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Aryl-O reductive elimination from reaction of well-defined aryl-Cu

" species

with phenolates: the importance of ligand reactivityt

Alicia Casitas,” Nikolaos Ioannidis,’ George Mitrikas,*® Miquel Costas” and Xavi Ribas**
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Well-defined aryl-Cu™ species undergo rapid reductive elimination upon reaction with phenolates
(PhO"), to form aryl-OPh cross-coupling products. Kinetic studies show that the reaction follows a

different mechanistic pathway compared to the reaction with phenols. The pH active cyclized
pincer-like ligand undergoes an initial amine deprotonation that triggers a faster reactivity at room
temperature. A mechanistic proposal for the enhanced reactivity and the role of EPR-detected Cu"

species will be discussed in detail.

Fundamental mechanistic knowledge of the relevant redox steps
in Cu-catalyzed Ullmann-type aryl-heteroatom cross-coupling
chemistry is still scarce.™ These classic reactions have gained
renewed interest due to cost and toxicity benefits in comparison
to Pd-based methodologies for the synthesis of key intermediates
in the pharmaceutical industry.>® Focusing in the copper-based
cross-coupling reactions to form aryl-O bonds,” we have recently
reported a detailed mechanistic investigation on the reactivity of
well-defined aryl-Cu™ species system with HO-nucleophiles (HO-
Nuc). These reactions afford corresponding aryl-O-Nuc products
under mild conditions, via a reductive elimination path.® The aryl-
Cu" species (complex 2) under study has been synthesized by
copper(11) metallation at the aromatic ring of the triazamacrocyclic
ligand (1) via a disproportionation pathway.'® Interestingly,
ligand 1 can be considered as a cyclized evolution of typical NCN-
pincer-like complexes, that are usually prepared by metallation
with 2nd and 3rd row transition metals, more prone to direct C—
H activation.” The cyclized ligand 1 thus shows the ability of
coordinating a first row transition metal ion such as Cu or Ni in
close proximity to the aromatic C—H bond. This feature enables
easy C-H bond cleavage under very mild conditions (Scheme 1).°

Furthermore, increasing interest is devoted to reactivity with
multifunctional ligands that are not mere spectators, but on the
contrary, that respond to effects such as changes in pH."* In
this paper we show a diverse reactivity of the cyclized pincer-
like complex 2, in response to the nucleophile Bronsted base
nature; the reaction of 2 with different para-substituted sodium
phenolate (pX-PhONa) substrates substantially differs from that

“Departament de Quimica, Universitat de Girona, Campus de Montilivi,
17071, Girona, Catalonia, Spain. E-mail: xavi.ribas@udg.edu; Fax: +34-
972418150, Tel: 972-418262

Institute of Materials Science, NCSR “Demokritos”, 15310, Athens,
Greece. E-mail: mitrikas@ims.demokritos.gr; Fax: + (30-210-6503381);
Tel: +(30-210-6503304)

T Electronic supplementary information (ESI) available: Experimental
details. See DOI: 10.1039/c1dt10428d

M = 2nd, 3rd row TM
_—_—m
.-NR;

Cyclization

M = 1st, 2nd, 3rd row TM
> H—N"--M‘--"N\H

\
on, CH;

H
H—N----_M_-——N\H
N

Scheme 1

with the corresponding phenols, despite both type of reactions
afford the same biaryl ether products.® Unlike reactions with
phenols, for which reaction intermediates are not observed, and are
kinetically described as simple bimolecular 2/HO-Nuc reactions,
the reaction of 2 with phenolates involves formation of a purple
intermediate solution and a notable enhancement of aryl-OPh
formation reaction rates. The chemical nature of the reaction
intermediates, as well as the pH-non-innocence role of the ligand
is discussed.

The reaction of 2 with equimolar amounts of several sodium
phenolates was monitored by UV-vis spectroscopy. Phenolate
addition caused the instantaneous formation of a deep-violet
species 3 (A = 545 nm, e =2040 M~ cm™). Compound 3 decayed
without accumulation of any additional intermediate species,
affording the corresponding aryl-O biaryl ethers in quantitative
yields (Fig. 1 and Table 1), as ascertained by '"H NMR, UV-vis
and ESI-MS. The formation of the violet species 3 is not observed
for the reaction of 2 with the corresponding phenols.? In addition,
species 3 decays faster than complex 2, upon reaction with phenol
substrates (Fig. 2), under analogous experimental conditions. The
latter observations suggest that the two reactions occur through
distinct mechanistic pathways, albeit for the obtention of the same
biaryl ether and Cu' final products. When a series of pX-PhONa
were employed as nucleophiles, relative reaction rates correlate
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Table 1 Reactivity of complex 2 with 1 equiv. of p-X-phenolate substrates
(X=0CHj;, CL, F, CN and NO,) to afford the corresponding biaryl ethers
(2] = 1.2 mM, 25 °C, N, atmosphere). The reactivity of 2 with three
corresponding phenols is included for comparison

Substrate Time (min) Aryl-O product yield (%)
p-OCH;-phenolate 10 100
p-OCHj;-phenol 100 100
p-F-phenolate 25 100
p-F-phenol 200 100
p-CN-phenolate 15 100
p-CN-phenol 125 100
p-NO,-phenolate — 100*
p-Cl-phenolate — 100*
“[2]=0.6 mM, T =10 °C.
H
@\ 2+ ///—N
NH |+ Na CH;CN .
H,N\;C/‘l;‘\\N%H N o@‘x —»sz e H,C LL o@x
CH,
X =-OCHj, -F, N
CN, -NO,

+ Ccu'

Fig. 1 Reaction of 2 with a family of para-substituted phenolates (Na
salt) to afford the corresponding biaryl ether coupling products and Cu'.

with the electronic nature of X, and electron withdrawing groups
provide the fastest reaction rates (see Fig. S47).

Mechanistically, the aryl-O coupling reaction between 2 and
phenols consists of a reductive elimination from a transient, spec-
troscopically and kinetically detected aryl-Cu™—(phenol) species
(i.e. for pCN-phenol) to afford corresponding biaryl ethers and
Cu'.® On the contrary, the distinct formation of the violet species
3 upon reaction of 2 with pX-PhONa, as well as the substantially
faster reaction rates observed, prompted us to undertake a detailed
study in order to gain more insight into the mechanistic pathway.
The first question to resolve was the identity of species 3. UV-vis
analysis show that the UV-vis spectroscopic features of 3, prepared
by reaction with 1 equiv. pX-PhONa (X = OCH;,, Cl, F, CN and
NO,), are the same, irrespective of the nature of pX-PhONa. On
the other hand, the addition of bases such as Et;N or Proton
Sponge® also caused the formation of 3, albeit up to 5-7 equiv. of
the base were necessary for full formation of 3 (see Supp Info¥).
Furthermore, the reaction of 2 with Proton Sponge® followed by
the addition of 1 equiv. of pF-phenol renders exactly the same
decay profile, monitored at A = 545 nm, to the one observed for
the reaction with 1 equiv. of pF-PhONa (Fig. 2a). Altogether, the
data suggest that complex 2 suffers a deprotonation of one of the
secondary amines (Scheme 2). In this regard, the intense violet
chromophore may tentatively be assigned to LMCT transitions
from the amido N to the Cu™ center. Indeed, similar UV-vis
spectroscopic features have been described by Margerum and
co-workers to arise after amine deprotonation in Cu"—peptide
complexes.’**

In order to prove the reversibility of this reaction we conducted
a UV-vis experiment to monitor the spectrum upon subsequent
addition of pF-phenolate and triflic acid (Fig. 3). The experiment
was performed at —30 °C to minimize evolution of 3 towards
the formation of the aryl-O product. The addition of pF-PhONa
causes the instantaneous formation of species 3, and subsequent
addition of triflic acid restores complex 2. The phenolate/acid
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Fig. 2 Decay profiles (abs normalized vs. time) for the 550 nm band for
the reaction of equimolar amounts of 2 and different pX-PhONa (and
corresponding phenols): (a) 1 equiv. pF-PhONa; 1 equiv. pF-PhOH (inset:
550 nm band decay); 3 equiv. Proton Sponge® + 1 equiv. pF-PhOH;
(b) 1 equiv. pMeO-PhONa; 1 equiv. pMeO-PhOH; and (c¢) 1 equiv.
pCN-PhONa; 1 equiv. pCN-PhOH. (Conditions: [2] = 1.2 mM, 25 °C,
N, atmosphere.)
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CH; CH,
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Scheme 2

cycle can be repeated several times, and only a minor loss of 6%
for complex 2 (at 450 nm) is observed after 3 cycles. Similarly, the
recovery of complex 3 after three cycles is up to 94%. The minor
decomposition observed may be caused by ongoing formation of
the aryl-O coupling product.

The equimolar reaction of 2 and sodium pF-phenolate to form
3 was monitored by 'H NMR at —-30 °C (Supp. Infot). The
addition of 1 equiv. of pF-PhONa caused important changes in
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Fig. 3 UV-vis monitoring of the consecutive additions of 1 equiv. of
pF-PhONa and triflic acid to a solution of 2. Blue arrows indicate addition
of phenolate; orange arrows indicate addition of triflic acid. [2];,, = 1 mM,
-30°C.

the spectrum with respect to that of the diamagnetic Cu™ species
2: signals corresponding to protons nearby the deprotonated
secondary amine group showed a broadening (benzylic CH, at4.25
ppm; a-CH, at 2.95 ppm), whereas the rest of the signals remained
unmodified. Similarly, when species 3 was generated with a base
(6 equiv. of Proton Sponge® at —30 °C), the same signals were
affected (Supp. Infot). Indeed, the same signals suffered slight
up-field shifts and further broadening upon gradual warming up
to 20 °C, but the initial spectrum was recovered if the solution
was cooled back to low temperature. Bi-dimensional correlations
indicated also the disappearance of *C peaks corresponding to
the affected CH, moieties in 3. A reasonable explanation to these
observations is that amine deprotonation allows for different
conformations (flipping) at the deprotonated amine, giving rise
to a severe broadening effect of the o-CH, signals.

A low temperature '"H NMR experiment corresponding to
the reaction of 2 with pF-PhONa also showed that species 3
is not stable and gradual fading of the signals assigned to 3
was observed, along with the growth of signals corresponding to
pF-OPh-aryl coupling product (Fig. S10t). No accumulation of
other intermediate species was observed along this transformation.
Signals corresponding to 3 account for ~90% of complex mass
balance, and thus we suspected that another NMR silent copper-
containing species, namely 3’, could be present.

The chemical nature of species 3’ is unclear. We conducted an
extensive cw and pulse-EPR study to shed some light into its
chemical nature. Reaction samples of 2 (44 mM) and 4 equiv.
of Proton Sponge® were mixed under N, at 0 °C, stirred for a
few seconds and immediately frozen in an EPR tube. X-band (9.4
GHz) and Q-band (34.6 GHz) measurements were performed at 7’
=120 K (see Fig. 4). The EPR spectra in both mw frequencies can
be satisfactorily simulated with the following spin Hamiltonian
parameters: g, = 2.0384, g, =2.0215, g. =2.1147; A, = 124 MHz,
A, = 447 MHz, A. = 134 MHz. Although g and A4 tensors are
typical for S = 1 Cu" species, the orientation of the tensors is
unusual: the large hyperfine value 447 MHz is along g, and not
g., as is the case for most common Cu" EPR signals. However,
this behavior can be rarely found in the literature.’ For instance,
wild-type stellacyanin, a blue copper protein, shows a roughly axial
hyperfine tensor A4, but the largest hyperfine splitting (hfs) is along

X-band (9.4 GHz)

" 1 n 1 " 1 n 1 " n "
280 300 320 340 360 380

Qband (34.6 GHz)

L 1 1 1 1 1 1
1140 1160 1180 1200 1220 1240 1260
B,/mT

Fig.4 X-and Q-band EPR spectra of 3 in frozen acetonitrile solution (7'=
120 K). Blue traces: experiment; orange traces: simulation. For simulation
parameters see text.

the minimum g value, that is assigned to a tetrahedral or nearly
tetrahedral geometry for Cu"."""

Some insight about the atoms surrounding the Cu" ions could
be obtained by ENDOR and HYSCORE spectra (see Supp.
Infot). The ENDOR study showed two strongly-coupled nitrogen
atoms, with 4 = 12 MHz and 4 = 46 MHz hyperfine coupling
constants, respectively. Additionally, HYSCORE spectra allowed
for the detection of a third weakly (4 = 4 MHz) coupled N
atom. The latter findings could be tentatively rationalized with a
Cu" coordination sphere consisting of two strongly bound amine
moieties, as well as a third weakly coordinated N belonging to a
CH,CN molecule. Since a tetrahedral geometry is deduced from
spin Hamiltonian parameters, and the macrocyclic ligand appears
incapable of adapting to this geometry, while keeping the four N
atoms bound to the metal, an external CH;CN ligand is proposed
to be bound to the metal center, leaving one of the macrocylic
secondary amine groups as non-coordinated. Moreover, spectra
also showed the existence of two weakly coupled protons, one
at 4, = 6 MHz and another one at 4, = 14 MHz with modest
anisotropy (agreement between ENDOR and HYSCORE). An
additional proton coupling with considerable anisotropy is found,
with a short Cu"--- H distance of 2.34 A (assuming a 100% spin
density at Cu").

Despite the uncertainty on the nature of 3’, since it is a S = ]
system, we could perform a reliable quantification by comparison
with the signal of a well-characterized Cu"(acac), complex (see
Supp. Infot). We noticed that the formation of the EPR active
species 3’ is only about the 2% of the starting copper content for
base treatment of low concentration of 2, whereas it increases up
to 11% for higher concentrations of 2.
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Fig. 5 Proposed mechanism for the reactivity of aryl-Cu™ species 2 with

pX-phenolates (sodium salt).

Given the above reported data, we can tentatively propose the
mechanism depicted in Fig. 5 for the equimolar reaction of 2
with pX-PhONa. The first step consists of the deprotonation of
one secondary amine by the basic phenolate to yield 3 and the
corresponding phenol. At this point, deprotonated Cu™ complex
3 interacts with in situ formed phenol substrate and undergoes
reductive elimination to form the final aryl-O and Cu' products.
This reaction is much faster than that of complex 2 with phenols.
The proposal of a reductive elimination step is consistent with
several examples in the literature of reactions between well-defined
aryl-Cu™ species and N- and O-nucleophiles,****! as well as with
aryl-halide reductive elimination examples at well-defined aryl-
Cu™-halides.”? Furthermore, reductive elimination at aryl-Cu™
species is also proposed in mechanistic studies on Ullmann-like
coupling reactions.*”2%2

In addition, in a side reaction (2-11%), 3 can undergo le”
reduction to form an aryl-Cu"Nj, species 3’ with a tetrahedral
coordination geometry. The origin of the e~ could not be ascer-
tained, but possible sources could be Cu', PhOH and PhO species,
all of them present in the reaction mixture. Whatever its origin,
since aryl-ONuc products are obtained in quantitative yield, we
conclude that 3" is also consumed in the reaction, and that side
reactivity of 3 to form 3’ must be reversible.

Summarizing, we have demonstrated that the reactivity of well-
defined aryl-Cu™ species in front of phenol-type nucleophiles
differs substantially from the reactivity with corresponding phe-
nolates, and a significant enhancement is found to produce the
same aryl-O coupling product. Mechanistic studies show that easy
deprotonation of coordinated secondary amines is responsible of
the intense LMCT band at 545 nm; indeed, this pH-dependent
reactivity of the pincer-like coordinated ligand somewhat enhances
its reactivity. The origin of such enhancement is not clearly
understood, and is currently been studied computationally. A
parallel reaction path for deprotonated species 3 affords minor
quantities of an EPR-active species 3". The present observations
of a substantial enhancement in the cross-coupling reactivity
observed upon ligand deprotonation suggests that this might be

a strategy to take into account in the design of more efficient
Cu"-mediated C-heteroatom bond-forming reactions.
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