

Henocyanin is the protein responsible for Q transport in
arthropods and nollusks principally, but also in higher
entity creatures such as lobsters and squids.®

Protein dimensions are in a 4.5 a 90x10° Da range, and are
constituted by different cooperating subunits. 1In the
active site of each of these subunits, two Cu atons are
coordinated to three histidine residues per copper,?*®
allowing the reversible coordination of dioxygen in the
per oxi de form Q.

Initially, the coordination environnent proposed for
oxyhenocyanin (oxyHc) was a cis-1,2-end-on peroxo bridging
group with a HO or OH nol ecul e as exogenous |igand,!® but
resolution of crystalline structure of a dinuclear copper
conplex with a bridging mh? h?side-on peroxo by Kitajinma
and co-workers in 1989,2°21 that showed spectroscopic
simlarities with oxyHc, focused the attention of the
scientific commnity to this new coordination node,?? that
was confirnmed in 1993 by Mgnus and co-workers with the
crystalline structure resolution of oxyhenocyanin from
Li mul us pol yphenus. 23

Deoxyhenocyanin is a colorless protein that bears a
dinuclear CQu' conplex in the active site, where each Cu
atons is coordinated to the imdazole group from three
hi stidine residues. The crystal structure of deoxyHc from
P. Interruptus® shows a pseudo-tetrahedral geometry for
each Cu center, with an available fourth coordi nation site.
Two of the Cu-N bond distances are 1.95 A and the third
bond is weaker (2.77 A). Cu-Cu distance is 3.54 A Four
histidinic N atons and both Cu centers lie in the sane
pl ane, whereas the two apical N present a trans

di sposi tion.

17
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Recently, deoxyHc structure for Limulus polyphemus®* was
obtained and it is remarkably different conpared to P.
Interruptus. Cu-Cu distance is larger in the former (4.61
A), each copper presents a slightly distorted plane-
trigonal geonmetry with Cu-N bond distances from 1.92 to
2.16 A and no el ongation of any of Cu-N bonds is found.

The longer Cu-Cu distance inplied an inportant structural
reorgani zation on the Q activation step. Actually, it is
the 3-D a-helix structure of the apoenzyne that nodul ates

its conformation to allow a normal peroxide coordination.

Figure 2. Active sites of deoxyHc: (A) in P. interruptus and (B)
i n L.pol yphenus

His
P His His
' 194 A 192
1984 195 A H|S o 1080
°\* 131 461 A
RO 9 ....................
/ AS A 354 A \) | 2919(?, 126° 142° 2 16 A
—His His R A 550 His
- 201 A
266 A His HIS
His
(A) (B)

Magnus and co-workers finally confirnmed the mh? h%side-on

peroxo coordination nmde in oxyHc wth its crystal
structure in L. Polyphenus.® The Cu-Cu distance shortens

to 3.6 A and OO bond distance is 1.4 A very sinmlar to

what was found in Kitajinma' s nodel.?®

18
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Figure 3. DeoxyHc active site in P. Interruptus and activation
of Q.

(His224) :> (Hls344)< j( \\<>\EN> \v(vi]/

c \CUI

(His198) N/C u::"r\l(H—is 194?4 l\llcu -, (Hs38) / ’B\\
L3 N /43& 4250

r|\|

/
I
i’ (His348) H

DeoxiHc OxiHc

OxyHc shows two absorption bands at the UV-Vis spectrum
centered at Imax = 350 nm (e » 20000/2Cu M'cm?) and | =
580 nm (e » 1000), both due to LMCT (Q* > cu'l).

OxyHc shows a characteristic vibration n(OO at 750 cm?

in the Raman spectrum as well as a band at 450 nm det ect ed
by circular dichroism spectroscopy (CD). OxyHc is EPR
silent due to strong antiferromagnetic coupling, behaving

as formally di anmagnetic species at roomtenperature.

1.2.3 Tyrosinase

Tyrosi nase (Tyr) is a nonooxi genase enzyne usually found in
bacteria, fungi, plants and mammals, and is responsi bl e of
mel anogenesis. ?® The enzyme catal yzes the hydroxyl ation of
nonophenols to obtain ortho-di phenols (catechols) in a

first step, and reoxidizes the latter to o-quinones in a

second step (Figure 4).°
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Figure 4. Biological function of tyrosinase towards the final
synt hesis of nel ani nes®

OH OH
OH
Tyrosinase
+ 02 > + HZO
(creolase)
R R
Tyrosine L-Dopa
Tyrosinase
(catecholase)
Y
(@)
o]
Melanines -« <«——
R
R = -CH,-CH(NH,)-COOH Dopaguinone

OxyTyr active site structure has not been solved by X-Ray
diffraction studies, but spectroscopic analysis including

EXAFS measur enent s327:28

indicate a very simlar structure
conpared to oxyHc. Two factors are proposed to explain the
different reactivity in both enzynes: the accessibility of
phenolic substrates to the active site, nodulated by the

9 and different coordination structures

pol i pepti dic chain,?
for Cu atonms in each enzyne.*°

Thus, tyrosinase’s active site contains two Cu atons
coordinated to three histidinic N each, that are able to

activate nolecular dioxygen and coordinate it as the

20
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bri dgi ng m h? h®- side-on peroxo group, responsible for the
nonooxi genase activity of the enzyne.

Synthesis of chemcal “Tyr-like” nodels has helped on
obtaining nore information about the hydroxylation process
performed by tyrosinase. The first synthetic nodel wth
hydroxyl ating activity was reported by Karlin and co-

workers, using the R-XYL-H |ligand series, 332

and obt ai ni ng
an aromatic hydroxylation at the ortho position of the
ring. Hydroxyl ati ons have al so been found in xylyl nodified

systens of Shiff base33: 34

and ot hers devel oped by Tol man and
co-wor kers. %

The mh? h*>- side-on peroxo group is thought to be the
active species for hydroxylation step, through an addition
of the electrophilic peroxide oxygen to the p-system of the
aromatic ring, mnmechanism supported by frontier nolecular
orbital analysis.?®

Very recently, Tolman and co-workers have denonstrated the
coexi stence of mh? h? side-on peroxo and bis-moxo cores
in rapid equilibriunt’ and therefore, both species may be

active towards aromatic hydroxyl ation.3®

Figure 5. Equilibriumof mh% h% side-on peroxo and bis-moxo
coordi nati on nodes

O
O
Cull/| ~cul Cu( \Cum
O
The hydroxylation reaction mechanism will be studied in
detail in section 1.4.1.
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1.3 Bi om netic nodel i ng and nol ecul ar O

activation

The scientific community has spent great efforts to
understand the reaction nechanisnms that govern the
nol ecular O activation by netalloproteins and their
reactivity. It has been over the past 15 years when
mechanistic details of CQu-O; interactions have been
est abl i shed.

The synthesis of nono- and di nucl ear copper conplexes with
sinple ligands has allowed the characterization of a wde
variety of coordination nodes for the activated forns of
nol ecul ar di oxygen O, (see Figure 8). The identification of
these Cu-Q internediates has been crucial to propose
mechani sns for reactions per f or med by nat ur al
enzymes. 2>373940 Ot her trinuclear conplexes* have been
synthesi zed as nodels for ascorbate oxidase and |accase
activities (i.e. 4 electron reduction of O, to HO.

Early works from Karlin and co-workers*® set the bases to
obtain synthetic nodels designed to sinulate structural
spectroscopic and reactivity characteristics of Type 3
di nucl ear cuproproteins (henocyanin and tyrosinase).

In 1992, Kitajim and co-workers obtained the first X-Ray
structure for the mh% h?-peroxo side-on core, in 1993
Karlin and co-workers isolated a trans-1,2-peroxo core®®
and Tol man and co-workers crystallized a bis(moxo)Cu''', in
1996,% at the same tinme that denpnstrated the equilibrium

bet ween m h? h?- peroxo side-on and bi s(moxo) cores.
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1.3.1 Modeling active sites

Synthesis of chem cal nodels of natural enzymatic active
sites requires a careful analysis of all structural
spectroscopic and reactivity data available to design the
ligands that wll be used to synthesize the chemn cal
nodel s. The donating atons |ligated to Cu centers are
crucial to obtain a conplex capable of sinulate the
chem cal and spectroscopic paraneters of the natural site.
Substituents in donating heteroatons, distance between
them coordination nunbers, and also bridging groups and
net al - net al di st ances in di nucl ear conpl exes are
determning factors to obtain good nodel conpl exes.*?
Subtl e changes in heteroatom substituents are magnified in
O, activation behavior, as reflected in studies perform

with different families of |igands. 4440

1.3.2 Internediate characteri zation

The interaction of a O, molecule with Cu' inplies a partia
or total reduction of dioxygen and the oxidation of the
metal. The mgjority of reactions with Q@ have a favorable
enthalpy (DH < 0), but sone factors difficult the
interaction. Dioxygen nolecule ground state is a triplet
and spin conservation rules allow the interaction of
di oxygen (triplet) wth other systenms wth wunpaired
el ectrons. The reaction of the triplet & wth a
di amagnetic nolecule wll only proceed if the final product

has an easily accessible triple state.*"48
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Figure 6. Orbital diagramfor 3G

A S, *
£ -
t t Px* Py*
[KK] (s2)° (xpy)* (0x*)" (oy*) (52%)° 1l I Px Py
t S,

These rules create kinetic barriers for the reaction wth
di oxygen. Enthal pycally, reactions are Ilimted for the
unfavorable reduction of Q to superoxide @, even though
the 2 and 4 electron reduction to peroxide and water
respectively are favorable.®

Figure 7. Latiner diagram of dioxygen species dissolved in HO
at pH=7 at 1 atmof G

+1.20
‘ +0.64
-0.33 ‘ +089  +0.38 ‘ +2.31
O, O;——H,0,——H0+HO—2H,0
‘ +0.281 ‘ ‘ ‘ +1.349
+0.31 |
+0.815

The di oxygen nolecule behaves as s-donor and p-acceptor
ligand when reacts with Cu'. Spin-orbit coupling, that
reduces the potential barrier for the spin change, and the
interaction with the netal, that supplies the necessary
energy to overcone the barrier, are the factors that allow

the reaction to occur. %50
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The di fferent coordi nati on nmodes descri bed in t he

literature for Cup-Q cores are depicted in Figure 8.

Figure 8. Different Cu,-O coordination nodes.

0—0
/O—O 0 s AN /O\ S
Cu Cu CU\J) Cu Cu Cu O
ci s-m 1, 2- per oxo trans-m1, 2- per oxo
super oxo Super oxo end- on end- on
hl end-on h2 si de-on
O]

o! | Q Qu
YN 'l
cul[Cou /% c! S a \%

c” Nau o’ NG
m h2h2- per 0xo m h2:h2- per oxo bi s(m oxo) bi s(ms- 0X0)
side-on in the si de-on out of
pl ane the pl ane

1.3.2.1 Superoxo conpl exos

Mononucl ear conplexes 1:1 Cu-O, are clue intermedi ates
postul ated in many biol ogical and catal ytic processes.® The
reaction of a Cu' conplex with dioxygen undergoes towards
the formation of a superoxo Cu'' conplex, as a first step
of the dioxygen activation process. Superoxo species are

unstabl e and transformto other internedi ate speci es.

Lcu) + O=0 Lou(ly—0, _

The superoxoconplex nolecule rapidly reacts with a second
Cu' conplex nolecule to form new peroxoconpl exes (see next
sections). There are few super oxoconpl exes wel |
characterized due to their rapid formation and short half-
lives. Its detection is wusually achieved by UV-Vis and

Raman spectroscopy at |ow tenperatures. There is only one
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super oxoconpl ex characterized by X-Ray diffraction to date,
described by Kitajima in 1994,°% where trispyrazolyl
hydroborate ligand with bul ky substituents was used. Its
desi gn prevents the reaction of superoxo internediate with
other Cu' molecules, allowing its isolation. The conplex
presents a h? side-on type of coordination, whereas the
majority of UV-Vis detected superoxo internediates are

t hought to present end-on coordination. **

Fi gure 9. Orystal structure of superoxoconplex [Cu''(Qy) (HB(3-
t Bu-5-iPrpz)s)]. >t

Conplex [Cu''(Q)(HB(3-tBu-5-iPrpz)s)] presents a brown-
reddi sh color in CHd, at -50 °C, wth two characteristic
bands at 352 nm (e 2330 M!'cm?!) and 510 nm (230), with a
m nor shoul der at 660 nm Strong coupling between Cu'' and
superoxo group (both with spin Y is reflected in the

di amagneti c behavior (sharp signals on the NVR spectrum are
obt ai ned) .

Karlin and co-workers have detected spectroscopycally

superoxo conplexes as reaction internediates with TMPA
| i gand and derivatives.**%
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Recently, WV-Vis studies at |low tenperatures wth Cu
conpl exes using the ligands iPrs-TACN 3 and dinucleant
ligands formed by TACN units linked with —CHCH- 52 or -
Xylyl- %
conpl exes as internediates of the reaction with Q.

also postulated the existence of superoxo

Harata an co-workers reported the crystal structure of a h?

end-on superoxo conplex,®® but a better resolution of the
structure finally determned that it was a hydroperoxo

4

conpl ex.®>* Therefore, a careful analysis of the X Ray

diffraction data is required to avoid inportant confusions.
1.3.2.2 Peroxo conpl exes

Reaction of a superoxo conplex molecule (LQU'-Q) with a
Cu' conpl ex nol ecul e generates a peroxo conplex LCu''—(G%) -
Cu''L. At least four different coordination nodes for
peroxo internedi ates have been characterized (see Figure
8), generally highly unstable species characterized by |ow
tenperature Raman and UV-Vi s spectroscopy.

Per oxo conpl exes are clue intermediates in the mechani sm of
the Cu-Q interaction and major attention is dedicated to
themin the Q activation field. Besides, peroxo conplexes
are thought to be the active species in several catalytic
reactions® and therefore, the conplete deternination of

their properties is of inportance.

1.3.2.2.1 Transper oxo conpl exes

There is only one crystal structure of a trans-m1l, 2- peroxo

end-on conpl ex, described by Karlin and co-workers,?3® and
corresponds to t he i nteraction of conpl ex
[(TMPA) Qu'(EtCN)] (X) (X= PFs, A Q') with Q@ at —-80°C. This
per oxoconpl ex was considered initially a synthetic nodel
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for henocyanin, as the reaction of Cu' and O at -80°C is
reversi ble, but spectroscopic differences and | onger Cu-Cu
di stances di scarded the hypot hesi s.

Fi gure 10. Reversi bl e formation of per oxo compl ex
[ (TMPA) ,Cu''( G) 1 (X) 2

py _‘+ pi'__\ _‘ i}

Py N
EtCN _cla
2 N\—CL(I)II X1 + O, | o y X2
S /—-py "800 NZCUIN-O" p7—"py
PY N by
p
X =Fg 0ClO4

W-Vis spectrum of the conplex, and generally for other
transperoxo conpl exes, presents three characteristic
absorption bands at 440 nm (shoul der, e = 2000 M'cm?), 525
nm (11500) and 600 nm (shoul der, 7600), that confer the
typi cal deep-violet color to these internediates.

Studi es done by Karlin and co-workers allowed the detection
and spectroscopic characterization of transperoxo conpl exes
at low tenperatures with TMPA derivative |igands, such as
the nmononucl eant BPQA, BQPA*, TMPAE® and tris(3-t-Bu-2-
pyridil nethyl)am ne®® or the dinucleant D, °°
two TMPA units |inked by a - CH,CH,- group.

Li ppard and co-workers have published an interesting

consisting in

transperoxo conplex in a recent report, which shows typical
spectroscopic properties but a very short Cu-Cu distance
(2.84 A determined by EXAFS),®® conpared to 4.36 A for
conplex [(TMPA),Cu'';(Q)]. The ligand BPMAN used is a

di nucl eating derivative of 1,8-naphtyridine and the short
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transperoxo conplex obtained may be a nodel for key
internmediates in the formation of mh? h? side-on peroxo
structures in dicopper systens and in the conversion of (m
1, 2-peroxo) to bis(moxo) species in dioxygen activation by
diiron centers.>’

Reedi j k and co-workers have designed a dinucleant 1|igand
VEPY22PZ capable of generating the corresponding Cu,-Q
intermediate as an stable trans-m1,2-peroxo at room

tenperature in protic nmedia (the nost stable reported to
date, ty, = 200 s).°8

Figure 11. The dinucl eant macrocyclic |igand MVEPY22PZ

_/ 7 N\
\ N
N\/(TSN\/\NE?/\/N
s

MEPY22PZ

The |igand coordination environnent is designed to protect

the Cup® core and enhance its stability.

1.3.2.2.2 Ter mi nal peroxo conpl exes
A dinuclear Cu' conplex with a XYLYL derivative with a

phenoxo group has been reported to react quasi-reversibly

with @ by the formation of a peroxo conpl ex.>®
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Desi gned by Karlin and co-workers, the peroxo group showed

di sti nct spectroscopic feat
controversy when the work was

excluded a cis-m1l, 2-end-on

ures that generated sone
publ i shed. Raman experinents

coordi nation node, giving

support to a ml,1-termnal peroxo. On the contrary, the

|atter demands a Cu-Cu dist

ance shorter than 3.15 A,

whereas Cu---Cu distance in conplex [Cu''(XYL-O)(Q)]*
3.3 A It was finally concluded that an asymmetric peroxo

coordination node with a weak

interaction with the second

Cu center was operating in this system

Figure 12. Formation of a termnal asymmetric peroxo conplex

[Cu''(XYL-O) (O)]"

CHCl

/\N N
N N + O —> /
/\;\C\:d s \Cul/j—\Jy i -800C ( E

py" Yy

[Cw!(XYL-O-)]"

The conplex shows electronic

59
L\J

Py

[Cll(XYL-0-)(O2)]

absorption bands at 385 nm

(2900), 505 (6000) and 787 (700) with a shoul der at 610 nm

The band centered at 385 nmis assigned to a phenoxo> Cu''

LMCT, whereas the band at

787 nm corresponds to d-d

transitions for Cu'' ion. The maxi num at 505 nm corresponds

to LMCT (G% > au'').

Some nodifications to the -XYL-O |ligand structure have

been applied®® and it is concluded that terminal peroxo

coordination node only forns
group is bound to each Cu.
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1.3.2.2.3 mh?h? side-on peroxo conpl exes

This new coordination node was first discovered and
reported by Kitajim and co-workers with the resolution of
the X-Ray crystal structure of [(Tp'™2Cu).(®)] conplex
(Tp'™2 = tris(3,5-diisopropyl pyrazolyl)hydroborate).?® The
m h? h? side-on peroxo bridging group is symetric and all
atons of the Cu®» core Ilie in the sanme plane. The
resolution of this crystal structure determined the
coordi nation node in oxyHc, prior to crystallization of the
natural active site (see section 1.2.2).8

Figure 13. Structure of mh%h®> side-on peroxo conplex
[(TpIPrZCU)z(Oz)]. 25

UV-Vi s spectrum of peroxo conplex [(Tp' P 2Cu) o @)] shows two
characteristic bands at 349 nm (20800) and 551 nm (790),
conferring the violet color to this species. The
internediate is virtually dianagnetic at room tenperature
due to strong antiferromagnetic coupling between netal
centers. Raman spectrum presents a signal at 741 cm?

typical for n(O-O vibration in this coordination node. The

deconposition of the internediate to form bis(mhydroxo)
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species follows first-order kinetics at 25°C with a rate

constant value of 1.83 x 10°° s™1.

P2 or Tp™2 have been proved

Tp'P2 ligand derivatives like Tp
to also form sane internediates for the reaction of their
Cu' conplexes with G.2%2

Recently, Tolman and co-workers have devel oped new Cu'
conpl exes wusing the triazacyclononane (TACN) I|igand and

derivati ves, °!

capabl e of nol ecul ar di oxygen activation to
form side-on peroxo internediates, which are nuch nore
unstable than Kitajinma’'s systens, and characterized in
sol ution bel ow —70°C.

Per oxoconpl ex [((i-PrsTACN)Cu'')»(0,)](0sSCF3), bears a m

h2: h?- side-on coordination node as deduced from EPR, UV-

Vi s and Ranman spectroscopy.

Figure 14. Formation of peroxo conplex [((i-PrsTACN) Cu''),( Q)]
( O:SCFs) 2

)
})\ 0, ,-78°C
V u—N CCH3 (CF3803)

warming vaccum &
CH,CI, orecetore

/ \ (! / /§Zw (CF3S03),

The conpl ex presents two characteristic absorption bands in
the UV-Vis spectrum one at 365 nm (11000 M'cni') and the
second one at 510 nm (1000), it is EPR silent (virtually
di amagnetic), and shows a Raman signal at 722 cm?

corresponding to the n(O-O vibration.

The same scientific team synthesized dinucleant |igands
based on TACN units, wusing -CH)CH>- or -Xylyl- [linkers,
also capable of mh?%h%peroxo side-on internediate
formati on. For exanpl e, per oxo conpl exes [(m
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XYLPH a5 ()] (X2 (X = dQ, SbF, CFRSQ) are
characterized even though their formation is very sensitive
to experimental conditions. 33852

Karlin and co-workers have al so characterized this type of
Cu-&» coordination cores when using a famly of

62,63

nononucl eant tridentate RPY2 |igands. However, a

m xture of mh? h% peroxo side-on and bis(moxo) species is
found in coexistence (90:10 relation respectively). This
systemis an exanple of the facile interconversion between
both i someric species. 36364

Karlin et al. already identified this coordination node in
conpl exes bearing R-XYL- (R= H NQ o F) type ligands, that
ultimately lead to aronmatic hydroxyl ation product. 3*°°

An structurally distinct variant of this coordi nati on node
was firstly described by Zuberbihler and co-workers, and
consists in the bent or butterfly mh? h?> side-on peroxo
core.?® In these exanples, ligand constrains inposes a bent

Cu,®; core to release tension of the system

Figure 15. Bent mh% h* side-on peroxo corresponding to conpl ex
[(N) Cu'o( Q)]

CHy) 2+
O Py
N/\C /d)kC — ‘>

o/ Y/

[Cul)(Ng)(O2)]2

UV-Vis spectrum for intermediate [(N)Cu''5(O)]2" presents
maxi mums at 360 nm (e = 16000 M! cm?l) and 456 nm EXAFS
studies determines a Cu---Cu distance of 3.4 A slightly
shorter than the 3.5 A described by plane coordinati on node
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in oxyHe® or [(Tp'P2Cu), (@)].2° Conplexes from same famly
of ligands but different length of linker (-(CHx)n- (N=3-
5)) al so form t he sane bent per oxo si de-on
i nt er nedi at es. 62940

Sanme bul ky ligand strategy to stabilize trans-m1, 2-peroxo
at room tenperature was used to design a dinucleant |igand
derived from tripy (tris-(6-nethyl-2-pyridyl)nethane),
whi ch consists in two tripy units linked with the -CH,CH-
capable of real stabilization of a bent mh?h? side-on
peroxo internediate at room tenperature (t% = 25.5 hours)

in CHCl ,. %

Figure 16. D nucleant ligand derivative of tripy designed to
stabilize a mh% h? side-on peroxo internediate

This is the nost stable peroxo internedi ate ever reported,
coordination of O is fully reversible and therefore,
constitutes one of +the better nodels for henocyanin.
Butterfly CQu,0O, peroxo plays an inportant role in
reversibility aspects of O coordination,®® and the bent
core is formed to accommpdate the slightly short Cu-Cu

di stance in the conplex (Cu---Cu 3.477 A).°®°

34



CHAPTER 1

1.3.2.3 Bis(moxo) conpl exes

The first cu'''-(mO,-Cu''"' core was reported by Tolman in
1995,7° and it presents conpletely different spectroscopic
features conpared to the rest of [Cu,&] internediates.
Actually, the bis(moxo) coordination nbde represents an
step forward to the resolution of the Cup,-Q interaction
mechanism and to the reactivity pathways to oxidation
products as well (O O bond is already broken).

The electronic spectrum of conplex [(Bns- TACN) Cu'(CHs:CN)]
(SbFe) after reaction with & at -80 °C in CHdO > showed
di stinct and characteristic absorption bands. The
intermediate is unstable above -80°C, and it was
characterized in solution by ESI-M5 'HRW, and O uptake
manonetry. Only Raman and EXAFS studies allowed the
assi gnment of the conplex to a bis(moxo) coordination node
for conparison to spectroscopic characteristics of simlar
Y Inmportantly, EXAFS
data determined a short Cu-Cu distance (2.86 A), unreliable

for a mh%h? side-on peroxo (3.6 A), and therefore,

intermediates in Fe or WM conpl exes.

gi ving support to the new coordi nati on node.

Figure 17. Bis(moxo) conplex [(Bns-TACN Qu''""),(m Q)] (SbFe).

Ph\' (Ph ot
e AL
R VZaYaae)

J L,
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The obtention of crystals at |ow tenperature suitable for
X-Ray diffraction confirmed the bis(moxo) core,* with
Cu---Cu distance of 2.794 A and O --O distance of 1.81 A
The copper coordination sphere is an square-based pyramd
slightly distorted at the axial position. Short Cu-O bonds
(1.8 A are in line with copper oxidation state +3 and
agree with bis(moxo) conplexes of Fe’” and Mi*® with high
oxi dation states.

The WV-Vis spectrum of conplexes [((Bns-TACN)Cu''"Yo(m O)]

(X)2 (X= AQ or SbFsg) show two bands centered at 318 nm
(e = 12000 M'cm?) and 430 nm (14000), that confers the
characteristic orange-brown color to it. The conplex is
di amagnetic due to d® electronic configuration for Cu''

(EPR silent, H NWVR with fine structure). Raman spectrum
(lex = 457.9 nn) presents two signals at 602 and 612 cm?,

that collapse to a single peak at 584 cm® when %0, is
used.

One of the mmjor contributions from Tol man and co-workers
was the denonstration of the rapid equilibrium between m
h2: h®- peroxo side-on and bis(moxo) electronic isoners,?
when using TACN derivative ligands (wth variable iPr and
Bn group substitution on the coordinating N atons). The
equilibriumis very sensitive to experinental conditions,

bei ng solvent and counteranion nature the factors that
control the displacenent of the equilibrium towards one
side.*® The interaction of Cu' conmplex [(i-PrsTACN)

Cu'(CHCN)] (X) with O, at -80 °C forned the bis(moxo)

speci es when using THF and counterions X = Q" or PFg,

while if using CH,Cl, as solvent, reaction was directed to
m h? h? peroxo side-on species with all the counterions.

The peroxo internediate was also obtained if reaction was
done in acetone or THF wth BPhs, SbFe, OsSCF3°

count er ani ons.
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It has not been established yet the exact influence of
counterions and solvent towards displacenent of the
equilibrium to any of the two isoners. Sone theoretica

cal cul ations have been perfornmed in [ ((NH)3Cu)2(m h? h%
3)]% and [((NH)3Cu)2(mO,]% npdel systens in the gas
phase. It is deduced that bis(moxo) core is slightly nore
stabilized than peroxo core.® Calculations using solvents
with dielectric constant e = 10 indicate that solvation
al so favors the bis(moxo) core. However, the studies do

not take into account the interactions of cores with the

first coordination solvent sphere and counterions.

Focusing in ligand nodification effects on the equilibrium
Tol man and co-workers concluded that steric characteristics
of ligands determine which of the isomers will form3® Wen
substituent groups on N atons of TACN |igands present a
tertiary carbon in the a position, mh? h% peroxo side-on
core is formed (longer Cu---Cu distance), whereas if
secondary carbon is found in the a position, bis(nmoxo)
core is fornmed (shorter Cu---Cu distance). It can be
deduced form these data that steric problens inposed by a

tertiary a carbon maintains the copper centers at |onger
di stance and therefore the short distance in bis(moxo)
core i s unachi eveabl e. However, solvation can overcome this
effect as nentioned before.

Ligand structure also inposes one of the isoners in the
di nucl eant TACN derivatives wth -CHCH- or -Xylyl-
l'inkers. Ethyl linker maintains copper atons cl ose together
and bis(moxo) core is fornmed, whereas —-Xylyl- Ilinker is

| onger and peroxo core is obtained.
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Figure 18. Cu---Cu distance for mh? h% peroxo side-on and bis(m
0X0) cores

_0__ /

uu | Cul = - ultl Cun
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36A 28A

Stack and co-workers have devel oped a new way of generating
m h? h? peroxo side-on and bis(moxo) species with sinple
bi nucl eati ng coner ci al per al kyl at ed di am ne | i gands
(PDLs). 373 7% Regarding the weak coordination of the axial
N in mh%h%peroxo side-on reported previously, %6
conpared to strong equatorial Cu-Neq bonds described, they
decided to test bidentate chelation on Cu conpl exes
towards Q activation. They have found that peralkylated
diamine ligands provide sufficient Cu' ligation for O
activation and, at the sanme tinme, substrate access to the
peroxo or oxo cores is available. Thus, these sinple
systens are designed to prepare catalysts for potential

oxi dation reactions perforned by the Cu,-O, i nternedi ates.

38



CHAPTER 1

Figure 19. Peral kyl ated diamine |igands (PDLs) for CQu' conpl exes
capabl e of O, activation

L4 L5

Larger N-al kyl substituents, at parity of diam ne backbone,
bias the equilibrium towards peroxo core, as already seen
by Tolman systens.® The trends observed indicate
interligand steric interactions as the major determ nant of
the equilibrium Stack and co-workers also determined in
this work that peroxo and oxo isoners can also be
I nterconverted by tenperature, solvent and the nature of

count er ani ons. "3

1.3.2.4 Bis (m-o0x0) conpl exes

This new coordinati on node has only been characterized in
one m xed-val ence trinuclear copper cluster bearing the
core (Cus®)3"'* where two copper atoms are formally
divalent Cu'' and the third is trivalent Cu''".” The 1igand
used is a pernethylated (1R 2R)-cycl ohexanedi am ne chosen
for its preorganized structure ideal for binding one Cu

atom The small steric problenms of this Iigand allowed the
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formation of the cluster after reaction with Q (in a 3:1
conplex: O, relation) at -80°C i n CHC »,.

Fi gure 20. Synthesis of new bis (m-o0xo) coordination node in
COprI ex [ L30J302] (Og,SCF:g) 3

-80°C AN ’
3 [LCu(l) (MeCN)* + O, - /Cu< \g(\'\'N
CH,CL, N N
X :
[L.CuO.]
U Me 3vWY;

The O --O distance is 2.37 A and each copper atom achi eves
an optiml square-planar geonetry. Only one of them
presents short Cu-O bonds (1.83 A), as a reflection of its
hi gher oxidation state (Cu'''; simlar distances are found
in simlar conplex bearing bis(moxo) core). ™

El ectronic spectrum registered at -80°C in CHxCl, shows
absorpti on bands centered at 290 nm (e 12500 M!cm?), 355
(15000), 480 (1400) and 620 (800), conferring a brown col or
to it. Bands at 290 and 355 nmare attributed to O > Qu'"
LMCT, and their high intensity is a reflection of the
degree of coval ency for the Cu'''-0O bond.

The m xed-val ence cluster may be envisioned as the addition
of a Cu' conplex nolecule to an already formed bis(m oxo)
core (Cu''"'@).%®
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1.4 Biomnmetic nodeling of tyrosi nase and

cat hecol oxi dase reactivity

The catalysis of oxygenation and oxidation reactions by
tyrosi nase and catechol oxi dases (COases) is currently one
of the nost intriguing fields in bioinorganic chem stry.
Phenol oxidation reaction to ortho-di phenols and subsequent
oxi dation to ortho-quinones are known for over a century,
but those reaction are still far from being understood at a
nol ecul ar level. Tyrosinase is the only Type 3 copper
protein that has not been characterized by X Ray
diffraction studies. This lack of structural data has been
overcome by full spectroscopic characterization: simlar
henocyanin active site structure is proposed, as well as

similar internediate mh? h®-peroxo side-on species are

formed on the oxyTyr form?®?

| mportantly, the growi ng structural insight into tyrosinase
activity is conplenented in great manner by a continuos
publication of chem cal and nechanistic information
obtained from the study of relatively sinple synthetic
nmodel s. 337 After exposure of all the Cuy,-Q coordination
nodes in the previous sections, we wll focus on the
intrinsic mechanism of ortho-hydroxylation of phenols
(nmonooxi genase activity, see Figure 4). D fferent proposed
mechanism for aromatic hydroxylation in synthetic | ow
nol ecul ar wei ght nodels and in tyrosinase natural site wll

be di scussed in the follow ng sections.
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1.4.1 Wat is the hydroxylating active species? Proposed

mechani sms

Assumi ng that the observed Cu,-O, internediate in
tyrosinase active site is the well characterized mh? h?
peroxo side-on, and considering that final product cones
from the aromatic hydroxylation of the phenolic substrate,
a question arises at this point: when does the O O bond
break? Does it break prior to, along with or after the
attack by the oxygen to the aromatic ring??" "’

The three possibilities are considered and their chance to

be involved in the operating nechanismis eval uated.

1.4.1.1 O- O bond breaks after the attack on the aromatic

ring

This was one of the earliest nechanisns proposed to be
operating in tyrosinase activity.®’ Once the m h? h% peroxo
side-on core is fornmed, the followng step would be the
nucl eophilic attack of the substrate hydroxo group to one
of the Cu atons. Honolysis of a Cu-O bond leds to formation
of a phenoxide and an hydroperoxide groups. Concerted
coupling of bot h speci es forns t he i nternedi ate
hydr oper oxi benzoqui none speci es. Fi nal rel ease of
benzoqui none and a water nol ecul e regenerates the dinucl ear

Cu' active site ready to catalyze again the reaction.
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Fi gure 21. Proposed mechani smfor hydroxyl ation reaction when O
O bond breaks after attack on the aromatic ring.

His His His His
/o\ - o - .
His—Cu_ ] /IICu/— His <« 2%  Hs—=Cu ICu/— His
O
His is His \—ﬂs

l %ﬁ{%

HIS—CU' ”CU—HIS _— Hls—CL( —CU—His
H

/
His HOO His His His

1.4.1.2 OO bond breaks along with the attack on the

aromatic ring

This nmechanism would represent a case of electrophilic
aromatic substitution (SE) by peroxide with the p system
being activated for this reaction by the first OH group.
The electrophilic character of the bridging side-one
peroxide group is explained by a |arge anobunt of charge
donation into the Cu'' centers, converting it as a suitable

target for nucleophilic attack fromthe aromatic ring.’®7°
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Fi gure 22. Proposed mechani smfor hydroxyl ation reaction when O
O bond breaks along with the attack on the aromatic ring.

"D

N 0" N
>(|ZIL|| ~cu”
NN W

A typical and very representative exanple for this
reactivity is the famly of binuclear copper conplexes
[ Cuy' (R- XYL-H)]?" devel oped by Karlin and co-workers. 38" |n
the binucleating ligand series R-XYL-H two bis[2-(2-
pyridyl)ethyl]-am no (PY2) tridentate units are |inked by a
xylyl spacer which is hydroxylated upon reaction of the
corresponding Cu' conplex with O. It has been denonstrated
that the Cu;-O, internediate species is a mh? h% peroxo
si de- on. Reactivity depending on different el ectron
withdrawng R groups is in line with an electrophilic
attack of the peroxide. For exanple, when R = F, the
reacti on becones |ess favorable due to less nucleophilic
character of the aromatic group. The lack of Deuterium
Kinetic |Isotope Effect (DKIE) also agrees wth the
el ectrophilic nmechani sm proposed, so the aromatic C-H bond
breaking is not the Rate Determning Step (RDS) of the

reacti on.
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Figure 23. Reaction pathway for intranolecular |igand
hydroxyl ati on with the nodel systems [Cu, (R XYL-H)]?#*

R R
Py =
[ |
NN
Py 05, kon K
\ , 2:Kon Keq ( \'._Dy P />
- N-G 36
N Koff [N/ J
| Py O Py
py—Cu—Py

[Cuol (REXYL-H)J2+ [Cuall (R-XYL-H)(O2)]2*

Khidrox

0

[Cupol (XY L-O-)(OH)]2*

R=H,t-Bu, F,CN, NO>

Theoretical calculations have been performed on this
system ® and within a frontier orbital approach, two
distinct orbital pathways for electrophilic attack are
consi dered. The highest occupied nolecular orbital (HOVO)
of the arene ring can either interact with the | owest
unoccupi ed nol ecular orbital (LUMO of the side-on peroxo
group, which has a p* character, or wth the next
unoccupied orbital at higher energy, which is s* type.
Geonetric and el ectronic considerations favoured the forner
possibility, nanely the p* pathway.

A considerable anobunt of exanples can be found in the

literature reporting aromatic hydroxylation performed by
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35, 38,52,81, 82, 83,84, 85 None of

Cu' conpl exes. them has been as

exhaustively studied as Karlin's system probably due to
the fact that it is the cleaner exanple of this type of
reactivity found in synthetic nodels so far. However, in
all of them a close proximty of the peroxo core to the

arene ring is demanded to achi eve aronmati ¢ hydroxyl ati on.

1.4.1.3 OO bond breaks prior to the attack on the

aromatic ring

A crucial question arised when the bis(moxo) core was
characterized® and specifically, when the interconversion
equi | i brium between m h? h% peroxo side-on and bis(moxo)
i soners was di scovered:®’ was bis(moxo) the active species
responsi bl e for the aromati c hydroxyl ation instead of side-
on peroxo? Although the bis(moxo) core has not been
detected in proteins, an equilibrium displaced towards the
peroxo side can not be excluded. ® %8 Therefore, a snall
anount of bis(moxo) could be the active form for
hydroxyl ation w thout being actually detected neither by
crystal | ography nor by spectroscopy in the natural systens.
However, synthetic nodels have helped inportantly in
answering the question of whether the bis(moxo) core
itself is able to perform aromatic hydroxylation. Early
studies with copper systens capable of O activation to
form bis(moxo) internediates did not perform aronmatic
hydroxyl ation but internediate deconposition wunder N
deal kyl ati on  of the respective Jligand was usually
found.* 3 Actually, bis(moxo) cores are typically active
towards H atom abstraction rather than electrophilic
attack. 3878 Experinental evidence for the fact that

bi s( m oxo) Cuy cores are able to oxygenate an aromatic
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substrate has recently been provided by Tolman and co-
wor kers.® cQu' complex with |igand 2-diethyl am no-net hyl - 6-
phenyl pyridine react with Q@ in CH3CN to generate a well-
characterized bis(moxo) internediate at |ow tenperatures.
After warmng the reaction solution hydroxylation of the

aromatic ring contained within the |igand system occurs.

Fi gure 24. Reaction pathway for intramol ecul ar |igand
hydroxyl ati on with the nodel system designed by Tol nan. %

7\
CHLCN
—N NEt J
2 \\ /’ = 5
T %
NCCHg3

Cu'l, H0
7 N\ 7\
=N NEp =N NEt,
OH

The rate of hydroxylation and the relative anobunts of
hydr oxyl at ed versus non-hydroxyl ated |igand strongly depend
on the substituents in the phenyl ring in a way that

suggests an electrophilic substitution mechanism The H

47



CHAPTER 1

atom abstraction process can be excluded in this specific
system as no KIE is found. The novel proposed active
species in tyrosinase natural system would be the one

depicted in the follow ng figure.

Fi gure 25. Proposed active internedi ate for hydroxyl ation
reacti on when O O bond breaks prior to the attack on the
aromatic ring.

1.4.1. 4 The hydroxyl ating active species: mh?%h? peroxo

si de-on versus bi s(m oxo)

As deduced from recently resolved X-Ray structure of a
COase of sweet potato® and from phenolic substrate

90.91 3 coordi nati on of

coordi nation in activated henocyani ns
t he phenol to one of the two Cu centers (CuA) is envisioned
as the first step of the reaction.’”” Substrate bonding
geonetry would agree with an electrophilic substitution by
interaction of the HOMO of the arene ring and the LUMO of
the side-on peroxo group. Although the nobst plausible
mechani sm seens to be the latter, sonme factors may turn to
be counterproductive. For exanple, a primary coordination
of the phenol to center CuA would nean a ligand-to-netal
charge transfer, t hat in turn wuld dimnish the

nucl eophilic character of the aromatic ring towards the
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attack over the peroxo group. Moreover, upon coordination
of the phenolic substrate the charge donation of peroxide
to copper woul d decrease and peroxo group woul d becone |ess
el ectrophilic. Besides, it can not be ruled out the
possibility of existence of small anmunts of the other
i soner, respectively, although not detected experinentally.
Model i ng exogenous substrate oxidations, only one bis(m
oxo)Cu'''; conplex anpbng a large amobunt of related |igands
(PDLs) has been denonstrate to be efficient in the
oxi dation of alcohols to al dehydes (>70% conversion), and
reactivity is well <correlated to Cu accessibility for
proper coordi nation of exogenous substrate. %

Therefore, the active species has not been conpletely
defined so far. Apart fromthe unknown active site doubts,
questions such as whether the phenolic substrate really
binds to one Cu center of the CuO, unit, and if it does

whether this is before, after or along w th hydroxylation
shoul d be addressed in the future.

Radi cal nechanisns have also been considered and even

proposed to be operative, %%

so the nobst inportant
concl usion that can be obtained from published work to date
is that no clear nmechanism can be yet determ ned for
tyrosi nase activity, and possible novel nechanisnms will be
proposed in the future to rationalize one of the nost

exciting topics in bioinorganic chem stry.

1.4.2 Internol ecul ar hydroxyl ati on

Casella and coworkers have recently found the first system
capabl e of both aromatic ortho-hydroxylation and catheco

oxidation to quinones of exogenous substrates.® The
reaction of conplex [Cu' y(L-66)]%" with Q at —-80 °C yields
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a mh? h%peroxo side-on [Cu''y(L-66)(0)]?" conplex. The
oxygenation can be fully reversed upon application of
vacuum (Fi gure 26).

Addi tion of sodium 4-carbonmet hoxyphenol ate to a sol ution of
[Cu''5(L-66) ()] % in acetone at —60°C triggers the reaction
to finally obtain the catechol product. Moreover, the
oxi dation of catechol to quinone is denonstrated by the
reaction of the conplex [Cu'',(L-66)(0)]%" with 3,5-di-tert-
but yl cat echol at —-60°C.

Conpl ex [Cu'z(L-66)]%" resenbles Karlin's system [Cu'a(H
XYL)]?*, with the difference of two benzimi dazol e residues
per copper atom instead of tw pyridines. However,
reactivity is conpletely different, as high unstability of
the peroxo and fast intranolecular hydroxylation is
observed in oxygenation of [Cu's(H XYL)]?" (see section
1.4.1.2 and Figure 23).

The dinuclear [Cu'y(L-66)]2%" system has been called the

first true tyrosi nase nodel .

Fi gure 26. Reversible oxygenation of conplex [Qu',(L-66)]%

a T
\ N N

Chy (A [Choshy
B

BZ B Bz E;Z o)

Bz = 1- methyi- berwiimidazole
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1.5 G Hactivation: a challenging target

As exposed in the previous sections, tyrosinase reactivity
is one of the natural nodels for functionalization of
substrates, and for aromatic hydroxylation specifically.
Chem cal I ndustry has been usi ng expensi ve and
envi ronnent al non-friendly procedures to functionalize
hydr ocar bons, and therefore, incorporation of synthetically
desi gned catal ysts is one of the major challenges to reduce
costs and becone an environmental | y sustai nable industry. A
general overview to chem cal processes to achieve CH

activation will be presented in the foll ow ng sections.

1.5.1 Oxidation of al kanes

Al t hough al kanes are the nost abundant and | east expensive
hydr ocar bon feedstocks available in earth, olefins are the
general starting material in many commerci al processes to
produce compbdity organic chemcals. Unfortunately, very
few industrial nethods exists for the selective conversion
of al kanes to nore val uabl e products. Furthernore, several
desirabl e reacti ons using al kanes are not thernodynam cally
favorabl e at reasonable tenperatures. For exanple, alkanes
are used in the generation of synthesis gas “syngas” (CO +
H,) by the “steam reform ng” of nethane, which is in turn
the primary conponent of natural gas. Syngas may be then
used directly I n i ndustri al reactions such as
hydrof ornyl ation of olefins, but it is often converted to
nmethanol for use as fuel or as a chemcal feedstock.
However, the direct oxidation of nethane represents a much
nore efficient pathway for nethanol synthesis (Figure
27).94
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Attenpts to selectively oxidize alkanes encounter two
I nport ant pr obl ens. First, W th r espect to
chenosel ectivity, the initial product of alkane oxidation
is often nore reactive than the al kane itself; for exanple,
the CGH bond in methanol is 11 kcal nol! weaker than in
nmet hane (93 and 104 kcal mol 2, respectively).
Consequently, if nethane oxidation involves the abstraction
of a hydrogen atom wth a reaction rate usually governed
by C-H bond strength, overoxidation of nethanol (leading to
CO, if conmpleted) will dramatically reduce the desired
product yield.® The second problemis regioselectivity of
al kane oxidation: both radical and electrophilic reagents
preferentially attack tertiary over primary and secondary
C-H bonds (3°>2°>1°).%:97 However, the selectivity is not
hi gh and preferences usually are in the opposite direction,

that is towards sel ective oxidation of primary C H bonds.

Fi gure 27. Syngas synthesis equation, and two routes for the
obt enti on of methanol

[Ni], A
CHyg + HO ———— CO(g) + 3Hyx(9

AH® = 49.3 keal mol™

[CWZnO]
CO(g) + 2Hy(d) ——> CH30H(g)

AHO = -21.7 keal mol™t

CHy(g) + 050, ————— > CH30H(g)
AH® = -30.7 kcal mol™t
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Recent work suggests that honpbgeneous organonetallic
syst ens can over cone sone of t hese selectivity

pr obl ens 96, 97, 98,99, 100, 101

Moreover, the large anount of
exanpl es of organonetallic alkane oxidation (referring to
the formation of a netal-carbon bond in the CH activation
step) suggest that a reversed regioselective pattern (i.e,
1°0>20>3°) can be attained. Furthernore, strong CH bonds
can be activated selectively in the presence of weaker CH
bonds (for exanple, aromatic C-H bonds are activated before

benzylic CH bonds in toluene). %

Several approaches to
organonetal lic activation reactions are shown in Figure 28.
Despite the success in this area, few systens are capable
of subsequent substrate functionalization and regeneration
of the nmetal fragnent as required for a good catalytic
turnover. In nost cases the reactive netal species
responsi ble for alkane activation is inconpatible wth

oxidants required for catalysis (Q, HO).
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Fi gure 28. Various pat hways discovered for the activation of
al kane C-H bonds (stoichionetry is specified in the reactions).

Oxidative addition

R
LMD + RH @ —— LmMn+2<
H
s- bond metathesis
LpMn + R-H e LyMn—R" + R-H
R
1,2-addition R H
LMn=X + RH ———> Lm&n——L

X =0O,NR CR,

electrophilic activation

LM+ RH

LpMn—R + HX
X
X = halide, hydroxide, triflate, etc.

metalloradical activation

R-H
{(poRNl},] =——=  2[(poRII] —— [(PRNIR] + [(por)RAllIH]

An i nportant exception to this limtation is the reaction
of al kanes with chloroplatinum salts in aqueous solution.
Interestingly, this was one of the earliest exanples of CGH
activation: Shi | ov and co-wor kers observed t he
i ncorporation of deuterium into alkanes in solutions of
Ko[Ptslin DO [DYacetic acid.!®® The same group reported
in 1972 that addition of B[Ptdg to the reaction m xture

generated oxidized alkane products RO and ROH (see
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Equation 1).!° Opposite to extremely air and nmisture
sensitivity in organonetallic reagents shown in Figure 28,
the platinum conplexes are soluble in water and the
reactions are unaffected by the presence of G, becomng a

remar kabl 'y robust system

Equation 1. Shilov's chloropl ati num system for the oxidation of
met hane to net hanol .

N _ [Polg” .
CHy + [PClg~ + HXO (ClI) > CH30H (CH3Cl) + [PtCl4]~ + 2HCI
H,0, 120°C

The doubly solvated conmplex [PtC(HO ] has been proposed
to be the active catalytic species, and the observed
selectivity patterns are parallel to other organonetallic

activation systems (1°>20>30) %

In recent years, several new al kane oxidations that utilize
el ectrophilic late transition nmetals in strongly acidic
medi a (CF3COOH, H,SQ;) have been di scovered, and significant
simlarities to the platinum chem stry have been noticed.
Periana and co-workers discovered the Hg''-nediated system
(as triflate, hydrogensulfate or trifluoroacetate salts),
capable of catalytically oxidize CH; to CH3OSOsH in 43%

05

yield in pure HSQ, as solvent.'® Similar reactivity was

observed in trifluoronethanesul fonic and sulfuric acids in

the presence of TI'', AJ, Pd'" and Pt''/Pt'Y, but no
efficient catalysis was observed. In a recent report, a
bipyrimidine Pt'' conplex is used as the catalyst,

obtai ning the final CH;OSQH product in a 70%yi el d. %
Sen and co-workers reported a Pd''-acetate nediated
catalytic oxidation to CRCOCHs in trifluoroacetic
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anhydride with HO as stoichiometric oxidant.®" The same
group observed the sel ective oxidation of nethane and ot her
| ower al kanes by @, when enploying 5% Pd/ C and sol ubl e Cu"'
salts in a mxture of ¢trifluoroacetic acid and water,
obtaining nethanol as the nmmjor product. 1 Carbon
nonoxi de was found necessary to be present in order to
mai ntain selectivity in the reaction. Authors suggest that
CO reduces O to HBHQO, which then oxidizes al kanes in the
presence of transition netals. The necessity of a
cor educt ant in t he reaction strongly resenbl es
nonooxygenase enzymes reactivity such as cytochronme P450,
which require a reducing agent (NADH) to activate & and

t hen produce substrate oxidation.>%

Cobalt(Ill) ions in trifluoroacetic acid are also effective
in the oxidation of nmethane to CRCOCH; at 180°C, and
addition of O increases the catalytic behavior of the
reaction, suggesting reoxidation of Co'' by &.!° Sinilarly,
Rh''' salts also catalyze the nethane oxidation in
trifluoroacetic acid using HO as the stoichionetric

oxi dant . 1!

1.5.2 Mechani smof the Shil ov Reacti on

In 1983 Shil ov proposed a nmechanism for platinum catal yzed
al kane oxidation consisting in three basic transformations
(Figure 29):'2 3a) activation of the alkane by Pt'' to
generate an al kylplatinun(ll) internediate, b) two-electron
oxidation of the latter internmediate to generate an
al kyl plati num(1V) species, and c) reductive elimnation of
RX (X= O or OH) to |liberate the oxidized al kane and the
Pt'' catal yst.
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Figure 29. Proposed catalytic cycle for the platinumcatal yzed
oxi dation of al kanes in aqueous sol ution.

The discussion of this nechanism has generated a |arge
amount of studies where the nost controversial and still
unresol ved step to date is the process involving the CH
activation of the al kane (step a). Nevertheless, this step
often dictates both the rate and selectivity of the al kane
oxi dation. The major discussion about the C-H activation is
whether it is via oxidative addition of the CH bond at
Pt'" yielding an alkyl (hydrido)platinum(l1V) conplex which
is subsequently deprotonated, or on the contrary, via
deprotonation of an intermediate Pt''-alkane s adduct
(Fi gure 30). %113
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Figure 30. Two possi bl e pat hways for al kane C-H activation by
Pt''": oxidative C-H addition and subsequent deprotonation of the
Pt'Y hydride, or formation and subsequent deprotonation of an

al kane s adduct

lﬂv +B M e
/I‘Dt\R /Pt\R + BH
| / A
’ pt'-'-' """" | + RH ,: ?
S Vi
el 4B o, e
/Pt\z /Pt + BH

Deposition of platinum netal and reaction conditions (>100
°C) preclude a detailed nechanistic study and detection of
i nternedi ates. Thus, theoretical studies have becone a
useful tool to understand experinental questions. However,
cal cul ations can not exclude any of the above nentioned
mechanism in spite of favoring a H atom transfer from a

net hane s conplex, first to a neighboring C I|igand (best

described as a s bond netathesis) and then to solvent
wat er . 113

Wil e oxidative addition of the CH bond nay be operative
in the Pt''-mediated reaction, this is not a viable
pathway for many of the other systens. For exanple, it
seems not reliable for Hg'' or Co''' because of unknown
exi stence of M*™ species that would be formed as

intermediates in an oxidative addition process.
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The role of strongly acidic solvent appears to be crucial
in these catalytic systens. Polarity of solvents or
capability to alter alkane redox potentials are two
par anet ers ar gued to be i nportant, as wel | as
esterification of alcohols produced in the reaction in

order to deactivate themto prevent overoxidation.

1.5.3 Gf sytens: a Methano Monooxygenase (MMO) synthetic
nodel

Met hano nopnooxygenase is an iron containing enzynme that
catal yzes the oxidation of methane to nethanol under nor nal
living conditions of tenperature and pressure. Gf systens
have been proposed to be synthetic nodels of MMVO due to
simlarities in reactivity and structural coordination to
the iron center.!®!1® Therefore, detailed studies on this
systens nay proportionate nechanistic clues for the nethane
oxi dation pat hways in MVO

Wth the forner idea of imtating the reductive conditions
existing on earth 3800 mllion years ago, Barton and co-
wor kers di ssolved netallic iron Fe® and HS in acetic acid,
and added adamantane in air atnosphere. Surprisingly,
adamant ane was oxidized to the corresponding ketone wth
reasonabl e yields and selectively at the secondary carbon
position. This was called the Gf(llIl) system?!’ System
nodi fications were applied over the years and nodern G f

18,119 ytilize Fe'' or Fe''' salts with either HO, or

syst ens
Fe''/superoxide wth picolinic acid as the ligand, in
pyridine as solvent. Those systens are capable of al kane
oxidation in 75% vyield wthout destruction of the

0

catal yst, ?° al t hough none of themis sufficiently good for

i ndustrial applications.
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As nmentioned, Gf systens show a high selectivity for
secondary in front tertiary carbons.' This selectivity
along with the lack of KIE in the cycl ohexane oxidation
reaction do not favor a CH bond activation pathway via
hydrogen atom abstraction.!?22 Sinilar reactivity has been
found if CU salts are used, indicating the same CH
activation mechanism for Fe and Cu.!?® Mechanistic studies
indicate the existence of two internediates: one of them
has been proved to be an alkyl hydroperoxide!?*1® or
met al al kyl peroxi de,'*® depending on the presence of
pycolinic acid acting as ligand, but the nature of the
ot her intermediate remains unclear. Barton et al .
postul ates the formation of an organonetallic Fe-C species

(see Figure 31). 119, 124,127

Figure 31. Postul ated al kane C-H activation pathway in G f
systems using indistinctively Fe'' or Fe''.

4 HooH e RNy

H H
&
(n+2)+ 7N 2
Fe OH FG(MO
H—C—

The reactivity of Fe'Y-CHR, species is thought to proceed

through homolysis to yield Fe and the carbon centered

radical -CHR. In presence of Fe'''-dl, the radical can be

trapped to give the corresponding al kylchloride O CHR,. On
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the <contrary, the organonetallic internediate species

"""_Fe¥ mechani sm do not homol ytically break

formed in the Fe
to give Fe'VY and a carbon centered radical. The chenistry
shown has been probed to be non-radicalary and the
mechani sm proposed to be operative with the presence of

pycolinic acid is depicted in Figure 32.

Figure 32. Al kane ketoni zation nmechanismin Fe'''/Fe¥ Gf systens
(pycolinic acid present)

ord! — > R >R — = Fe \ﬁ\é + HO
2H" O
H_ H
. C
OH /
OH el l W _0—O0
e
L'" " \ Fe CF\é—OH
e - O - \:)
~~0 |
T 7\ |
PN

The presence of carboxylic acids with a N atomin the a
position, such as picolinic acid, is essential to perform
al kane oxidation. ' NWR studies have concluded that each
Fe''' center bears two picolinic acid ligand, *® and recent
reports denonstrated that pyridinic solvents are necessary
(systens where acetonitrile as solvent is used do not show
Gf chenmistry).'®® The rate limting step for the latter
reaction appears to be after the formation of the

organonetal | i ¢ Fe-C bond.
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1.5.4 O ganocopper species

The nost inportant utility of copper in organic chemstry
is in the form of nucleophilic organocopper(l) reagents

(R.CuM for the delivery of har d car bani ons to

el ectrophilic carbon centers.'?® Conjugate additions (a), 3

131 132 133

car bocupration (b), al kyl ation (c) and allylation (d)
represent the reactions that can be achieved readily wth
organocuprate reagents but not with other transition netal

organonetal i c conpl exes (Figure 33).

Figure 33. Nucleophilic reactivities of organocopper(l) reagents
RCu (R = sp? sp® carbon anionic centers; X, Y = halogens, etc.).
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However, nechanistic information about these reactions has

not been addressed until recent theoretical reports from

d, 134

Nakanmura, Morokuna and co-workers were publishe nor e

than 50 years after Kharasch and co-workers reported the

135

first organocuprate species. In all proposed nechani sns,

organocopper (111) RsQu''' species have been postulated to
exist as internediates, although no exanmple was
exhaustively characterized until crystal structures were

reported in the late 1980s (three conplexes bearing CFs
groups in order to stabilize the high oxidation state -
Culll_)_lse

There are now four crystal structures of discrete
or ganocopper(l11) species. The nost interesting one is the
conplex reported by Furuta and co-workers in the year
2000, 137 consisting in a doubly N-confused Porphyrin (NCP)

| i gand capabl e of stabilize a Cu''' center (see Figure 34).

Figure 34. Synthesis of the doubly N-confused porphyrin Cu'"
conpl ex.

clioAc), H,0

CHCls,R. T.

Ry =CeFs cl'—n,cP
R2 = OC2H5

N-CP
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The nost striking point of this conplex is the synthesis
itself. Cu'' salts were nmixed with the corresponding NCP
ligand in CHC 3 at room tenperature overnight and the
or ganocopper (l111) conplex was obtained as final product. No
nmechani stic details are proposed in Furuta’s work so far,
but oxidation of CQu'' to Cu''"' and C-H bond activation are
two processes that deserve to be explained. Simlar
reactivity is observed when Ag' is used (obtaining an

7

onganosilver(I11) conplex),® as well as N'' (obtaining

8

organoni ckel (111) species).®® Chmielewski and co-workers

reported a simlar CH activation with NCP using Cu'' salts

and obtaining organocopper(ll) final species, %

al t hough
the first organonetallic Cu'' crystal structure has been
publ i shed this year (2001) by Furuta's group. 4°

C-H bond cl eavage perforned by a variety of netals with NCP
ligands under mld conditions opens the scope of CH
activation studies and may lead to design of new catal yst
capable of CH bond activation in the future. Moreover,
unexplored reactivity of these new carbon pre-activated
or ganocopper(l11) species may guide to new reaction

pat hways for hydrocarbon functionalization.

1.5.5 cu''"" conpl exes

Oxi dative potential of Cu''' species has been considered in
nmonooxi genase activity, and bis(moxo)Cu''" internediates
have been proposed to be the active species in aromatic
hydr oxyl ati on performed by tyrosinase. Sane internediates
can undergo aliphatic hydroxylation as shown by Tol man and
co-workers.® However, scarce studies have been done on
expl oring the oxidative potential of other nore stable non-

oxygen contai ning Cu''' conpl exes. Mayer and co-workers used
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two well established Cu''"' conplexes to show their
capability of oxidazing CH in dihydroanthracene to
ant hracene (conplex [Cu'''(Pre)]*), and 2, 4-di-t-butyl phenol
to t he correspondi ng coupl i ng pr oduct (conpl ex
[Cu''"(H3Ai bs)]), both reactions at room tenperature.!*
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CHAPTER 3

A Novel Tw st on  Copper Di sproportionation: Room
Tenperature ArylCH Activation by Cu'' to Form Novel
Organonetal lic Aryl-cu''' species

3.1 ABSTRACT

Cu''  conplexes containing triazamacrocyclic ligands L
(H32m  HMe33m and H33nm) undergo a disproportionation
reaction at room tenperature in CHCN that yields
di amagnetic Cu' and Cu''' species in a 1:1 molar relation.
cu'''  conplexes have been isolated and structurally
characterized by X-ray Diffraction, XAS and NVR as novel
organonetallic Aryl-cu''' species ([(H32mOau'''1? (1),
[ (KkMe33m O au'''1?* (2), [(H3mOu'''1?" (3)), with an
slightly distorted square-planar geonetry for Cu centers.
Organocopper (111) conplexes 1, 2 and 3 are stable under
protic medi a and aer obi ¢ condi tions at anbi ent
tenperatures. Formation of Aryl-cu''' conplexes (1-3)
constitutes an exanple of aromatic C-H bond activation at
room tenperature and its kinetics and mechani sm have been
studied by UV-Vis monitoring of the Cu'' d-d transition
bands decay. Theoretical calculations show a clear agostic
interacti on between the Cu'' center and the GH bond. Data
obtai ned fromthese studies is suggestive of an heterolytic
C-H cleavage and subsequent electron transfer for the
di sproportionation reaction nechanism wth the CH bond

cl eavage as the RDS.
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3.2 | NTRCDUCTI ON

Sel ective activation of CH bonds is inportant to achieve
further functionalization of organic noieties, and running
these reactions under mld conditions is one of the nmjor
goals for synthetic chemists.! There are tw main
mechani sms known to achieve activation of CH bonds by a
single metal :23 one is the heterolytic activation, where an
el ectrophilic metal is capable of activate CGH bonds (M™ +
RH > M*™-R + H). One of the first exanples proposed to
undergo through electrophilic CH bond activation was
Shilov's system* where alkanes can be oxidized with
chl oroplatinium salts in aqueous solutions. This systemis
still today subjected to controversial mechani sti c
di scussi ons. ® Oxi dat i on of al kanes nmedi at ed by
el ectrophilic netal ions in strong acidic conditions has
gai ned attention recently.® In these reactions, netals are
in high oxidation state (Hg'', co''', pPd'', RA''").”

The second one is the oxidative addition reaction, which
proceeds through formation of agostic CH M bonds,® to
finally form C M™-H species. Intranolecular oxidative
additions, also named as cyclonetallations,? are widely
known, but internolecular reactions (i.e. activation of
desired hydrocarbons) are scarce due to the propensity of
the reductive elimination reverse reaction.®!® The mgjority
of the oxidative addition reactions are driven by late
transition netal conplexes or by rare earth conpl exes, both
known to form strong bonds to carbon,!! but exanples are
known for other netals, such as Pd, Ru, Rh (2™ row
Transition Metals),> N and Co (1% row Transition
Metal s). 3

Very recently, CH activation on N Confused Porphyrins
(NCP) ligands by Cu'' salts has been reported.!*?® One or

two pyrrolic CH groups can be activated to form the
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correspondi ng organonetal lic Cu'' or CQu''' species. Sinmilar
reactivity is found with NCP ligands by using N'' and
Ag'. % However, no nechanistic studies are reported to
rationalize these C-H activation reactions.

In this study a novel Cu chemistry is presented, where a
cu'' netal center is capable of intranolecular insertion to
an aryl-CH bond at room tenperature and form an
or ganoaryl copper (111) conpound.
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3.3 RESULTS
3.3.1 Synthesis

3.3.1.1 The ligands

Al'l ligands have been obtained by the sane general nethod
(Scheme 1). Cyclization of tosylated am nes and dibrono-

xyl ene derivatives allowed the formation in good yield (>

7

80% of tosylated triaza macrocycles.!’ Detosylation was

8 to give

achieved by reduction with Li/liquid anmonia,!?
final products in yields from®60 to 80% Tosylated |igands

NMR characterization is shown in Figure Sl.

Scheme 1. Synthetic general procedure for the isolation of
macrocyclic |igands

w/“\/\ BRESIN /\f\ )

H
Ts Ts

//f—\\\ CH4CN r/J::;l\j Li/NH5 (1) F/J:;;l\j
N/\NH . NTs TsN _— NH H HN

Ay TS H
TsL L
Ts=p-MePh§O),
m —— -(CHpn ; n=3,2
A wde variety of [ligands have been synthesized by

nodifying the methylenic chain and/or the aromatic
substitution (Schenme 2). Ligand NWMR characterization is

shown in Figure S2.
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Schenme 2. Triazamacrocyclic |igands synthesized

H3ZMm: R, R=H;m=3,n=2
HoMe33m:R=H, R =CH3; mn=3
H33m:R, R =H;mn=3

R—N N—R
/ H22m:R R=H:m n=2
CH>)m CHs)n
( 2)\N/( 2 Me33m: R, R = CHs; m n=3
RI
]
\\‘
H33p : para- xyl
o A P para- xylyl

H330 : orto- xylyl

3.3.1.2 cu' conpl exes

M xi ng equi nolar amounts of ligand L (L = H32m HM33m
H33m H22m) and [Cu'(CHCN)4](X) (X = PRy, OTf, A Q) in
dry CHCN or CHCl, under controlled anaerobic atnosphere
allow the formation of Cu' conplexes [(L)Cu'](X). Isolation
Is achieved by precipitation wth diethyl ether and
filtration. Vacuum is applied to dry the conpounds which
are finally stored under Ar.
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3.3.1.3 cu'"" conpl exes

The anaerobic reaction of equinolar amunts of Cu''(X), (X =
Oorf, do,7) and ligand (L= H32m HMe33m H33m in CHCN at
room tenperature results in a 50% yield of a novel
organonetallic Cu''' conplex that is stable in aerobic,
protic media (MeCH, HO . The remaining 50% of the starting
material is converted to [(LH)Cu'](X) . (see Scheme 3 and
section 3.3.3.2.2).

Schene 3. Cu'' disproportionation reaction

CHsCN, R T.
2 [LCulTT(X) > > [(L-C)Culll](X), + [LCIH (X),

1: H32m
2: HMe33m

3: H33m

H32m HMe33m H33m
aq, orf

X
1

The overall reaction is a quantitative disproportionation
of Cu'' to give equinolar amounts of Cu''' and Cu' species.
Al cu''' conplexes have been characterized by El enental
Anal yses, IR (Figure S3) and ESI-MS (see Figure S$S4), NMR
studies (see section 3.3.3.2.1). X-Ray Diffraction anal yses
were performed on single crystals of conplexes [(H32m
oa''"T(d@). (1-(0Q)2), [(RMw33mOoa''l(dQ), (2-
(AQ)2), [(WB3mQa'''](Orf), (3-(0Tf)z) and [(H33m
oa'''(d)](d Q) (4-(AQ)) (see section 3.3.2).
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3.3.2 X-Ray structures

Crystal structures as shown in Figure 1-4. Crystal data is
listed in Table 1 and sel ected bond | engths and angles in
Tabl e 2.

cu''' complexes [(H32mO Q'] (A Q). (1-(A )2, [(HMe33m
oau'''l(d Q)2 (2-(AQ)2), [(HBmQQ'](OTf), (3-(OTf)2)
and [(H33mOoa!''(A)](dQ) (4-(AQ)) present distorted
square planar geonetry (Figures 1-4), typical of d®
electronic configuration, where CU''' is bound to the
aromatic Cl carbon and to the three amnic nitrogen
centers.

Al cu''' conmpounds present short Cu-N and Cu-Cl distances
due to high oxidation state of the netal center, and those
are specially short for conplex 1-(d Q). (see Table 2).
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Table 1.

Crystal data and structure refinenent of Q"
conpl exes.
1-(A Q) 2 2-(A 02 3-(0rf) 2 4-(Ad Oy) 6- (PFe) - 6HO
- CHQ »
enpiri cal CisHzoCl 2CUNsOs  CisHaoCl 2CUNsOs CieHazCuiFeNsOsSz:  CagHasCuoNeOsA 4 CagHssCuaNeOs
forml a Cl 3P1Fs
fw 480. 76 506. 80 594. 03 861. 70 965. 21
space group P-1 P(2)1/n P21/ c Pbca P2(1)/n
a, A 8. 0892( 8) 8.831(1) 9. 603(2) 16. 9591( 10) 9. 64440( 10)
b, A 8.6971(8) 12.439(1) 8.777(2) 18. 0884( 15) 21.2311(3)
c, A 13. 9751( 15) 18.361( 1) 26. 476(5) 22.4408(12)  19.87780(10)
a, deg 90. 043(12) 90 90 90 90
b deg 74.168( 12) 93. 1550( 10) 98. 08( 3) 90 95. 2530( 10)
g deg 67.401( 11) 90 90 90 90
v, A 867. 07(15) 2013. 8(2) 2209. 4( 8) 6884. 0( 8) 4053. 11(7)
A 2 4 4 8 4
Dat a STCE i magi ng Bruker SMART STCE i magi ng STCE i magi ng Bruker SMART
col l ection pl ate CCD plate pl ate CCD
i nstrunent
T, K 180( 2) 298(2) 160( 2) 160( 2) 298(2)
I M-Ky, A 0.71073 0.71073 0. 71073 0. 71073 0. 71073
r(calcd), g 1.841 1.672 1.786 1.663 1.582
cm?
m mm? 1.619 1.399 1. 268 1. 604 1.361
R/ RW* 0. 0428/ 0.1024 0.0587/0.1583 0.0295/0.0765 0.0548/0.0895 0.0507/0.0956

TR = S| Fo- Fo|/ SFo and Rw = {S[W( Fo2- Fe2) 2]/ S[W(Fod) 3} /2
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Figure 1. ORTEP diagram of conplex [(H3Z2m O Qu''"]1(dQ), (1-
(A Q). (50% probability thermal ellipsoids) and geonetric
envi ronnent for Cu.
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Figure 2. ORTEP diagram of conplex [(HM33mOQu''"](dAQ), (2-
(Ad Q). (50% probability thermal ellipsoids) and geonetric
envi ronnent for Cu.

A
f\
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Figure 3. ORTEP diagram of conplex [(H33mQCQu'''1(OTf), (83-
(Orf),) (50% probability thernmal ellipsoids) and geonetric
envi ronnent for Cu.

2
v

i 2.643
/]
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Figure 4. ORTEP diagram of conplex [(H3B3mQQ'''(A)](AQ) (4-
(AdQ)) (50% probability thermal ellipsoids) and geonetric
envi ronnent for Cu.

=~

”—1 958 ‘\’.\S’A 1.963 C9b d 1b
94. 7° 7 99. 30 >\
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Tabl e 2. Conparison of selected bond distances (A) and angles
(deg) for Cu'''" structures.

1-(d Q). 2-(A0Q), 3-(0rf), 4- (4 Q)
Cl-Cul 1.848 1. 905 1.901 1.898
N1- Cul 1.899 1.985 1. 960 1. 958
N2- Cul 2. 000 2.031 2. 002 1.988
N3- Cul 1.911 1.961 1.952 1.963
Cl- Cul- N1 84.6 82.9 82.8 82.2
C1- Cul- N3 84.4 82.3 81.7 81.1
N1- Cul- N2 105. 6 96.9 95.6 94.7
N2- Cul- N3 85. 2 99.7 99.7 99.3
Cl- Cul- N2 163.5 177.6 178. 4 171.9
N1- Cul- N3 169.0 160. 7 157. 2 154.5
Cu- O (short) 2.428 2. 442 2.408 -
Cu- O (Il ong) 2.584 2.736 2. 643 -
Cu-d (short) - - - 2.571
Cu-d (1 ong) - - - 3.313
O Cu-0 170.9 177.3 156. 6 -
d-cu-d - - - 161. 6

Statistic disorder has been found in conplex [(H32m
Ocu''"1?" (1) for the atons |abeled N2 and C5, which have
been | ocated on two sites with a ratio of occupancy close
to 50% (see Figure 1). The coordination sphere for Cu is
very dependent on the |igand backbone; thus, the small est
ligand H32m (13-nenbered ring) contributes to a nore
di storted environment for Cu in conplex 1. On the other
hand, the 14-nmenbered cycle exhibited by Iigands HM33m
and H33m allows copper to be positioned in a |ess
tensi oned manner (approximately 0.05 A longer distances
conpared to 1, and Cl-Cul-N2 angles close to linearity).
Conpl exes 1-3 present weak electrostatic interactions

between the Cu center and the O atom from d Oy and OIf" at
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|l ong distances (>2.4 A) (see Figure S5a-c for crystal

packi ng of each conpl ex).

Interestingly, different substituents on N2 (i.e. nmethyl in
i gand HMe33n) or different counteranions (A O,, OIf") do
not affect the bond distances but significantly influence
bond angles. Crystal packing view for conplex [(H33m
oca'''(d)](d ) (4-(AQ)) shows t he noder at e
i nteractions of copper(lll) centers with C° atonms in a
pseudo- chain node (see Figure Sbd), with one short coval ent
bond (Cu-Cd 2.571 A) and one long ionic interaction (Cu-d

3.313 A).

NH hydrogens in conplex 1 are dispositioned in anti (NL-H
and N2-H down, N3-H up; Figure 1) and 6-nenbered cycle
formed due to coordination of Cu to NI and N2 present a
chair conformation. On the contrary, conplexes 2, 3 and 4
show a syn NH disposition, with two 6-nmenbered cycles per
conplex in a chair conformation. Crystal cell for 4
contains two asymetric nolecules with very simlar bond

di stances and slightly different bond angl es.

3.3.3 Spectroscopic properties

3.3.3.1 X-Ray Absorption Spectroscopy (XAS)

XAS spectra for Cu''' conplexes are depicted in Figure 5.
Al |l data suggested copper center in +3 oxidation state and
it was also confirmed by Cu K-Edge X-Ray Absorption
Spectroscopy (XAS).!'° Preedge features on XAS spectra of
solid sanples of [(H32m QO cCu'''1?" (1), [(HMe33mQOcCu''']?
(2), [(H3BmQocau'"1? (3) with Oy and OTf" counterions
provides direct spectroscopic evidence for Cu'''. These
conpl exes exhibit a very intense transition at 8981 + 0.5

eV, which has been denonstrated to be indicative of the 1s
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O 3d transition of Cu''"" conpounds.? Sinmilar intense

preedge feature is found for conplex [(H33mOoccu''(d)]®
(4).

Figure 5. CQu K-edges for Cu''' conplexes 1-(CFsSGy), 1-(dQ), 2-
(AdQ), 2-(CFRSG), 3-(AQ), 3-(CFRS0O), 4-(CFS0G) and [Cu'
(HsAI b3)]. Inset shows the anplified preedge region (i.e.
| ocation of 1s O 3d transition)(8976-8983 eV).

15 ' ' | | T T
—+— 1-(CFS0,),
—0—1(Clo),
2-(CFS0)
----- 2-(Clo),
"~ = 3-(CESO0,),
1.0 3-(CIo),
--------- 4-(CFSO,)
Normalized *  [Cu(ll)(H_Aib)]
Absorption

2

cuiy " cuhy

| 8979 | 898l | 8983

8980 8985 8990 8995 9000 9005 9010 9015
Energy /ev
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3.3.3.2 NVMR Characteri zati on

3.3.3.2.1 NVR of Aryl-cu''' conpl exes

NMR spectra are shown in Figure 6 and Figures S6a-n (proton
| abeling and proton shifts for each conplex are shown in
Schenme 4 and Table 3, respectively). Cu''' presents a d®
el ectronic configuration and diamagnetic behavior was
expected for these conplexes. Structures of conplexes
[(H32m O au'''1?* (1), [(HMe33m O ''']? (2) and [(H33m
Ocu'''1?" (3) with perchlorate (4 Q) counterions have been
fully characterized in solution by NWR studies in CD;CN
'H 3C, ©OSY, NOESY and HMBC techni ques have been enpl oyed
to establish the solution structure of these systens (see
Fi gures S6a-n). Conplexes 2 and 3 present a symretry plane
in solution that contain the Cl-Cul-N2 atons. This symetry
is broken in system 1 due to asymetry of |igand H32m and
thus all protons becone magnetically distinguishable in the
'H NMR spectrum (see Schene 4). Very characteristic signals
of these conplexes are the assigned to benzylic protons.
The conformation adopted is highly rigid even in solution
and it does not interconvert wth other potential
conformati ons. Therefore, protons Hal and Ha2 are not
equi val ent and they couple to each other, giving rise to a
hyperfine structured benzylic signal on the H NV\R A very
uni que feature for these conplexes is the C signal for C1
carbon, as it appears at very high shifts (179.4 ppmin 1,
184.7 in 2 and 183.2 in 3 conpared to signal in |igands
H32m HMe33m H33m typically at ~125 ppm, due to high
deshi el di ng caused by the bonded Cu''' atom
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Schenme 4. Proton | abeling for NVR characterization studies.

[(H32m-C)Cu ]2+
1

[(HoMe33m-C)Cu ]2+
2

[(H33m-C)Culll]2+

3
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Conplex [(H32m QO Cu'''1 (A @), (1-(A Q),): asynmetry causes
unequi valency in all protons. H appears as a triplet at
7.28 ppm whereas H (NOE with Hi) and H (NOE with Hip)
appear as doublets at 7.01 and 7.03 ppm respectively.
Equatorial Hjy appears as a doublet at 4.65 ppm whereas
axi al Hyp appears at 4.51, also as a doublet. Hi» and Hy

appear as a double doublet (dd) at 4.60 ppm

Figure 6. Proton assignnent in 'H NWVR for conplex [(H32m O
cu'''1? (1) in CDCCN.

water Solv.

/

Hb1/Hb2/Hd1
Hal'/Ha2'
Hz Hal Ha2
\ /  Hb2
Hx
/ Hb1 Hel
Hc2’ Hcl
Hc2
Ha Hb Hg ‘7d2 /
i /
1L N,

Interestingly, asymretry also allows differentiation of all
three NH hydrogen atons. H, and H, appear as broad signals
at 6.85 and 5.96 ppm respectively, both wth exchange
signals with water at NOESY spectrum indicating the highly
acidic character of these amine protons. On the contrary,
Hy does not present exchange signals neither with the other

NH nor with water, indicating its |low acidic character and
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it appears at 4.18 ppm See Table 3 for the rest of proton
shifts and Figure 6.

Table 3. Chemical Shifts (ppm) for 1H NWR signals of Cu'"
conpl exes.

1- (A Q)2 2-(A Q)2 3-(A Q)2
Hy 7. 28 7.27 7.27
Hz 7.03 6. 95 6. 95
Hx 7.01 - -
Ha 6. 85 6. 33 6.12
Ho 5.96 - 3.14
Hg 4.18 - -
Hal 4. 65 4.67 4.61
Ha2 4.51 4.52 4. 49
Hal’ 4. 60 - -
Ha2’ 4. 60 - -
Hol 3.13 3.05 3.09
Hb?2 3.13 2. 66 3.09
Hb1l’ 3. 37 - -
Ho2’ 3.24 - -
Hcl 2.17 2.15 1.77
Hc 2 1.65 1.95 2.04
Hcl’ 2.97 - -
Hc?2’ 3.48 - -
Hd1 3.13 3.08 2.99
Hd2 2.75 3.24 2.63
He - 2.73 -
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Conpl ex [(HMe33m O Qu'''1 (A Oy, (2-(C Q)2): axial benzylic
proton Hj; appear at 4.67 ppm as a doublet (NCE with NH)
and equatorial Hy at 4.52 ppm also as a doublet. Amnic
protons H, appear as a broad band at 6.33 ppm Exchange
signals with water at NOESY spectrum indicate the highly
acidic character of these amne protons. See Table 3 for
the rest of proton shifts.

Complex [(H33mOCu''1(A @), (3-(AQ)2): axial benzylic
proton H,; appear at 4.61 ppm as a double doublet (NOE with
NH;) and Hyp at 4.49 also as a dd. Am nic protons H, appear
as a broad band at 6.12 ppm Exchange signals with water at
NCESY spectrum indicates the highly acidic character of
these amine protons. Low acidic character for central NH,
is found, simlarly as in conplex 1, and H, appears at 3.14
ppm 'H NVR show small signals attributed to another
conformation in solution, in equilibrium with the mgjor
one. This side conformation is considered mnority and has
not been studied in detail. See Table 3 for the rest of

proton shifts.

3.3.3.2.2 NWR of Qu' conpl exes

Isolation of Cu' conplexes [(LHCu'l?* obtained from
di sproportionation has been el usive. However, final

reaction mixture 'H NVR spectra denpnstrate the intact

exi stence of the aromatic CH bond for the 50% fraction
corresponding to [(LHCU']? (L = H32m HMe33m H33m) (see
Figure 7 and Figure S7). Besides, splitting of benzylic
singlet in systens with |igands H32m and HMe33m suggests
protonation of one benzylic NH (the anmine is proposed to be
the basic group responsible for proton abstraction, see

mechani sti ¢ di scussi on).
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Figure 7. 'H NWR (400 MHz) spectrum for final reaction mixture
[(H32m Q) Cu'"'] 2"/ [ (H32nmH) Cu']1?* 1/1 in CDsCN.

Only [Cu' (CHCN) 4] (OTf) salt could be crystallized out from
solution after diethyl ether diffusion (see section
3.4.1.1).

3.3.3.3 W-VI S Spectroscopy

UV-Vis spectrumof Aryl-cu''' conplexes [(H32mC)cu'''12* (1),
[ (KkMe33m O au''']1?" (2) and [(H3B3m O Qu'']? (3) with A
counteranions in CHCN is presented in Figure 8. The three
speci es present a weak shoul der peak centered at 409 nm (e
= 280 Mlcm?') for 1, 440 nm (250) for 2 and 448 nm (280)
for 3. On the contrary, conplex [(H3BmOcau''(A)]* (4)
shows intense LMCT bands at 375 nm (1900) and 522 nm (540)
due to covalent bonding with O atom placed at the apical
position of the square-planar pyram d presented by the cu''

conpl ex environnent. Covalency on Q'''-d bond is also
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reflected on the relatively short bond length (2.571 A
found by X-Ray diffraction.

Figure 8. Electronic spectra of Aryl-Cu''' conplexes 1, 2, 3 and
4 as perchlorate salts in CHCN.
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3.3.4 Electrochenistry of Aryl-cu''' conpl exes

El ect rochem cal characterization of conplexes [(H32m
oa''"1® (1), [(KRM3zmOoaal'']? (2), [(HBmQoQ'']? (3)
and [(H33m O au''(A)]* (4) by Cyclic Voltametry (CV),
shown in Figure 9. CV experinents have been perforned in
CHsCN using a conplex concentration of approximately 2 nmM
Conpl exes 2 and 3 show a chemcally reversible 1 e wave at
Ei2 = —103 MV (Epa = -60 nV, Ey= -146 nV, DE = 86 nV) and -
181 nV (Epa = -124 nV, Ec= -238 nV, DE = 118 nV) versus
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SSCE respectively, whereas  conpl ex 1 presents an
irreversi ble wave at even nore negative potentials, E, = -
444 nV (vs SSCE). Ferrocene was used as an internal
reference displaying a 1 e- reversible wave at Ey,= 371 nV
vs SSCE.

Figure 9. Cyclic Vol tametri es for conpl exes [ (H32m
oga''1(Adaq), (1-(dQ),, [(HMwe33mQoau''](0rf), (2-(0Tf),),
[(H3Bm Q'] (A Q). (3-(AQ),) and [(HBmQQ'"'(A)](OTf) (4-
(Orf)). Scan rate = 100 nV, TBAP 0.2 M CHCN, R T.

100 -

I/ mA

[(H33m-C)Cu(ll)(CN]" (4) \

-700 <1Q0 200

E/mV
°50

[(H,Me33m-C)Cu(lll] ** (2)
-100
[(H33m-C)Cu(I)]* (3)
[(H32m-C)Cu(l]** (1) -150 A
-200 -
Plot of i, vs nY? gives a straight line with slope of

0.18489 (R=0.999) for 2 and 0.28134 (R?=0.998) for 3 (see
Fi gures S10-13) following the Randl es-Sevci k equation,?® eq
1:

i p = (2.69e+5)n¥2AD,Y2CnY 2 (eq 1)

Diffusion coefficient Dy is deduced from the -equation,
being Dy = 7.358 cnf/s for 2 and 9.488 cnf/s for 3.
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Coul onmetry experinment at an applied potential (Espp = -0.25
V) for conplex [(H33mC)Cu''']?" (3) showed 2e transfer, and
allowed full reduction to Cu species (Figure S16).

Solution changes from orange to colorless and final
solution was titrated wth 1,10-phenanthroline, al so
confirmng the existence of Cu' species in quantitative
yield. CV experinents in a -1.5 Vto 1.5 V range showed a
second irreversible reduction at -1.1 V for conplex 3 if
scan rate is higher than 200 nv/s (Figure S14), but
addi ti onal peaks appeared if scan rate used was |ower than

60 mv/s (Figure S15). This suggests either a 2e” transfer

to Cu followed by a chem cal reaction to form
[Cu'(CHsON) 4], or a 1le- transfer followed by a chenical
reaction generating a new species that, wunder this

potential, is further reduced to Cu' forming [Cu (CHCN) 4] *
(Figure S17).

El ectrochem cal experinents show an inportant degree of
instability of Aryl-Cu'' species, as it can be expected

from the disproportionation itself. However , conpl ex
[(H33m ) cu'''(Cl)](OTf) (4-(OTf)) shows two reversible and

consecutive waves at Eyo,= -250 nV (Ea = -190 nV , Ec= -310
nVv, DE = 120 nV) and -427 mV (Ea = -392 mV, Ec= -462 nVv,
DE = 70 nV), which have been assigned to cu'''/cu'' and

cu''/cd' redox couples respectively. No other reduction
waves appear below -1.5 V (see Figure S18). The different
redox behavi or of conplex 4 versus 1-3 mght be due to the

api cal coordination of the chloro atomin this conpl ex.
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3.4 DI SCUSSI ON

3.4.1 Structure and reactivity

A wi de variety of |igands have been synthesized (see Schene
2) to understand the different paraneters that govern the
metal insertion to the aromatic ring.

3.4.1.1 Di sproportionation reation

Experimental conditions for disproportionation (see Schene
3) reaction of Cu'' with |igands H32m HMe33m and H33m are
remarkably mld (room tenperature), reaction is specially
fast (it can be conpleted in less than 1 m nute) and fi nal

products are highly stable.

The Cu'  conplexes [(LHYCu']?* obtained from the
di sproportionation reaction have not been isolated but
their H NWR spectra have been registered from reaction
m xture in deuterated acetonitrile (see section 3.3.3.2.2).
Final yields were determ ned as 50% t hrough titration with
1, 10- phenanthroline?* and 'H NWR signal integration of
[(LHyCu']? (see Figure 7 and Figure S7). The latter shows
di stinct 'H NVR spectrum conpared to LCu' conplex directly
synthesized in CH3CN (see Figure S8). However, the
monoprotonation of the ligand and the affinity of Cu' for
acetonitrile displace the equilibriumto form [Cu (CHCN) 4] *
when its isolation is attenpted wth diethyl ether
di f f usi on, %2
complex [(LH)Cu']1?" towards dissociation. CV of cau'/cu'

reaction mxture show typical intense adsorption wave

indicating the lability of the nonoprotonated

corresponding to [Cu'(CHsCN)4]* species, and simlar CV
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pattern at ~0.25 V is obtai ned when conplex [(H32mCu'l* is

treated with 1 equivalent of triflic acid (see Figure S9).

cu'''-aryl species [(H32Zm O au'''1?® (1), [(HM33mOCu'''l?
(2) and [(H33m Q) Cu'''1?" (3) are thermally stable in protic
nmedia at acidic and neutral pH In basic conditions,
conplexes 1, 2 and 3 react to give intensively colored
internmediates (characterized by ESI-M5 to be amne
deprotonated Cu''' conplex) that in presence of HO undergo

oxygen insertion to form a final bi s( m phenoxo) Cu'',

conpound (see Chapter 4).

3.4.1.2 XAS experi ment

The large intensity of the transition at 8981 £ 0.5 eV for
conplexes 1-3-(X)2 (X = A0y, OIf’) and 4-(OIf) (see Figure
5) conmpared with other cu''"' conplexes such as [Cu'"
(Hs3Ai b3)] (depicted in Figure 10) may be attributed to
extensive mxing of the 3d and 4p netal orbitals.!® This
intensity, as well as the shift to slightly higher energy
of conplexes 1-(CRSG), and 1-(Cl )., is being studied in
further detail. Note that a change of counterion does not
affect the intensity or energy shift of the transition. The

effect of chloride atom in the preedge feature shown by
conplex [(H33m O cu'''(A)](OTf) (4) is reflected on the

shift to | ower energy in 0.2 eV.
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Figure 10. Conplex [Cu'"'(HsAi bs)] used as the Cu''' conpl ex of

reference for conparing XAS preedge data (H:Aibs; is a tripeptide
trianionic |igand)

3.4.1.3 O her systens reactivity

Li gands H33p and H330 do not react with Cu'' to form an
organocopper(l11) conplex. This result is expected for
H330, as no aromatic C-H bond are placed close to the netal
center due to its ortho ring substitution. For the para
substituted |igand H33p, even though there are two aronmatic
C-H bonds inside the macrocyclic ring cavity, they can not
adopt the right geonmetry to interact to the netal center

as can be observed in Figure 11. The aromatic ring tends to

be positioned perpendicularly to the macroyclic cavity.

Figure 11. Mdel plot for geonmetry of [(H33p)Cu''l?* conpl ex.

When the 12-nenbered macrocyclic ligand H22m is used, too
constrained environnment for copper(ll) is created and

reaction does not proceed readily. Cu' studies perforned
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with this ligand showed a tendency of dinerize due to
ligand conformational restrictions (Figure 12): 1H NWR
spectrum of complex [(H22m CUu'](PFs) in CD,Cl, shows a
splitting of the benzylic proton signal in tw different
broad bands (Figure S19),2® that do not collapse or sharpen
at | ow tenperatures (240-300 K range). This behavior is not
observed for Cu' conplexes with |igands H33m H,Me33m or
H32m (see Figure S8c); ESI-Ms spectrum for [(H22m) Cu'] (PFe)
in CHsCN presents peaks for high nolecular fragnments with
patterns corresponding to dinuclear Cu species (Figure
S19). Therefore, a simlar dinerization equilibrium nmay be
expected when Cu'' is used. In spite of this apparent
unsuccessful reaction, Cu''' formation in sone extent may be
postulated with H22m as its reaction with Cu'' leads to
oxygen insertion on aromatic Cl position under certain

conditions (see section 3.4.2).

Figure 12. Dinerization equilibriumfor conplex [(H22m CQu']* in

sol uti on.

ll\ICCH3

|
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HN— \H
u
_— '~ —_ H
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H NCCH

Li gand Me33m has the sane ring size as HMe33m and H33m
but it has three tertiary amnes as coordinating atons.
Reaction with Cu'' does not lead to the organocopper(Ill1)
conpl ex and therefore, the presence of N-H groups shoul d be
consi dered when discussing the nechanistic details of the

di sproportionation reaction. Mor eover , it has been
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described that tertiary amnes stabilize Cu centers and
non formation of Cu''' species was expected with |igand
Me33m 24

3.4.2 Mechanistic discussion

The di sproportionation reaction can be nonitored by UV-Vis
spectroscopy, where full decay of Cu'' d-d transition bands
can be followed. The reaction is considered to be finished
when d-d bands conpletely disappear, since neither Cu' nor
cu''' absorb at this region of the spectrum The reaction
has been nonitored for conplexes [(H32mOau'''1? (1),
[ (kMe33m O au''']1?* (2), [(H3Bm O cu''']?* (3) with triflate
as count er ani ons at di fferent concentrations and
tenperatures. The reaction is rapidly acconplished at room
tenperature in CH3CN, and it takes only a few seconds to
obtain conplexes 2 and 3 whereas the H32m ligand reacts
with Cu'' approximately one order of nmagnitude slower

(reaction is finished in 4 mnutes)(see Figure 13).

Figure 13. W- Vi s moni t ori ng experi nents of '
di sproportionation reaction in CHCN (a) Full-range spectra for
reaction at RT for ligand H32m + Qu'' at [H32n=[Qu'"']= 4.56 nM
(1 scan/5 seconds); (b) Decay of CQu" d-d band at 640 nm for
reactions with H32m HM33m H33mat R T.

0,6

- )

0,51

H,Me33m

wavelength / nm
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The decay of Cu'' d-d transition bands shows an induction
period type of profile that precludes sinple data treatnent
and rate constant determ nation for all systenms 1-3. This
can be related to an auto-catalytic type of behavior,?®
where many steps may be invol ved.

However, by changing reaction conditions it was found that
switching froma 1 to 1 equivalent L/Cu'' relation to a
smal | excess of ligand (1.3 L/1 Cu'') situation (L = H32m
HoMe33m H33n), the induction period is suppressed and
reaction becones faster, giving a sinple first-order

ki netics decay (see Figure 14).

Fi gure 14. Conpari son of t he ki netic profiles for
di sproportionation reaction with ligand H32m and Q' at
different nolar relations (CQu'' d-d transition decay at 640 nnj.
[Cu'']= 2.5 MM RT., CHOCN.

Cu(llyH32m
1/1

Cu(llyH32m
1/13

Kinetic data analysis has been perforned using Specfit

program ( Spectrum Sof ware Ass.).
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Focusing on H32m Cu'' and HMe33m Cu'' systems, a sinilar
cl ean behavior is observed in the tenperature range 263-298
K using concentrations from 0.5 to 2.5 nM (see Table 4).
Thus, Eyring equation has been plotted and thernodynam c
paraneters have been calculated for the reaction fornmation
of conplexes 1 and 2 (see Fi gures S20-23).

Tabl e 4, Ki netic and t her nodynam ¢ par anet er s for
di sproportionation reaction with ligands H32m ([CQu'']= 1.25 nM
[ H32n /[ Cu''] 1.28) and HM33m ([Qu'']=  1.21 M
[ H,Me33ni /[ Cu''] 1.28) in the 263-298 K tenperature range.

H32m/ Cu" HMe33m / CQu'
kobs (s') A> B kobs (s') A> B

263 K - 1.454 x 102

273 K 1.379 x 1073 2.607 x 10°7?

285 K 8.851x 103 5.242 x 10°?

298 K 2.078 x 102 1.886 x 10*
DH (Kcal nol 16. 98 10. 62
DS (cal nol K1) -6.92 -24. 05

Simlar reaction profiles are found when a small excess of
a base such as NEt; is added instead of ligand itself,
suggesting that the role of the excess ligand is to act as
a base. On the contrary, an excess of Cu'' in a 1.0 H32m /
2.0 relation stops the reaction and no
di sproportionation products are detected.

Two major events must be explained to wunderstand the
mechani sm of this disproportionation reaction: the first
one is the aromatic C-H activation (CH bond breaking), and
the second is the electron transfer fromone Cu'' center to

another one to finally obtain the equinolar ' and Qu'
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products. Despite al | ki netic and t her nodynam ¢
information, none of these explains which is the Rate
Determning Step (RDS). Inportantly, Kinetic |Isotope Effect

(KIE) is a definitive paranmeter to understand the nechani sm

in greater detail and therefore, the synthesis of a
deut er at ed I i gand becones mandat ory. | sol ation of
deuterated H33m(D) ligand has been achieved and its

synthesis is described in section 3.4.3. As a result,
reaction of equinolar amounts of deuterated H33nm(D) |igand
with Qu''(OTf), reacts significantly more slowy than
reaction of H33m Cu''. Kinetic profile also shows an
i nduction period that does not disappear when snall excess
of ligand is used (see Figure 15 and Figure S25). In spite
of that, KIE can be estimated by conparison of rate
constant val ues obtained from A - B reaction sinulation:
ki1 = 0.7553 s! for H33m system and k1' = 0.2169 nin?! for
H33m(D) system ([Cu''] = 2.5 nM RT., CHCN). As all
experinmental conditions are the sane for H33m and H33nm(D),
a roughly estimation of the KIE value can be extracted by
direct conparison of total time to conplete the reaction.
Then, reaction wth deuterated I|igand takes about 10
m nutes whereas with |Iigand H33m takes about 10 seconds, so
a KIE value may be estimated to be KIE > 50. Thus, it can
be unequivocally concluded that breaking the C-H bond is

the RDS of the disproportionation reaction.
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Fi gure 15. Conparision of Kinetic isotope effect on 640 nm band

(Cu'" d-d transition) decay. Conc Qu'' = 2.5 nM R T., CHCN, for
H33m H33m( D).
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An out er-
be

proceedi ng rapidly once the Cu-C bond is forned. The reason

in Schenme 5.
t hought

A possi ble mechanism is depicted

sphere electron transfer process is to

is to stabilize the system because Aryl-Cu'
Aryl-cu''!,

experinments (vide supra).

species are

| ess stable than final as shown by Coul onetry

First order kinetics when snmall excess of l|ligand (base as
well) and a significant KIE value for the CH bond
activation step are t wo reaction characteristics
accommodated by the nechanism proposed. The excess of
| i gand necessary for this reaction under first order clean
kinetics is also supported by experinmental data,? and
agrees with an heterolytic type of C-H activation. Excess

of Cu'' captures all ligand in solution and therefore stops

the reaction.
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Schene 5. Proposed general nechanism for the disproportionation
reaction

L + Cul) ——  LCull)
LCull) + L ——— > LCull)L
LcuinL  —FPS o (ocull) + LH'

(L-c)cull) + Leull) — = > @-c)cuiny + Leu)

LCu(l) L + Cu(l)(CHsCN),"

Li gand Me33m does not display sane reactivity with cu''.
The presence of benzylic secondary amnes NH may be a
requi site for these conplexes to undergo aronatic copper
insertion. Steric problenms with tertiary am nes on the base
approximation step to pull out the aromatic proton may be
argued to explain this behavior. Electronic effects as well
may be considered due to known stabilization of Cu' by
tertiary anmines.?*

CV  experinents (see section 3.3.4) i ndi cate an
el ectrochem cally |ess reversible reduction wave at |ower
potentials for conplex [(H32mC) Cu'''1?" (1) conpared to
compl exes [(HM33m QO Cu'''1?" (2) and [(H33m Oy Cu''']12" (3).
Conplex 1 is thus nore stable thernodynam cally because is
harder to reduce. However, 1 fornms nore slowy than 2 and
3. The reason is that the formation reaction is controlled
by kinetic paraneters (ligand H32mis snallest than HM33m
and H33m and its steric characteristics nust be seen as
the cause of its slower formation), but once the
or ganocopper (l11) conmplex is forned, also the smaller size

and the short bonds found on its X-Ray structure (see Table
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2) explain the higher thernodynam c stability of conmplex 1
relative to conplexes 2 and 3.

Ligand H22m is a particular case of this famly of
conpl exes for its tendency of dinerization.?® No reactivity
in a sane tine scale as ligands H32m HMe33n H33m is
observed when equinolar amounts of ligand and Cu'' are
m xed, but when little excess of ligand is used, the system
undergoes sinmilar type of CH activation, although cu'"
i sol ati on has been el usive. Neverthel ess, excess of |igand
(base) (1.3 H22mf 1 Cu'') and traces of water contam nation

al | oned t he formation of bi sphenoxo conpl ex
[ (H22n0) ,CQuy] (OTf ), (see Chapter 4). An explanation for this
reaction can be a Cu''"' internediate simlar to conplexes 1-

3. However, the elusiveness of [(H22m C)cu'''1?" conpl ex may
be an expected result: sterical constrains in conplex
[(H32m O au'''1 (A @),  (1-(0 Oy o) were already very
i nportant, so reducing the size even nore with Iigand H22m
(12-nmenbered cycle) is possibly excessive to stabilize an
Aryl-cu'"" conplex similar to conplexes 1-3. On the other
hand, C-H activation exists as final Oxygen insertion
product formation denonstrates.

3.4.3 HD exchange in H33mCJ system Synthesis of
H33m( D)

Copper (1) conplexes wth [|igands H32m HMe33m H33m are
stable in acetonitrile as observed with NWVR studies, but a
prot on/ deut eri um exchange exists in a displaced equilibrium
towards the deuterated form when LCu' conplexes (L = H32m

HMe33m H33nm) are synthesized in deuterated acetone[ D6]

(see Schenme 6). NWR studies are very useful to nonitor the
reaction, as decay of the specific singlet at 7.95 ppm on
the H33m Cu' systemcan be integrated and used as a nmeasure

of the extent of the reaction (see Figures S25-26). In the
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case of conplex [(H33m)Cu']l* (9), reaction is finished in
8-10 hours at roomtenperature. After this time, conplex is
stabl e and does not suffer further chem cal reactions. ESI-
M5 confirmed the NMR suspicion of H D exchange with a peak
for fragnments [(H33m(D))Cu']* (mz = 297) and H33m(D)+H
(mz = 235) (see Figure S27).

Scheme 6. H D exchange reaction and synthesis of H33n(D)

A cetong[D6] 99.8%

HC D |
H— N/ U~N—H (PF) - H—N/|CU\N—H (PFo)
L
[H33mCU] (PFg) [H33M(D)Cu](PFg)
2 ¢ \g } \>
- =
Phen

D

H—N N—H +  [(Pren)Cu](PFg) —=——0
|
H

H33m(D)

As a first approach, we believe that deuterium cones from
equili brium of deuterated acetone[D6] with O and ~CD,COCD;
(pKa ~20). The latter will act as a base to abstract the

proton from the aromatic ring. However, it can not be
excluded the possibility that the equilibriumof DO (being
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a 0.2% inpurity in deuterated acetone-d6 used) with D" and

"OD coul d be the source of D.

Specific experinment to isolate the deuterated |I|igand
H33m(D) was perforned with 40 ng of starting |igand H33m
Four days stirring at room tenperature under Ar atnosphere
al | oned conpl ete exchange of aromatic proton for deuterium
Addition of 1,10-phenanthroline (phen) (2.5 eq.) captured
all cu to form the stable conplex [(phen).Cu'](PFs),
| eaving the ligand H33m(D) in solution (see Schene 6).
Partial precipitation of phen conplex helped on its
el imnation but columm chromat ography was needed to finally
obtain H33m(D) ligand in high purity (NVR ESI-MS; see
Fi gure S28).

3.4.4 An Aryl-cu'' isolated conpl ex

As explained on the Electrochenistry section, aryl-Cu'"
conpl exes can only be stabilized by an strong electron
donor such as C°. A novel aryl-Cu' conplex has been
isolated from an alternative synthesis, and is presented
here as the denpnstration that organonmetallic Cu'' species
can also be isolated and characterized. X-Ray diffraction
analysis was performed on block orange crystals of
di nuclear complex [((H3BmC)Cu'')o(md )] (PFs)-6HO CH.C »
(6-(PFg) - 6H,O CH,Cl ) (see Figure 16). Crystal data is
listed in Table 1. This conplex has been obtained by
reaction of copper(l) conplex [(H33mCu'](PFs) (9-(PFs))
with CH)Cl, solvent in very low yields. Mechanism of this
reaction is under current investigation. However, this is
the second exanple of an organocopper(ll) conplex ever
reported. %2’ Crystal packing plot is depicted in Figure
S29.
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Figure 16. ORTEP diagram of conmplex [((H3BmOQ Q') (m
c )] (PFg) - 6H,O CHA » (6- PFg) (50% probability t her nmal
ellipsoids). Selected bond lengths [A] and angles [°]: Cul-C6
1.905(4), CQul-N1 1.958(3), Cul-N3 1.963(3), Cul-N2 2.011(3),
Cul-d1 2.585(1), Cu2-d1 2.630(1), Cul-Cu2 4.981(1), C6-Cu-N2
169.9(2), NLI-Cu-N3 154.7(1), C6-Cul-d1 94.6(1), Qui-d1-cCu2
139.4(1).

= (e )
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3.4.5 Aromatic CH activation by Nickel (I1)

Ni'' also perfornms a similar reaction, although it reacts
much nore slowy (overnight reaction). Geen solution of
Ni "'/ H33m system turns orange in roughly 12 hours at room
tenperature to obtain an organonetallic N''' species
(characterized by IR Elenental Analysis and ESI-M5)(see
Schenme 7). The electronic configuration for N''' is d
par amagnetic, and no signals were observed within the 30/-

15 ppm NVR wi ndow.

Schene 7. Organonickel (I'11) synthesis reaction.

1k -

" CHsCN 1
H— N—‘Ti\N—H (NO3)2 H—N/TI\N—H (NOy), +  other prodicts
L\/N\/A L\/N\H
'H J
[(H33M)Nill](N O3), [(H33m-C)Nilll](NO3),

3.4.6 Theoretical calcul ations

Theoretical calculation were performed in order to gain
insight into the nature of the internediate species in the
C-H activation by Ccu'' netal.

134 have been

Theoretical <calculations at the DFT |eve
performed on different systens: as a first approach, the
accuracy of these calculations for our copper conpl exes was
first checked, and complex [(H33m O Cu'''1?" was optinized
considering the nolecule as a singlet with total charge of
+2. Highly accurate result was obtained as shown in Figure

17 conpared to crystal geonetry obtained by X-Ray
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Diffraction (see Figure 3). Sane cal cul ati on was perform on
cu''' system but considering it as a triplet with total
charge +2. Significant distortions were found (Cl-Cul-N2
168° and bent aryl ring) and those are reflected on the
39.6 Kcal nmol'' higher energy value for the triplet

conpared to the singlet.

Figure 17. Chen8D plot of theoretical calculated geonetry for
[(HB3m Q) Cu'''1?* (calculated as singlet with total charge +2).
Experimental X-Ray diffraction values are in parenthesis.
Selected angles [°: Cl-Qu-N2 179.2 (178.4), NIL-Cu-N3 159.8

(157.2).
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Once it was known that calculations were suitable for our
systens, the aromatic C-H activation reaction by CU'' was
studied, and system [(H33m) Cu'']?* was analyzed. Final
optim zed geonetry shows a significant enlargenment of CH
bond in a CH>M agostic® type of bond (see Figure 18).
Moreover, Hl is placed out of the arene plane show ng a

significant torsion angle of 40.8°.

Figure 18. ChenBD view of theoretical calculated geonetry for
activated intermediate [(H33n) Cu'']? (calcul ated as doublet with
total charge +2). Selected bond lengths (A and angles [°]: Cul-
N3 2.010, Cul-N1 2.139, Cul-N2 2.002, Cl-Cu-N2 170.7, Cul-Cil-C3-
C5 26.3, HL-Ci1-C2-C4 40.09.
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Similar h?> CGH agostic species has been reported recently
by MIstein and coworkers with Rhodi um arene conpl exes. 28
This enlargement, up to 1.127 A conpared to the cal cul at ed
C-H bond length of 1.101 A for the ligand H33m (cal cul at ed
as a singlet with neutral charge), would explain the
increased acidity of the proton, which allows its
abstraction by the action of a base, as observed
experinmental ly. Subsequent electron transfer is thought to
undergo to further stabilize the system as final [(H33m
O cu'''1? speci es.

Theoretical calculations also explain the HD exchange
reaction with [(H33m Cu']* system (singlet, +1) in acetone.
Slightly longer GH bond up to 1.110 A is found in final
optim zed geonmetry, and that would explain its increased
sensitivity to exchange with deuterium Calculations on
system [(H33m Cu'(CHCN)]* (singlet, +1) (i.e. sinulating
the reaction in CHCN as solvent), also is inline with the
experinmentally observed and no significant CH bond | ength
di fferences are found (up to 1.103 A conpared to 1.101 A of
ligand H33m), so no reactivity is expected. Moreover, the
acetonitrile group coordinated to Cu center may prevent H
removal due to steric inpedinents (see Figures S30-31). See
Table 5 for optimzed bond distances and angles of

cal cul ated systens.
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Table 5. Conparison of selected bond distances (A and angles
(deg) for optimzed geonetries of calculated systens (X-Ray
diffraction values for conplex [(H3BmCOQCQ''"]?" (3) in
par ent heses) .

[ (H33m C) [(H33m Cu'']2* [(H33mCu']* [(H33m Cu'  Ligand

cu'''® (CHsCN) ] ¥ H33m
Cl-Cul 1.883 (1.901) 2.029 2.232 2.388 -
N1- Cul 1.961 (1.960) 2.139 2.046 2.090 -
N2- Cul 2.008 (2.002) 2.002 2.034 2.074 -
N3- Cul 1.959 (1.952) 2.010 2. 047 2.087 -

Cl- H1 - 1.127 1.110 1.103 1.101
Cul--Hl - 1.789 2.130 2.080 -
Cul- NCCH3 - - - 1. 843 -
Cl-Cul-N2 | 179.2 (178.4) 170.7 . - -
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3.5 SUMVARY

A novel disproportionation reaction has been described and
fully characterized for Cu'', as well as the products of
this reaction: equinolar amunts of Cu'''-aryl [(L-C)cu''']?
complex and [(LHCJ']? (L = H32m HMe33m  H33n).
Copper (I'11) conpl exes have been described in literature as
thermally unstable species and often their crystal
structure characterization has been el usive. The novelty of
or ganocopper (111) conpl exes [(H32m O cu''']1?" (1), [(HM33m
ocu''""l'? (2) and [(H33m ) cu''']?* (3) is highly renmarkable
when we conpare these structures wth what has been
reported in literature. Organonetallic copper(lll) species
had been only stabilized by strong donor groups, minly
CFs, and three crystals structures are reported with this
| i gand.?° More recently, an organonetallic Cu''' conpl ex has
been stabilized by N Confused Porphyrin (NCP) type of
ligands, those containing 2 C and one N groups to
stabilize the netal in oxidation state +3.% On the
contrary, the conplexes described here only present the
aryl anionic group as strong donor to stabilize the cu'"
center, further helped by three amnic nitrogen atons that
pl ace the nmetal in a square-planar geonetry.

However, this new famly of conplexes clearly show that
right conditions allow their facile formation and right
coordi nating environnent for Cu''' stabilize them even in
protic nedia at room tenperature. H D exchange exenplifies
the CH activation provoked by the presence of a netal
center close enough to the CH bond. The present
experi nent al and t heoreti cal evi dence supports an
heterolytic type of CH activation over an oxidative
addition, because the latter would inply a transient GC

Cu*-H internedi at e.
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As shown with the Ni case, the type of chem stry described
in the present chapter could also be carried out with other
transition netals, particularly of the first row, to

stabilize otherw se unstabl e high oxidation states.
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3.6 EXPERI MENTAL SECTI ON

General Information. Diethylenetriam ne, N (3-Am nopropyl)-
1, 3- propanedi am ne, N- ( 2- Am noet hyl ) -1, 3- pr opanedi am ne,
3,3’ - Di am no- N- net hyl di propyl am ne, a,a’-dibronmo-mxyl ene,
a,a -di bronp-o-xylene, «au''(0Orf),, cu''(dAQ), 6H,O0 where
purchased from Aldrich, a,a’-dibrono-p-xylene was from

Fl uka, and all of them used w thout further purification.
Anal yti cal grade solvents were purchased from SDS and dri ed
and distilled under Ar before use. IR Elenental Analyses,
U-Vis, ESI-M5, FAB-Ms and NMR spectra were neasured on
Mattson Satellite FT-IR, Fisons EA-1108, Varian Cary-50
Scan / Polytec Pl X-DAP-06, Thernp Quest Finigan Navigator
LC M5, Fisons VG Quattro, Bruker DPX-200 MHz and Avance-500
MHz instrunents, respectively. Electrochem stry was studied
with a EG&G Princeton Applied Research 263A potentiostat.

Warni ng: Al though we have experienced no problens with the
conpounds reported her ein, perchl orate salts are
potentially explosive, and should only be handled in small

quantities and never heated in the solid state.

Li gand synt hesi s. Li gand H32m (3,6,10-Tri aza-
bi cycl o[ 10. 3. 1] hexadeca-1(16), 1, 14-triene): N (2-
Am noet hyl ) -1, 3-propanediamne (3.0 g, 24.8 mol) is
tosylated with Tsd (14.45 g, 74.5 mol) in THF/ HO (200
m) in presence of NaCOH (3.97g, 99.3 mmol) at 60°C
overnight to give a 27% yield of tritosylated am ne 32Ts
(3. 88, 6. 69 mmol ) after purification by col um
chr omat ogr aphy (silica gel, CH)Cl,/ ethyl acetate 92/8).

Reaction of a,a’-dibrono-mxylene (0.78 g, 6.70 mml) with

32Ts (3.88, 6.69 mmol) in CHCN (250 nL) at reflux for 24
hours gives, prior colum chromatography purification with
silica gel, CH)Cl,/ethyl acetate 98/ 2, the desired cycled
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product Ts32m (3.98g, 5.83 mmmol) in 87% yield. Detosyl ation
of Ts32mis achieved by reduction with Li in |liquid amonia
(approx. 250 nlL) at —-70°C. Lithium netal is added until

solution turns deep blue. After 1 hour of reaction, NHO

(159, 0.28 nol) is added and NH; is carefully evaporated.

Extraction with CHC 3/ HC 1M evaporation of the aqueous
phase, basification with NaOH 30% extraction with CHJ 3
and final purification with silica gel, CHyCl 2/ MeOH NHsOH
80/20/5, yielded 0.70 g (55% yield, 3.19 mmol) of Iigand
H32m

H32m IR (KBr pellet, cm'): 3305 (s), 3023 (m), 2913 (s),
1446 (s), 1119 (s), 703 (s). HNWR (din CDCl3, ppm: 7.76
ppm (s, 1H CCHCar), 7.20 (t, 3J(H H=6 Hz, 1H, CH CH CH
ar), 7.03 (d, 3J(H H=6 Hz, 2H, C-CHCH ar), 3.85 (s, 4H,

Ar-CH-NH), 2.79 (m 4H, Ar-CH-N CH,CH), 2.57 (m 4H, CHs-
CHx-N- CH-CHy), 1.74 (s, 3H, NH), 1.54 (q, 3J(H H) =6 Hz, 2H,
CH,CH,CH,) . C-RWN (d in CDd 3 ppm: 142.5, 141.9, 128.1,
126.4, 126.0, 125.6, 52.3, 52.2, 49.4, 48.1, 46.2, 45.1

30.1. ESI-MS: mlz= 220 (M+H)

Simlar procedure is used to synthesize the rest of

| i gands.

H,Me33m (7-Methyl -3,7,11-triaza-bicycl o[ 11. 3. 1] Hept adeca-
1(16),13(17),14-triene): 65%yield in detosylation step. IR
(KBr pellet, cm?b): 3321 (s), 3052 (m), 2922 (s), 2787 (s),
1451 (s), 1129 (s), 771 (s). HHNWR (din CDO 3, ppn): 7.62
ppm (s, 1H CCHCar), 7.20 (t, %J(H H =6 Hz, 1H CH CH CH
ar), 7.02 (d, 3J(H H=8 Hz, 2H CCHCH ar), 3.91 (s, 4H
Ar-CHx-NH), 2.58 (t, %J(H H =6 Hz, 4H, Ar-CH-N CHCH), 2.41
(t, 33(H H =6 Hz, 4H CHp- CH,- N-CH-CHp), 2.01 (s, 3H, CHs),
1.77 (s, 2H NH), 1.63 (g, 3J(H H =6 Hz, 4H CH.CH,CH). °C
RW (d in CDCs, ppn): 140.6, 128.0, 126.3, 124.4, 55.9,
52.8, 45.0, 40.9, 27.5. ESI-Ms: mlz= 248 (M+H") .
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H33m (3,7,11-Triaza-bicycl o[ 11. 3. 1] hept adeca- 1(16), 13(17),
l4-triene): 76%yield in detosylation step.

IR (KBr pellet, cm%): 3299 cm' (NH), 3050, 3024 (C-H
arom), 1450 (C=C ar). HRWN (CDO3, 298 K): d = 7.70 ppm
(s, 1H CGCHCar), 7.23-7.02 (m 3H, arom), 3.88 (s, 4H,
Ar-CH-NH), 2.77 (t, J= 3Hz, 4H, Ar-Cro- N-CHCH), 2.54 (t,
J= 3Hz, 4H, CHp- CHp- N-CH-CH), 1.70 (m 7H, CHCH,CH, (4H),
NH (3H)). 3C-RW (CDO3, 298 K): d = 141.25 ppm (arG CH),
127.97, 126.97, 124.60 (arom), 52.89 (Ar-CH-NH), 46.54
(Ar CH- NH-CHy),  44.11 (CHCHNHOHLCH)  29.10  (CH.CH.OHb) .
El emental anal ysis cal cd for CuNsHps. 0.5H,O C 69.4 N 17.3 H
10.0; found: C 69.8 N 17.2 H 10.4. M5 (FAB): mz = 234.0
(MHH")

H22m (3, 6, 9- Tri aza- bi cycl o[ 9. 3. 1] pent adeca- 1(14), 11(15), 12-
triene): 70% yield in detosylation step. IR (KBr pellet,
cmb): 3301 cm?', 3215 (NH), 3052, 3024 (C-H arom), 1446
(C=C ar). '"HRW (CDO 3 298 K): d = 8.26 ppm (s, 1H CCH
Car), 7.26-6.99 (m 3H, arom), 3.90 (s, 4H, Ar-CH-NH),
2.71 (t, J= 3Hz, 4H, Ar-CH-N-CH,CH), 2.08 (m 4H, CHp- CHy-
NH- CH- CHy), 2.01 (s, 3H, NH). BCRW (CDCl3; 298 K): d =
142.28 ppm (arC-CH), 127.64, 126.39, 125.87 (arom), 53.41
(Ar-CH-NH), 48.39, 47.56 (NH-CH). M (FAB): mz = 206
( MEH") .

H33p (3,7,11-triaza-bicyclo[11.2.2]heptadeca-1(16), 13(17),
14-triene): 79 % yield in detosylation step. H-NWMR (d in
CDA 3, ppm: 7.32 ppm (s, 4H, CH ar), 3.72 (s, 4H, Ar-CH-
NH), 2.48 (t, 3J(H H =6 Hz, 4H, Ar-CH-N OhCH), 2.16 (t,
3J(H, H =6 Hz, 4H, CHp- Oth-N-CHp-CHb), 1.38 (g, 3J(H H) =6 Hz,
4H, CHOH,CHy), 1.10 (s, 3H NH). **C-RWN (d in CDd3, ppm:
140.3, 129.3, 53.1, 45.5, 41.7, 30.2. ESI-Ms: mz= 234
(MHH")
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H330 (6,7,8,9,10,11, 12, 13, 14, 15- Decahydr o- 5H 6, 10, 14-
triaza-benzocyclotridecene): 63% vyield in detosylation
step. IR (KBr pellet, cm'): 3357 (s), 3016 (m), 2919 (s),
2813 (s), 1468 (s), 1115 (s), 744 (s). H-NWR (d in CDd 3,
ppn): 7.26 (m 4H, CH ar), 3.77 (s, 4H, Ar-CH-NH), 2.73
(m 8H N CHCH), 2.41 (t, 3J(H H =6 Hz, 4H, CHy CHp- N-Chp-
CH), 2.34 (s, 3H NH), 1.70 (g, °Z%J(H H=6 Hz, A4H,
CH,CH,CH) . C-RWN (d in CDO3 ppm): 139.1, 131.1, 127.86,
53.6, 48.1, 48.0, 27.7. ESI-MB: mz= 234 (MH.

Me33m (3,7,11-Trimethyl -3,7,11-triaza-bicycl o[ 11. 3. 1]

hept adeca- 1(16), 13(17), 14-triene): ligand H33m (0.35g, 1.5

nmmol) is dissolved in 4.8 nL of formal dehyde 35-40% and 3.5
mL of formc acid 85% Solution is refluxed for 24 hours,

solvent is evaporated and extraction with CHC 3/ NaOH( aq) 30%
and columm chromatography purification (silica gel,

CH,Cl o/ MeOH/ NH,OH 99/1/0.5) gives 0.23 g (0.85 mmol) of

i gand Me33m (56% yi el d).

IR (KBr): 3055 cm?! (CGHarom), 2779 (CHs-N), 1456 (C=C ar)

'HRW (CDd3, 298 K): d = 7.64 ppm (s, 1H CCH-C ar),

7.26-7.05 (m 3H, arom), 3.53 (s, 4H, Ar-CH,-N-), 2.36 (s,

6H, Ar-CHx-N-CH), 2.25 (m 8H, CH-CH:-N), 1.96 (s, 3H,

CH,CHN( CHg) CHCHp), 1.52 (m  4H, CHCHCH). ¥C-RW (CDd s,

298 K): d = 139.22 ppm (arGCH;), 128.97, 127.64, 127.31
(arom), 63.29 (Ar-CH-N-), 55.04 (Ar-CH-N CH;), 52.58 (Ar-

CHy- N- CH-) 43. 57 ( CHCHN( CH3) CHCHy) 42.50
( CHCHN( CHg) GHCHR) ,  25.00 (CHCHCH). MS(FAB): mz = 276

(MFH")
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Synthesis of conplexes. [(H32m O Cu'"'] (A )2 (1-(CAQ)2).
Equi mol ar ampunts of |igand H32m (0.03 g, 1.4x10™* nol) and
cu''(d0y).6H,0 (0.051 g, 1.4x10*% nmol) are dissolved in
CHsCN (3 nL). After 30 mnutes, the yellow solution was
filtered through Celite® Slow diffusion of diethyl ether
into the filtrated solution allowed the formation of yell ow
crystals in 49% isolated yield (0.032 g, 7x10° mol) after
24 hours. Sane procedure can be used with Cu''(OTf), salt
obtai ning sane isolated yield. X-Ray quality crystals of 1-
(A Oy)2 were obtained by recrystallization in CHCN et her
and its XRD registered.

Conpl exes [(HM33m QO Qu'''l(A @), (2-(AQ)2) and [(H33m
oa'''1(adQ@): (3-(AQ),) are obtained with sane procedure
and yields, and are isolated as orange crystals. X-Ray
quality crystals were also obtained for 2-(C Q). and 3-

(OTf) 2.

[(H32m O au'''1 (A @), (1-(A0Og)2). ESI-MS (CHCN): 380 [1-
(A 0] UIVis (CHON): lmx (€)= 273 (6900), 409 nm (280);
'H NMR (500 MHz, CDsCN, 25 °C): d = 7.28 (t, 3J(H H)=7.5 Hz,
1H Hy), 7.03 (d, 3J(H H=2.5 Hz, 1H Hz), 7.01 (d,
3J(HH=2.5 H, 1H Hx), 6.85 (m 1H H), 5.96 (m 1H
Hb), 4.65 (d, 2J(H H)=15.3 Hz, 1H Hal), 4.60 (m 2H Hal',
Ha2'), 4.51 (d, 2J(H H=15.3 Hz, 1H Ha2), 4.18 (m 1H
Hg), 3.48 (dt, 3J(H H=4.2 Hz, 2J(H H= 12.6 Hz, 1H Hc2'),
3.37 (td, %J(H H=4 Hz, 2I(H H=9 Hz, 1H, Hb1'), 3.24 (dd,
3J(HH= 3.5 Hz, 2J(HH= 9 Hz, Ho2'), 3.13 (m 3H, Hb1l,
Hb2, Hd1), 2.97 (qd, 3J(H H=4.2 Hz, 2J(H H=8.6 Hz, 1H;
Hcl'), 2.75 (q, 3J(H H) =12 Hz, 1H, Hd2), 2.17 (m 1H Hcl),
1.65 (m 1H; Hc2) ; el enent al analysis calcd for
CraHoNzCud 205 (%: C 32.5 H 4.2 N 8.7; found: C 32.9 H 4.0
N 8.6.
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[(HkMe33m O au'''] (A @), (2-(C Q)2). ESI-MS (CHCN): 408 [2-
(A0)]"; UWIVis (CHON): |lmx (€)= 291 (7500), 440 nm (sh,
250); H NMR (500 MHz, CD:CN, 25 °Q: d = 7.27 (t,
3J(HH=6.5 Hz, 1H Hy), 6.95 (d, 3J(H H=6.5 Hz, 2H, Hz),
6.33 (m 2H Hi), 4.67 (d, 2J(H H =16 Hz, 2H Hal), 4.52
(d, 2J(H H=16 Hz, 2H Ha2), 3.24 (m 2H Hd2), 3.08 (m
2H, Hd1l), 3.05 (m 2H Hbol), 2.73 (s, 3H He), 2.66 (dt,
3J(H H=3.3 Hz, 2J(H H= 13.3 Hz, 2H Hb2), 2.15 (m 2H
Hcl), 1.95 (m 2H Hc2); elenental analysis calcd for

CisH4NsCud >G5 (% C35.4H4.7 N8.3; found: C 35.7 H 4.4
N 8. 4.

[(HB3m O au'''1 (A @), (3-(A0g)2). ESI-MS (CHCN): 394 [3-
(AO)]"; WIVis (CHCN): |mx (€)= 280 (8200), 448 nm (sh,
280); H NMR (500 MHz, CD;CN): d = 7.27 (t, 3J(H H=7.5 Hz,
1H, Hy), 6.95 (d, S3J(H H=7.5 Hz, 2H Hz), 6.12 (m 2H
Ha), 4.61 (dd, 3J(H H = 5Hz, 2J(H H) =16 Hz, 2H Hal), 4.49
(dd, %J(H H=7.9 Hz, 2J(H H =16 Hz, 2H Ha2), 3.14 (m 1H
Hb), 3.09 (m 4H, Hbl, Hb2), 2.99 (dgq, 3J(H H= 3.5 Hz,
2J(H H =12.7, 2H Hd1l), 2.63 (dgq, 3J(H H=1.9 Hz, 2J(H H=
12.9 Hz, 2H, Hd2), 2.04 (m 2H, Hc2), 1.77 (m 2H, Hcl);
el emental analysis calcd for GaH3sNsCuCl o3 (%9: C 33.9 H
4.7 N 8.5, found: C34.1 H 4.7 N 8.4,

[(H33m ) cu'''(C )] (OTf) (4-(OTf)): 0.022 g (0.037 nml) of
conplex 3-(0OIf), were dissolved in 2 nL of CHCN and 1
equi valent of NaC (0.0022 g) was added in HO Solution
turns from orange to red instantaneously. After 30 mn
stirring, solution is filtered and diethyl ether diffusion
allowed the formation of red crystals in 73 % isolated
yield. IR (KBr pellet, cm?'): 3126, 3090, 3033, 2926, 2854,
1459, 1423, 1144, 1116, 1078, 627. W/ Vis (CHCN): |max (€)=

375 nm (1900), 522 (540): H NMR (400 MHz, CD:CN, 25 °C): d
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= 7.12 (t, 3J(H H= 7.5 Hz, 1H), 6.81 (d, 3J(H H= 3.6 Hz,
2H), 6.07 (m 2H NH), 4.38 (m 2H), 4.25 (m 2H), 3.14 (m
3H), 2.80 (m 6H), 1.89 (m 1H), 1.70 (m 2H). 3C NWR (400
MHz, CDsCN, 25 °C): d = 179.5, 145.6, 128.4, 121.9, 61.9,
51.6, 48.2, 26.4.

Crystals suitable for X-Ray diffraction were obtained for
conplex [(H33m QO au'''(A)]1 (A Q) (4-(CQ)), synthesized by

same procedure.

[((H33m C) Cu'')2(m O )] (PFs) - 6HO CH:Cl 2 (6- ( PFe) - 6H:0
- CHA »): Ligand H33m (0.038 g, 0.163 mmol) and
[ Cu' (CHsCN) 4] (PFg) (0.061 g, 0.163 mmol) were dissolved with
2 nmL of anhydrous CH,CL, under Ar atnosphere. White powder
is filtered out and dichloronethane solution is stored at

248 K for 2 weeks, until the appearance of small crystals
of complex 6 (<5% yield). IR (KBr pellet, cm'): 3217,

3130, 1507, 1465, 1423, 1072, 841, 557. Crystals suitable
for X-Ray Diffraction

[ (H32m) Cu'] (OTf) (7-0OTf): synthesis was carried out under

N, or Ar. Equinolar anpbunts of Iligand H32m (0.03 g,

1.36x10°% nol) and Cu'(CHsCN)4(OTf) (0.052 g, 1.4x10* nol)

are dissolved in 2 nL CHCN After 15 mnutes stirring,

white conpound is precipitated by addition of diethyl

ether. Solid is filtered out and dried under vacuumin 95%
yield (0.056 g¢g). Sane procedure is used to synthesize
compl ex [(HMe33mCu'](OTf) (8-0Orf), [(H33mCu'](OTf) (9-
Orf) as well conpl exes 7-9 with PFs and aoy
count er ani ons.

Conmpl ex (7-OTf). 1H NWMR (500 MHz, CD;CN, 25°C): 7.94 (s,

1H, CH), 7.27 (t, 3J(HH= 9.5 H, 1H CH, 7.14 (d,

3J(HH= 10 Hz, 1H CH), 7.06 (d, 3J(HH= 9 Hz, 1H CH),

3.86 (s, 2H, CH), 3.84 (s, 2H, CH;), 2.88 (m 2H, CH),
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2.77 (m 4H CH), 2.60 (m 3H NH, 2.57 (m 2H CHy),
1.48 (q, 3J(H H= 6.9 Hz, 2H CH)).

[ (FkMe33m) Cu'] (OTf) (8-OTf). 1H NWMR (200 MHz, CD:CN, 25°C):
7.77 (s, 1H CH), 7.28 (t, 3J(H H=8 Hz, 1H CH), 7.13 (d,
SJI(HH= 8 Hz, 2H, CH), 3.88 (s, 4H CHy), 2.60 (m 4H
CHy), 2.50 (t, SJ(H H= 6 Hz, 4H CHy), 2.27 (s, 3H NH),
2.07 (s, 3H CH), 1.62 (q, %J(H H= 6 Hz, 4H CH,).

[(H33mM Cu'] (OTf) (9-PFg). 1H NWMR (200 MHz, CD:CN, 25°0):
7.89 (s, 1H CH), 7.32 (t, 3J(H H=8 Hz, 1H, CH), 7.16 (d,
SJ(HH= 8 Hz, 2H CH), 3.88 (s, 4H CH,), 2.83 (m 4H
CHy), 2.73 (m 4H CH), 2.61 (s, 3H NH), 1.64 (q, 3J(H H=
6 Hz, 4H CHy).

[ (H22m) oCu' 2] (PFs) 2: synthesis was carried out under N, or
Ar. Equinolar amounts of ligand H22m (0.03 g, 1.46x10*
mol) and Cu'(CHCN)4(OTf) (0.054 g, 1.46x10* nol) are
di ssolved in 2 nmL CH)Cl,. After 15 mnutes stirring, white
conpound is precipitated by addition of diethyl ether.
Solid is filtered out and dried under vacuum in 80% vyield
(0.048 g). 1H NWR (500 MHz, CH)Cl,, 300 K): 8.80 (s, 1H),
7.27 (t, 1H), 7.14 (d, 1H), 4.25 (s, 2H), 3.50 (s, 2H,
2.75 (s, 2H), 2.45 (s, 2H), 2.25 (s, 2H), 1.50 (s, 2H).

[(H33m(D))Cu'] (PFs). H D exchange reaction. Ligand H33m
(0.04 g, 0.17 mml) and [Cu'(CHCN)4] (PFs) (0.064 g, 0.17
nmmol ) were dissolved in 3 nL of deuterated acetone[ D6] and
stirred under Ar atnosphere for 5 days. Conplete HD
exchange is determned by 1H NVR, so quantitative formation
Is estimated. Conpl ex has been characterized in situ by 1H
NVR and ESI - V5.

'H NMR (200 MHz, CDd3, 25 °C): d = 7.30 (t, 1H), 7.20 (d,
2H), 3.94 (s, 4H), 3.24 (m 4H), 2.92 (m 4H), 1.82 (m
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4H), 2.80 (m 6H), 1.89 (m 1H), 1.70 (m 2H. ESI-M
(CHCN, mz): 297 [(H33m(D))Cu']*, 235 H33m( D) +H".

H33m(D) synthesis. Conplex [(H33m(D))Cu'](PFs) formed in
situ in acetone[D6] (0.17 nmmol H33m and 0.17 mol
[Cu' (CHsON) 4] (PFs)) was treated with 2.5 equivalents of
1, 10- phenant hrol i ne (phen) (0.077 g, 0.429 mmol) dissol ved
in 1 m CHC.. Parti al precipitation of conpl ex
[ (phen) 2Cu'] (PFs) was filtered out and sol ution dried under
vacuum Col um chr omat ogr aphy on silica gel
(CHA o/ CHOH NH,OH 70/ 30/5) was performed to purify H33nm(D)
from phen conpl ex and excess phen, obtaining 0.018 g (0.077
mol , 45% i sol ated yiel d).

'H NMR (200 MHz, CDOl3, 25 °C): d = 7.21 (t, 3J(H H =6 Hz,
1H), 7.04 (d, 3J(H H=8 Hz, 2H), 3.88 (s, 4H), 2.81 (t,
3J(H H =6 Hz, 4H), 2.57 (t, 3%J(H H) =6 Hz, 4H), 2.06 (s, 3H),
1.70 (q, 3J(H H=6 Hz, 4H). ESI-M5 (CHCN, nfz): 235
H33n( D) +H".

[(H3Bm O Ni'''] (NO3) 2. Ligand H33m (0.021 g, 0.086 mmol) and
Ni "' (NG) .- 6HO (0.026, 0.086 mpl) were dissolved in 2 nL
of CHiCN and stirred under Ar. Solution changes from green
to orange gradually. After 12 hours, diethyl ether
di ffusion al | oned formation of yel | ow or ange
m crocrystalline powder of organonickel (111) conplex in 30%
isolated yield (0.011 g, 0.027 nmmol).

IR (KBr pellet, cm'): 3187 (NH), 1460,1427 (C=C ar), 1383
(NG). Elenental analysis calcd for CaH2NNGs (%9 : C 40.5
H5 3 N 16.9; found: C 40.7 H 5.5 N 16.8. ESI-M (CHCN,
mz): 352 [(H33mO)Ni'''] (NOs) ™.

Mass Spectronetry. ESI-MS spectra were perforned with a
Ther no Quest Finigan Navigator LC/ M5, that bears an
at nospheric pressure ionization source (API-MS), and using
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the positive ionization node (ESI*). Typical experinmenta
condi tions were: solvent = CHCN 100% source voltage = 30
eV, tenperature = 170 °C, Flux = 150 m/mn, nass range =
100- 1000, 10-15 scans per LC peak and registration under
profile peak format.

FAB- M5 spectra were perfornmed with a Fisons VG Quattro (Cs
tube, 10 kV voltage, 3-nitrobenzyl al cohol matrix).

NMR Spectroscopy. Bruker DPX200 Model Avance (4.7 T) was
used to obtain 1H and 13C NWR spectra of all |igands.

NVR dat a of di anagnetic copper conpl exes were registered in
a Bruker Avance-500. Sensitive copper sanples were treated
under controlled Ar atnosphere using rubber septa for NWR

t ubes.

UV-Vis experinmental procedure. A Varian Cary-50 Scan and
Polytec PI X-DAP-06 spectrophotoneters where wused to
perform electronic spectra. Customdesigned inmersible
quartz fiber-optic probe (Hellm) in custom designed sanple
cells (Chemd ass) were used to perform experinents under
anhydrous/anoxic conditions. Stock solutions of |igands
were injected to the cell wunder continuous stirring and
el ectronic spectra si mul t aneousl y regi st er ed. Cel

tenperature was thernostatized wwth a FTS and a Huber CC180
cryostats. Experinents were focused on 640 nm band
attributed to Cu'' d-d transitions. Its decay has been used
to neasure the extent of the disproportionation reaction in

all systens studied.

El ectrochem cal experiments. CV experinents have been
perfornmed using a glassy-carbon disc as working el ectrode
(0.07 cnf), a calonmelans SSCE reference electrode and a Pt

wire as auxiliary electrode. Experinments were performed in
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acetonitrile sol ution of TBAP 0.2 M  (supporting
el ectrolyte) under controlled Ar atnosphere.
Coul ometry experinments were perforned in a simlar way but

using a graphite el ectrode as working el ectrode.

X-Ray Diffraction Analysis. Analyses on a block yellow
crystal of 1-(Ad 0Oy, a orange crystal of 3-(0OIf), and a
paral | epi ped dark red crystal of 4-(C Q) was carried out
on a STCE imaging plate diffraction system (I.P.D.S) with
graphite nonochromated Mo Ka radiation (I = 0.71073 A)

operating in the | scan net hod. Cel | measur enent
tenperature was 180(2) K for 1-(d Oy, and 160(2) for 3-
(Orf), and 4-(dA Q). Structures were solved by direct
methods using the SIR92° and refined by |east-squares
procedures on a F> with the aid of SHELXL97.3!

Statistical disorder has been found in conplex 1 for the
atonms | abeled N2 and C5, which have been |ocated on two
sites with a ratio of occupancy close to 50% D sordered
perchlorate O atons are found in conplex 4-(d0O;), which
contains two alnost identical nol ecules of chloride
conpl ex.

Anal yses on a block orange crystal of 2-(C Q), and a bl ock
pal e orange crystal of 6-(PFs)-6HL0O CHA, was carried out
on a Bruker SMART CCD area detector single crystal
diffractometer with graphite nonochromated Mo Ka radiation
(I = 0.71073 A) operating in the w scan nethod. Cell
nmeasurenent tenperature was 298(2) K for 2 and 7. Data
reduction, Lorentz, polarization and enpirical absorption
corrections were performed wth the Sadabs package.
Structures were solved by direct nethods using SHELXS- 86
and refined by full-matrix |east-squares analysis wth
SHELXL-93.%% Disordered hexafluorophosphate F atoms are
found in conpl ex 6-(PFg) 2.

A sunmary of the crystallographic data is given in Table 1.
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XAS Analysis. Dry solid sanples were diluted in boron
nitride and the mxtures ground to fine powder. The
m xtures were pressed into 1 mm thick alum num spacers
lined with Mylar tape (X-Ray transparent) w ndows. X-Ray
absorption spectra were neasured on unfocused w ggler
beam ine 7-3 at the Stanford Synchrotron Laboratory (SSRL),
with the ring operating at 3 GV and 50-100 mA. Sanples
were maintained at 10 K inside an Oxford Instrunments CF-
1208 liquid helium continuous flow cryostat. A Si(220)
doubl e-crystal nonochromator was used, detuned 50% at 9868
eV to mnimze contam nation of the radiation by higher
harmoni cs. Vertical 1 nm pre-nonochromator slits were used
to define beam size, mnimzing beam divergence. K-edge and
EXAFS data were neasured, for all sanples, over the energy
range 8650- 9868 eV. The nonochronmator step size in the edge
regi on (8970-9020 eV) was 0.1-0.2 eV, to enhance resol ution
over this range. Spectra were collected in transm ssion
node, using N, filled ionization chanbers to neasure the
intensity on incident and transmtted radiation. The
spectrumof a Cu foil was collected concomtantly, allow ng
for internal energy calibration of the spectra. The first
inflection point for the Cu foil spectra was set to 8980.3
eV. The spectroneter energy resolution was approxi mately
1.4 eV, with reproducibility in the determ nation of edge
position of <0.2 eV. Two to four scans were averaged for

each data set.

Comput ational details. Al calculations were perfornmed with

the Ansterdam Density Functional (ADF) program system?3 An

t35

uncontracted triple-x STO basis se was used for copper

(cf. Basis set VA, The ligand atons were represented by

t35

a double-x STO basis se extended with 3d polarization

function. The 1s electrons for C and N as well as the 1s,
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2s, and 2p electrons on Cu were considered as core
electrons and treated by the frozen-core approximtion.
In order to fit the nolecular density and to present
Coul omb and exchange potentials accurately, a set of
auxiliary s, p, d, f, and g STO functions, centered on all
nucl ei, was introduced.3" %

Ceonetries were fully optimzed with the l|ocal density
approxi mati on (LDA), which includes the Xa exchange®® (a =
2/ 3), together with the electron gas correlation functional
(in the Vosko-WIk-Nusair paranetrization®), wher e
according to Stoll et al.% Only the correlation between
electrons of different spin 1is wused. The nolecular
geonetries were optimzed using the analytical energy

gradi ents inplenented by Versluis and Ziegler.*
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SUPPORTI NG | NFORMATI ON FOR CHAPTER 3

Figure S1. 1H and 13C characterization of tosylated |igands TsL

in CDC|3.
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Li gand Ts33m
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Figure S2. 1H and 13C NVR characterization of ligands L in
CDd ;.
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Li gand H,Me33m
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Li gand H33m
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Li gand H22m
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Li gand Me33m
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Li gand H33o0
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Figure S3. IR spectra of organocopper(ll1) conpl exes.
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Figure S4. ESI-MS spectra of Cu''' conplexes (a) [(H32m
Qau''](AdQ), (1-(Ad0),), (b) [(HM33mOCU'"'] (A Q). (2-
(dQ), and (c) [(B3IMmOQ'"'](AQ), (3-(AQ),). Insets:
simul ati on of correspondi ng fragnment peaks.
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Figure S5. ORTEP and wireframe plots of packing cells for
structures of conplexes (a) [(H3Zm O Q/''"] (A Q). (1-(A Q),),

(b) [(HMe33m Q'] (A Q). (2-(AQ)2), (c) [(HB3m Q'] (OTf),
(3-(0rf), and (d) [(H3B3mO Q' (A)](AQ) (4-(AQ)). Enclosure
boxes in each axis indicated in brackets.
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Fi gure S6a-d. NMR (500 MHz, 298 K, CD,CN) spectra for conpl ex
[(H32m Q) Q'] (A Q). (1-(C Q)2
NCESY, (d) HVBC. See *H NVR spectrumin Figure 6 (Discussion

Chapter 3).
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Fi gure S6e-i.
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COSY, (h) NOESY, (i) HVBC.
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Fi gure S6j-n. NWR (500 MHz, 298 K, CD;CN) spectra for conpl ex
[(BB3m Q'] (A Q). (3-(A0O)2 (j) HNWR (k) “CNWR (1)
COosY, (m NOESY, (n) HMVBC.
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Figure S7. 1H NMR (400 MHz, 298 K, CD;CN) spectra for final
di sproportionation reaction mxture for (a) [(HM33m

Q) Cu'"'T =/ [ Cu'(CHCN) o] / [ HMe33mH * and (b) [(H33m

C) Cu'''] 2/ [ Cu'(CHCN) o] */ [ H33mH] ™.
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Figure S8. 'H NWR spectra for (a) Ligand H32min CDd s (b)
nmonoprotonated [H32nH " ligand with 1 eq of HO O, (in CDA 3), (c)
conplex [(H32m) Cu'] in CD;CN at 300 K and (d) nonoprotonation of
Cu' complex [(H32m Cu'] with 1 eq. of CFRSOH. (e) ESI-Ms
spectrum for final reaction mxture [(H3ZmQO Q' (A Q), /
[Cu'(CHCN) o] * / [ H32nH ™.
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X7p187c20 #75 RT:1.40 AV:l NL:1.64E7
T:{0,0} + p ESI sid=30.00 Full ms [ 101.00-614.00]
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Figure S9. CV of (a) final reaction mxture [(H32m

Q) Cu''] (G Q) of [Cu'(CHCN) o] / [H32H * and (b) conplex [(H32m Qu']*
after treatment with 1 eq of triflic acid (CHCN, TBAP 0.2 M
RT.).
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Figure S10. Cyclic Voltammetry for conplex [(HM33m C) Cu''']
(O1f), (2-(0OTf),) at different scan rates (nv/s): (a) 400, (b)
300, (c) 200, (d) 150, (e) 100, (f) 80, (g) 60, (h) 40, (i) 20.

([2] » 2mMM CHCN, R T.).
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Figure S11. Plot of 1, vs nY? of 2-(OTf), system (Randl es- Sevci k

equation: i, = (2.69e+5)n¥2AD,"2Con*? where n¥2 (V/s)V? 1, (A, A
(cnf), D, (cn2/s), G (mol/mL), n (electrons transferred)). Data
extracted from previ ous Figure S10.
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Figure S12. Cyclic Voltamretry for conplex [(H33m C)Cu'''] (A Q).
(3-(Ad Q). at different scan rates (nV/s): 400, 300, 200, 150,
100, 80, 60, 40, 20. Ferrocene is used as internal reference

([3]»[ferrocene] » 2nM CHCN, R T.).
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Figure S13. Plot of 1, vs n¥? of 3-(C Q), system (Randl es- Sevci k

equation: i, = (2.69e+5)n¥2AD,"2Con*? where n¥2 (V/s)V? 1, (A, A
(cnf), D, (cnt/s), G (nmol/mL), n (electrons transferred)). Data
extracted from previous Figure S12.

0.18

0.16 T

0.14 y = 0.2813x - 0.0081
R? =0.9983

0.06 1

0.04 A

0.02 A

nlIZ

184



CHAPTER 3

Figure S14. Cyclic Voltametry of conplex [(H33m C)Cu'''] (OTf),

(3-(OTf),). Scan rate = 400 mV/s, [3]» 2mM TBAP 0.2 M CHCN,
R T.
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Figure S15. Cyclic Voltamretry of conplex [(H33m C)Cu'''] (OTf),

(3-(0rf),). Scan rate = 10 mV/s, [3]» 2 nM TBAP 0. 2 M CH:CN,
R T.

60 7
1/ mA

20 A

A

-2000 -1500 -1000 -500 D 500 1000 1500 2000

20 E/mV

-40 1

-60 1

-80 1

-100 -

185



CHAPTER 3

Fi gure S16. Coul onmetry at E = -0.25 V applied potential for
compl ex [(H33m Q) Qu'''] (OTf), (3-(OTf),) ([3]= 1.18 nmM CHCN,
RT.).

6.00E-03

5.00E-03 1

4.00E-03 1

1A

3.00E-03 1

2.00E-03 1

1.00E-03 A1

0.00E+00 T T T T T T
0 100 200 300 400 500 600 700

time/s

Figure S17. Cyclic Voltanmmetry for final colorless solution
after coulonetry experinent at -0.25 V applied potential on
conplex [(H33m C)Qu''"'] (OTf), (3-(OTf),), corresponding to
[QU'(CHCN) L] ([3]=1.18 nM CHCN, R T.).
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Fi gure S18. Cyclic Voltametry of conplex [(H33m

oa'"'(d)](orf) (4-(Orf)). Scan rate = 100 nV/s, [4]» 2 nM
TBAP 0.2 M CHCN, R T. (ferrocene as internal reference).
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Fi gure S19.

(a) 1H NWR spectrum for Cu' conplex [(H22m) Cu'] ( PFe)

in CD,C, at 300 K and (b) ESI-M of sane conplex in CHCN (inset
shows the sinulation for fragment [(H22m) Cu'(CHCN)] ).
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Figure S20. Electronic spectra for the decay of Cu' d-d band at

640 nmfor conplex [(H32mCu''](OTf), ([CQu'']; = 1.27 nM [H32n;
= 1.62 nM CH,CN, 25°C, 1 scan/ 1 second).
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Figure S21. Eyring plot (In(kes) vs 1/T) fromkinetic data for
[(H32m Cu'' 1 (OTf), ([Qu'"]; = 1.25 mM [H32n]; = 1.60 nM CH,CN) in
a Tenperature Range fromO0 to 25°C.

In kobs vs 1/T

In(Kobs)

y = -8832.4x + 25.932
R%=0.9571

_7 T T T
0.0033 0.0034 0.0035 0.0036 0.0037

Ut 1 Kt

189



CHAPTER 3

Figure S22. Electronic spectrumfor the decay of Cu'' band at

420nm known to be associated to the d-d band, for conplex
[ (HMe33my Qu''] (OTf), ([Cu'']i = 2.47 nM [H32n]; = 3.15 mM CHCN,
25°C, 1 scan / 0.5 seconds).

Absorbance

30 350 410 430 450 470 450

Wavelength (nm)

Figure S23. Eyring plot (In(kes) vs 1/T) fromKkinetic data for
[ (HMe33m Q'] (OTf), ([Cu'']i = 1.21 nM [H32n]; = 1.55 mM CHCN)
in a Tenperature Range from-10 to 25°C.
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Figure S24. Cu'" conpl ex bands decay for 1.2 H33m(D)/Cu'"

experiment and decay profile at 640 nmfor H33m Cu'',
H33n(D)/ Cu'' and 1.2 H33m(D)/Cu'' (Conc Qu' = 2.5 nM R T.,

CHCN) .
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Figure S25. 1H NMR spectra of Cu' conplexes (a) [(HM33m Cu']*
and (b) [(H33mCu']* in CD;CN (see [(H32mCu']l* in Figure S8c),
and final Deuterated Cu' conpl exes in Acetone-[D6] after full

H D exchange: (c) [(HMe33m(D))Q']* and (d) [(H33m(D))Qu']".
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Fi gure S26. H D exchange profile for systems with H32m HM33m
H33m Plot of aromatic proton 'H NMR integration vs tine.
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Fi gure S27. ESI-MS of deuterated conplex [(H33m(D))Cu']".
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Figure S28. (a) ESI-Ms of deuterated |igand H33n(D) and (b) *H
NMR (200 MHz, CDO; 300 K) of H33m(D).
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Fi gure S29. ORTEP and wirefranme plot of packing cell for aryl-
Cu'' conmplex [((H3Bm O Cu'"),(m )] (PFe) - 6H,O CHO , (6-

PFs- 6H,O CH,A ,). Encl osure boxes in each axis indicated in
bracket s.

196



CHAPTER 3

Fi gure S30. ChenB8D view of optimnm zed geonetry for system
[ (H33mCu'] .

Fi gure S31. ChenB8D view of optimzed geonetry for system
[ (H33m) Cu'(CHCN) ] ™.
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Aryl -cu''"" conpl exes reactivity. New internediates in
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CHAPTER 4

Aryl -cu''"" conpl exes reactivity. New internediates in

aromati c hydroxyl ation

4.1 ABSTRACT

Reactivity of Aryl-Cu''' conplexes 1-3 has been studied
under different conditions. Reaction with non-coordinating
bases in presence of water affords the formation of novel
di nucl ear  bi sphenoxo conpl exes [(H32mD).Qu'',]1%"  (1c),
[ (HeMe33n0) oCu''5]1%" (2¢) and [(H33nD)Qu'';]2%" (3c), which
have been structurally characterized by XRD. The insertion
of the oxygen atom to the previously activated aromatic
carbon takes place through colored internediates [(L-
O’ cu'''l* (1b-3b) characterized as the amine deprotonated
form of Aryl-Cu''' species. The aromatic hydroxylation
reaction performed from isolated Cu''' species 1-3 is
directly related to the reactivity presented by Cu'
conpl exes [(L)Cu']* (L= H32m HMe33m H33m 7, 8, 9) with
nol ecul ar di oxygen. & activation occurs at |ow tenperature
in CHkCN to form a side-on peroxo internediate, capable of
rearranging to the same colored Cu''' intermediates 1b-3b at
room tenperature. Final products of the Cu'/Q reaction are
again the bisphenoxo conplexes 1c-3c. Reactivity studies
and isolation of conplexes [(H22nmD) ,Cu'';]% (5¢) and
[ (HkMe33n0) ,Cu''2(Cl)2]  (2d) are helpful to propose a
pl ausi ble  nechanism for the aromatic hydroxylation
reaction.
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4.2 | NTRODUCTI ON

Met al - nedi ated activation of hydrocarbon C-H bonds are of
interest due to their involvenent in netalloenzynes
reactivity and industrial oxidations. Oxidations conducted
by copper netalloenzymes such as tyrosinasel and dopani ne
b- hydr oxyl ase? are widely studi ed, and many chemical nodels
have been synthesized.® In the particular case of
tyrosi nase, the dinuclear Cu active site activates di oxygen
to form a (mh?% h% peroxo)dicopper(l1) internediate, which
is considered one of the possible active species in
aromatic hydroxylation of tyrosine. Chem cal nodels of
tyrosi nase reactivity pr esent i nt ranol ecul ar i gand
hydroxyl ation through a generally accepted electrophilic
per oxi de oxygen attack to the p-system of the aromatic
ring.** However, some questions still remain unanswered,?®
and one of themis when does the O O bond break. Cu''' has

6.7 and since the

been invoked in many reaction nechani smns,
equi |l i brium between (m h? h?- peroxo)dicopper(ll)and bis(m
oxo) di copper(111) isomers was discovered,® chenists have
indeed focused deeply in C''' internmediates to be
responsi ble of reactions such as aromatic hydroxylation in
tyrosinase.® It is known that both bis(moxo) and m h? h?
peroxo dicopper species are capable of intranolecular
ligand hydroxylation of phenyl groups and no KIE is

found,*%as in tyrosinase.

@)
O
Cw< | >Cull Cum/ \Cum
0 o
m h?: h?- per oxo bi s( m oxo)
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On the other hand, aliphatic chain hydroxylation has only

been observed wth bis(moxo) i nternmedi ates through

Hydrogen Abstraction (HA) nechanism and significant
isotopic effect is found.'® Thus, the last reaction
sequence for the aromati c hydroxyl ati on nechani sm suggest ed
inliterature is first breaking the OO bond in peroxo core
to formthe bis(oxo) core, and the latter being responsible
of hydroxylation through electrophilic attack on the arene
ring. However, experinments can not rule out the coexistence
of both isonmers in rapid preequilibration and it has not
been determ ned unequivocally which one is the active
speci es.>®

New aryl-Cu''' conplexes obtained from a new type of
di sproportionation in copper chemstry are reported in
Chapter 3, along with an aromatic CH bond activation
reaction. !’ The purpose of the present work is to study the
reactivity of these Aryl-cCu''' conplexes under different
condi tions to synthesize new bi sphenoxo Cu'' conpl exes, and
to give sonme light to possible nechanisns for the
hydroxyl ation reaction that takes place, as well as the
link of this reactivity wth the known aromatic
hydr oxyl ati on reaction of tyrosinase-|ike copper(l) nodels

usi ng di oxygen.
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4.3 RESULTS
4.3.1 Synthesis

4.3.1.1 The ligands

Synthesis of ligands used in this work (see Schene 1) have

been described in Chapter 3.%!

Scheme 1. Ligands used in the present work

H3Z2m:R =H;m=3,n=2

HoMe33m:R =CHs; mn=3

H_}\' N—H H33m:R =H:mn=3

CHs)m CH>-)n ‘R' = H- =

( 2)\N/( 2) H22m:R =H;m n=2
RI

4.3.1.2 Cu' conpl exes

Synthesis of conplexes [(L)CQu'](X (L = H32m HMe33m
H33m H22m X = PR, OIf", AO;y) have been described in
Chapter 3.

4.3.1.3 cu'"" conpl exes

Synthesis of Aryl-Cu''"' conplexes [(H32mOCu'''1(X) . (1-
(X)2), [(HMe33m ) Qu'''1(X)2 (2-(X)2) and [(HB3m C)Qu'''1(X)
(3-(X)2) (X=dAO,, Off") are reported in Chapter 3.
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4.3.1.4 cu'' conpl exes

Conpl exes [(H32m Q) Qu''']1(X) 2 (1-(X)2), [(HMe33mC)Cu'''](X)
(2-(X)2) and [(H3Bm O Q'] (X2 (3-(X)2) (X= 4O, Of)
di ssolved in CHCN react with 1 equival ent of aqueous KOH
1M at room tenperature to give colored internediates.
Solution acquires a red-brown (when cation 1 used) or deep
violet color (when cation 2 and 3 used) corresponding to
intermediates 1b, 2b and 3b respectively (see section
4.3.1.5), which fade to obtain final green solutions.
Internmedi ate 1b takes nore than 24 hours to totally fade to
green products, whereas 2b and 3b only take 2-3 hours. Sl ow
diethyl ether diffusion leads to the final bisphenoxo
conpl exes: [(H32mD),Qu''3] (X)2 (1c-(X)2) in 30% isolated
yield, [(HM33m).,',](X)2 (2c-(X)2) in 65% yield and
[ (H33mD),Qu'' 5] (X)2 (3c-(X)2) in 60% yield (X= AQ, OTf).
Bi sphenoxo conpl ex synthesis is depicted in Schene 2.

Same bi sphenoxo conplexes 1lc, 2c and 3c can be obtained
from the reaction of Cu conplexes [(H32mCu'l* (7),
[(bMe33m Cu']* (8) and [(H33mCu'l*™ (9) with nolecular
di oxygen in CH3CN solvent. The reaction undergoes at room
tenperature under simlar colored internedi ates observed
with the Aryl-Cu'''/base reaction (Schene 2).

Bi sphenoxo conpl ex [(H22nD),Cu'',]2?* (5¢c) can be isolated in
| ow yields after reaction of the corresponding Cu conpl ex
with dioxygen. However, despite the fact that aryl-cCu'"
species with ligand H22m can not be isolated (see Chapter
3), hydroxylation occurs when nixing H22m and Cu'' salt in
a 1.3 to 1 relation in CHCN solvent and anbient
tenperature to obtain 22% vyield of conplex 5c. No distinct
colored internediate is observed and water traces present
in the reaction nmay be the source for oxygen atons denanded

for hydroxyl ati on.
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Scheme 2. Synthesis of bisphenoxo conplexes from Aryl-cCu'"

conpounds and di oxygen activation by Cu' conplexes and further
aromati ¢ hydroxyl ation through 1b-3b internediates

_|2+

o, H—N—__ L/I}I—H ) 'i:;Cu”/N_H X)2
H—N——c—N—H (X - G2
\ \ CH,ON, 40T (CHzm / (CHan Cam | G
(CH2m CHo)N N
\N/( 2 L L
L (7-(X)) -- H32m
(8-(X)) -- HoMe33m
(9-(X)) -- H33m RT.
_| 2+ _| +
I KOHIM (a0) 1 a>-0o
H—N——-—Cu——N—H X)2 B ——————————— H—N—-Ccy——NO (X) (2b-(X))
CHCN \ (3b-(X))
(CHz)m\ N/(CHQ)n (CHz)m\N/(CHZ)n
L k
(1-(X)p) -- H32m /
(2-(X)p) -- HoMe33m
(3-(X)y) -- H33m /
_| 2+
I
N—>¢ ¥ 1c-(X
of)ﬁo/ U§GN (CHon (10
R=\-} o GmS (2c-(X)2)
_ _ B B > N\ ) X),
X=ClO4,0Tt ,PFg (O-'Z)'{_H/CIJIJ/\N" (3c-(X)p)

Addition of 1 equivalent of KO 1M to a solution of
[ (kMe33m Q) Qu''']?* (2) already treated with base yields
crystals of conplex [(HM33mOCu'',(d), (2d). However,
conpl ex 2d can al so be obtained by treating conplex 2c with

1 eq. of KO 1M although it rearranges again to 2c in the

acetonitrile solution after 48 hours (Schene 3).
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Schenme 3. Synthesis of conplex [(H:Me33m O ,Cu'',(C),] (2d)

“+

leq. KCIIM (aq) /CD
) \N (2

1]
2 HN——Cu——N©®

é CH;CN c|/
(CHa, |Gz /N\/

| Chs

CHs

(2b-(X))
+X +KCI

(2¢(X)2)

Al'l conpl exes have been characterized by IR A E , ESI-M,
UV-Vis and crystal structures have been obtained for all of

them (see section 4.3.2).

4.3.1.5 cCu'"'"" colored internediates

| nt ermredi at e col ored conpl exes [(H32m C)’' Cu'''1(X) (1b-(X)),
[(HbMe33m C)' Cu''']1(X) (2b-(X)) and [(H33mC) ' cu'''1 (X) (3b-
(X)) (X= d Oy, Off’) obtained fromreaction of Aryl-cu''' 1-
3 with KOH (see Schene 2) have been studied by ESI-M, NWR
(See section 4.3.3.2), W-Vis (section 4.3.3.3) and X-Ray
Absorption  Spectroscopy (XAS) in solution (section
4.3.3.1), since their solid isolation have been el usive.
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ESI-MS spectra for 1b-3b show an intense peak for the
fragment [(L-C)' cu'''l* at mz = 280, 308, 294 for L = H32m
HMe33m H33m respectively (see Figure S1), corresponding
to the deprotonated amine Aryl-Cu''' conplex. Colored
speci es 1b-3b are diamagnetic (see section 4.3.3.2), also
in line with an square-planar low spin d® «''' magnetic
properties.

Sane internediates 1b-3b can be obtained by reaction of
aryl-cu''"' 1-3 with N N N, N -Tetranet hyl - napht hal ene- 1, 8-
diamine (Proton SpongeO). Proton Sponge reactant was
sel ected as an strong non-coordi nati ng base to support the
deprotonation reaction of aryl-Cu''' conplexes. Qther bases
such as EtsN or nBusN also generates the colored

i nt ermedi at es when react with aryl-cu''' conpl exes.

4.3.2 X-Ray Structures of bisphenoxo conpl exes

Cryst al structures of di nucl ear cu'’ conpl exes
[ (H32mD),Qu'' 5] (OTf) 2 (1c-(OTf)2), [ (HMe33n0) Cu''s] (A Qi)
(2¢c- (A Q)2), [ (H33mD) ,Cu'' ;] ( PFe) 2 (3c- (PFg) 2),

[ (FMe33n0) oCu''5(Cl)2]  (2d) and [ (H22m0)Qu''2] (PFe)2  (5c-
(PFs)2) are presented and discussed. Al crystal data and
refinenment paraneters are listed in Table 1.

Crystal structure for conplex [(H32nD),Cu'',](OTf), (1c-
(OTf)2) was obtained, and its ORTEP diagram is shown in
Figure 1. The nolecule sits on a center of symetry that
transforms one macrocyclic ligand into the other. Each
copper nmetal atom has a strongly distorted trigonal
bi pyram dal towards a square-planar pyram dal geonetry
(with a t factor of 0.56),2 and can be considered a
m xture of both. Copper centers share coordinative sites

with both |igands. Each copper atom is coordinated to a
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phenoxo O atom and a N atom from one of the nacrocyclic
| i gands, and to the phenoxo O atom and two N atons fromthe
second macrocyclic ligand. The copper netal centers becone
doubly bridged by each macrocyclic |igand. The oxygen atomns
of the phenoxo groups are bridging the copper netal centers
so that the axial oxygen atom from one pyramd also
occupies a position in the trigonal base of the other
pyram d. The Cu;O, core atons lie in a plane formng a
rhonboi dal arrangenent (Cu-O 1.930(2) A 2.174(2) A,
Cu---Cu 3.085 A and O--02.718 A) (see Table 2).

Packing cell ORTEP plot for 1c is depicted in Figure S2.

Figure 1. ORTEP Diagram for conplex [(H32nO ,Cu'',](OTf), (1c-
(Or1f)2)
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Table 1. Cystal Data and Structure Refinenent of dinuclear
bi sphenoxo copper(I1) conpl exes
2c- (A Q) 2c-
lc- (OTf), - CH;CN (A (PFg) 3c- (PFg) 2 5¢- ( PFe) » 2d
- 2H,0
- 0. 5CH;CH
Enpi ri cal CosHadCUNs  CozHsiCl 2QU2N;  Cao.sHsaCUNs  CosHasCUNeD>  CoaHseCUzF1aNs  CaoHaeCl 2Qu2
forml a OsF6S2 O Ou.5 FePO P2F 12 O:P> NsO2
Fw 893. 86 889. 27 878. 25 913.71 857. 61 722.74
space group P21/ n P-1 P21/n P-1 P(-1) (No. 2) P-1
a, A 11.302(5)  9.2947(9)  10.1412(19) 10.0473(11) 8.818(4) 9. 264(1)
b, A 12.467(5) 10.4355(12)  21.650(3)  10.5034(12) 9. 696( 3) 9.549(1)
c, A 13.464(5) 11.3621(12)  17.087(3)  10.6524(12)  10.801(6)  10.793(2)
a, deg 90 73.676(12) 90 113. 438(2) 113.89(5)  80.948(2)
b, deg 114.458(5)  85.965(12) 98. 85(2) 100. 351( 2) 113.20(2)  65.182(2)
g deg 90 76.743(12) 90 111. 460( 2) 90. 28(3) 75.057(2)
v, A 1726.9(12) 1029.43(19) 3706.9(11)  887.56(17) 761. 0( 6) 835. 9(2)
z 4 2 4 1 1 2
Dat a STCE STCE STCE CCD Sienens CCD Si enens CCcD
col l ection i magi ng i magi ng i magi ng SNART SNART Si enens
i nst rument pl ate pl ate pl ate SVART
T, K 160(2) 293(2) 160( 2) 293(2) 173(2) 273(2)
| M-K,, A | 0 71073 0.71073 0.71073 0.71073 0.71073 0.71073
r(calcd), g 1.719 1.505 1.574 1.709 1.871 1. 436
cm?
m 1. 443 1.226 1.338 1. 389 1.613 1. 468
R/ Rw? 0. 0299 0. 0330 0. 0447 0. 0452 0. 0429 0. 0888
10.0757 /0. 0894 /0.1127 /0.1302 /0. 0952 /0.1100

® R = S|Fo Fc|/SFo and Rw = {S[W(F¢*-Fc%) ]/ S[W(Fo®)°]} " ?
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Structures of conpl exes [ (H:Me33nm0D),Cu'',] (A Q)2 (2¢-(C Q) 2)
(see Figure 2), [(H33nmD),Qu'';] (PFs)2 (3c-(PFs)2) (Figure 3)
were al so determned by X-Ray Diffraction. Crystal data and
refinement paranmeters for each structure are listed in
Table 1. Both dinuclear structures 2c and 3c bear the sane
| i gand- donor set NG per Cu atom and copper netal centers
become doubly bridged by each nmacrocyclic ligand, as the
previ ously described conplex 1lc. Each copper netal atomin
conplexes 2c and 3c has a strongly distorted trigonal
bi pyram dal towards a square-planar pyramdal geonetry
(with at factor of 0.61 for 2c and 0.62 for 3c).

Figure 2. ORTEP diagram of conplex [(HM33nD),Cu'';](dAQ),
. 1CHCN (2c- (A O) 2+ CHCN)

_ 9 S
(./"" \’\‘{." 11 925 .
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The oxygen atons of the phenoxo groups in conplex 2c are
bridging the copper netal centers so that the axial oxygen
atom from one pyramd also occupies a position in the
trigonal base of the other pyramd. The Cu,O, core atons
lie in a plane formng a rhonboidal arrangenent (Cu-O
1.925(1) A 2.128(2) A), Cu---Cu 3.132 A and O --0 2.581 A)
(see Table 2). A rhonboidal arrangenent of the Cu,Q core
is also found for complex 3c (Cu-O 1.930(3) A 2.122(3) A,

Cu---Cu 3.103 Aand O --02.613 A) (see Table 2).
Packing cell ORTEP plots for 2c and 3c are depicted in

Fi gure S2.

Figure 3. ORTEP diagram of conplex [(H33mD ,Cu'';](PFs). (3c-
(PFs) 2)

C2

N3 he
c7 0 | ‘\/ \!‘ c1

"

)

2.122 (
or’
1.930
e
l|“’ =
N2’ 7>
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Crystal structure of conplex [(H22mO) Cu'';](PFs)2 (5c-
(PFg)2) is depicted in Figure 4. Cryst al data and
refi nement paraneters are listed in Table 1. The nol ecul e
sits on a center of symetry that transform one macrocyclic
ligand into the other. Each copper atom has the sane
| i gand-donor set NO as in conplexes 1c-3c, and are also
dobl e bridged by each macrocyclic ligand, but presenting a
slightly distorted square-planar pyram dal geonetry (with a
t factor of 0.21). The oxygen atons of the phenoxo groups
are bridging the copper netal centers so that the axial
oxygen atom from one pyram d also occupies a position in
t he square-pl anar base of the other pyram d. The Cu;& core
atons |lie in a plane formng a pseudo-rectangul ar
arrangenent (Cu-O 1.928(2) A 2.202(2) A, Cu---Cu 2.854 A
and O --02.988 A (see Table 2).

Packi ng cell ORTEP plot for 5¢c is depicted in Figure S2.
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Figure 4. ORTEP diagram of conplex [(H22nD ,Cu'',] (PFs), (5c-
(PFe) 2)

Conpari son of crystal structures of conpl exes
[ (H32mD),Qu'' 5] %" (1c), [ (HoMe33n0D),Qu''s] 25 (2¢) and
[ (H33mD),u'' ;] #* (3c) shows sane type of coordination sphere
for each Cu atom with a nore squared-rhonboi dal Cu,O, core
for 1c considering t factor values: 0.56 for 1c, 0.61 for
2c, 0.62 for 3c (see Table 2 for selected bond distances
and angles). Geonetry environnent for copper is directly
related to conformational constrains inposed by I|igand
backbone. Conplex [(H22mD),Qu'';] (PFs)2 (5c-(PFg)2) still
presents a nore square-type Cu®, core (t factor = 0.21). A
trend can be envisioned for which the smaller the
macr ocycl e (H22m < H32m < H,Me33m ~ H33m, the nore squared
Cuy0, core. Detailed structural description for bisphenoxo
conpl exes 1c, 2c, 3c and 5c can be found in Chapter 5.
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Table 2. Selected bond distances (A and angles (deg) for Cu,0
bi sphenoxo cores

lc-(OIf), 2c- 3c- (PFg) 2 5¢- ( PFg) 2
(C Q) 2 CHCN

Cu- Qquatorial 1. 930 1.925 1. 930 1.928
Cu- Oypi cal 2.174 2.128 2.122 2.202
Cu-O Cu 97.3 101.1 99.9 87.5
O Cu-0 82.7 78.9 80. 2 92.5
Cu---Cu 3. 085 3. 132 3.103 2.864
o--0 2.718 2.581 2.613 2.988
t 0. 556 0.611 0.616 0.212

Conpl ex [(HMe33nmD) ,Cu''y(C),] (2d) structure was also
determned by X-Ray Diffraction (see Figure 5). Cystal
data and refinenent paraneters are listed in Table 1. The
nol ecule sits on a center of symetry that transform one
macrocyclic ligand into the other. Each copper netal atom
has a square-planar type of geonetry, sharing coordinative
sites with both ligands. Each copper atomis coordinated to
a phenoxo O atom and a N atom from one of the macrocyclic
ligands, to a N atomfromthe second macrocyclic |igand and
to a termnal G atom The nethylated central N atom of
each |igand remains uncoordinated (Cu---N3 3.891 A). Copper
and oxygen atons stay far apart from each other (Cu---Cu
5,299 A, O--03.623 A. d are covalently bound to the
Cu'' centers with a remarkably short bond (Cu-d 2.247(1)
A) .
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Figure 5. ORTEP Di agram of conplex [(HM33n0) ,Cu'',d ;] (2d)

/'/1
<9 “'67://4? 2.247 2.026°%
a1 N2

c15 c14 \/“ fi\

Sol ution of conplex 2d in CHCN for a long period of tine
in presence of PFeg anions affords rearrangenent of the
structure to form final green crystals of conplex
[ (HbMe33m0) oCu''5] (A) (PFg) - 2H,O 0. 5CHsOH (2c- ( Q) ( PFe) - 2H0
-0.5CH0OH), where the " atom covalently coordinated to Cu
centers now act as non-coordinating counteranion. X-Ray
Diffraction showed a quasi-identical geonmetry for copper
atons as the conplex 2c-(Ad Q). (see .cif file, Table 1 and
Figure S2).
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4.3.3 Spectroscopic properties

4.3.3.1 X-Ray Absorption Spectroscopy (XAS) of 1b-2b

Cu K-Edge X-Ray Absorption Spectroscopy (XAS) experinments
were perfornmed on internediates [(H32mC)'cu'''l* (1b) and
[ (kMe33m C)’' Cu''']* (2b) generated in situ with proton

sponge and anal yzed at | ow tenperatures. Preedge signal on
1b spectrum shows a +3 oxidation state for Cu (see Figure

6) .

On the other hand, internediate 2b shows Cu''' preedge
signal wth significant contanmination of Cu' species
(feature at ~8983 eV, Figure 6). This unexpected
contami nation by Cu' does not cone frominitial aryl-cu''' 2
complex but is related to a side-reaction with Proton

Sponge that will be discussed in section 4.4.5.
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Figure 6. CQu K-edges for internediates [(H32m C)’' Qu'''l* (1b) and
[ (HbMe33m C)' Cu''']1* (2b) with conparison to Cu K-edges for Cu'"
conpl exes 1- (CR:S0;) and 2- (CF3S0;) . I nset shows an
anplification of preedge region (8976-8985 eV)

1—(CF3303)2 .
1217 | —a— 1b e RLA__;Q:Q_E-‘ P T
‘ 3 g : ( T T~
----- 2-(CESO, o N
3 3)2 /ﬂ‘}/f “(F\o:
4

T 'cd(|i)'c'u[|||') """"

8975 8980 8985 8990 8995 9000 9005 9010 9015
Energy

4.3.3.2 1H NMR characteri zati on of internedi ates 1b-3b

1H NMR of complex [(H32m Q' cu''']* (1b) is very sinmilar to
proton spectrum for initial aryl-cu''' conplex [(H32m
Ocu'''l'* (1) (see Figure S3). On the contrary, proton
spectrum of conplexes 2b and 3b obtained with KOH at room

tenperature present broad bands due to their instability.
Sanme internediates 1b-3b can be reproduced by reaction of

aryl-cu''"' 1-3 with Proton SpongeO. NMR studies at variable

tenperatures for the specific exanple of 2/2b (system using
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| i gand HMe33m) suggested the existence of an equilibrium
such as the one depicted in Schene 4. Conpari ng
correspondi ng signals for protonated form of Proton Sponge
with signals for P.Sponge itself (see Figure $4),
percentage of deprotonation of [(HM33mQOCQu'''1* (2) to
obtain [(HMe33mC) ' Cu'''l]* (2b) can be calculated. Thus,
equilibrium is totally displaced towards quantitative
formation of 2b at 320 K, 60-70% of 2b is fornmed at 300 K
and only 30% at 240 K (see Figure S4). In sharp contrast,
reaction of aryl-cu''"' conplex [(H32m O cu''']? (1) with
Proton Sponge only generates 20-30% of deprotonated form
[(H32m )’ cu''']* (1b) at 300 K as also deduced by 1H NWR
(see Figure Sb).

Schene 4. Equilibrium between aryl-Qu'"' 2 and its deprotonated
form 2b by reaction with Proton Sponge in CH;CN sol ution.

[(H;Me33m-C)Culll]2+ 4 OO _— [(HoMe33m-CYCull]i+  + OO

2 2b /N<$>N\

N N
/N /N

ProtonSporge®

Intermedi ates 1b-3b are drawn as deprotonated benzylic
am nes because, as predicted by NWR studies on aryl-Cu''
[(H32m C) Cu''']1?" (1) (see Chapter 3) and also by the H NW\R
spectrum of [(H32mC)'Cu'''l!* (1b) generated with proton
sponge (Figure S5), the central secondary am ne does not
behave as an acidic proton at all and its signal neither
exchange with water in NOESY spectrum of 1 (see Chapter 3,

Figure 6) nor is affected by Proton Sponge.
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4.3.3.3 WW-Vis Spectroscopy of internedi ates 1b-3b

Red-brown intermediate [(H32m C)’ Cu'''1* (1b) generated with
KOH 1M presents a distinct LMCT band at 470 nm (1550 M'cm
1) on the electronic spectrum whereas violet internediate
2b show a shifted LMCT band to 545 nm (1250 Mcmi!) and to
544 nm (650 M*cm?!) for 3b (see Figure 7). To our know edge
these LMCT bands have not been reported for copper
conplexes in the literature before and may correspond to
the electronic transition from the deprotonated secondary

amine to the Cu''' center.

Figure 7. Electronic spectra of deprotonated CQu''"' internediates
[(H32m ©)’ Qu''']* (1b) and [(H.Me33m C)’ Qu''']* (2b) and [ (H33m
O’'cau'"'1* (3b). W-Vis plots for Aryl-Cu'" conplexes 1, 2 and 3
are also shown in the plot.
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4.3.3.4 Raman spectroscopy of internediate 3b

Violet internediate [(H33mC)’cCu'''l!* (38b), generated by
oxygenation of Cu' complex [(H33mCu']l]"™ (9) at room
tenperature in CHsCN, presents several features between 430
and 900 cm? in the Raman spectrum (| aser excitation at 568
nm . However, no changes were detected in the spectrum when
intermedi ate 3b was generated with Q (see Figure 8), and
therefore, the possibility of a Cu-O or OO bond vibration

i s excl uded.

Figure 8. Resonance Raman spectra of intermediate 3b in frozen
solution with laser excitation at 568 nm in CHCN generated
with Q' (top) and O (bottom
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4.4 DI SCUSSI ON

4.4.1 Hydroxylation reaction details

Apart from synthesis of bisphenoxo conplexes depicted in
Schenme 2, other synthetic conditions have been studied to
perform the oxygen insertion into the aromatic ring. 1In
principle, any aqueous base reagent instead of KOH 1M can
be used to achieve final products [(H32m0) .Cu'';]%" (1c),
[ (bMe33rmD) .Cu''5] %Y (2¢) and [(H33mD),u''5]1%" (3c) in
different vyields, as shown specifically for conplex
[ (KkMe33m Q) Ccu''']?* (2) in Table 3.

Table 3. Different reactivity behavior of aryl-CQu'' conplex
[ (FbMe33m Q) Cu''' (OTf),  (2-(OTf) ) in front of di fferent

reagents. Typical experinment conditions: CHCN, [2] » 15-20 mM
magnetic stirring, N, atnosphere, R T.

Reagent s (equi val ents) Time of reaction | sol at ed
(mn) Yield(% of 2c
(a) KOH (1 eq.), HO (54 eq.) 60 mn 65 %
(b)| KOH (2 eqg.), HO (108 eq.) 25 mn 8 %
(c)| Proton Sponge (1 eq.), H)O 180 min 53 %
(7 eq.)
(d) Prot on Sponge (1 eq.) 60 mn 0 %
(e) Proton Sponge (1 eq.), O 240 min 20 %
(excess)
(f) |G (3% in HO (1 eq.), HO 10 mn 31 %
(52 eq.), EtsN (1 eq.)
(9) |G (3% in HO (1 eq.), HO 60 mn 0 %
(52 eq.)
(h) DABCO. 2H,O, (2 eq.) 45 mn 15 %
(1) DABCO. 2H,O, (0.5 eq.) 40 min 40 %
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Interestingly, other O containing reagents as HQ al so are
able to perform the hydroxylation reaction. However,
addition of HO 3% in water did not cause any change to
copper(111) solution of [(HMe33mCOcCd''1? (2) until the
base EtsN was injected in the solution (see reactions (f)
and (g) in Table 3).

From these series of reactions it nmay be concluded that
addition of water or HO, do not affect the stability of
organocopper(l1l) 2, and only the presence of a base
triggers t he reaction to bi sphenoxo conpl ex
[ (HKbMe33n0D) ,Cu''5]2" (2¢) formation through internediate
[ (kMe33m C)' u''']* (2b) conplex. The presence of & in
solution in experinment (e) was tested to check if it had
any influence in reaction tinme-scale or final yield. No
guenching of violet internediate was found but differences
in final yield were noticeable: 20% yield for reaction (e)
and 53% for (c) (see Table 3)

Sane reactivity behavior is found for conplex [(H33m
O cu'''1?" (3), whereas significant differences are shown by
conplex [(H32mC)Cu'''1? (1). For the latter, stability of
red-brown internediate [(H32m C) ' cu'''l* (1b) is nuch higher
than 2b-3b, and reaction is not finished in less than 24
hours when KOH 1M is added. Moreover, final isolated yield
for conplex [(H32mD) ,Cu'';]%" (1c) was 30% These results are

al so di scussed in nechanistic section 4.4. 3.

Studying the reactivity of complex [(HMe33m QO Cu'''1? (2),
we realized that a new type of bisphenoxo conpound was

obt ai ned when treating the internediate conpound [(HM33m
O'cu''](orf) (2b-(OTf)) in acetonitrile with one

equi val ent of KC 1M (aqueous solution). The violet color
was quenched rapidly to red and dark red crystals
precipitated from solution mxture. X-ray diffraction

anal ysi s gave t he crystal structure of conpl ex
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[ (HbMe33n0) o,Cu''5(CA),] (2d). The ORTEP diagram for 2d is
shown in Figure 5.

This is an internediate that is tenporally stabilized by
the presence of good s-donor |igand such as chloride d -,
but is unstable in its absence towards the formation of the
bi sphenoxo complex [ (HMe33n0D),Cu'',] (OTf), (2c-(OTf),).
Furthernore, conplex [(HM33m0) Cu'';(A),] (2d) can al so be
obtained if bisphenoxo conplex 2c-(OIf), is dissolved in
CHsCN and one equivalent (or slightly excess) of KO 1Mis
added (see Figure S8 for ESI-M conparison). Conplex 2d in
not stable in solution and tends to rearrange to bi sphenoxo
2c conplex over the course of 24-48 hours if PFg or OTf"

are present in solution (see Schene 3 and section 4.3.2).
4.4.2 Dioxygen activation by Cu' conpl exes

The study of dioxygen activation by CU conpl exes
synthesized with Iligands H32m HM33m and H33m gives
anot her mechani sti c per spective for aromatic
hydroxyl ations. Bubbling & to [(H32mCu']1(X) (7-(X)),
[(HMe33m Q'] (X) (8- (X)) and [(H33MQu'I(X) (9-(X)) (X=
ClQ, PFs, OIf") at room tenperature in CHCN caused the
formation of intense colored intermediates resenbling
intermediates [(H32mCO)'au''']1* (1b), [(HMe33mC)'cu'''l
(2b) and [(H33m O’ Cu''']* (3b), respectively (see Figure
S6). Besides, deconposition of colored internediates gives
the sane bi sphenoxo copper conplexes [(H32mD) ,Cu'',]%" (1c),
[ (HeMe33n0) oCu''5]1%" (2¢) and [(H33mD).Qu'';]2" (3c) as final
products (see Schene 2), although in lower vyields. The
detailed study of these reactions confirnmed that
hydroxyl ati on was undergoing through the sane aryl-cu''
internmedi ates: UV-Vis spectra present same LMCT bands in
each case, however wth different intensities which is

probably related to the lower vyields obtained for final
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bi sphenoxo conplexes (23% formation of 2b, 25% final
isolated yield for 2c when obtained from Cu'/Q, conpared
to ey = 1070 for 2b and 65% yield for 2c when obtained
fromaryl-Cu''"' conplex 2 with Proton Sponge).

ESI-M5 spectrum for violet internmediate obtained from
[ (H33m) Cu'] (PFe) (9-(PFs)) plus O, shows a characteristic
peak at mz = 294 corresponding to the fragnent [(H33m
O cu''']* (3b)(see Figure S7).

1H NWR experinment with [(H32mCu'](OTf)/Q system was
determinant to confirm the aryl-Cu''' intermediate pathway
of the reaction: 1H NWR for conplex [(H32mCu'l(OTf) (7-
(OTf)) was registered in CDsCN, O bubbling was directly
applied at the NWVR tube and reaction was nonitored by 1H
NVR (see Figure 9). After 15 min typical Aryl-cu''" signals
started to arise, and formation was conplete in 2 hours.
Under this conditions deconposition of internediate was
detected after 40 hours. Note that percentage of aryl-cu''
intermediate [ (H32m C©)’ cu'''](OTf) (1b-(OTf)) formed can not
be cal cul ated because other paramagnetic species nmay be

formed in solution but not seen in the NVR worki ng wi ndow.
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Figure 9. 1H NWR changes in [(H32m) Cu'] (OTf) (7-(OTf)) conplex
spectrum after oxygenation in CD,CN; a) Cu' conplex 7, b) 15 nin
reaction time, c¢) 40 mn, d) 60 mn, e) 130 mn, f) 750 mn.
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Low tenperature oxygenati on studi es of conpl ex
[ (H33m) Cu'] (PFe) (9-(PFs)) nonitored by Stopped-Flow Uv-Vis
Spectroscopy gave sone insight into the nechanistic pathway
from O activation to the Aryl-Cu''' species detected.
Reaction of conplex 9 with & in acetonitrile at -40°C
allowed the formation of a conpound with absorption bands
characteristic of  (mh? h% peroxo)dicopper(ll) species
(lmax at 360 and 579 nmin a 10:1 intensity relation for
this two bands)'®. However, intensity of this bands was not
corresponding to full-formation of peroxo internediate and
only a 10-20% formation is estinmated from spectral data
(see Figure 10). The inconplete formation of peroxo species
may be attributable to either unknown side-reactions or, as
descri bed recently, to conpetition of CH3CN solvent on the

* A possible nechanism for aryl-cu''

oxygenation step.?!
formati on from (mh? h® peroxo)Cu'' is discussed in section
4. 4. 3.

Monitoring experinents of this oxygenation at room
tenperature to directly obtain aryl-c''' internmediate
turned out to be very dependent on conplex and also O
concentration. The higher the factor [Q]/[9], the faster
the reaction to reach the maximum internediate formation
(but always inconplete), and the higher the [9], the higher
formation of violet Cu''' intermediate (see Table 4 and
Figure 11). Kinetic data treatnent was not successful due
to anonmal ous profiles obtained in the formation of the
I nt er medi at es.
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Figure 10. (a) Stopped-Flow WV-Vis spectral changes and (b)
absorption profile at 356 nm for the oxygenation of conplex
[(H33m) CQu'] (PFs) (9-(PFs)) at —40.9 °C (CHCN, [9] = 4.28 mM [ O]
=576 M.
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Figure 11. (a) Stopped-Flow WV-Vis spectral changes and (D)

absorption profile at 551 nm for the oxygenation of conplex
[(H33m) Qu'] (PFs) (9-(PFs)) at 25.1 °C (CH,CN, [9] = 4.28 nM [O]

= 5.76 mV)
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Table 4. Stopped-Flow WV/-Vis nonitoring experinents for
oxygenation of conplex [(H33m) CQu']l(PFs) (9-(PFs)) in CHCN at
25°C

[9] [C] [Q]/[9]1 e (Mm% Formation 3b decay
(m\) (mV) at 551 nm 3b (mn) (hour s)
(a) | 1.57 5.76 3. 68 430 14 2
(b) | 1.59 1.14 0. 89 600 130 Very Stable
(c) | 1.76 0.64 0. 36 340 30 3
(d) | 4.28 5.76 1.35 800 30 St abl e
(e) | 4.46 1.56 0.35 560 30 St abl e

4.4.3 Mechanistic studies

Al'l the experinents described so far are in agreement wth
the reaction nmechanism outlined in Scheme 5 for the
transformation of peroxo intermediate to aryl-cu'''. On this
mechani sm peroxo internediate is proposed to interconvert
to bishydroxo species coupled with Cu-C bond formation by
oxi dation of Cu'' to cu'''. However, a first transformation
of peroxo internediate to bis(moxo)Cu''' species can not be

rule out,'®

al though the latter has not been detected by
St opped- Fl ow Wv-Vis studies at |ow tenperature. If this was
the active pathway, proton abstraction by oxo groups would
then be the step towards aryl-Cu''' formation. Final aryl-
Cu''"'-(OH) species would ultimately insert in the mechanism

pat hway depicted in Schene 6.
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Scheme 5. Proposed general nechanismfor aryl-Cu'"' formation
from (m h% h% peroxo) Cu'" internediate

The nmechani sm for the hydroxylation reaction fromaryl-cu'"
species is depicted in Schene 6 and discussed in the
concrete case of conplex [(HM33mCCu'''1? (2). From the

reactions exposed so far, a general nechanism may be
postul ated. Once the internediate [(H.Me33m )’ Cu'''l* (2b)

is formed, HO nust coordinate as an axial ligand to Cu''
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center. Subsequently, the deprotonated anmne is basic
enough to abstract a proton from the water nolecule. The
latter step is thought to be an equilibrium |nportant
conformati onal changes are denmanded in this reaction, so
two N coordinative sites should be lost in order to achieve
nor mal and not extrenely constrained arC-OCu bond
di stances and angles. The driving force for these changes
can be attributed to the mgration of OH group (strong s-
donor group) from an axial towards an equatorial position

in order to stabilize the cu''' center.?®

Copper atom is
| eaving the central conplex position and it is reasonable
to consider at least 4 full coordination sites for Cu'', so
a second conplex is required to supply good donors as N
atoms (conpl ex [ (HMe33m0),Cu'',]1%" (2¢) is finally forned).
G obally, a hydrogen atomis |ost per copper center, which
specifically consists in one electron used to reduce copper
towards Cu® (small ampunts of copper netal Cu° are forned
in the reaction of 2-(X), with 1 eq. of KOH 1M and one
proton that protonates the free |igand generat ed.

This mechanism is supported by the formation of the new
type of bi sphenoxo conpl ex [(H:Me33m0),(Cu''),Cl,] (2d) (see
section 4.4.1), as it can be considered an internediate
step  of hydroxyl ation reaction blocked by cCu"

stabilization properties of O~ anions.

233



CHAPTER 4

Schenme 6. Proposed mechani smfor aromatic hydroxyl ation through
cu''' i nternediates
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4.4.4 The H22m system

Ligand H22m chenistry with Q' and Q' has also been
investigated. Although the aryl-cu''"' conmplex [(H22m
Ocu'""1(X), has not been detected under sinmilar reaction
conditions as described,* activation of dioxygen by
correspondi ng Cu' complex is achieved and final bisphenoxo
conpl ex [(H22m0D),Qu'';] (PFs)2 (5¢-(PFg)2) is also obtained
(see Figure 4).

Thus, performing the reaction of H22m and Cu''(OTf), with a
catal ytic excess of ligand (H22mCu'' = 1.3, see Chapter 3)
all owed the formation of conplex [(H22mO),Qu'';,] (OTf), (5c-
(OTf)2) in 22% isolated yield. From these results simlar
aryl -cu''"' intermedi ates can be postulated to be responsible
for the aromatic hydroxylation. Isolation of crystalline
[ Cu' (CHsCN) 4] (OTf) conplex fromthe final solution supports
the disproportionation reaction of initial Cu'' conplex
also proposed for this system Conplete formation and
isolation of Cu''' conplexes in this system is probably
precluded by steric inpedinents of 12-nmenbered cyclic
ligand H22Zm and its tendency to dinerize (see Chapter 3).

4.4.5 Oxidant character of Aryl-cu''' conplexes (1-3)

Hi gh oxidation state of copper centers in these conpl exes
pronoted us to test their properties as oxidant reactants.
Early Cyclic Voltamretry studies on aryl-Cu''' conpl exes
[(H32m O au'''1® (1), [(HM33mO@''1? (2) and [(H33m
Ocu''"1?" (3) indicated that aryl-Cu'' conplexes are not
stabl e unl ess good el ectron-donor |igands were present (see
Chapter 3).

Reduction of aryl-Cu''' 2 is chenmically achieved by reaction
with 2 equivalents of Proton Sponge in CHCN Violet
internediate [ (HM33mC)’ Cu''']* (2b) forms inmediately due
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to deprotonation of 2 by the base. However, if no water is
added into reaction mxture, violet solution fades to pale
yel | ow-brown. Excess of 1,10-phenanthroline caused the
i nst ant aneous formation of an intense brown-reddi sh col ored
solution attributed to [(phen),Cu'l* complex. W-Vis
quantification confirmed a 84% conversion of Cu''' to Q'
after 24 hours. ESI-M spectrum al so indicates the presence
of Cu in the form of [QU(CH:CN)4* Identification of
chem cal nodifications on free |ligand generated or Proton
Sponge itself is currently under study.

Nevert hel ess, reactivity showed by conplex 2 with Proton
Sponge expl ains the Cu' contanmination found in XAS studies
on violet internediate 2b (see section 4.3.3.1).

4.5 EXPERI MENTAL SECTI ON

Synthesis of ligands H32m HMe33m H33m and H22m cCu''
conpl exes [(H32m O Qu'''](X) 2 (1-(X)2), [(HM33m O au'''](X)
(2-(X)2) and [(HBmOQ'' (X2 (3-(X)2) (X= A0, Orf),
and Cu' complexes [(H32mCu'l (X) (7-(X)), [(HM33mCu'](X)
(8-(X)), [(HBMQ'](X) (9-(X) (X= A0y, PRy, OTf") and
[ (H22m) ,Cu',] (PFg) 2 are reported in Chapter 3.

Gener al I nf or mati on. Anal yti cal grade solvents were
pur chased from SDS and dried and distilled under Ar before
use. IR Elemental Analyses, UV-Vis, ESI-MS and NMR spectra
were neasured on Mattson Satellite FT-IR, Fisons EA-1108,
Varian Cary-50 Scan / Polytec PI X-DAP-06 / Tidas (J and M
507 diodes) , Therno Quest Finigan Navigator LC M5, Bruker

Avance-500 MHz instruments, respectively.

236



CHAPTER 4

Warni ng: Al though we have experienced no problenms with the
compounds reported her ei n, perchl orate salts are
potentially explosive, and should only be handled in small

quantities and never heated in the solid state.

Conpl ex synthesis. [(H32mC)’'cu'''](Orf) (1b-(Orf)): the
synthesis was carried out under N or Ar. To a solution of
conplex 1-(OTf), (0.03 g, 5.2x10°° moles) in CHCN (1 nl)
was added Proton Sponged (0.011g, 5.2x10°° noles) to give a
red-brown solution. Conplex couldn’t be isolated as solid
sanpl e.

ESI-MS (CHCN): 430 [1b-(OTf) +H*, 280 [1b] " ; 1H NWR (400
MHz, CDsCN, 25°C, generated wth KOH 1M: 7.15 (t, 1H),
6.96 (dd, 2H), 4.51 (dd, 2H), 4.27 (dd, 2H), 3.30 (m 2H),
3.07 (m 3H), 2.89 (m 2H), 2.71 (t, 1H, 2.03 (d, 1H,
1.59 (m 1H); W/ Vis (CHCN): |lmx (€)= 465 nm (950) (when
conplex generated with 1 eq. of KOH 1M I (€)= 472 nm
(1550))

[ (KkMe33m Q) au'''] (OTf) (2b-(OTf)): the synthesis was
carried out under N, or Ar. To a solution of conplex 2-
(OTf), (0.03 g, 4.9x10°° noles) in CHCN (1 nL) was added
Proton Sponged (0.0105g, 4.9x10°° noles) to give a violet
solution. Conplex couldn’'t be isolated as solid sanple.
ESI-M5 (CHCN): 458 [2b-(OTf)+H] ¥, 308 [2b]*; UWV/ Vis
(CHCN): lmx (€)= 545 nm (1070) (when conplex generated
with 1 eq. of KOH 1M | pax (€ = 545 nm (1250)).

[(H33m )’ cu'''] (OTf) (3b-(OTf)): the synthesis was carried

out under No or Ar. To a solution of conplex 3-(OrIf), (0.03
g, 5.05x10° moles) in CHCN (1 nL) was added Proton
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Sponged (0.0108g, 5.05x10° noles) to give a violet
solution. Conplex couldn’'t be isolated as solid sanple.
ESI-MB (CHsCN): 444 [3b-(OTf) +H*, 294 [3b]* UV/Vis
(CHCN): Imex (€)= 540 nm (540) (when conpl ex generated with
1 eq. of KOH 1M |max (€ = 544 nm (650)).

[ (H32mD),Qu'' ;] (OTf)» (1lc-(OTf),): the synthesis was carried
out under N, or Ar. To a solution of conplex 1-(OTf), (0.05
g, 8.7x10°° noles) in CHCN (1 nL) was injected a KOH(aq) 1M
(87 ni, 8.7x10° npoles). Reaction was stirred until the
red-brown internmediate forned faded to green (48 hours).
Di ffusion of diethyl ether and overnight storing at -25°C
allowed formation of green crystals in 30% isolated yield
(0.012 ). ESI-MS  (CHCN): 743 [1c-(OTf)]", 297
[(H32mD)Cu''] ™ UV/Vis (CHsCN): |lmax (€= 394 (760), 699
(615); IR (KBr pellet, cm?®): 3258 (m, 3121 (m), 2924 (w),
1591 (w), 1456 (m, 1285 (s), 1252 (s), 1165 (m, 1031 (m,
640 (M ; elemental analysis calcd for GgruoNsOCuz( GFsS Q)
-0.5CHCN (%9: C38.1, H4.6, N10.0, S 7.0; found: C 37.9,
H 4.8, N 10.2, S 6.7.

Perchl orate conplex 1c-(d Q)2 is synthesized in a simlar
manner. Conplex 1c can al so be obtained by oxygenation of
the Cu' conplex [(H32m) Cu'] (PFs) (7-(PFs)) (see synthesis of
conpl ex 3c).

[ (HeMe33n0) o,Cu''5] (OTf), (2c-(OTf)2): synthesis was carried
out under N, or Ar. To a solution of conplex 2-(OIf), (0.03
g, 4.9x10°° noles) in CHCN (2 nL) was injected a KOH(aq) 1M
(50 ni, 4.9x10° noles). Reaction was stirred until the
violet internediate formed faded to green (2-3 hours). Slow
di ffusion of diethyl ether allowed the formation of green
crystals in 65% isolated yield (0.011 g). ESI-M5 (CHCN):
799 [2c-(OTf)]*, 325 [(HMe33mD)Cu''l*; W/ Vis (CHCN): | pax
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(e)= 411 nm (1000), 765 nm (610); IR (KBr pellet, cmb):
3258 (m), 3210 (m, 2931 (m, 2869 (m, 1592 (m, 1463 (s),
1282 (s), 1236 (s), 1162 (s), 1022 (s), 636 (s); elenental
anal ysis cal cd for GCgHigsNsQCuz( CoF6S205) (%9 : C 40.5, H 5.1,
N88 S6.7; found: C39.8, H5.4, N8.4, S 6.4.

Conmplex 2c-(OIf), <can be also obtained generating
I nternmedi ate 2b-(OIF) followed by addition of 7 equivalents
of HO Perchlorate conplex 2c-(C Q). is synthesized in a
simlar manner. X-Ray quality crystals were obtained for
2C- (A O4) 2 - CHCN by recrystallization in CHCN et her.
Oxygenation of Cu' conplex [(HM33mCu'](OTf) (8-(OTf))
also yield conmplex 3c: Colorless solution of conplex
[ (HkMe33m) Cu'] (OTf) (8-OTf) (0.025 g, 5.4x10° nol) in 2 n
CH:.CNCHOA, 1/3 wunder Ar is treated wth 1.75 nL of
di oxygen O (8.4x10°° nmol). Solution changes to violet
slowwy and after 3 hours stirring fades to green. Slow
di f f usi on of di et hyl et her al | owed I sol ation of
[ (HeMe33n0) o,Cu''5] (OTf), (2c-(OTf)2) bi sphenoxo conplex in
25% i sol ated yi el d.

[ (H33mD),Qu'',] (OTf), (3c-(OTf),): synthesis was carried out
under N, or Ar. To a solution of conplex 3-(OTf), (0.03 g,
5.05x10°° moles) in CHCN (2 nL) was injected a KOH(ag) 1M
(50 mL, 5.05x10° noles). Reaction was stirred until the
violet internediate fornmed faded to green (1-2 hours). Slow
di ffusion of diethyl ether allowed the formation of green
crystals in 60% isolated yield (0.014 g). ESI-M5 (CHCN):
771 [3c-(OTf)]* 311 [(H33mO)Cu'']™; UV/Vis (CHCN): | ax (€)=
436 nm (830), 756 nm (485); IR (KBr pellet, cm?): 3336
(m, 3294 (m, 1591 (m, 1465 (m, 1280 (s), 636 (s).

Conpl ex 3c can also be obtained from oxygenation of Cu
conplex 9: colorless solution of conplex [(H33m Cu'](PFe)
(9-PFs) (0.025 g, 5.57x10°° noles) in 2 m CHCN CH,Cl, 1/3

under Ar is treated with excess . Solution changes to
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violet and slowly and after 3 hours stirring fades to
green. Slow diffusion of diethyl ether allowed isolation of
[ (H33mD)Qu'',] (PFe) 2 (3c-(PFe)2) bisphenoxo conplex in 20%
isolated vyield. ESI-MS (CHCN): 767 [3c-(PFe)]", 311
[(H33mO)Cu'']*. Elenental analysis calcd for GghuaNsOCusPsFg
(%: C36.8, H4.9, N9.2; found: C37.1, H5.1, N 9.1.

[ (HbMe33n0) .Cu''2Cl ] (2d):to a 1 mb solution of conplex 2b-
(Orf) (9.2 M) in CHCN, a solution of Kd(agq) 1M (9 nL) is
i njected under stirring. Color changes fromviolet to red
and crystals precipitate out from reaction mxture in 24
hours in 57% i sol ated yi el d.

ESI - M5 ( CHCN) 685 [ (FeMe33n0) ,Cu'',a 17, 325
[ (HeMe33n0) ,Cu''5]%" IR (KBr pellet, cmb): 3214 (m, 2922
(m, 2861 (m, 2800 (m, 1594 (m, 1451 (s), 1279 (s), 1146
(m, 972 (m, 756 (mM; WI/Vis (CHCN): |lmx (€)= 422 nm
(1170), 536 nm (470), 630 nm (375); elenental analysis
calcd for GoHisNeGQuCl, (%9: C 50.0, H 6.7, N 11.6; found:
C49.7, H6.6, N 11.7.

[ (H22mD),Qu'' ] (OTf) 2, (5c-(OTf),). Ligand H22m (0.022 g,
0.106 mmol) and CJ''(OTf), (0.0295 g, 0.082 nmol) are
dissolved in 2 nm of CHCN and stirred under Ar for 5
hours. Diethyl ether diffusion allowed the formation of
green crystals of desired conplex in 22 % yield. ESI-M
(CHCN): 715 [[(H22n0) oCup] (OTF))]*, 283 [(H2mO)u'']™; IR
(KBr pellet, cm?b): 3258 (s), 3208 (s), 2932 (m), 1594 (m,
1457 (s), 1277 (s), 1258 (s), 1160 (s), 1030 (s), 638 (s);
W/Vis (CHCN): | mx (€)= 406 nm (540), 578 nm (325).

Compl ex (5c-(PFs)2) can be obtained from the oxygenation of
the corresponding Cu' conplex: ligand H22m (0.020 g, 0.097
mol) and [Cu' (CHsCN)4 PFs (0.0363 g, 0.097 mml) are
dissolved in 1 nm of anhydrous CHCN in anaerobic
conditions, and after 5 mnutes of nmagnetic stirring, & is

240



CHAPTER 4

bubbled for 5 mnutes. Solution is filtered and slow
diffusion of diethyl ether allows the isolation of green
crystals of complex (5c-(PFg)2) in 20% yield. IR (KBr
pellet, cmb): 3337 (s), 3291 (s), 2935 (m), 1595 (nm), 1455
(s), 1297 (m, 843 (s), 559 (m, elenental analysis calcd
for GaHssNsQQuoPoF2 (%9: C 33.6, H 4.2, N 9.8; found: C
34.0, H4.6, N9.7.

Mass Spectronetry. ESI-MS spectra were perforned with a
Therno Quest Fi nigan Navigator LC/ M5, that bears an

at nospheri c pressure ionization source (API-MS), and using
the positive ionization node (ESI"). Typical experinmenta
conditions were: solvent = CHCN 100% source voltage = 30
eV, tenperature = 170 °C, Flux = 150 mi/mn, nmass range =
200- 1000, 10-15 scans per LC peak and registration under

profile peak format.

NMR Spectroscopy. Tenperature-dependence 1H NVR spectra of
di amagnetic Cu''' internedi ates la-2b copper conpl exes were
regi stered in a Bruker Avance-500. Sensitive copper sanples
were treated under controlled Ar atnosphere using rubber
septa for NWR tubes.

UV-Vi s experinments procedure. Tenperature-dependence W-Vis
experiments were perforned in CHsCN with a SFL-21 vari abl e
tenperature stopped-flow unit (H -Tech) connected to a
Tidas 16 diode array spectroneter (J and M 507 diodes).
Five series of spectra were taken between 232.9 and 298 K
The concentration of conplex used were in the 1.5-4.5 nM
range. Di oxygen concentration was also adjusted in a range
between 0.6 and 5.76 nM

A Varian Cary-50 Scan spectroneter was al so used to nonitor

intermediate formation and decay reactions of cCu''
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conmpounds. Tenperature of the reaction cell was controlled
by a Huber CC180 cryostat.

X-Ray Diffraction Analysis. Analyses on a parallelepiped
green crystal of [(H32n0D) ,Cu'',](OTf), (1lc-(OTf),), a rod
green  crystal of [ (HoMe33n0D),Qu'',] (A Q)2 CHON (2c-
(A Oy)2CHCN) and a parallelepiped green crystal of
[ (HeMe33n0) ,Cu''5] () (PFg) - 2O 0. 5CHOH  (2¢- (O ) ( PFg) - 2H,0
-0.5CHOH) were carried out on a STOE inmmging plate
diffraction system (l1.P.D.S) with graphite nonochromated M
Ka radiation (I = 0.71073 A) operating in the j scan
met hod. Cell neasurenent tenperature was 160(2) K for 1lc-
(OTf), and 2c-(d) (PFg)-2H0O 0. 5CHOH, and 293(2) for 2c-
(A Oy) 2 CHCN.  Structures were solved by direct nethods
using the SIR92'7 and refined by |east-squares procedures
on a F> with the aid of SHELXL97.!® Disordered perchlorate O
atons and CHsCN crystallization nolecule are found in 2c-
(A Oy) 2- CHCN.

Anal yses on a prismatic green crystal of
[ (H33mD),Qu'' ] (PFe) 2 (3c-(PFg)2), a block green crystal of
[ (H22mD),Qu'' ;] (PFe) 2 (5c-(PFg)2) and a rhombic deep red
crystal of [(H:Me33n0) ,Cu''.d ] (2d) were carried out on a
Bruker Sienens SMART CCD area detector single crystal

diffractometer with graphite nonochromated Mo Ka radiation

(I = 0.71073 A) operating in the j and w scan nethod. Cell
nmeasurenent tenperature was 293(2) for 3c-(PFg)2 173(2)
for 5c¢c-(PFs)2 and 273(2) K for 2d. Data reduction, Lorentz,
pol arization and enpirical absorption corrections were
performed with the Sadabs package. Structures were sol ved
by direct methods using SHELXS-86!° and refined by full-
matri x | east-squares analysis wth SHELXL-93,2° SHELXL-97,18
and teXsan for W ndows. 2!
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A sunmary of the crystallographic data is given in Table 1.
Packing cell ORTEP plots for all crystals can be found in
Fi gure S2.

XAS experinent. Air and thermally sensitive sanples 1b and
2b were handled at |ow tenperature (-78 °C) and under N
at nosphere throughout to prevent sanple degradation.
Sanpl es were prepared starting with » 20 ng of Aryl-cu''' 1
and 2 and one equivalent of Proton Sponge. The m xtures
were pressed into 1 mm thick alum num spacers lined with
Myl ar tape (X-Ray transparent) w ndows. X-Ray absorption
spectra were neasured on unfocused w ggler beamine 7-3 at
the Stanford Synchrotron Laboratory (SSRL), with the ring
operating at 3 GeV and 50-100 mA. Sanples were naintained
at 10 K inside an Oxford Instrunments CF-1208 liquid helium
continuous flow cryostat. A Si(220) doubl e-cryst al
nmonochr omat or was used, detuned 50% at 9868 eV to mnimze
contam nation of the radiation by higher harnonics.
Vertical 1 nmm pre-nonochromator slits were used to define
beam size, mnimzing beam divergence. K-edge and EXAFS
data were neasured, for all sanples, over the energy range
8650-9868 eV. The nonochromator step size in the edge
regi on (8970-9020 eV) was 0.1-0.2 eV, to enhance resol ution
over this range. Spectra were collected in transm ssion
node, using N, filled ionization chanbers to neasure the
intensity on incident and transmtted radiation. The
spectrumof a Cu foil was collected concomtantly, allow ng
for internal energy calibration of the spectra. The first
inflection point for the Cu foil spectra was set to 8980.3
eV. The spectroneter energy resolution was approxi mately
1.4 eV, with reproducibility in the determ nation of edge
position of <0.2 eV. Two to four scans were averaged for
each data set.
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Raman Spectroscopy. Resonance Raman spectra were collected
on an Acton AM 506 spectroneter (2400-groove grating) using
a Kaiser Optical holographic supernotch filter with a
Princeton Instruments liquid Ny-cooled (LN 1100PB) CCD
detector with 4 cm! spectral resolution. The |aser
excitation lines were obtained with a Spectra Physics 2030-
15 argon ion |laser and a 375B CW dye (Rhodam ne 6G, or a
spectra Physics BeanmLok 2060-KR-V krypton ion |aser. The
Raman frequencies were referenced to indene. For the
internediate 3b, the spectra were obtained wth 200 nWwW
power at 77 K using a backscattering geonetry on sanples
frozen on a gold-plated copper coldfinger in therm

contact with a dewar containing liquid N.. Curve fits
(Gaussi an functions) and baseline corrections (polynom a

fits) were carried out using Gans/32 Spectral Notebase

Version 4.04 (Gl actic).
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Figure S2. ORTEP and wrefrane plots of packing cells for
structures of conplexes (a) [(H32nOD) ,Cu'';] (OTf), (1c-(OTf),), (b)

[ (H:Me33n0) ,Cu'';] (T Q) 2+ CHCN (2c- (A Q) 2r CHCN), (c)
[ (H33mD) .Cu'';] (PFe) 2 (3c-(PFs)2), (d) [(H2mD) ,Cu'';] (PFe). (4c-
(PFe) 2) (e) [ (HMe33m0) ,Cu'',d 5] (2d), ()
[ (H,Me33n0) ,Cu'',] () (PFe) - 2H,0 0. 5CH;OH (2c-(A) (PFg) - 2H,0

-0.5CH;OH). Hydrogen atons are onmitted for clarity. Enclosure
boxes in each axis indicated in brackets.

(a)

(2)
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Figure S3. 1H NMWR spectra of (a) conplex [(H32m C)Cu''']?* (1) and

(b) conplex [(H32m C)' Cu''']* (1b) obtained by reaction of 1 and
KOH 1M Conditions: CDiCN, R T.
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Figure 4.
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Figure S5. 1H NWR spectrum of conplex [(H3Z2ZmC)' Qu'''l1* (1b)
obt ai ned by reaction of [(H32m C Cu''']1?" (1) and Proton Sponge®

(1 eqg.). Conditions: CD:CN, RT.
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Figure S6. UV-Vis spectra for (a) reaction of Qu''" conplex
[(HB2m O Cu'''1?* (1) with 1 eq of KOH ([1] = 1.768 nM, (b)
reaction of Cu' conplex [(H32mQu'l* (7) with O ([7] = 1.915
mVM), (c) reaction of CQu'" conplex [(H:Me33m O Cu''l1#* (2) with 1
eq of KOH ([2] = 1.769 mM), (d) reaction of Q' conplex
[(HbMe33m Qu'l* (8) with O ([8] = 1.139 nM). Experinental
conditions: CHCN, RT. Inset shows the Abs vs tine plot at the
correspondi ng wavel engt h.
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Figure S7.
obt ai ned by reaction of

ESI-M5 of conplex [(H33mC)’' Qu'"'](PFs) (3b-(PFe))

Inset: sinulated fragnment peak.
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Figure S8. ESI-M5 of (a) conplex [(HM33n0D,Cu'',] (0Tf), (2c-
(OTf) ) and  (b) conplex [(HM33n0,Cu'',)d ;] (2d), and
correspondi ng sinulation for fragnent peaks.
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(b)
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CHAPTER 5

Magnet o-structural correl ati on of novel bisphenoxo Cu'

conpl exes

5.1 ABSTRACT

Magneti c susceptibility measurenments have been perforned on
bi sphenoxo  conplexes [ (H32mO),Qu'',] (OTf),  (1c- (OTf),),
[ (HKbMe33n0) ,Cu''5] (OTf),  (2c¢-(OTf)2), [ (H33mD) »Cu'',] (PFe) 2
(3c- (PFe) 2), and [ (H22n0) ,Qu'' 5] (AOy)2 (5¢c-(CAQ)2).
Detailed structural conparison and nolecular orbita
cal cul ations focused on possible copper-copper magnetic
interaction pathways are studied. Wthin a small range of
Cu®>, core distortion, wde differences in rmagnetic

behavi or are found, ranging from strong antiferronmagnetic

(J = -208.29 cm?') for 2c to slightly ferromagnetic (J
5.44 cm?') for 5c.
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5.2 | NTRCDUCTI ON

Di nucl ear Cu'' conplexes are of interest because of their

magneti c properties, which result from a magneti c exchange
(spin-spin interaction) between two paramagnetic (s = 1/2)

cupric 1ions. Such magnetic interactions have received
increased attention in the bioinorganic field since
di nucl ear copper centers were known to be part of the
active site of several nulticopper-containing proteins.?

In dinuclear netal conpl exes, the coupling between
el ectrons of the two netal ions leads to |lowlying states
of different spin nultiplicities, which can be popul ated at
thermal energies. The resulting magnetic behavior wll be
antiferromagnetic or ferromagnetic dependi ng on whet her the
| ow-spin or hi gh-spin state is the ground state,

respectively. Systematic observations of these interactions
have been interpreted in ternms of a superexchange mechani sm
via ligand entities that bridge the two netal centers.?
Both single-atom and nmulti-atom bridges are known to
propagate exchange with the rmagnitude of exchange
i nteraction being dependent upon the bridge identity, its
|l ength, the angle subtended at the bridge, the netal-
bri dgi ng i gand bond | engt hs, t he net al ion
stereochenistry, etc.?

Rel ati onshi p between magnetic properties and structure has
been widely studied specially in dinuclear hydroxide® and
al koxi de®. Other studies have also been performed on
monophenoxi de/ nonohydr oxi de>®  bridged dinucl ear copper
conpl exes and chl oro bridged conpl exes’, but minor work has
been reported w th bi s(phenoxide) bridge conpl exes.?

Magnet o- st ruct ur al correl ati ons® and t heoreti cal

cal cul ati ons® 10

on hydroxide, alkoxide and phenoxide
bri dged conpl exes establish the relationship between the

Cu-O-Cu bridge angle as the major factor controlling the
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magni t ude of the exchange coupling constant (-J). However
theoretical studies on alkoxides show that significant
tetrahedral copper distortion and pyram dal distortion can
lead to increased ferromagnetic contributions, which
effectively reduce any antiferromagnetic term associ ated
with the al koxi de bridges.*>!!

A good linear relationship for the dihydroxide and al koxi de
cases show that for Cu-Q(R)-Cu angles around 97°, the
exhange integral approaches zero (point called of
accidental orthogonality by some authors).® Hydroxide and
al koxi de systens show a simlar trend, but absolute val ues
for -J are larger for the al koxi des. Square-planar bridged
bi s( m phenoxi de) conpl exes also show a linear correlation
between Cu-O-Cu angle and J, with high antiferromagnetic
coupling constants J < -650 cmi'! in a Cu-O-Cu angle range
of 98.8-104.7°. Extrapollation of the line raises a -J =0
poi nt around 77°.

Scarce nmagnetic information is found in literature about
bi sphenoxi de copper conplexes and there has been no
bi sphenoxo conmplex with a Cu;NsQ& chronophore described to
date, where Cu centers share coordination sites with both
macrocyclic ligands. Thus our phenoxide bridged conpl exes
constitute and excellent famly of conpounds to establish
the rel ati onship between magnetic properties and structure.
Magnetic susceptibility neasurenents for these conplexes
are presented along with a theoretical explanation derived

from Ext ended Hickel cal cul ations on X-Ray structures.
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5.3 RESULTS

Synt hesi s and i sol ation of bi sphenoxo conpl exes
[ (H32mD),Qu'' ] (OTf) 2  (1c-(OTf)3), [ (HbMe33n0) ,Cu'',] (OTf)
(2c-(Orf) 2), [ (H33nD) ,Qu'' 5] (PFe) 2 (3c- (PFe) 2), and

[ (H22mD),Qu'';] (A Os) 2 (5c-(A 0Oy, are reported in Chapter
4,

5.3.1 Structural summary of bi sphenoxo conpl exes 1c- 3c,
5c¢c

Structural differences in the CuyO, core have a determ nant
i nportance in magnetic behavior of bisphenoxo conplexes.
The nost inportant ones are depicted in Figure 1 and |isted
in Table 1.

Tabl e 1. Sel ected bond distances (A) and angles (deg) for Cu,O
bi sphenoxo cores

[(H32mD),0u' ;] 2 [(HMe33nm0), [ (HB3mD),Qu'' ;]2 [ (H22nD),Qu''5) %
1c- (OTf), 'y % 3c- (PFe) » 5¢- ( PFe) »
2c- (A Q)2

CU- Ququatori al 1. 930 1. 925 1. 930 1.928
Cu- O ca 2.174 2.128 2.122 2.202
Cu- O Cu 97.3 101. 1 99. 9 87.5
O Cu-0 82.7 78.9 80. 2 92.5

Cu - Cu 3. 085 3.132 3. 103 2. 864
O -0 2.718 2.581 2.613 2.988

t 0. 556 0.611 0.616 0.212
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Figure 1. Structural differences between bi sphenoxo conpl exes

1lc, 2c, 3c and 5c.

[(H32mO),Cu,] (OTf), (1c-(OTT),)
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[H22mO),Cus] (PFe)2 (5¢-(PFe)2)
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5.3.2 Mol ecular orbital cal cul ati ons

Ext ended Hickel (EH) calcul ations'? have been perforned
with all systens to have a better understanding of the
nol ecular orbitals that participate in the superexchange
pat hway. These orbitals have a crucial influence on the
coupling constant J obtained from nagnetic measurenents.
Cartesian coordi nates obtained from crystal structures of
conpl exes [(H32nmD).Cu'',] % (1c), [(H.Me33mD),Qu'';]% (2¢),
[ (H33mD),u'';] % (3c) and [(H22nmD),CQu'',]?" (5c) have been
used to obtain the HOMO and LUMO nol ecular orbitals for
each system (see Figure 2).

In the particular case of conplex [(H22mD) .Cu'';]%* (5c),
calculations indicate the following orbital participation
for the frontier orbitals: Cu d orbitals, 38-42% N p
orbitals, 44-46% O p orbitals, 6-8% (see Table 2). As it
can be observed in the graph of the HOMO and LUMO orbitals
for 5c in Figure 2, the Cu netal centers use dy, and dyy
type orbitals for a s* interaction with py and po orbitals.
The LUMO orbital is a symmetric dc-dey orbital combi nation
whereas the HOMO orbital is a dgg-dey antisymetric
conbi nation. ’

Different atomic orbital participation in HOMO and LUMO
nol ecul ar orbitals for conplexes 1c, 2c and 3c are listed
in Table 2 and drawings of frontier orbitals depicted in
Figure 2. Conparing nolecular orbitals between the four
conpl exes, it is observed that conplex [(H22n0D) ,Qu'';]2* (5c)
presents a quasi i deal paral |l el square-base pyramd
arrangenent, in contrast to the generally coplanar bases
found in literature.” On the other hand, conplexes 1c-3c
present an increasing distortion of the square-base pyramd
to a trigonal bipyramd geonetry for each copper center
derived from the increased number of —-CHy- units in the

| i gand backbone. This distortion is responsible of the fact
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that orbitals from NOCu atons exclusively participate in
frontier orbitals for conplex 5c, whereas in conplexes 1c,
2c and 3c the participation of atomc orbitals from

aromati c carbons is significant (see Table 2).

Figure 2. Drawi ngs of the HOMO and LUMO frontier orbitals (for

orbitals contribuiting nore than 1% w th correspondi ng DE Gap
val ues obtained for the cations (A [(H32nD ,Cu'';] # 1c, (B)

[ (FMe33n0),CQu''5] 2 2¢, (C) [(H33nmD) ,Cu'';] * 3¢ and (D)

[ (H22n0) ,Cu'',] 2 5c.

A HOMO LUMO

NO-32  (S2ag) E=--11.322 MO-91  (52au) E=-11.274

Ly e || x e
7 7
DE = 0.048eV
B
HOMO LUMO
MO=104 (aaa) E=-11.400 MO=1103 (..d) E=-11.382

HeMessMo || Y

y
by X STEP 1 ||}, X

H2ME33MO
STEP 1

DE=0.018 eV
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C
HOMO LUMO
MO=104 (58ag) E=-11.400 MO=103 (58aud E=-11.382
DE = 0.018 eV
D
HOMO LUMO
MO-RE  (43au) E--11.1B5 MO-8&5  (43ag) E=-11.145

H22HD2
aTEP 1 zx

DE = 0.020 eV

278




CHAPTER 5

Table 2. Orbital participation in HOMO and LUMO fronti er
orbitals for conpl exes 1c, 2c, 3c, 5c.

[ (H32nmD),Qu'' 5] ** [ (HMe33n0),Qu'' 5] ** [(H33mD) ,Cu'' ;1% [ (H22nD),Qu'' ] **
lc-(OTf), 2c- (A Qy), 3c- (PFe) > 5¢- (PFe) 2
HOMO LUMO HOVO LUMO HOVO LuMO HOMO LUMO

da, 34% 40% 33% 36% 32% 38% 42% 38%

Po 10% 6% 10% 6% 10% 6% 6% 8%
P 44% 44% 38% 42% 40% 44% 44% 46%
Sper® | 6% <1% 6% <1% 6% <1% <1% <1%

& sum of orbital p contributions fromaromatic carbon atons

5.3.3 Magnetic properties

The plots of nolar cMI product vs T for conpounds
[ (H32mD),u'' 5] 2 (1c), [ (H:Me33n0),Qu'! 5] 2 (2c),
[ (H33mD),u''5] % (3c) and [(H22nmD),Qu'';] % (5¢c) are shown in
Figure 3. An antiferromagnetic behavior is observed in all
of them except in 5c, which presents a very small
ferromagneti c coupling between copper centers.

Experinental data for [(H22n0) ,Cu'',] (A Q). (5¢-(C Q)2) was
fitted with the Bleany-Bowers equation for dineric Cu'
species (Eq. 1), using the Heisenberg isotropic exchange
Ham |l tonian (H = -J$-S) for two interacting S = %

centers,

-1
= Ng2p2 1 CL) 1
M = o [1 + 5 o(F (Ea. 1)

where Cy is expressed in nols per copper atom The fit was
performed by mnimzing the function R = S-(CMlcalc
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CMTobs) 2/ S(CMTops) 2, the best fit parameters being J = 5.44
cm?, g =2.177 with R=8.25 x 10°°.

In conpl exes 1c-3c, snall paranmagnetic inmpurity is found,
which slightly disrupts the cM vs T curve at |ow
tenperatures (below 10 K for 1c, below 50 K for conpl exes
2c and 3c). Thus, the experinental data were fitted wth
the Bleany-Bowers equation (Egq. 2)¥ for a dinuclear

conmpound containing a small paramagnetic inpurity,

-1
_ Ng2p2 1 ( gl ) i N2 (g2
M = o [1 + 5 o0(F (L-r) + 71 (E2

where Cy is expressed in nols per copper atons and r is the

fraction of nononeric inpurity.

The best fit paraneters obtained were J = -55.05 cm?!, g =
2. 129, r = 0.0161 wth R = 2.65 x 10% for
[ (H32mD),Qu'',] (OTf) 2, (1c-(OTf)z); J = -208.29 cm', g =
2.122, r = 0.0102 wth R = 3.29 x 10% for
[ (HMe33n0) ,Cu''5] (OTF), (2¢c-(OTf)2); J = -125.10 cm?, g =
2. 116, r = 0.1513 with R = 3.44 x 10% for

[ (H33mD),Qu'' ;] (PFe) 2 (3c- (PFe) 2) .
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Figure 3. cMl vs T plot for conplexes (@) 1c, (A) 2c, (*) 3c
and (+) 5c in the 4-298 K tenperature range
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5.4 DI SCUSSI ON

Inportant differences in nmagnetic behavior are directly
related to structural differences in the Cu;O core for
bi sphenoxo conpl exes. The nbst inportant ones are depicted
in Figure 1 and listed in Table 1. It has to be nentioned
that counteranions do not have a significant influence in
structure for our systens!? and therefore, it is reasonable
to conpar e susceptibility measur enent s of conpl ex
[ (HeMe33n0) o,Cu''5] (OTf), (2c¢-(OTf)2) and crystal structure of
2c-(A Oy 2 as well as magnetism of [(H22n0D) ,Cu''5] (A O) 2
(5¢- (A Q)2) and crystal structure of 5c-(PFe) 2.

5.4.1 Magnetostructural correlations

Conpl ex 5c presents an squared-based pyram dal geonetry for
copper whereas an inportant distortion of this geonetry
towards a trigonal bipyram dal geonetry is observed in

compl exes 1c-3c (see t'® wvalues in Table 3).'® This

distortion causes a different arrangenent of the CuQ
core, from a rectangular-planar disposition in conplex
[ (H22mD),u''5] % (5c) towards a nore rhonboidal - pl anar
geonetry for [(H32mD),Qu'';]? (1c), and even nore for
[ (H33mD).u'' ;] % (3c) and [ (HMe33nmD),Qu''5] %" (2¢).

Magnet ostructural correlations can only be performed on
famlies of conplexes wth very simlar structural
characteristics.»?’ Thus, Cu-O Cu angle shows a trend with
J value, and a linear correlation is found only anong
conpl exes 1c-3c (see Figure 4 and Table 3). Conpl ex 5c does
not lie wunder the Iline because inportant structural
differences preclude a coherent conpari son. Li near
regression for points concerning the latter conpl exes gives
rise to a straight line where R = 0.934 and J = -38.17(Cu-
OCu) + 3666.3, which is in good agreenent with a major
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contribution of Cu-O-Cu angle to the nagnetic behavior of
O bridged dinuclear copper conplexes described in the
literature.*%%° The point of accidental orthogonality (J =

0)® would be at 96.0° within the set of conpl exes 1c-3c.

Table 3. Structural paraneters correlated with coupling constant
J for conplexes [(H32nD) ,Cu'';] # (1c), [(HMe33nmD) .Cu'',]?%" (2c),
[ (H33nmD) ,Cu''s] * (3c), [(H22mD),Cu''s] " (5c¢).

Conpl exes Cu---Cu Cu-OCu t Cu- Oypica J value /
di stance angle value distance cm?
(A) (deg) (A)
[ (H22m0),Qu'' 5] 2 2. 864 87.5 0.212 2.202 5.44
(5¢)
[ (H32mD),Qu' '] 2 3.085 97.3 0.556 2.174 -55.05
(1c)
[ (H33mD),Qu'' ;] 2 3.103 99.9 0.616 2.122 -125. 10
(3c)
[ (HMe33n0) ,Qu'' ] #* 3.132 101.1 0.611 2.128 - 208. 29
(2c)
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Figure 4. Correlation of Cu-O Cu angle vs coupling constant J.
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However, Extended Hickel (EH) calculations were perfornmed
and nolecular orbitals participating in the superexchange
pat hway were analyzed in detail, in order to understand the
J val ues obtained from susceptibility neasurenents for all
four conplexes. The value of the antiferromagnetic
contribution is related to the Energy difference between
HOMO and LUMO orbitals (Gap value) and also to orbital
overlapping in the superexchange pathway. Both paraneters
can be obtained from EH cal cul ati ons.

HOMO and LUMO frontier orbitals for all conplexes are
depicted in Figure 2 along with Energy Gap values and
orbital participation for frontier orbitals are listed in
Table 2. Energy differences between HOMO and LUMO do not
follow the same trend as coupling constant J, so magnetic
behavi or of bisphenoxo conplexes [(H32mD).Qu'';]?" (1c),
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[ (HeMe33n0) ,Cu''5]1%"  (2¢), [ (H33mD),u''5] ¥ (3c), and
[ (H22mD),Qu''5] % (5¢) is not explained by Gap value (see
Table 4). However, studying the orbital overlapping in the
potential superexchange pathway, it 1is significant to
highlight the orbital disposition in all conplexes. 1In
conpl ex [(H22mO),Qu'';]# (5c), the Cu netal centers use diy
and d,; type orbitals for a s* interaction with py and po
orbitals, all of them placed in the plane fornmed by the
squar e-base pyram d. Only poor p interaction between the Cu
centers, which should take place mainly through the oxygen
orbitals, can be deduced from EH cal cul ati on, which agrees
with slightly ferromagnetic behavior observed for this
system

On the other hand, in conplex [(H32nD),Cu'';]?" (1c) the Cu
centers use a conbination of dy, dy; and d,2 orbitals (as a
result of the structural distortion away from an square-
based geonetry) for a s* interaction with py and po
orbitals. The sane happens in conplex [(HM33nD).,'',]?*
(2c), but using a conbination of dy, dy, and d, orbitals,
and in [(H33nD),Cu'';]%" (3c), where Cu centers use d, and
dy; orbitals for a s* interaction with py and pp orbitals.
In the HOMO orbital for 1c, 2c and 3c, py oxygen orbitals
are not in the plane of the pyramid and a p but also a s
interaction with Cu orbitals can be envisioned in sone
extent.

A graphic analysis of the Milliken Popul ation Analysis can
be carried out through the Mdlecular Obital Overlap
Popul ation (MOOP) diagram which displays the overlap
popul ation contribution to selected bonds or interactions
for each Mdlecular Obitals (MX»s), wthin a range of
energy, together with the integral value of the MOOP. The
Reduced Overlap Popul ation (ROP) value has been obtained
for the Cu-Ospica bond and used as a neasure of the extent
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of the interaction between these atons for all four
conpl exes studi ed (see Table 4).

A linear correlation is found between the ROP value for the
Qu- Ogpicar bond and the coupling constant J of each conplex
(Figure 5).

Table 4. Correlation of theoretically calculated paraneters with
J coupling constants for conpl exes [(H32nD),Cu'',] ?* (1c),

[ (HMe33n0) ,Cu'';] 2* (2c), [(H33nD) ,Cu'';]?" (3c) and [(H2nmO) ,Cu'';] *
(5c¢).

Conpl exes DE.. (Gap) ROP value J/ cm!
[ eV Cu- O.slpi cal
bond
[ (H22mD),Qu'' 5] ** 0. 020 0.074 5. 44

(5¢)

[ (H32nD),au'' 5] #* 0. 048 0. 087 -55.05
(1c)

[ (H33nD),Qu'' ;] 2" 0. 020 0.102 -125.10
(3c)

[ (HMe33nm0) ,Qu'' 5] 2 0. 020 0. 109 -208. 29
(2c)
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Figure 5. Linear correlation between the ROP value for Cu- Qypjca
bond and coupling constant J for conpl exes [ (H32nD),Cu'';] # (1c),
[ (HMe33n0) ,Cu''5] ** (2¢), [(H33mD),Cu''5] " (3c), [(H22mD),Cu'';] *
(5c).

50 1
[ (H22nD),Qu'' 5] #* (5c)
O T I T T T 1
0.p6 0.07 0.09 0.1 0.11 0.12
5071 [ (H32mD),Qu'' 5] 2* (1c)
£
o -100 1
- [ (H33mO),Qu'' 5] ** (3c)
-150 A
y = -5765.1x + 440.41
R®=0.9596
-200 1 |
[ (HMe33n0) ,Qu'' 5] 2* (2¢)
-250 -
ROP value for Cu-Ogpica bond
Therefore, it can be concluded that nagnetostructural

correlations can only be performed within famlies of
conpl exes bearing very simlar geonetric characteristics.
It has al so been shown that different nunber of —-CH- units
in t he | i gand backbone pr oduce smal | structural
distortions, which are reflected and magnified to obtain
large differences in the magnetic behavior. Crystal
structure data and Extended Hickel calculations have
permtted the rationalization of the magnetostructural
correlation displayed by conplexes [(H32mD).Cu'';]?" (1c),
[ (HbMe33nmD) .Cu''5]1 %Y (2¢), [ (H33mD),Qu'' 5] 2 (3c) and
[ (H22n0).Qu'' 5] " (5c) .

287



CHAPTER 5

5.5 EXPERI MENTAL SECTI ON

Conpl exes.  Bisphenoxo conpounds [ (H32mD) ,Cu'';]%"  (1c),
[ (H2Me33n0D),Qu'',] 2 (2¢), [ (H33nD),Cu'' ;] # (3c),
[ (H22mD),Qu'',] % (5c¢) are synthesized by nethods described
i n Chapter 4.

Magneti ¢ measurements. From 20 to 30 ng of conplexes 1c,
2c, 3c and 5c were used for variable-tenperature magnetic
susceptibility measurenents in the polycrystalline state,
carried out on a MANIC DSMB equi pped with a Bruker BE15
el ectromagnet and an Oxford CF 1200S cryogeni c appar at us.
Data were taken in the tenperature range 4-300 K with an

appl ied magnetic field of 15000 G

Theoretical calculations. Mlecular Obital calculations
were carried out using CACAO 4.0 (conputer-aided
conposition of atomc orbitals) in its Wndows version
(W NCACAO), 2 a program based on the Extended Hickel type

of anal ysi s.
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CHAPTER 6

Conpetitive O activation reactivity driven by steric
limtations. Aromatic hydroxylation vs CO fixation by new

macrocyclic di nucl ear copper conpl exes.

6.1 ABSTRACT

New nacrocyclic mphenoxo-mhydroxo copper(ll) conpl exes
[(MmH33+33mD)) Cu''s(mOH) ] (X)2 (11-(X)2, X = AQ, PF) have
been obtained by & activation from the dinuclear QU
conpl ex [(H33+33m Cu'z(CO ] (X)2 (10-(X)2) in 75% isol ated
yield ([10]i < 4 mM. Reactivity of O activation
internmedi ates can be redirected towards formation of bis-
hydr oxo conpounds that readily interact w th atnospheric
CO, to finally lead to formati on of tetranucl ear carbonato
conpl exes [(H33+33m ,Cu''4(MC) 2] (X) 4 (12-(X)4) in a 22%
isolated yield ([10]; > 15 mM. A novel dinuclear cCu"
conpl ex [ (H33+33m) Cu''y(CHCN) 4] (Al Q)4 (14- (A Q)4) has al so
been isolated, and it shows an unconmmon N |igand-donor set
envi r onment for each copper center. Conpl exes  11-
(PFg) 2- CHCN, 12-(d Oy) 4- 4H,O 2CHCOCH; and  14- (A Oy) 4 2H0
have been characaterized by XRD. Susceptibility
nmeasurenents show antiferromagnetic behavior for 11-(PFg)2
(J = -515.8 cmi!) and for 12- (A Q)4 (J = -169.0 cm?).
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6. 2 | NTRCDUCTI ON

A variety of aromatic hydroxylation exanples are known in
chemi cal systems nodeling tyrosinase activity.! A nunmber of
xyl ene-substituted |igands, including amnes? and imnes,?
have been used to prepare dinuclear Cu conpl exes that
successfully mmc this reaction. Synthesis of |ow
nol ecul ar wei ght nodel conplexes is inportant in order to
elucidate the detailed pathways that can lead to the
activation of an aromatic CH bond and therefore has
inplications in the wunderstanding of netall oenzynes and

other catalysts.* Copper-dioxygen internmediates (m h? h%

per oxo) di copper (11) and bi s(m oxo)di copper(I11) isoners are
proposed to be responsible of performng this oxygen
i nsertion.”

Moreover, if the ligand does not have the adequate
geonetry, the corresponding copper(l) conplexes are not
able to catalyze any O insertion, obtaining bis(mhydroxo)
di nucl ear copper conplexes as final product as it occurs in
may exanples in the literature.® Sone bis(mhydroxo) copper
conpl exes show carbonic anhydrase activity’ and present
high affinity towards CQ&Q fixation, even at | ow
concentration as it occurs in atnmosphere.® This reaction is
of special interest from an environnmental point of view
since atnospheric CO, elimnation is at present an
unresolved challenging target. Active site of Carbonic
Anhydrase enzynes (CA) presents a single 2zn'' atom

coordinated to three Histidines and a HO nol ecul e.®
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His H * His
His_\ , -H i
S\/ZnII—O —L_“S\\anl—OH
H
His His/
HOO;
007}
HO i
~ His 0
His \ H o
S'\an I—0O-C-0
/
His

Nucl eophilic attach of hydroxo group to a CQ nolecule is
the accepted nechanism for this catalytic reaction, and a
simlar pathway is thought to take place when the bis(m

hydr oxo) copper conpl exes react with CQ. 108
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6.3 RESULTS

Synthesis of |igand H33+33m has been reported in literature
(see Scheme 1).2%" Air-sensitive copper conplexes have been
obtained wusing Schlenk techniques. They have been
characterized by IR NWVR ESI-M5 W-Vis and Elenental
Analysis (see Figures Sl1-S6). Crystal structure of
conpl exes [ (m H33+33nD) Cu'',(m OH) ] (PFg)2- CHsCN  (11- (PFg) 2
- CHCN), [ (HB3+33m) oCu''4(m CQy) 2] (A Ou) 4 4H,0 2CHCOCH;  ( 12-
(CQ Og) 4- 4H,O 2CHCOCHs)  and [ (H33+33m) Cu''5( CHaCN) 4] (CI Q) 4
- 2H0 (14- (A Oy) 4- 2HLO) have been obtained (see section
6.3.2).

Schenme 1. Synthetic procedure for the obtention of |igand

H33+33m
[ !

AV
2 4+ 2 H:N NH NHy; ——> N

CH3CN: CHLOH N N

19: 1 |

NaBH,4
EtOH abs

N
R
iof

%

0
NH, Ha HBr 8%

AR N
NH
2 e NH,OH / CH,Cl,

H33+33m) .6HBr
( m (H33+33m)
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6.3.1 Conplex synthesis

The starting conplexes used in this work are copper(l)
[ (H33+33m Cu's] (X)2 (X = PR, C Q) conpounds. Their
extrenely high sensitivity with Q and water, even in the
solid state, has precluded to work with them under common
Schl enk techni ques. Therefore, carbon nonoxi de was used to
stabilize CQu' oxidation state forming dinuclear Cu'-CO
conpl exes [ (H33+33m) Cu'2(CO2] (X)2 (10-(X)2) (X= PR, O Q).
These conplexes are readily soluble in CHCN, CHOH,
Acetone and CHxCl ,, and m xtures of these solvents are used
to perform subsequent reactions with Q. A general conplex
synthesis procedure is depicted in Schenme 2.

Conpl exes [(mH33+33mO) Cu''os(mOH) ] (X)2 (11-(X)2) (X = PFg,
Cl @) are synthesized by bubbling dioxygen to carbonyl Cu
conpl exes (10) solutions at room tenperature wusing a
concentration lower than 4 mM The solution turns green
rapi dly and di f f usi on of di ethylic et her al | ows
precipitation of green crystals of 11 in 75 % yield. If 8
nmM concentration of 10 is used final yield of 11 decreases
to 55% and to 40%if [10]; = 10.3 nmM
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Schene 2. Synthetic routes to obtain conpl exes [(mH33+33n0)
Cu''y(mOH)]% (11), [(H33+33m),Cu'',(m COy),] * (12) and
[ (H33+33m) Cu''2( CHCN) 4] ** (14)

_| 2+
H
H33+33m +2Cu © {—\3/ “ I /%
(CHaCN) ) — 2 o ay: = a
NI Ay
H

H33+33m + 2 CU(ClO,),.6H,0

1) CH,CN
2) 24 haursstirring

(@\L )
H H
NCCHg
ﬂ//mcm / /g
ROUTEB ii /Cu”—-NH X4

(10-(X)2)

1) CHCN/ Acetone | 1) Acgtana: H.O

85/15 50:1
2) O, 5min,RT. | 2)Oz,5min, RT.
) C2 ) Oz 1) CH,Cl 5/ CHZOH CH,CN /
20/80 CHCN
ROUTEA 2)NaOHO0.5M

(@] <4 mM [(1)] > 15mM

3) Atmospheri ¢ CO2

L ) /
H
- _‘ ROUTEB'
" ) CU\O\ 1)NaOH 0.5 M

O,
g/\mu/ \:u\l % ﬁ/c 2) Atmospheri c CO2
N s\, X)a

(14-(X)4)

(12-(X)2)
Atmcspheric

CO,
Atnospheric
(e

>< Cu/(')\ _‘M

AN O/C\O/
== H33+3am Ny
o O
NN
Cu C
\(g/
X =Clo,, PFg

(12(X)a)

As activation of dioxygen is actually achieved and it

results into aromatic hydroxyl ation reaction, attenpts were

299



CHAPTER 6

made to detect and characterize Cu/Q internediates forned
in the reaction. UV-Vis nonitoring experinents were
performed from room tenperature to -80°C and no
i nternedi ates were found, possibly because of their high
instability (see also section 6.4.7).

When the sane reaction is run at higher concentrations (>15
mV), no aromatic hydroxylation is detected. I|nstead, blue
crystal s of car bonat o conpl ex [ (H33+33m) »Cu''4(m

CO)2 (A)as (12-(CAAQ)4) start to precipitate out from
acetone solutions in a final 22% isolated yield. The CO,
fixation reaction was followed by UV-Vis spectroscopy,

showi ng that show full formation of carbonate tetranuclear

conplex 12 is achieved in |less than 10 m nutes (see section
6.4.4).

Same carbonato complex 12-(CO)4 can be obtained
quantitatively if solution of [(H33+33m) Cu''z(HO0)4](C Q)4
(13- (A Q1)s) is treated wth NaOH 0.5 nmM and exposed to
open air. Furthermore, complex [(H33+33m) Cu'',( CHsCN) 4]

(AOy4 (14-(CAA Q)4 is also a good starting material to
obtai n carbonato conplex 12 in 60% yield after addition of

one equi val ent of NaOH per copper atom and exposure to air.
6.3.2 Crystal structures

X-Ray Diffraction analysis have been perforned on conpl exes
[ (mH33+33nD) Cu''o(m OH) 12" (11), [(H33+33m),Cu'' 4(m C0s) o] #

(12) and [(H33+33mCu''s(CHCN) 4% (14). A sumary of

crystall ographic data is given in Table 1.
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Table 1. Oystal

data and structure refinenent

11- (PFg) - CHCN  12- (A Oy) o 4H,O 14- (A Q) 4- 2H,0

- 2CH;COCH;

Enpirica
formul a
Fw

space group

g deg
v, A
Z

Dat a
coll ection
i nstrunent

T, K
I M-K,, A

r(calcd), g
cm?

m mm?
R/ Rw?

CaoHagCU2F12N70,P;
956. 78
Pna21

22.107(6)
18. 991(3)
9. 440( 2)
90
90
90
3962. 9(2)
4

Bruker SMART
CCD

298( 2)
0.71073
1. 604

1. 249

0. 0541/ 0. 0803

CoaH112Cl 4CU4N12008

1893. 62
P21/ n
17.797(4)
13.879(2)
19. 063(3)
920
112.87(1)
920

4338. 6(1)
2

Bruker SMART CCD

173(2)
0.71073
1. 449

1.170
0.0857/0.1172

CaeHs2Cl 4CU2N1O1s
1191. 84

Pcca
24.193(1)
11.770(1)
19. 488(1)

90

90

920
5264. 3(3)

4

Br uker SMART
CCD

298(2)
0.71073
1. 504

1.087
0. 0696/ 0. 1440

a R = S|Fo Fe|/ SFo and Rw = {S[W(Fo%- F2) 3/ S[W( Fod) 7] } 72

301




CHAPTER 6

6.3.2.1 [(mH33+33m0D) Cu''y(m OH) ] ( PFg) 2- CHeCN (11-
( PFg) 2- CHCN)

The nol ecul ar structure of 11 consists in a dinuclear Cu'
cation [(mH33+33m))Cu'',(m OH)]?* with a m phenoxo bridging
group from the macrocyclic |igand backbone and a m hydroxo
group also bridging the copper atonms. Four perchlorate
counteranions are present and one nol ecule of acetonitrile
is found as solvent of crystallization.

No «crystallographic symetry axis is found in the
structure. The ORTEP drawing of 11 (Figure 1) shows that
each copper center is pentacoordinated to three N and two O
atons in a slightly distorted square-based pyram dal
geonmetry (t =0.22)' with a longer axial coordination (Cul-
N3,2.32 A, Cu2-M4, 2.34 A) to one of the N atons. Selected
bond | engths and angles are listed in Table 2. The phenoxy
group acting as a bridge forces the copper atons to be
pl aced closer to this side of the macrocycle and therefore
the N atomin the axial position is the one fromthe other
side of the ligand backbone. The Cu;0, core presents a
di storted rhonboidal disposition with short bonds between
copper atons and hydroxo oxygen @2 (Cul-Q2, 1.918 A, Cu2-
@, 1.920 A), whereas |onger bonds exist between copper
centers and Ol(phenoxo) (Cul-Ol1, 2.032 A Cu2-01, 2.022 A).
Cul---Cu2 distance is 3.046 A The core Cu,O, atons do not
lie in a plane and deviations from mean plane have been
calculated (see Table 3). It is also noticeable the
formati on of four six-nmenbered rings within copper atons
and ligation atons, that help on the stabilization of the
hi ghly constrai ned structure.

In this structure, the bases of both pyram ds share one
side (coplanar) but with an inportant bent angle of 139.42°
bet ween planes, which is an unconmon characteristic for
this type of geonetries. Mreover, the apical N atom for
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bot h copper center is places in a syn fashion (directed to

sane side) when the nobst wusual disposition is the anti

f ashi on.?%2!

Packi ng cell ORTEP plot for 11 is depicted in Figure S7.

Figure 1. ORTEP diagram of the cationic fragnent of conplex [(m
H33+33nm0) Cu'',(m OH) ] ( PFe) 2- CHsCN (11- (PFg) - CH:CN) (50%
probability thermal ellipsoids)

C9 C8 Cc27 C26
- =2 —0)
C10 ‘\'} @ A 25
AR i w ‘3 = [ N6
WA U N
P2 Ve L =
Cl1 7 - y = o \l. 24

i >
e AW

Cl12 N / cis C17 c18 C23
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Tabl e 2. Sel ected Bond Di stances (A) and Bond Angles (deg) for

[ (m H33+33m0) Cu'',( m OH) ] ( PFg) o+ CH,CN (11- ( PFg) - CHCN)

Cul-x
Cul-N1
Cul-Qa
Cul- N2
Cul- N3
Cul---CQu2

Q2- Cul- N1

N1- Cul- Q1
Q2- CQul- N2
N1- Cul- N2
Ol- Cul- N2
Q2- Cul- N3
N1- Cul- N3
Ol- Cul- N3
N2- Cul- N3
C6- O1- Cu2
C6- O1- Cul
Cu2-Q1- Cul

. 918(4)
.981(5)
. 033(4)
. 053( 4)
. 320( 6)
. 046(1)

WNNNEF -

165. 6(2)
92. 9(2)
92. 7(2)
91. 6(2)
152. 2(2)
93. 4(2)
100. 2( 2)
114. 6(2)
91. 5(3)
126. 8( 3)
126. 9( 3)
97. 4(2)

Cuz2- 2
Cu2- N6
Cuz- Q01
Cu2- N5
Cu2- N4
Co- O1

=
1
1

PNNNEF P

222255605000

52%R25RFRRR0
00000222008

. 920( 4)
. 969( 5)
. 022(3)
. 058( 4)
. 340( 5)
. 347(6)

105. 0( 2)
77.1(1)
77.3(1)
167.5(2)
93. 9(2)
92. 2(2)
91. 7( 2)
152. 8(2)
91. 9(2)
99. 8(2)
113.0(2)
92. 1(2)
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Tabl e 3. Least-squares planes of conplex 11-(PFs), in cartesian
coordi nates (esd deviations in brackets).

Equation of plane 1 (N1 N2 Qul Ol )

-11. 6883 (0.0350) x + 2.7936 (0.0411) y + 7.8910 (0.0101) z
0.9237 (0. 0162)

At om Devi ation from nmean pl ane (A)
N1 -0.0472 (0.0024)
N2 0. 1933 (0. 0025)
Cul -0. 2745 (0.0022)
o1 0. 2056 (0. 0029)
o2 -0.0772 (0.0027)
Rrs deviation of fitted atons =  0.1807

Equation of plane 2 (N5 N6 Cu2 OL @)
0.8198 (0.0457) x + 10.4113 (0.0299) y + 7.8868 (0.0098) z =
4.7686 (0.0074)

At om Devi ation from mean pl ane (A)
N5 0. 1940 (0. 0025)
N6 -0. 0575 (0.0024)
Cu2 -0. 2545 (0.0022)
o1 0.2088 (0.0029)
2 -0.0908 (0.0027)
Rrs deviation of fitted atons = 0. 1775

Angle Plane 1 — Plane 2
Angl e to previous plane (with approx. esd) = 139.42 (0.16)

Equation of plane 3 (Qul OL Qu2 )
-7.0018 (0.0268) x + 8.7079 (0.0307) y + 7.8379 (0.0127) z =
3. 5404 (0.0059)

At om Devi ation from mean pl ane (A)
Cul 0. 1135 (0. 0015)
o1 -0. 1056 (0.0014)
Cu2 0. 1139 (0.0015)
o2 -0. 1218 (0.0016)
Rms deviation of fitted atons = 0.1139
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6.3.2.2 [(H33+33m,Cu''4(m CB) 2] (A Q) 4- 4H,O 2CHCOCH3 ( 12-
(O Oy) 4- 4H,O 2CHCOCHs)

The nol ecul ar structure of 12 consists of a tetranuclear
copper(11) conplex with two H33+33m | igand nol ecules, two
Cu atoms coordinated to each |igand and two carbonate CQ?
groups acting as bridges between two copper centers from
different |igands. Four perchlorate anions, four water and
two acetone nol ecul es are present in the crystal cell.

The nolecule sits on a center of symetry that transform
one macrocyclic ligand into the other. The ORTEP draw ng of
12 (Figure 2) shows that each copper netal atom is
pentacoordinated to a NG |igand-donor set in a distorted
squar e- pl anar pyranm dal geonetry (with a t factor of 0.29
for Cul and 0.25 for Cu2)!. Selected bond |engths and
angles are Ilisted in Table 4. Copper centers are
coordi nated to one O atom of the carbonato group and three
N atons to form the base of the pyramd, and to another O
atom in the axial position in a weaker bond type (Cul-Ol
2.33 A Qu2-01 2.37 A). Carbonate group is acting as a
tridentate ligand coordinating each Cu <center in a
bi dentate and al nost symmetrical fashion (see Figure 3),
but presenting two | onger Cu-O bonds corresponding to the O
atom pl aced in the axial coordination site of each pyram d.
Symmetry is al so observed on the bond di stances between the
netal and the carbonato oxygen atons terminally bound to
one side of the metal ion (Cul-O2, 1.967 A, Cu2-03, 1.970
A). The angle Cul-Ol-Cu2 is bent to 162° in 12.

Pl anes described by both carbonato groups are al nost
parallel with an angle between planes of 4.8°.

306



CHAPTER 6

Fi gure 2. ORTEP diagram of the cationic fragnent of conpl ex

[ (H33+33m) ,Cu'',(m COy) 5] (T Q) 4 4H,0 2CH,COCH; (12- (O Q) 4+ 4H,0
- 2CH;COCH;) (50% probability thermal ellipsoids)
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Fi gure 3. ORTEP di agram of carbonato group bridging the two

copper centers in conplex [(H33+33n),Cu'',(mCO),] (A Q).
- 4H,0 2CH;,COCH; (12-(d Q) 4- 4H,0 2CH;COCHg)

Tabl e 4. Sel ected Bond Di stances (A) and Bond Angles (deg) for

[ (H33+33m) ,Cu''4(m CO;) ;] (A Q) 4+ 4H,0 2CHCOCH; ( 12-
(d Q) 4+ 4H,0 2CH;COCH;)

Cul- @ 1. 967(5) Cu2- 3 1. 971(5)
Cul- N2 2. 008( 6) cu2- N5 1. 999( 6)
Cul- N1 2. 049(6) Cu2- N4 2. 047(6)
Cul- N3 2. 051( 6) Cu2- N6 2. 056( 6)
Cul- O1 2.331(5) Cu2- O1 2. 368(5)
Cul---Cu2 4.640(5) Cul---CQul’  8.071(5)
Cul---Cu2’ 6.814(5) Cu2---Cu2’  8.413(5)
@- Qul- N2 159. 7( 2) 3-Cu2-N5  160. 8(2)
- Cul- NL 88. 4(2) B-Cu2- N4 87. 6(2)
N2- Cul- NL 95. 3(2) N5- Cu2-N4  97.1(2)
C2- Cul- N3 95. 1( 2) B-Cu2-N6  94.7(2)
N2- Cul- N3 94. 2(2) N5- Cu2-N6  91. 7(3)
NL- Cul- N3 142.0(2) 145, 9( 2)
- Cul- O1 61. 6(2) 61. 0(2)
N2- Cul- OL 98. 3(2) 99. 9(2)
N1- Cul- OL 105. 0( 2) 101. 1(2)
N3- Cul- OL 109. 9( 2) 109. 8( 2)
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Di stances between copper centers bridged by the carbonato
group are 4.640 A whereas distances between copper atomns
from same ligand are 6.814 A The latter wll have
inmplications in conplex nagnetic properties (see section
6.3.3.2), as well as the bent Cul-Ol-Cu2 angle and its
relatively | ong Cu-OLl distances.

Packi ng cell ORTEP plot for 12 is depicted in Figure S7.

6.3.2.3 [(H33+33m) Cu''z(CH3CN) 4] (A Q) 4- 2H,0 (14-
(A Og) 4 2O

Mol ecul ar structure of 14 consists in a dinuclear
copper(l11) conplex [(H33+33mCu'',(CHCN)4]* with two
acetonitrile nolecules coordinated to each copper center.
Four perchlorate counteranions are present and two
nol ecul es of water are found as solvent of crystallization.
The nolecule sits on a center of symetry that transform
one copper center and half of the ligand into the rest of
the nol ecul e. The ORTEP drawi ng of 14 (Figure 4) shows that
each copper center is pentacoordinated to N |igand-donor
set in a strongly distorted square-base pyram dal geonetry
(with a t factor of 0.42) towards a trigonal bipyranidal
geonetry. Selected bond lengths and angles are listed in
Table 5. This conplex presents a rare coordination
environnent Ns for copper, bearing two nolecules of
acetonitrile and coordinated to three secondary am nes. One
CHsCN nol ecule is coordinated in a quasi-Ilinear node (Cul-
N2S- C3S, 173.9°) whereas the other presents a bent angle
(Cul- N1S-C1S, 144.0°). The distance Cul-N1S from the bent
acetonitrile ligand is longer (2.265 A) than Cul-N2S (2.021
A), so NIS occupies the axial coordination site of the

di storted square-planar pyram d.
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Copper centers are disposed in a syn node that
metals far apart (Cul---Cu2 distance 7.340 A).
Packing cell ORTEP plot for 12 is depicted in Figure S7.

Fi gure 4. ORTEP di agram of the cationic fragment of
[ (H33+33m) CQu''5( CHCN) 4] (A Q) 4 2H,0 (14- (A Q) 4- 2HO (50%
el I'i psoi ds)

probability thernma

pl aces the

Tabl e 5. Sel ected Bond Di stances (A) and Bond Angles (deg) for
[ (H33+33m) Qu''z( CHCN) 4] (T Q) 4- 2H,0 (14- (O Q) 4 2H,0)

Cul- N2
Cul- N2s
Cul- N3
Cul-N1
Cul- Nls
Cul---CQu2

N2- Cul- N2s
N2- Cul- N3
N2S- Cul- N3
N2- Cul- N1
N2S- Cul- N1
N3- Cul- N1

. 016(5)
. 021(6)
. 046( 6)
. 058(5)
. 265(7)
. 340( 5)

~NNDDNNNN

176.7(2)
91. 9(3)
87.9(3)
94. 2(2)
87.5(2)
151. 6( 3)

Qul’ - N2’
Cul’ - N2s’
CQul’ - N3’
CQul’ - NI’
Cul’ - N1s’

NNNDNDN

N2- Cul- Nls
N2S- Cul- Nls
N3- Cul- Nls
N1- Cul- Nls
C1S- Nls- Cul
C3S- N2s- Cul

. 016(5)
.021(6)
. 046( 6)
. 058(5)
. 265(7)

92. 4( 3)
84. 6(3)
110. 8(3)
96. 6( 2)
144.1(7)
173. 9(7)
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6.3.3 Magnetic properties

6.3.3.1 [(mH33+33mD) Cu''»(m OH) ] ( PFg) 2- CHCN (11-
( PFs) 2- CHCN)

The tenperature dependence of the magnetic susceptibility
of [(mH33+33nD)Cu'' ;(m OH)] (PFe)> (11-(PFs)2) neasured in
the range 45-300 K is shown in Figure 5.  Strong
antiferromagnetic behavior is displayed by the conplex and
cT value decreases already at room tenperature. Sone
paramagnetic inpurities causes slight deviation of the
curve at |low tenperatures. Experinental data was fitted to
the Bleany-Bowers equation for a binuclear conpound
contai ning paramagnetic inpurities (see Eq.2 in Chapter 5,

section 5.3.3). Best fit paraneters derived from
Hamiltonian H = -JS;S, are J= -515.8(2) cm? g= 2.40(2) and
r = 0.0205.

Figure 5. cyl vs T plot in the 45-300 K range of tenperatures
for complex 11-(PFg),. Solid line show the best fit indicated in
t he text

0.31
0.25 1
0.21
cT

0.15 A

0.1

30 80 130 180 230 260
T/ K
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6.3.3.2 [(H33+33m,Cu''4(m CB) 2] (A Q) 4- 4H,O 2CHCOCH3 ( 12-
(O Oy) 4- 4H,O 2CHCOCHs)

cT vs T plot neasured in the range 4-300 K for conplex
[ (H33+33m),Cu'' 4(m C%) 2] (A Q)4 (12-(C Q)4) is presented in
Figure 6. Relatively weak antiferromagnetic behavior is
observed for this conplex conpared to bis(hydroxo) or

bi s(phenoxo) copper conpl exes, "% with best fit parameters
derived fromthe Ham ltonian H = -J§S, are J = - 163.4 cm

1 g =224 and r = 0.092 (paranmgnetic inpurities causes

slight deviation of the curve at very low T; see Chapter 5,
section 5.3.3).

Figure 6. cyl vs T plot in the 2-300 K range for conplex 12-
(A Q), Solid line show the best fit indicated in the text

1.600 A
1.400 +
1.200 ~
1.000 ~

0.800 1

XT

0.600 1

0.400 1

0.200 1
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Cal cul ati ons have been perfornmed considering both carbonato
groups as independent units and no coupling is observed
between Cu atons from sane |igand.
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6.4 DI SCUSSI ON

6.4.1 Reactivity nodul ation

Reactivity towards atnospheric CQ fixation to obtain
conpl ex [ (H33+33m),Cu''4(mCDs) 2] (A Q)s (12-(C Q) 4) is
attributed to bis(mhydroxo) conplexes fornmed through O

activation with Cu'. In high concentration solutions is

reasonable to predict that & activation can take place
with two copper atons from different macrocycles, and

therefore, a variety of polynmer possibilities arises. The
reactivity of this polynmeric Cu/Q internediates i s unknown
and may be the reason why only a 22% of carbonato conpl ex
12- (A Oy)4 is obtained wunder these conditions. Same
carbonat o conplex 12-(d O4)4 can be obtai ned quantitatively

if solution of [(H33+33m Cu''a(HO . (A Q)4 (13-(C Q)s) or

[ (H33+33m) Cu''2( CHsCN) 4] (A1 Q)4 (14-(Cl Q) 4) are treated with

2 eq of NaOH 0.5 mM and exposed to open air. This pathway
supports the explanation for I|ow yields in carbonato
conpl ex obtained with Cu'/O, route (see Schene 2).

On the other hand, when solution concentrations below 4 nM
are used, interaction of Q with both Cu atons from sane
ligand is favored and formation of peroxo species CQu'-Q*—
cu''" with an aromatic ring placed close to the core allows
aromatic functionalization and formati on of phenoxo-bridged
conpl exes [(mH33+33mO)Cu''o,(mOH)]%* (11) in high vyields
(75% (see section 6.4.7).

Di nucl ear copper(I11) conplex [(H33+33m Cu''2(CHCN) 4] (Cl Q) 4
(14- (A Q1) 4) structure shows a syn disposition of the two

copper centers, which are placed far apart from each other

in the solid state (see section 6.3.2.3). This confornmation
is probably one of the favored also in solution and agrees

with oligoneric products formati on when high concentrations
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are used in Q activation by Cu' systens presented in this

wor K.

6.4.2 Crystal structures

Car bonat o conpl exes with copper and other transition netals

have been described in the literature,?'?

presenting the
sane coordination nmodes as in conplex [(H33+33m,Cu''s(m
CO) 2] (AQ)s (12-(CAQy)g) but with slightly differences.
Normally, the angle Cul-Ol-Cu2 is close to linear (176-
178°), and in 12 this angle is bent to 162°. Only one
tetranucl ear carbonato copper conplex has been described
very recently in literature:?® it is synthesized with two
hexacoordi nati ng non-macrocyclic |igands, presenting two
carbonato bridges with a pseudo-bi dentate coordi nati on node
(Cu-O distances 2.5-2.7 A are very long and should be
considered only as electrostatic interactions), and an
angl e Cul-0O1l-Cu2 of 151.9° as main differences conpared to
12. In our case, planes described by both carbonato groups
are alnost parallel with an angl e between pl anes of 4.8°.
Conpl ex [(H33+33m) Cu'',( CHsON) 4] (Gl Q)4 (14- (Cl Qi)4) presents
a particular coordination node for acetonitrile nolecul es.
One of the CHCN nolecules is coordinated in a quasi-Iinear
node whereas the other presents a bent angle. This is
probably explained by a particular nolecular packing that
forces the angle to be bent.

The |igand-donor set Ns in 14 is only found in two exanpl es
in literature (Canbridge Data Base), where a nononucl ear
copper conplex also bears two acetonitriles and three
tertiary amines in one case,'® and two acetonitriles, a
tertiary amne and two benzoim dazole residues in the

4

second case.!* Dinuclear copper conplex 14 resenbles the

first nment i oned exanpl e, al so presenting a bent
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acetonitrile ligand in the axial coordination site of a

di storted square-planar pyramd

6.4.3 Structure-reactivity correlation

It is interesting to conmpare structures of conplexes [(m
H33+33mD) Cu''o(m OH) 12" (11), [(H33+33m,Qu''s(m D)2 % (12)
and [ (H33+33m) Cu'',(CHCN)4]** (14), specially considering
the capability of the ligand H33+33m to adopt different
conformations and to suffer significant bendings of the
| i gand backbone. Thus, conplex [(H33+33m) Cu'',(CHCN) 4] #
(14), with syn disposition of copper centers, is the nost
unconstrai ned conplex because no bridging |igands between
coppers are present. On the «contrary, conplex [(m
H33+33mD) Cu''s(m OH) 12" (11), with the |ligand backbone
totally bent in the opposite direction conpared to (14),
presents a highly-tensioned structure due to the phenoxo
bridging group (Cul---Cu2 distance is only 3.046 A).
Synthesis of this conplex inplies formation of a CQu''-Q?=
Cu'' peroxo group in a simlar fashion as final conplex
(11), as proximty of the aromatic ring is demanded to
per form hydroxyl ati on, so conformations with copper centers
cl ose to each other nust be present before interaction with
di oxygen.

The tetranucl ear conpl ex [(H33+33m) ,Cu''s(mCQ)2]*" (12) has
the ligands positioned in a simlar way as in 14 (Cu---Cu
di stances are 6.814(5) for 12 and 7.340(5) for 14).
Assuming that carbonato conplex conmes from reaction of
bi s( m hydr oxo) internediate wth CQO, we can not
di stinguish whether the latter is dinuclear, dineric
species simlar to final carbonato conplex, or even
ol igoneric products. However, it is reasonable to think

t hat nmol ecul e aggregati on IS favored at hi gher
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concentrations so the nost reasonable nuclearity for this
conplex is to be tetranuclear or higher. Once the COQ
fixation has been achieved, the products rearrange to
finally lead to the tetranucl ear carbonato conplex 12.

6.4.4 CO, fixation capability

Bi s( m hydroxo) copper internedi ates have been proved to be
capabl e of fixing carbon dioxide, even at low partial CQ
pressure as it occurs in atnosphere (CQ concentration in
air is 325 ppnm.'® UWV-Vis nonitoring experinment was
performed exposing a solution of the oligonericaly presuned
conpl exes [(H33+33m ,Cu''on(m OH)2,] %™ (n = 1, 2, 3,...) to
open air. Electronic spectrum changed to final carbonato
conplex typical spectrumin less than 10 mnutes. Simlar
time-scale CQ; fixation rates are found in |iterature,® but

those experinments are done using higher concentrations of
CO; gas.
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Figure 7. W-Vis nonitoring study of the CO, fixation. a)
spectrumfor initial bis(hydroxo) species, b) spectrumafter 10
mn air exposure, c¢) 15 mn. Conditions: CHCN, R T., [H33+33n]=
2.64 MV [Qu']= 5.28 nM
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Carbonate bridging groups in conplex [(H33+33m Qu''4(m
COs) o] * (12) can be renpved if NaOH is added to a
acetonitrile solution under Ar atnosphere, to form the
correspondi ng bi s(mhydroxo) conplexes [(H33+33m ,Cu''on(m
OH)o]* (n = 1, 2, 3,...) as seen by UV-Vis analysis.
Crystallization of these hydroxo conpl exes has been pursued

w t hout success.
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6.4.5 Antiferronmagnetic conpounds

6.4.5.1 [(mH33+33m0O) Cu''»(m OH) ] ( PFg) 2- CHeCN (11-
( PFs) 2- CHCN)

Magnet o- st ruct ur al correl ations?® and t heoreti cal
cal cul ati ons!’ establish the relationship between the Cu-O
Cu bridge angle and the magnitude of the exchange coupling
constant (-J). Complex 11-(PFg), is strongly coupled (J= -
515.8(2) cm') and falls in the experinental range found
for hydroxi de- phenoxi de bri dged conpl exes (-J = 300-700 cm
1), having Cu;N:@® type chrompphores with Cu---Cu distances
of ~3.05 + 0.05 A and a Cu-Q,-Cu bridge angle of 103 =
20.® On the contrary, conplex 11-(PFg), bearing a CusNsO,
chronophore, should be seen as an exception of the trend
observed in several phenoxo-bridged dicopper conplexes.?!®
This conpl exes display a -J > 420 cm?! for Cu- Q- Cu bridge
angle greater than 99°, and this angle is Cu-Qn Cu 97.4°
for 11. Therefore, other factors that can affect the J
val ue nust be considered, as for instance the degree of
di stortion from the CuyO, core planar geonetry inposed by
1820 ysually, flat Cu,®» core

di sposition favors stronger spin exchange interactions as

the ligand constrains.

it is seen in bis(m-phenoxide)-bridged copper conplexes (-
2J = 689-902 cm?', Cu-Qn-Cu 98.8-104.7°).% In conplex 11,
the core Cu; distortion has been calculated as the angle
formed by nmean planes of both bases from pyram ds (see
Table 3), which is 139.42°, so Cu; core atons are
significantly bent fromcoplanarity.

Hi gh antiferromagnetic coupling constants are typical for
di nucl ear copper conplexes with bridging chlorides where
squar e- pl anar pyram ds drawn by each copper are sharing one
side of the base, as it occurs in 11.2' In conplex 11,
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effective orbital overlap through the O bridging groups

al l ows the strong coupling.

6.4.5.2 [(H33+33m,Cu''4(m CB) 2] (A Q) 4- 4H,O 2CHCOCH3 ( 12-
(A Oy) 4- 4H,O 2CHCOCH)

Magnetic coupling is explained through a superexchange
mechani sm nodul ated by the arrangenent of the magnetically
active atonmic orbitals of the metallic ion.%22 A square-
pl anar rearrangenment neximzes the orbital overlap in a
situation simlar to a single oxo bridge between copper

centers. 2324

However, exanples exist where no Cu-OCu
bridge is present and nagnetic coupling is only active

through an anti-anti superexchange pathway. Conplex 12

represents a mxed structure wth elongated Cu-0O1
di stances, and both coupling pathways m ght be present. J=

-163.4 cm?' for 12 agrees with this consideration and falls

in bet ween t he J= -=125.5 cmt f or an anti-anti

super exchange pathway exanple® and J= -207.0 cm! for

pseudo- oxo super exchange pat hway exanpl e.?*

Scheme 3. Possi bl e Cu-Cu superexchange pat hways operati ng
t hrough the carbonate bridge

Anti-anti superexchange
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6.4.6 New |igand H33+33nmOH

Extraction of nonohydroxylated |igand from conplex [(m
H33+33mO) Cu''s(m OH) ] (PFg)2  (11-(PFg)2) with ammonia and
CHCl, allowed the isolation of the novel H33+33nCH
conmpound (see Figure S8), which can be used as a new |igand

for the synthesis of conpl exes.

6.4.7 Theoretical calculations: postulating a peroxo

i nt er medi at e

Aromati c nonohydroxyl ati on achieved in this systemis one
of the nultiple exanples found in literature. In alnost all
cases a mh% h®-peroxo side-on dicopper(ll) intermediate is
postul ated as the active species towards the attack on the
aromatic ring. Then, this potential internediate for our
system was nodeled by wusing the Ansterdam density
functional (ADF)33 program with the QM MV nethod*® to
obtain a geonetry optimzation in order to predict possible
interactions with the aromatic ring susceptible to be
attacked. QM MM net hod applies nol ecul ar mechanics to part
of the nolecule studied in order to reduce the
conputational time. The accuracy of this nethodol ogy for
our dinuclear copper conplexes was checked by using the
crystal | ographic data of conplex [(mH33+33nD) Cu'',(mOH)]?*
(11) to <calculate the optimzed geonetry. Excel | ent
accurate bond distances are obtained conpared wth
crystal | ographic data of 11.

The sane crystallographic data of 11 was used to design a
prelimnary per oxo si de-on i nternmedi ate
[ (H33+33m Cu''2,( )] %" that was used as the staring point for
the cal cul ations. Fi nal optimzed geonetry for the
internedi ate, depicted in Figure 8, shows that core atons
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CuO, lie in a sanme plane and that the core is in close
proximty to both aromatic rings of the nmacrocycle.
Selected bond lengths are listed in Table 6. It 1is
remar kable the disposition of the Cub core pointing
towards the carbon C6, and also the short Ol-C6 (2.555 A)
and Ol-H6 (1.993 A) distances.

Figure 8. ChenBD view of theoretical calcul ated geonetry for
peroxo side-on intermediate [(H33+33m) Cu'',(Q,)]2" proposed to be
the active species for aromatic hydroxylation. H ghlighted the
part of the nolecule were MMis applied.

The dihedral angle fornmed by the CuO, plane and the
aromatic ring is ~ 45°, suggesting that the attack of the

HOMO of the arene ring is nore likely to interact with the
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LUMO+1 (which is s* type) of the CuxO, core instead of the
LUMO (which is p* type).?>%® Although p* pathway has been
favored in other systens, a better orientation of atons for
a s* attack is found in our case, probably due to the

i gand constrains in the system

Table 6. Sel ected bond | engths and angles for optim zed geonetry
of [(H33+33m) CQu''y(O)]%.

cul- OL 1. 909 Cu2- OL 1.912
Cul- o 2. 000 Cu2- 1.977
Cul- N1 2.011 Cu2- N6 2.025
Cul- N2 1.997 Cu2- N5 1.985
cul- N3 2.162 Cu2- N4 2.273
cul---Cu2  3.590 oL- o2 1.434
Ol - - H6 1. 993 Ol --06  2.555
al - o6 2.933 @ --H'  2.815

C2- Cul- N1 144.7 CR-Cul-OL 43.0

N1- Cul- OL 106. 4 CR-Cu2-0OL 43.2

C2- Cul- N2 102. 7 CR-Cu2-N6  144.4

N1- Cul- N2 95. 3 N6- Cu2-OL  106. 2

OlL- Cul- N2 140. 1 -Cu2-N5  99. 4

C2- Cul- N3 101. 4 N6- Cu2-N5  96. 9

N1- Cul- N3 106. 9 Ol-Cu2-N5  136.6

OL- Cul- N3 109. 2 R-Cu2-N4  117.2

N2- Cul- N3 95. 4 N6- Cu2- N4 91.7

Cu2-Ol-Cul  140.0 Ol-Cu2-N4 118.0

Cul-CR-Cu2  129.0 N5- Cu2- N4 97.1

Anot her view of the sane optimzed geonetry for
[ (H33+33m Cu'';( )] %" is depicted in Figure 9 (selected
bonds in Table 6). An interesting proximty and orientation
of the peroxo core to the other aromatic ring of the
macrocycle is found, being placed just below the core and

parallel to the OO axis. Thus, a p-p interaction between
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the C6-H6 and OL-O2 atons could also take place as a

possi bl e nechani sm

Fi gure 9. Chen8BD vi ew of peroxo side-on intermnediate
[ (H33+33m) Qu'',( Q) ]2, highlighting the possible interaction
with the arene placed bel ow the Cu,0 core.

6.4.8 Concl udi ng Remar ks

The new conpound H33+33mis a good dinucleating |igand that
provi des good coordinative environment for Cul and Cull
species. A new exanple of CQU'/Q reactivity towards

i ntranol ecular aromatic hydroxylation is found in [(m

H33+33nD) Cu''s(m OH) 12" (11), although detection of the
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reactive internediates forned during the reaction has been
el usive. Theoretical calculations on a postul ated peroxo
i nt ernmedi ate have been performed, showi ng that a s* pat hway
Is favored for the interaction of the peroxo group with one
of the arene rings. Mreover, the novel tetranuclear
copper (11) conplex [(H33+33m).Qu''s(mCQ),]* (12) with two
bridgi ng carbonates acting in a bidentate coordinati on node
has been characterized. It has been proposed that bis(m
hydr oxo) copper species is responsible of CGQ fixation
through a generally accepted hydroxide nechanism Cu'/O
i nteraction can undergo under different reactivity pathways
and those can be nodulated with control of initial Cu'
concentration. H33+33n Cu, system is the first to our
knowl edge to display both aromatic hydroxylation and CO,
fixation reactivities.

Copper (11) conpl ex [(H33+33m) Cu'',( CHCN) 4] ** (14) structure
has helped on the interpretation of conformation
possibilities of these conplexes, and represents a new
di nucl ear exanple of a rare coordinating |igand-donor set
Ns for cu''.

6.5 EXPERI MENTAL SECTI ON

Gener al | nf or mati on. Anmi ne N- ( 3- Ami nopropyl ) -1, 3-
propanedi anmi ne, isophtal di al dehyde, cu''(OTf),, a''(dA Q).
- 6H,O where purchased from Aldrich, and all of them used
wi thout further purification. Analytical grade solvents
were purchased from SDS and dried and distilled under Ar
before use. IR Elenental Analyses, WW-Vis, FAB-M5 and NWR
spectra were neasured on Mttson Satellite FT-IR, Fisons
EA-1108, Varian Cary-50 Scan, Fisons VG Quattro and Bruker
DPX- 200 MHz instrunents, respectively.
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Warni ng: Al though we have experienced no problenms with the
compounds reported her ei n, perchl orate salts are
potentially explosive, and should only be handled in small

quantities and never heated in the solid state.

Synthesis of ligand H33+33m Ligand H33+33m is synthesized

t?’  and

by recrystallization of its hexahydrobromc sal
subsequent extraction with NHOH CHCl,. Product is stored
under Ar. Final vyield starting from the hexahydrobromc
salt (0.92 g, 9.66 mmol) is 87% (0.39 g, 8.36 mmol). IR
(KBr pellet, cm?b): 3286 (s), 1456 (s), 1335 (s), 1157 (s),
732 (s). ™ NWR (din CDCOl3, ppm: 7.33-7.16 (m 8H), 3.76
(s, 8H), 2.72 (t, 16 H), 2.22 (s, 6H), 1.73 (g, 8H. C
NMR (d in CDCls, ppm: 140.4, 128.4, 127.6, 126.9, 53.9,
48. 8, 48. 2, 29. 0. El enent al anal ysi s cal cd. for
CosNsHie- 0. 75CHCl,: C 65.1 N 15.8 H 9.0; found: C 65.1 N
15.8 H 9.3. FAB-MB: mf z= 467 (M).

Conpl exes Synt hesi s.

Cu'(CHCN)4(X) (X= dQ, PF) synthesis are reported

el sewhere.?®

[ (H33+33m) Cu',(CO) 2] (PFe) 2 (10-(PFs)2). A solution of Iigand
H33+33m (0.03 g, 0.064 mmol) in CHd, (1 nL) saturated
with CO was added to 1 nL CHCl, sol ution of Cu'(CHsCN) 4( PFe)
(0.048 g, 0.128 mmol). CO flow is bubbled for 5 mnutes
under stirring. Solution is filtrated under CO atnosphere
over diethylic ether saturated with CO Cooling the
solution allows full precipitation of white conpound.
Solvent is renmoved and solid dried under vacuum obtaining
a white powder in 84% yield (0.052 g, 0.054 muol). IR (KBr
pellet, cm?): 3215 (NH), 2068 (CO, 1459 (C=C ar), 845,
559 (PFg); M NWR (d in CD;CN, ppm): 7.52-6.98 ppm (m 8H),
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3.72 (m 8H), 2.97 (m 22 H, 1.87-1.76 (m 8H); el enental
anal ysis cal cd. for CuyCsoHieNsP2F12G- 0. 5CHCN (%9 : C 38.8, H
5.0, N9.5; found: C39.0, H5.3, N9 4.

Conplex 10-(C Q)2 is prepared in a simlar way and vyi el ds.

Satisfactory characterization is al so achi eved.

[ (mH33+33mD) Cu'',(m OH) ] (PFs)2  (11-(PFe)2). A colorless
solution of conplex 10-(PFg)2 (0.015 g, 0.016 mmol) in 3.4
mL of CH;CN Acetone 85/15 is bubbled with Q flow during 5
mnutes at room tenperature. The deep green resulting
solution is filtered and exposed to slow diffusion of
di et hyl ether under O saturated atnosphere. Geen crystals
appear after nore than 24 hours in 75% isolated yield
(0.011g, 0.012 nmol). IR (KBr pellet, cm?): 3446 (s), 3296
(s), 1596 (w), 1459 (m, 1300 (w), 1080 (w), 844 (s), 558
(s); elenmental analysis calcd. for CuyCpgHisNsOFgP- 0. 5H,O: C
37.2, H5. 1, N 9.7; found: C 37.1, H 5.2, N 9.8, W-Vis
(CHCN): lmax (€)= 342 (3500), 636 (400); ESI-Ms: nfz= 769
(M - PFs).

Complex 11-(C Q). is obtained the same way and in simlar
yi el ds.

[ (H33+33m),Cu'' 4(m CO;) 2] (Al Q)4 (12-(Cl Q) 4) .

Method 1. A solution of conplex 10-(Cd Q)2 (0.1 g, 0.118
mmol) in 5 nm of Acetone/HO 98/ 2 degassed with Ar 1is
bubbled with Q flow during 5 mnutes. Geen solution is
filtered and exposed to open air overnight. Blue crystals
appear and are filtered out and washed with acetone, giving
the desired product in 22%yvyield (0.024 g, 0.0126 mol ).

IR (KBr pellet, cm?b: 3245 (s), 1486 (s), 1452 (s),
1117(s), 671 (s); el enent al anal ysi s cal cd. for
CusCsgtboNi1202A 4 6HO - CHCOCH;: C 39.1, H 5.9, N 9.0; found:
C 38.8, H5.6, N8.8, W-Vis (CH:CN): Imax (€)= 678 (1540).
ESI-Ms: mlz= 751 (M -2C Q), 468 (M -3 Q).
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Met hod 2. Ligand H33+33m (0.035 g, 0.075 wmml) and
Cu'' (A Oy) - 6H,O (0.054 g, 0.15 nmol) are dissolved in 3 nL
of CHC ,/ CHOH 20/ 80. Degassed solution of NaOH 0.5 mM (0.3
m., 0.15 nmol) is added and m xture stirred for 10 m nutes.
Solution is filtered and exposed to open air overnight.
Blue crystals are obtained in 94% vyield (0.065, 0.035
nmol ) .

El emental anal ysis cal cd. for CusCsgHooNi2OoCl 4- 4HO 2CH;OH: C
39.1, H5.9, N9.1; found: C 39.2, H5.7, N 8.8,

Conpl ex 12-(PFg)2 is prepared in a simlar way and yiel ds.

[(H33+33m Qu''z(HO 4] (A Q)s (13-(CQ)4). Ligand H33+33m
(0.046 g, 0.099 mml) and C''(A Q) 6H,0 (0.073 g, 0.2
nmmol ) are dissolved in 2.5 nL of CHCl,/ CHOH 30/ 70. After
10 mnutes stirring, the blue solution is filtered over
diethylic ether to obtain a blue powder. After renoving
sol vent and drying under vacuum bl ue conpound is obtained
in 77 %yield (0.085 g, 0.075 mml). IR (KBr pellet, cm?):
3433 (s), 3202 (m, 1460 (m), 1144 (s), 1113 (s), 1088 (s),
630 (s); el enent al anal ysi s cal cd. for
Cu2CosHbaNsQoCl 4- 2H,O CH3OH: C 30.8, H 5.4, N 7.4; found: C
30.6, H5.1, N7.1; W-Vis (CHCN): |max (€)= 656 (256).

[ (H33+33m) Cu''2(CHCN) 4] (A1 Q)4 (14- (A Q))4).  Conplex 13-
(A O4)4 (0.041 g, 0.036 Mol ) is dissolved in 3 nL of CHON
anhydrous and degassed with Ar. 24 hour stirring under Ar
and slow diffusion of diethyl ether allowed the formation
of blue-violet crystals in 82%yield (0.035 g, 0.03 mmol).
IR (KBr pellet, cmb): 3217 (m), 2251 (w), 1462 (m, 1439
(m, 1144 (s), 1113 (s), 1088 (s), 629 (s); elenental
anal ysis calcd. for CuyCssHssNioO6Cl 4- 1. 5HO C 36.6, H 5.2,
N 11.8; found: C 36.5, H 5.4, N 12.1; W-Vis (CHCN): | pax

(&) = 656 (490).
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Li gand H33+33nOH Treat nent of conplex 11- (PFg)2 (0.016g,
0.017 mmol) with NHOH CHCl, and evaporation to dryness of
organi c |l ayer yielded 0.0076 g (0.0157 mmol, 88%yield) of
new hexaaza nmonohydroxyl ated |igand H33+33n0OH. *H- NVR (d in
CDA 5, ppm: 7.24 (m 4H), 6.98 (d, 2H), 6.71 (t, 1H), 3.84
(s, 4H), 3.74 (s, 4H), 2.69 (m 16 H), 1.68 (m 8H); B¥C
NVR (din CDCl3, ppm: 140.5, 128.8, 127.5, 126.8, 118.5,
53.9, 51.1, 48.6, 48.0, 29.7.

Mass Spectronetry. ESI-MS spectra were perforned with a
Ther no Quest Fi nigan Navigator LC/ M5, that bears an

at nospheri c pressure ionization source (APlI-MS), and using
the positive ionization node (ESI¥). Typical experimental
conditions were: solvent = CHCN 100% source voltage = 30
eV, tenperature = 170 °C, Flux = 150 m/mn, nmass range =
200- 1600, 10-15 scans per LC peak and registration under
profil e peak format.

FAB- M5 spectra were perforned with a Fisons VG Quattro (Cs

tube, 10 kV voltage, 3-nitrobenzylal cohol matrix).

UV-Vis experinmental procedure. A Varian Cary-50 Scan was
used to register electronic spectra. Custom designed W-Vis
cells were used to perform experinents with air-sensitive
sanples under controlled N or Ar atnosphere. Cell
tenperature was thernostatized with a Huber CCl180 cryostat.

X-ray Structure Analysis. Analyses on a block green crystal
of [(m H33+33nm0) Cu'';(m OH) ] (PFg) 2+ CHRCN ( 11- (PFg) 2 CGHCN), a
plate blue crystal [(H33+33m,Qu''4(m CQ)2] (A Q)4 4H0

- 2CH3COCH3 (12- (A ) 4+ 4H,O 2CH;COCH3) and a bl ock bl ue-

viol et crystal [(H33+33m) Cu''( CHsCN) 4] (T Q) 4- 2H,0 (14-

(A Oy 4 2HHLO was carried out on a Bruker SMART CCD area
detector single crystal diffractoneter with graphite
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monochronmated Mo Ka radiation (I = 0.71073 A) operating in

the w scan nethod. Cell neasurenent tenperature was 298(2)
K for 11 and 14, and 173(2) K for 12. Data reduction,
Lorentz, polarization and enpirical absorption corrections
were perforned with the Sadabs package. Structures were

sol ved by direct nethods using SHELXS-862%° and refined by
full -matrix | east-squares analysis with SHELXL-93.3°

Di sordered hexafl uorophosphate F atons are found i n conpl ex
11-(PFg)2 and perchlorate O atons in 14-(C Oy) 4.

A summary of the crystallographic data is given in Table 1.

Magnetic Measurenents. Magnetic susceptibility measurenents
for conplexes [(mH33+33n0) Cu''s(m OH)] (PFs) 2 (11-(PFe)2) and
[ (H33+33m),Cu'' 4(m C%) -] (A Q)4 (12-(Cl Q)4) were carried out
with a Faraday type magnetoneter (MANICS DSMB) equi pped
with an Oxford CF 1200 S helium continuous-flow cryostat
working in the tenperature range 4-300 K. Diamagnetic
corrections were estimated from Pascal Tables. EPR spectra
were recorded at X-band (9.4 GHz) frequencies with a Bruker

ESP- 300E spectroneter, fromroomtenperature to 4 K

Conmput ational details. The reported «calculations were
carried out by using the Ansterdam density functional (ADF)
program system devel oped by Baerends et al.3%323% The
nunerical integration schene enployed was that of te Vel de

4 An uncontracted triple-V basis set3 was

and Baerends.?
used for describing the 3s, 3p, 3d, 4s, and 4p orbitals of
copper. For carbon (2s,2p), nitrogen (2s,2p), oxygen
(2s,2p), and hydrogen (1s), double-V basis sets®® were
enpl oyed and augnented by an extra polarisation function
El ectrons in lower shells were treated within the frozen
core approxi mation.%? A set of auxiliary s, p, d, f and g

functions,36 centered in all nuclei, was introduced in
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order to fit the nolecular density and Coul onb potenti al
accurately in each SCF cycle. GCeonetries were fully
optimzed within the l|ocal density approxinmation (LDA),
whi ch includes the X, exchange (a=2/3),3’ together with the
el ectron gas correlation functional in the Vosko-WIk-
Nusai r par anetri zation. 8 The anal yti cal gradi ents
i npl enented by Versluis and Ziegler®® were enployed to
perform geonetry optim zations.

Ow ng to conput at i onal limtations, bot h geonetry
optim zations and energy eval uation have been carried out
wth the QW MM nethod available in the ADF program which
i ncludes the standard nol ecul ar nmechanics force fields in
such a way that the QM and MM parts are coupled self-
consistently.*® The QW MM nodel considered in this work is
di splayed in Figure 8. Basically, the MM part involves the
one aromatic ring in the ligand. As for the connection
between the QM and MM parts, this occurs by neans of the so
call ed ”"capping” dumry hydrogen atonms, which are replaced
in the real system by the corresponding ”linking” carbon

atom 40,41

In the QUMM optim zations the ratio between the
C-N bonds crossing the QM MM border, and the correspondi ng
optim zed C-H distances, was fixed equal to 1.38. A nore
detail ed description of the coupling schenme, as well as
further comments on the nethodology, can be found in
previ ous papers.*:424% The AMBERO5 force field** was used
for the MM potentials, except for Cu, which was treated
with the UFF force field.” To elimnate spurious
stabilizations from the long-range attractive part of the

Lennard- Jones  potential , % 4®

we used an exponenti al
expression fitted to the repulsive part of the Lennard-
Jones potential.*474%4% The 2000.02 release of the ADF

package was used for these cal cul ations. ®°
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SUPPORTI NG | NFORMATI ON FOR CHAPTER 6

Fi gure S1. Spectroscopic characterization for |igand H33+33m
(a) 1H NWVR and (b) FAB- M5
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Figure S2. (a) IR and (b) 1H NWVR spectra of conpl ex
[ (H33+33m) Cu'5( CO) 2] (PFs) 2 (10- (PFe) )
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Fi gure S3.

(a)

IR and (b) ESI-Ms spectrumfor conplex [(m

H33+33n0D) Cu'',(m OH) ] (PFe) 2 (11-(PFg),) and correspondi ng
simul ation for peak fragment.
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Fi gure S4.
[ (H33+33m),Cu''s(m CO) ,] (A Q). (12-(A Q),) and anplification of
peak for fragnent [[(H33+33m ,Cu'',(m CO),] (A Q)] *.
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Fi gure Sb5.

| R spectrum of conplex [(H33+33m Qu''y,(H.O .4 (4 Q),
(13- (A Oy) )
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Figure S7. ORTEP and wirefranme plots of packing cells for
structures of conplexes (a) [(mH33+33n0) Cu''y,(m OH) ] ( PFe) .- CH:CN
(11- (PFg) 2 CHON), (b) [ (H33+33m),Cu''4(m COy) 5] (A Q) 4- 4H,0

- 2CHCOCH; (12- (A Q) 4~ 4H,0 2CH;,COCH;), (¢) [ (H33+33m) Cu''5( CHCN) 4]
(A Q)4 2H0 (14- (A Oy) 4 2H,O). Hydrogen atons are omtted for

clarity. Enclosure boxes in each axis indicated in brackets.
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Fi gure S8. 1H NMR spectrum of hydroxylated |igand H33+33nmCH in
CDd ; ( TMB)
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Concl usi ons
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7.1 CONCLUSI ONS

Chapter 3

l. A new fam |y of macrocyclic triazaligands has been
synt hesi zed and used to obtain new copper conpl exes.

1. A newtype of disproportionation reaction has been
found to occur quantitatively with |igands H32m
H.Me33m H33m and Cu'' salts, yielding new
or ganocopper(111) conplexes in 50% i sol ated yield and

Cu' species in also 50%yield.

I11. New organonetallic Cu''' conplexes [(H32mQ au''']*
(1), [(BMe33m O au'''1? (2), [(H33m o au''']?* (3) and
[(H33m O cu'''(C)]?" (4) have been fully characterized
by X-Ray diffraction and XAS techni ques.

I'V. Disproportionation reaction occurs through a neat CH
bond activation at roomtenperature, followed by an
el ectron transfer to give the final organonetallic
cu''"' conplexes. CG-H activation is found to proceed
t hrough an heterolytic pathway assisted by the
presence of a base to extract the proton. However,

mechani smis not yet fully understood.

V. Copper (1) conplexes with |igands H32m H,Me33m and
H33m exhi bits a conplete H D exchange i n [ D6] acet one
at roomtenperature. |solation of deuterated |igand
H33nm(D) allows the estimation of the KIE on the
reaction with Cu''. High KIE val ue indicates that the
het erol ytic cl eavage of the C-H bond is involved in
the RDS of the reaction.

349



CHAPTER 7

VI .

VI,

Chapt

VI,

Theoretical DFT cal cul ati ons show a transi ent agostic

C-H>Cu'' internediate, with a significant enlargenent

of C-H bond | ength and an inportant angle deviation of
the proton out of the aromatic ring plane, in |line

with the reactivity observed.

Or ganocopper (11) complex [((H33mC) Qu'')(m

A )] (PFg) - 6HLO CHCl > (6-PFs) has been isolated froma
side reaction. The nechanismof this reaction is not
under st ood. However, this conpound is the second
crystal structure of a Qu'' organonetal lic conpl ex

ever reported.

er 4

Or ganocopper(l111) species 1, 2 and 3 undergo
i ntranol ecul ar aromati ¢ hydroxylation into the
previous activated aromatic position to yield
bi sphenoxo conpl exes [ (H32m0),Qu,] 2" (1c),
[ (HeMe33n0) »Cup] 2* (2c) and [ (H33nD),Quz] * (3c),
respectively. Crystal structure of bis(phenoxo)

conpl exes have been solved by X-Ray Diffraction.

Aromatic hydroxyl ation reaction proceeds slowy at
room tenperature through neta-stabl e deep-col ored
internedi ates attributed to deprotonated
organocopper (111) species [(H32m Q' cu''']* (1b),

[ (kMe33m )’ cu''']* (2b), [(H33mC)' cu'''1* (3b). The
presence of a base and water is demanded for the

reaction to occur.
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X. Hydr oxyl ati on mechani sm seens to involve a partia
decoordi nation of the Cu center fromtwo N groups. The
conformati on changes proposed are supported by the
bi s( phenoxo) conpl ex [ (HMe33n0) ,Cuz(Cl)2] (2d)
structure, thought to be an internedi ate conformation

in the hydroxyl ati on process.

Xl . Reaction of nolecular @ with Qu' conpl exes
[(H32m Qu']™ (7), [(HMe33m Cu']™ (8) and [(H33mCu']"
(9) is shown to proceed through the foll owm ng steps:
O, activation to forma peroxo di nucl ear internediate,
mol ecul ar rearrangenent to forman aryl-Qu''
internedi ate and final intranolecular hydroxyl ation.
This reactivity is clearly linked to the aryl -
cu'''/ base(aq) systens, and represent a new possible
mechani sm for aromati c hydroxyl ati on performed by

tyrosi nase and tyrosinase-like chem cal nodels.

XI'l. Reactivity with system H22m | eads to fi nal
bi s( phenoxo) conpl ex [ (H22mD),Qu,] " (5¢), al t hough
aryl -aQu''"' intermedi ate detection has been el usive.

However, simlarities in reactivity and synthesis of
t he bi sphenoxo conpound 5c¢ from Cu'"

di sproportionation and Cu'/ O routes indicate sinilar

reacti on nechani sns.

Chapter 5

X, Susceptibility nmeasurenents of bis(phenoxo)
conmpounds 1c, 2c, 3c, and 5c indicate a trend that

correl ates the coupling constant value (J) with the

geonetric Cu;O, core differences of the different
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conpl exes. J values found are in the range of -210 to

+6 cm?.

XIV. It is found a nmagnetostructural correlation between
the Cu-OCu angle and the J value wth conpl exes 1c-
3c. However, inportant structural differences found in
5c¢c preclude its correlation with the rest. Extended
Hickel cal cul ati ons were performed to understand the
di fferences in the nmagnetic behavior, obtaining as a
conclusion that the orbital overlap on the Cu-

(api cal) bond was the best paraneter that correl ates
with the J values found for the four bis(phenoxo)

conpl exes.

Chapter 6

XV. Dinuclear Q' conplex [(H33+33m) Cu',(CO).]% (10) is
capabl e of perform ng intranol ecular |igand
nonohydr oxyl ation after nolecular O, activation, to
finally isolate and structurally characterize conpl ex
[ (mH33+33m0) Cu''p(m OH) ] %" (11). Hydroxylation is
extremely sensitive to initial Cu conplex
concentration, obtaining 75%yield when concentration
is below 4 mMMin CHCN. |If concentration is higher
than 15 mM no hydroxyl ated product is detected.

XVl . Reaction of @ with Qu' conplex 10 in high
concentrations favors the dinerization or
ol i goneri zati on products that preclude the correct
di sposition of the putative peroxo internediate in
order to react with the ligand. However, O, activation
is also achieved to yield hydroxo oligoners capabl e of

at nospheric CO, fixation to finally obtain the

352



CHAPTER 7

tetranucl ear carbonato conpl ex [ (H33+33m),Qu''4(m
COs) o] * (12). Conplex 12 has been structurally
characterized and shows two di nuclear units |inked

t hrough copper centers by two COs* bridges. Sane
product is obtained quantitatively when Qu'' conpl ex
with ligand H33+33mis treated with two equival ents of
O+ per Cu atom and exposed to air. The latter
experiments support a nucleophilic attack of the

hydroxo groups to the COQ nol ecul e.

XVI 1. Crystal structure of the dinuclear conplex
[ (H33+33m) Cu'',( CHsCN) 4] ** (14) has been obt ai ned,

showi ng an unusual Cu-Ns |igand-donor set.

XVITI. Control of initial conformations in solution is
clue to nodul ate the reactivity pathway that the
reaction will follow, as derived fromstructure
conpari son of conplexes 11, 12 and 14. The way found

within this systemfor this nodulation is the control

of initial conplex concentration.

Xl X. Density functional QV MM cal cul ati ons on a postul ated
peroxo internediate [(H33+33m) Cu'',(®)]? indicates a
possi bl e electrophilic attack fromthe peroxo to the
aromatic ring, favoring a s* pathway in front a p*

pat hway.

General concl usi ons

XX. Ligands H32m HMe33m and H33m have the capability of
stabilizing high oxidation states for netals (Cu''',
Ni''"") and represent a nodel for the study of a clean
and mld CH bond activation reaction of a
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XXI.

XXI'T.

particularly strong CGH bond (aromatic C-H, 109 kcal

mol 1) .

Geonetric and coordination properties of these |igands
converts themto ideal starting conplexes for the
study of C-H activation reactions by copper and

possi bly by other netals. Placing the netal really
close to the C-H bond that wants to be activated seens

to be sufficient for the reaction to occur.

Di nucl eating |igands such as H33+33m and their
correspondi ng copper conplexes permt the close
proximty of netal centers to obtain netal -netal
interactions. This has inplications in reactivity and
al so in magnetic properties of final dinuclear
conpl exes. Ligand design in order to achieve a desired
reactivity is an inportant aspect of the bioinorganic
chem stry that has been and will be pursued in the

next years.
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