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Abstract

A series of experimental studies, along with DFT calculations, are reported that provide a detailed
view into the mechanism of Ullmann coupling of phenols with aryl halides in the presence of
catalysts generated from Cu(l) and bidentate, anionic ligands. These studies encompass catalysts
containing anionic ligands formed by deprotonation of 8-hydroxyquinoline, 2-pyridylmethyl fert
butyl ketone, and 2,2,6,6-tetramethylheptane-3,5-dione. Three-coordinate, heteroleptic species
[Cu(L X)OATr]~ were shown by experiment and DFT calculations to be the most stable complexes
in catalytic systems containing 8-hydroxyquinoline or 2-pyridylmethyl fert-butyl ketone and to be
generated reversibly in the system containing 2,2,6,6-tetramethylheptane-3,5-dione. These
heteroleptic complexes were characterized by a combination of 19F NMR, H NMR, and UV-vis
spectroscopy, as well as ESI-MS. The heteroleptic complexes generated in situ react with
iodoarenes to form biaryl ethers in high yields without evidence for an aryl radical intermediate.
Measurements of 13C/12C isotope effects showed that oxidative addition of the iodoarene occurs
irreversibly. This information, in combination with the kinetic data, shows that oxidative addition
occurs to the [Cu(L X)OAr]™ complexes and is turnover-limiting. A Hammett analysis of the effect
of phenoxide electronic properties on the rate of the reaction of [Cu(L X)OAr]~ with iodotoluene
also is consistent with oxidative addition of the iodoarene to an anionic phenoxide complex.

"Corresponding Author: jhartwig@berkeley.edu.
Present Address: Department of Chemistry & Chemical Biology, The University of New Mexico, Albuquerque, New Mexico
87131, United States
ORCID
Ramesh Giri: 0000-0002-8993-9131
Justin Y. Wang: 0000-0001-8823-5776
John F. Hartwig: 0000-0002-4157-468X

Notes
The authors declare no competing financial interest.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/jacs.7b11853.
Experimental procedures, characterization, and computational details (PDF)

X-ray data for complex K[Cu(L X1)2] (CIF)

X-ray data for complex K[Cu(L X3)2] (CIF)



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Girietal. Page 2

Calculations by DFT suggest that this oxidative addition is followed by dissociation of I~ and
reductive elimination of the biaryl ether from the resulting neutral Cu(lll) complex.
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INTRODUCTION

Catalytic arylation of phenols with aryl halides to form biaryl ethers is an important process
in organic synthesis because biaryl ether cores are widespread in natural products, molecules
of pharmaceutical significance, and agrochemicals.? Currently, such structural motifs can be
generated with palladium catalysts,! but they are formed more commonly with copper
catalysts, and the first synthetic method was developed using a copper reagent. In 1905,
Ullmann synthesized biaryl ethers from the reaction of phenols with aryl bromides in the
presence of KOH.2 However, the classical Ullmann procedure for biaryl ether formation and
other related processes required stoichiometric amounts of copper reagents and high reaction
temperatures (typically >160 °C), which severely limited the synthetic scope of this
transformation.3 Much effort has been spent recently by many groups to improve the
original copper-mediated reaction protocols for the coupling of aryl halides with phenols and
other nucleophiles by conducting the reactions with added ancillary ligands (Scheme 1).33:4
Ancillary ligands used for this chemistry have included phenanthrolines,® bipyridines,® dia-
mines,’ dipyridylimines,® amino acids,® 8-hydroxyquinolines,1° diketones,!1 pyridylketones,
12 and others.13 These widely used ancillary ligands typically fall into two structural types:
neutral, bidentate ancillary ligands (LL), such as phenanthrolines and bipyridines, and
anionic, bidentate ancillary ligands [H(LX)], such as 8-hydroxyquinolines and diketones.

Recently, much effort has been spent by our group and others to elucidate the mechanisms of
the coupling processes that form C-N, C-0, and C-C bonds catalyzed by copper complexes
of neutral, dative ligand, such as the Ullmann amination,1 the Ullmann biaryl ether
formation,® the Goldberg reaction,6 and the Hurtley reaction.1’ The mechanisms of these
transformations have long been debated, primarily due to the lack of identification of
discrete reactive intermediates involved in the catalytic reactions and experimental studies
on the structure, dynamics, and reactivity of these intermediates. Thus, our group
synthesized and characterized a series of reactive intermediates containing phenanthrolines,
bipyridines, and diamines, and less reactive intermediates lacking ancillary ligands.14-17
Based on kinetic studies and competition experiments on the reactions of these intermediates
with aryl iodides, we deduced a mechanism for the catalytic process (Scheme 2) that
involved a three-coordinate complex (LL)Cu(Nu) (LL = neutral ancillary ligand, Nu =
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nucleophile) as the reactive intermediate. Such species have also been prepared /7 situ and
proposed as reactive intermediates based on kinetic studies,14-18 cyclic voltammetric
studies,1® and DFT calculations.2? As such, there is a consensus that three-coordinate
(LL)Cu(Nu) species form when the catalyst bears neutral bidentate ligands (LL) and that
such complexes react with aryl halides to generate the coupled products (Scheme 2).21
Although radical and nonradical pathways have been proposed for the reaction of haloarenes
with (LL)Cu(Nu), there is now a consensus based on experimental tests for radical
intermediates, as well as DFT calculations, that this oxidative addition occurs without the
intermediacy of free aryl radical intermediates.

In contrast, existing studies on the mechanism of the coupling of aryl halides with
heteroatom nucleophiles catalyzed by copper complexes of anionic ancillary ligands, instead
of neutral ancillary ligands, have led to more ambiguous conclusions. If the starting species
is a Cu(l) complex with an anionic ligand, then a mechanism involving initial reaction of the
nucleophile would generate a three-coordinate anionic copper complex, and such species
have not been clearly identified.22

Due to the ambiguity about the formation of such species, mechanisms involving oxidative
addition of the aryl halide to a neutral Cu(l) species lacking the nucleophile to form a
Cu(111) intermediate have been considered.23 The Cu(lll) intermediate would then react with
the nucleophile. Experimental?22.24 and theoretical20:222.24 jnyestigations of the mechanism
of coupling reactions catalyzed by Cu' ligated to anionic ligands have been reported
recently, but no agreement on the identity of the resting state and the rate-determining step
was reached, mainly due to the lack of clear experimental characterization of complexes
present in the reaction.* One hydroxo and phenoxo complex ligated by a diketonate ligand
were stated to be generated in solution, and a mass corresponding to these compounds was
observed by ESI-MS.222 However, the NMR spectra of these complexes are dynamic and are
ambiguous or inconsistent with the structures. The reactions of these complexes with
haloarenes are limited, and the results did not allow conclusions to be drawn on the chemical
or kinetic competence of these complexes to be intermediates in the catalytic cycle.
Mechanistic data on the reactions of the complexes of the nucleophiles with haloarenes were
gained predominantly by DFT calculations, and the barriers computed do not match well
with the barriers of the catalytic reactions. Thus, more detailed studies on a broader range of
compounds are needed.

The catalytic cycles that have been proposed, largely on the basis of DFT calculations, for
coupling reactions catalyzed by Cu' complexes of anionic ancillary ligands are shown in
Scheme 3. A detailed rendering of these proposed catalytic cycles to clarify their distinction
is also provided in Scheme 4. The first two catalytic cycles, termed “anionic pathways” are
analogous to the one proposed for the same transformation catalyzed by copper complexes
of neutral ancillary ligands. In these catalytic cycles, [(LX)Cu(Nu)]™ reacts with aryl halides
in the rate-determining step (RDS). The copper center in the anionic [(LX)Cu(Nu)]™ is likely
more electron-rich than that in the neutral (LL)Cu(Nu), and [(LX)Cu(Nu)]~ could, therefore,
react with aryl halides more rapidly than (LL)Cu(Nu). This predicted higher rate is
consistent with experimental results on systems in which Cul-catalyzed C-X coupling
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reactions proceed at lower temperatures in the presence of complexes formed from anionic
ancillary ligands than in the presence of complexes formed from neutral ancillary ligands.32

The two anionic pathways in Scheme 3 diverge after the oxidative addition step and are
termed the “anionic pathway” and “modified anionic pathway.” In the anionic pathway,
reductive elimination occurs to form the ether product from the five-coordinate, anionic
copper(l11) complex containing one halide, one phenoxide, and one aryl group, in addition to
the anionic ancillary ligand. In the modified anionic pathway, reductive elimination is
preceded by dissociation of halide from the five-coordinate complex to form a four-
coordinate neutral copper-(111) complex containing one phenoxide, one aryl group, and the
anionic ligand.

The anionic pathway could be expected to occur because it parallels that for the Ullmann
reactions catalyzed by complexes of neutral bidentate ligands.1# The modified anionic
pathway was proposed by Jutand and co-workers to occur for reactions of hydroxide or
phenoxide anions with iodobenzene in the presence of copper catalysts bearing enolates of
diketones as ancillary ligands. These conclusions were based on data gained by cyclic
voltammetric studies and DFT calculations, 22224 put the activation energy computed by
DFT (11.3 kcal/mol) is much lower than those corresponding to the experimental reaction
rates. The origin of this difference was not addressed.

A third catalytic cycle in Scheme 3, termed the “radical pathway,” occurs by electron
transfer. In this proposed mechanism, reaction of the aryl halide with [(LX)Cu(Nu)]™ is the
rate-determining step2%2 and could be envisioned to occur because of the high electron
density and anionic charge on the copper complex. Such pathways have been proposed for
many years,*® and it was proposed recently in one publication reporting DFT calculations.
20a However, more recent DFT calculations by Fu predict that this electron-transfer process
would have an unreasonably high barrier.2% A radical pathway was also challenged by other
researchers based on its inconsistency with the experimental data.*2

A fourth mechanism in Scheme 3, termed the “neutral pathway,” occurs by reaction of the
haloarene with the neutral Cu' species (LX)Cu(NuH) to form (LX)Cu(X)(Ar) via the neutral
(LX)Cu(7-Arl) complex. In this pathway, the (LX)Cu fragment could be stabilized by a
neutral form of the nucleophile. The oxidative addition would be followed by rate-limiting
displacement of the halide from the Cu'! intermediate by an anionic nucleophile to generate
a second Cu'''-species, (LX)-Cu(Nu)(Ar). This mechanism proposed by Fu and
coworkers2% based on DFT calculations was computed to have the lowest barriers for
coupling of amines with iodoarenes in the presence of copper complexes of anionic ancillary
ligands and is reminiscent of the well-studied Pd'!-catalyzed coupling reactions in which
oxidative addition of haloarenes is followed by nucleophilic displacement of the halide by
nucleophiles.?®

Thus, four different mechanisms outlined in Scheme 3 have been proposed in published
work for coupling reactions catalyzed by copper complexes ligated by bidentate anionic
ligands. These proposals have been made largely or exclusively on the basis of computations
by DFT. Cul-species containing anionic ancillary ligands that are potential intermediates or
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lead to reactive intermediates in the catalytic coupling reactions to form C-O or C-N bonds
have not been prepared, clearly characterized by NMR spectroscopy, and evaluated for their
competence to be intermediates in the catalytic cycle.#2220 |n the absence of such data,
efforts to distinguish between these mechanisms rest on a weak foundation.

Herein we present a combination of detailed experimental and computational studies on the
mechanism of the Ullmann arylation of phenols in the presence of anionic ancillary ligands.
Three-coordinate Cu' complexes of the general formula K[(L X)Cu(OAr)] were prepared in
situ, characterized by NMR spectroscopy, UV-vis spectroscopy, and ESI-MS. For the
systems containing 8-hydroxyquinoline or 2-pyridylmethyl fert-butyl ketone as the L X
ligand, K[(L X)Cu(OAr)] complexes were the most stable copper intermediates, as
determined by experimental observations and DFT calculations, implying that these three-
coordinate species are the resting states of the catalysts. For 2,2,6,6-tetramethylheptane-3,5-
dione as the L X ligand, K[(L X)Cu(OAr)] was found to be generated reversibly in an
equilibrium lying at the side of free ligand and the homoleptic cuprates K[Cu(OAr),].
Kinetic experiments and DFT calculations of catalysts containing each of the three ligands
support a pathway by which rate-determining oxidative addition of the iodoarene to the
K[(L X)Cu(OAr)] complex occurs and is followed by dissociation of the halide anion and
reductive elimination from a neutral Cu'!" intermediate.

RESULTS AND DISCUSSION

Copper-catalyzed arylation of phenols (Ullmann biaryl ether formation) is typically
conducted with a mixture of a phenol, an aryl halide, and a weak base in the presence of
catalytic amounts of a Cu(l) salt and either a neutral or an anionic ancillary ligand in DMF,
DMSO, or toluene as solvent at 80-110 °C.#2 To investigate the mechanism of the Ullmann
biaryl synthesis in the presence of anionic ancillary ligands, we have studied the model
reaction in Scheme 5 in which KOPh is allowed to react with either iodobenzene (for DFT
calculations) or p-iodotoluene (for reactivity and kinetic studies) in the presence of catalytic
amounts of Cul and the potassium salts of the anionic ancillary ligands KL X in DMSO.

We have conducted studies with three different types of anionic ancillary ligands, 8-
hydroxyquinoline (HL X1), 3,3-dimethyl-1-(pyridin-2-yl)butan-2-one (HL X2), and 2,2,6,6-
tetramethylheptane-3,5-dione (HL X3), which are commonly used for the copper-catalyzed
arylation of phenols.*@ These ligands were chosen for a combination of reasons. First, 8-
hydroxyquinoline (HL X 1) is a commonly used ligand for copper-catalyzed cross-coupling*a
and was even used for couplings on >10 kg scale.2® The pyridyl ketone ligand (HL X2) was
chosen because complexes of this ligand were shown to catalyze coupling reactions at room
temperature.2” The 1,3-diketone (HL X3) was chosen because it is one of the most
commonly used anionic ligands for copper-catalyzed couplings.*® Second, these three
ligands comprise O,0 and O,N donor groups and the two O,N donor ligands have varying
degrees of rigidity. Thus, data on the set of these three ligands would provide a broader view
of the mechanism of this reaction than data on just one ligand.

Additionally, the Ullmann etherification reactions are typically conducted under
heterogeneous conditions with inorganic bases, such as Ko,CO3 and Cs,COs3. Because the
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acidity of phenols and bicarbonate are similar,28 the phenols can be deprotonated in the
catalytic system containing carbonate base without assistance by coordination to the copper
catalyst. To gain quantitative rate data, we studied a homogeneous reaction system
containing potassium salts of phenol and the anionic ancillary ligands.

Synthesis and Characterization of Stable Homoleptic Cuprates Containing Phenoxides and
Anionic Ancillary Ligands

Our synthesis of homoleptic cuprates K[Cu(OPh),] and K[Cu(L X),] is outlined in Scheme
6. The reaction of copper fert-butoxide (CuOBu)?® with a solution of a mixture of HOAr
and KOAr in THF led to bis-aryloxide cuprate complexes 1a—d. These complexes were
characterized by NMR spectroscopy and elemental analysis. The structure of the [Cu(OPh),]
~ unit has been deduced by X-ray crystallography previously as the anionic part of a pair of
copper ions.1® The reaction of CuO’Bu with a mixture of bidentate, anionic ancillary ligands
HL X1 and HL X3, and their potassium salts KL X1 and KL X3 in THF (for KL X1) or
pentane (for KL X3) furnished the corresponding bis-L X cuprate complexes K[Cu(L X1),]
and K[Cu(L X3),]. We isolated K[Cu(L X1),] and K[Cu(L X3),] in pure form and fully
characterized these two complexes, including X-ray diffraction. We were unable to isolate
K[Cu(LX2),] as a pure crystalline material, so K[Cu(L X2),] was not used in subsequent
studies. Both compounds K[Cu(L X1),] and K[Cu(L X3),] crystallized as networks (Figures
S1 and S2, respectively) in which each individual [Cu(L X),] ~ moiety is bridged by a
potassium cation. To determine if these homoleptic cuprates were mononuclear in solution,
diffusion coefficients of these complexes and their mononuclear structural analogues, Zn-
(LX1),(H20), and Zn(L X3)5,3% were determined by DOSY. We hypothesized that if
cuprates K[Cu(L X1),] and K[Cu(L X3),] were mononuclear in solution, then their diffusion
coefficients should be similar to the diffusion coefficients of their zinc analogues. Indeed,
the diffusion coefficient of K[Cu(L X1),] was similar to that of Zn(L X1),(H20), (9.29 x 10
~6and 1.04 x 1075 cm? s71, respectively), and the diffusion coefficient of K[Cu-(L X3),] was
similar to that of Zn(L X3), (7.78 x 10 ~6 and 9.68 x 1076 cm? s71, respectively). Thus, these
results indicate that compounds K[Cu(L X1),] and K[Cu(L X3),] are mononuclear in
solution.

Reactivity of Bis-phenoxide 1a with Aryl lodides in the Absence and Presence of Anionic
Ancillary Ligands KLX and Cuprate Complexes K[Cu(LX),]

Reaction of bis-phenoxide 1a with p-iodotoluene at 110 °C over 3 h formed phenyl tolyl
ether (2) in a low 17% yield; 83% of complex 1a remained unreacted, based on *H NMR
spectroscopy (Scheme 7). The low reactivity of the ligandless, bis-phenoxide 1a with
iodoarenes agrees with similar previous experimental results and theoretical predictions for
the reactivity of anionic, two-coordinate Cu'-complexes.1® However, the combination of bis-
phenoxide 1a and anionic cuprates K[Cu(L X1),] and K[Cu-(L X3),] reacted with o
iodotoluene at 80 °C in 3 h to afford the biaryl ether product 2 in 91% and 99% vyields,
respectively. Moreover, bis-phenoxide 1a reacted with p-iodotoluene in the presence of the
potassium salts of the anionic ancillary ligands KL X1-KL X3 at only 50 °C over 1-2 h to
form the biaryl ether product 2 in excellent yields (95%, 81%, and 95% with KL X1, KL X2,
and KL X3), respectively (Scheme 8). These data provide strong evidence that the anionic
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ancillary ligands K L X1-K L X3 and bis-phenoxide 1a generate Cu' complexes that are
kinetically and chemically competent to be intermediates in the catalytic cycle to afford
biaryl ether products from reaction with iodoarenes. We conducted detailed spectroscopic
studies to deduce the identity of these reactive Cu'-intermediates.

Identity of Catalytic Intermediates

To assess the identity of the species that react with iodoarenes in the experiments depicted in
Schemes 7 and 8, we conducted spectroscopic studies of the complexes generated from
addition of the bidentate, anionic ancillary ligands to the bis-phenoxides 1. The complexes
were characterized by a combination of 1H and 1°F NMR spectroscopy, UV-vis
spectroscopy, and electrospray ionization mass spectroscopy (ESI-MS).

1H NMR spectra were obtained in DMSO of complex 1a, the potassium salt of each ligand,
potassium phenoxide, and combinations of these components. These spectra show clearly
that complex 1a reacts with the potassium salt of hydroxyquino-line (KL X1) and the salt of
the pyridylketone (KL X2), but not with the anion of the 1,3-diketone. The reactions of 1la
with KL X1 and KL X2 consumed 1a, generated free potassium phenoxide, and gave rise to
a complex with a new set of phenoxide and ligand signals. These spectra are shown in the
Supporting Information.

To observe more directly the phenoxide complexes and to exploit the high resolution of 19F
NMR spectroscopy, these experiments were conducted with di(4-fluorophenoxide)cuprate
(1b), and the outcomes were monitored by 1°F NMR spectroscopy. Figure 1a shows three
superimposed individual 19F NMR spectra of 4-fluorophenol (-126.5 ppm), potassium 4-
fluorophenoxide (=139.7 ppm), and bis(4-fluorophenoxide)-cuprate (1b, —133.3 and —-133.7
ppm) in THF at =100 °C (all referenced internally to fluorobenzene at —113.15 ppm). Figure
1b—e show 1°F NMR spectra obtained at room temperature and —100 °C after addition of the
anionic (KL X2) or neutral (HL X2) forms of pyridylmethyl fert-butyl ketone to bis-
phenoxide 1b. 19F NMR spectra of these samples acquired at room temperature (Figure 1b
and d) contained a new broad signal at —136.69 and —131.81 ppm, respectively, due to
exchange between the phenoxide in a ligated copper phenoxide with potassium phenoxide or
phenol, respectively. The spectra of the sample generated from 1b and KL X2 and the
spectra of the sample generated from 1b and HL X2 acquired at =100 °C (Figure 1c and €)
each consisted of two sharp resonances. The chemical shift of one of the two resonances in
each of the spectra was —135.5 ppm. The identities of these resonances strongly suggest that
they correspond to the heteroleptic complex K[Cu(L X2)OAr], which was generated in 65%
yield from the reaction of 1b and KL X2 and in 63% yield from the reaction of 1b and

HL X2 based on integrations relative to fluorobenzene. The 1°F NMR spectrum of the
sample generated from KL X2 also contained a signal with a chemical shift near that of the
phenoxide, and the spectrum of the sample generated from HL X2 also contained a signal
with a chemical shift near that of the phenol. The chemical shift of phenol in this mixture is
not identical to that of phenol alone in solution, presumably because of interactions of
phenol with ions in solution.
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The 1°F NMR spectra showing dynamic processes for complexes generated from bis(4-
fluorophenoxide)cuprate (1b) and the enolate of 2,2,6,6-tetramethylheptane-3,5-dione (L X3)
are shown in Figure 2. 19F NMR spectra of samples containing 1b and KL X3 or HL X3
acquired at room temperature (Figure 2b and d) contained new broad signals at —134.5 and
-130.4 ppm, respectively. However, the 1%F NMR spectrum of a sample containing cuprate
1b and KL X3 at =100 °C (Figure 2c) indicated that the potassium salt of the ligand does not
signiflcantly displace the phenoxide. The spectrum contained a major signal at —133.8 ppm,
which is the same chemical shift as that of cuprate 1b. We do not have a clear explanation
for the presence of just one major signal at this chemical shift when KL X3 is added, but this
ligand might facilitate exchange between the two forms or conformations of 1b present at
-100 °C, and it is clear that the mixed complex K[Cu(L X3)OAr] does not form under these
conditions. Only a minor signal was present at the chemical shift corresponding to 4-
fluorophenoxide.

In contrast to these results, the 1°F NMR spectrum at —100 °C of the sample containing S
diketone HL X3 (Figure 2e) indicated that this neutral form of the ligand protonates a bound
phenoxide to generate the corresponding heteroleptic compound K[Cu-(L X3)OAr] and
phenol. Two resonances were observed at this temperature, one at =135.1 ppm and one at
-128.9 ppm. The signal at =135.1 ppm can be assigned to K[Cu(L X3)OAr] because its
chemical shift is similar to that of the 1%F NMR resonance of heteroleptic complex
K[Cu(LX2)OAr] (-135.5 ppm). This complex was formed in 50% yield, as determined by
19F NMR spectroscopy with fluorobenzene as an internal standard. The broad resonance at
-128.9 is near that of the free 4-fluorophenol, but, again, is not identical to that of the phenol
alone, presumably due to hydrogen bonding with ions at low temperature. Thus, the most
stable component in the combination of phenoxy cuprate 1b and anionic diketone ligand
under the basic conditions of a catalytic coupling reaction is the unreacted 1b and the free
anionic ligand, but the heteroleptic complex can be generated and studied by protonation of
a phenoxide from 1b.

19F NMR spectra of dynamic processes observed for complexes generated from bis(4-
fluorophenoxide)cuprate (1b) and the anionic or neutral forms of 8-hydroxyquinoline KL X1
and HL X1 are shown in Figure 3. These spectra are similar to those generated from 1b and
KLX2 or HL X2 (Figure 1) but contain additional signals besides the heteroleptic compound
and the phenol or phenoxide. 1%F NMR spectra acquired at room temperature of samples
containing bis(4-fluorophenoxide)-cuprate(l) (1b) and KL X1 or HL X1 (Figure 3b and d)
contained new broad signals at —136.49 and —130.83 ppm, respectively (Figure 3b). The 1°F
NMR spectrum obtained at =100 °C of the same sample generated from 1b and KL X1
(Figure 3c) contained resonances that were broader than those from samples containing L X2
and L X3, but the chemical shift of one resonance at —134.8 ppm was similar to those
assigned to the heteroleptic complexes containing L X2 and L X3 (-135.5 and -135.1 ppm,
respectively) and, therefore, is assigned to the heteroleptic compound K[Cu(L X1)OAr]. This
complex formed in 40% yield from the reaction of 1b with KL X1 and in 60% yield from the
reaction of 1b and HL X1. The chemical shifts of the other two resonances were near that of
the potassium phenoxide. We are uncertain why more than one resonance is observed in the
region of the phenoxide in this system. The spectrum of the sample generated from 1b and
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HL X1 acquired at =100 °C (Figure 3e) contained a sharp resonance with a chemical shift of
-134.4 ppm, matching that observed in Figure 3¢ and corresponding to the heteroleptic
compound K[Cu(L X1)OAr]. The other signals in the spectrum correspond to the phenol,
again resonating slightly upfield of the phenol alone.

To determine the nuclearity of the K[Cu(L X)OATr] complexes in solution, we attempted to
measure the diffusion coefficients of these compounds by DOSY. Again, measurements
were obtained by 19F NMR spectroscopy with bis(4-fluoro-phenoxide)cuprate (1b) and an

L X ligand at =100 °C in THF. To generate the K[Cu(L X)OAr] compounds in high yield, the
ligands HL X1, KL X2, and HL X3 were chosen for these experiments. At —100 °C, we were
unable to obtain diffusion coefficients by DOSY for any K[Cu(L X)OAr] compounds due to
rapid relaxation ( 77 approximately 100 ms and 7, approximately 40 ms) and slow diffusion.
As such, significant losses to signal intensity were observed during DOSY measurements.
Due to the thermal sensitivity of the K[Cu(L X)OAr] complexes and rapid equilibria between
copper-containing starting materials and products, we were unable to perform DOSY
experiments at temperatures above —100 °C.

If the slow diffusion of the K[Cu(L X)OAr] compounds resulted from aggregation of the
cuprates via bridging potassium cations, then the substitution of potassium for a
noncoordinating cation should inhibit aggregation and facilitate diffusion. To test this
hypothesis, the K[Cu(L X)OAr] complexes were synthesized in the presence of N(7+
butyl)4ClI (1 equiv for each potassium cation) to perform an in situ salt metathesis, and the
resulting product was submitted for DOSY measurements. Unfortunately, DOSY
measurements still could not be obtained for the prior stated reason. Similarly, attempts to
measure diffusion coefficients in a less viscous solvent, 2-MeTHF, were not successful.

Because our attempts to determine the nuclearity of the K[Cu(L X)OAr] complexes by
DOSY were not fruitful, we obtained ESI-MS spectra of the K[Cu(L X)OAr] complexes to
gain a final set of data on the identity the compounds produced by the addition of L X to
bis(4-fluorophenoxide)cuprate (1b). Room-temperature DMF solutions of KL X1, KL X2, or
HL X3 were added to cuprate 1b and analyzed by ESI-MS. Due to the air sensitivity of the
Cu compounds, the MS source was kept under an atmosphere of nitrogen, and solutions
were injected into the spectrometer from a glovebox via a capillary.3! In negative ion mode,
Cu-containing species were identified, based on the diagnostic isotope pattern of $3Cu and
65Cu in a ratio of approximately 69:31. Signals with 777z ratios consistent with the formation
of mononuclear, three-coordinate Cu complexes comprising a single 4-fluorophenoxide and
a single L X bidentate ligand (Chart 1 and Supporting Information) were observed. Signals
for the anionic form of 8-hydroxyquinoline L X1~ or the homoleptic Cu(l) complexes
containing two anionic ligands L X1~ or L X3~ from 8-hydroxyquinoline and the S-diketone,
respectively, were not observed; however, signals for unreacted cuprate 1b were observed in
the presence of all ligands KL X. Masses corresponding to oligomeric forms of

[Cu(L X)OAr] ~ were not observed. In positive ion mode, no signals containing copper were
detected in the mass spectrum.

UV-vis studies on the reaction of K[Cu(OPh),] (1a) with potassium quinolin-8-olate
(KL X1) provided additional evidence for formation of the heteroleptic cuprates. The data
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are provided in the Supporting Information. In brief, a UV-vis spectrum of the solution of
KL X1 and complex 1a contained a new absorption band not present in the spectrum of 1a,
the spectrum of KL X1, or the spectrum of the homoleptic complex K[Cu(L X1),]. This band
observed in the spectrum of a solution of KL X1 and complex 1a is consistent with the
formation of a compound that we propose to be K[Cu(L X1)(OPh)].

In summary, the 1°F NMR and 'H NMR spectra, UV-vis spectra, and ESI-MS data together
provide strong evidence that the combination of the potassium salts of the anionic ligands

L X and cuprate 1b form three-coordinate, mononuclear species of the structure K[Cu(L X)
(OAI)] as the most stable structure (for the anions KL X1 and KL X2 derived from
hydroxyquinoline and pyridylmethyl fer-butyl ketone) or as a species in equilibrium with
the bis-phenoxy cuprate and free potassium salt KL X3 of the g-diketone.

Tests for the Presence of Aryl Radicals during the Ullmann Arylation of Phenols Catalyzed
by Complexes of LX1-LX3

After identification of the major species formed from copper phenoxides and L X1-L X3, we
sought to determine the mechanism of the reactions of these species with iodoarenes
(Scheme 3). First, to distinguish between the anionic and radical pathways of Schemes 3 and
4, the potential formation of aryl radicals was assessed. The intermediacy of an aryl radical
was probed by conducting reactions of the copper complexes with an aryl halide linked to an
olefin that serves as a radical clock. The aryl radical that would be generated from o-
(allyloxy)iodo-benzene 3 is known to cyclize to yield the 2,3-dihydrobenzo-furanylmethyl
radical with a rate constant of 9.6 x 10° s™1 in DMS0.32 The resulting primary radical can
then abstract a hydrogen atom from the solvent, dimerize, or combine with the phenoxide
ligand to form a C-O bond.

A 1:1 mixture of KLX1-KL X3 and K[Cu(OPh),] (1a) was allowed to react with 3.0 equiv
of o-(allyloxy)iodobenzene 3 (1.5 equiv with respect to phenoxide) in DMSO (Scheme 9).
After 3 h at 110 °C, the biaryl ether 4 from C-O coupling at the aryl group formed in
quantitative yields with all ligands. Comparison of the GC and GC/MS chromatograms with
those of an authentic sample of 3-methyl-2,3-dihydrobenzofuran 5 confirmed that no
cyclized product 5 was formed. The reactions of KOPh with o-(allyloxy)iodobenzene (3)
catalyzed by 10 mol % Cul and 20 mol % KL X1-KL X3 in DMSO at 110 °C formed the
biaryl ether 4 from C-0O coupling at the aryl group in >99%, >99%, and 89% yields with
KLX1, KLX2, and KL X3, respectively, after 24 h (Scheme 10). Again, no products from
cyclization were detected. Thus, neither the stoichiometric nor the catalytic reactions yielded
the products that one would expect to form from a reaction through a free aryl radical.
Therefore, it is likely that the Ullmann coupling to form biaryl ethers catalyzed by Cul-
complexes in the presence of anionic ancillary ligands does not involve free aryl radical
intermediates. In addition, our results are consistent with recent work to probe the
intermediacy of a radical in copper-catalyzed Ullmann coupling.33 Accordingly, the
subsequent mechanistic studies, especially the DFT calculations, focused on distinguishing
between the nonradical, anionic, and neutral pathways of Schemes 3 and 4.
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Kinetic Analysis

Kinetic studies on the stoichiometric reactions of the heteroleptic complexes with iodoarenes
distinguished between reaction by the anionic pathways and the neutral pathway. The
experiments were performed by generating the K[Cu(L X)(OAr)] complexes in situ by
mixing potassium salts of the anionic ligands KL X1-KL X3 with K[Cu(OAr)2] (1) or by
mixing a 1:1 ratio of K[Cu(OPh),] and the cuprate K[Cu(L X3),] containing the diketonate
ligand. The reactions were conducted under pseudo-first-order conditions by allowing the
K[Cu(L X)(OAr)] species generated in situ to react at the appropriate temperatures (30 or

50 °C) inside the NMR probe with an excess of the iodoarene. The formation of biaryl ether
product 2 was monitored by TH NMR spectroscopy. To measure the kinetic order in
phenoxide, some reactions were conducted in the presence of added PhO™ (as opposed to the
PhO™ solely generated from 1a). Because these reactions with added phenoxide are catalytic
(phenoxide and iodoarene are both present in the presence of copper), initial rates of these
reactions were measured with varying concentrations of added PhO™.

For the reaction at 30 °C between iodotoluene and K[Cu(L X1)(OPh)] generated from the
potassium salt of 8-hydroxyquinoline KL X1 and K[Cu(OPh),], the concentration of the
biaryl ether product increased monoexponentially, indicating a first-order dependence of the
rate of the reaction on the concentration of K[Cu(L X1)(OAr)] (Figure 4a). Consistent with
this observation, doubling the concentration of KL X1 and K[Cu(OPh),] did not alter Ayps
(Table S1). The pseudo-first-order rate constants Ay for these reactions conducted with
varying concentrations of iodotoluene between 0.1 and 0.8 M were found to correlate
linearly with the concentrations of 4-iodotoluene (Figure 4b), indicating that the reaction is
first-order in the iodoarene. The reaction rate was not affected by the amount of added PhO™,
indicating a zero-order dependence of the reaction on this component of the catalytic system
(Figure 4c).

Similar results were obtained for the reaction of 4-iodotoluene with K[Cu(L X2)(OPh)] ~
generated from KCu(OPh), (1a) and the salt KL X2 derived from the pyridylmethyl fert
butyl ketone (Figures S7-S8 of the Supporting Information). The reaction was clearly first-
order in the copper complex, based on the monoexponential appearance of product, and
doubling the concentration of KCu(OPh), (1a) and KL X2 did not affect 45 (Table S3).
The reaction was also first-order in iodoarene, as determined from the linear plot of Ayps Vs
[Arl]. In addition, the reaction was clearly zero-order in phenoxide.

The kinetic behavior of the reaction catalyzed by the combination of KCu(OPh), (1a) and
potassium g-diketonate KL X3 at 50 °C was more complex, but the order in iodoarene,
phenoxide, and ligand were clear. The appearance of the biaryl ether product 2 from this
reaction was linear (Figure 5a), even in the presence of an excess of the ligand KL X3, and
reactions with two different initial concentrations of 1a occurred with the same rate (Figure
5a). The origin of this apparent zero-order dependence of the rate on [Cu] is difficult to
pinpoint, but it likely results from participation of copper species lacking phenoxide (such as
ligated Cul) generated upon conversion of 1a to the biaryl ether 2. To assess this hypothesis,
we studied the effect of added Cul on the rate of the reaction of 1a and 4-iodotoluene in the
presence of an excess of KL X3. This result shows that, under otherwise identical conditions,
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the reaction in the presence of 1 equiv of Cul was faster than that in the absence of Cul
(Figure 6).

To determine if the unusual kinetic behavior was inherent to reactions of copper-containing
potassium SB-diketonate KL X3 or due to the method by which the ligated copper was
generated, we conducted reactions of iodotoluene with a mixture of K[Cu-(OPh),] (1a) and
the bis-ligand complex K[Cu(L X3),]. Under these conditions, the reaction of iodotoluene
occurred with a simple monoexponential appearance of the biaryl ether product, as shown in
Figure 7a. Moreover, doubling the concentration of K[Cu(OPh),] (1a) and K[Cu(L X3),] did
not alter Ayps (Table S8), consistent with a first-order relationship between total copper
concentration and rate.

Thus, the orders in iodoarene, phenoxide, and ligand were gained from a combination of
reactions of iodoarene with K[Cu(L X3)(OPh)] generated from bis-phenoxide la and g
diketonate KL X3, and reactions of iodoarene with a 1:1 mixture of 1a and K[Cu(L X3),].
Under both conditions, the reaction of the copper complex was first-order in the
concentrations of p-iodotoluene (Figure 5b and Figure 7b). Information on the reaction order
in phenoxide could not be gained from the mixture of 1a and K[Cu(L X3),] because the
phenoxide would displace the diketonate ligand, as shown by the NMR studies discussed
earlier in this paper, but the order in phenoxide was clear from the reactions conducted with
K[Cu(L X3)(OPh)] generated reversibly (and endergonically) from 1a and KL X3. Under
these conditions, the reaction was clearly inverse first-order in phenoxide (Figure 5d) and
first-order in KL X3 (Figure 5c). These reaction orders are consistent with a reversible pre-
equilibrium for displacement of one phenoxide in 1a by the diketonate to generate

K[Cu(L X3)(OPh)] and reaction of the iodoarene with this heteroleptic complex, as was
deduced for reactions of iodoarenes with K[Cu(L X1)(OPh)] and K[Cu-(L X2)(OPh)].

This set of kinetic data on the reactions of iodoarenes with copper complexes containing the
three anionic ancillary ligands L X1-L X3 is inconsistent with reaction by the neutral
pathway with irreversible, rate-determining oxidative addition of the iodoarene to the neutral
complexes [(L X)Cu] or [(LX)Cu-(Arl)]. This pathway would require the dissociation of the
phenoxide anion from the more stable [Cu(L X)OPh] ~ before the rate-determining step, and
a reaction by this mechanism would be inverse first-order in PhO™. In contrast to this
prediction, the reactions of the iodotoluene with the K[Cu-(L X)OPh] ~ complexes were
zero-order in [PhO™].

Instead, our data are consistent with reaction by one of the anionic pathways with a
turnover-limiting oxidative addition or reaction by the neutral pathway with a reversible
oxidative addition and an irreversible association of PhO™ to the resulting four-coordinate
neutral intermediate [Cu(L X)(Ar)I]. Reactions of iodotoluene with K[Cu(L X)OPh]
complexes by these two pathways would be zero-order in [PhO™], first-order in [Arl], and
first-order in [Cu], and these orders were observed experimentally. Moreover, the reaction of
iodotoluene with the combination of K[Cu(OPh),] and KL X3 by these pathways should be
first-order in [Arl], first-order in KL X3, and inverse first-order in phenoxide, and these
orders predicted for these two pathways were observed experimentally.
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Measurement of 13C/12C Kinetic Isotope Effects

To distinguish between reaction by the anionic pathways with a turnover-limiting oxidative
addition and reaction by the neutral pathway with a reversible oxidative addition and
irreversible association of PhO™ to the resulting four-coordinate neutral intermediate

[Cu(L X)(AnI], we measured the 13C/12C isotope effect (IE) for the breaking of the C—I
bond (at the ipso carbon). We did so following the protocol designed by Singleton.34 We
conducted this experiment on the reaction of 4-iodotoluene with potassium 3-
methoxyphenoxide (Scheme 11) and compared the experimental values with those computed
for the corresponding pathways using Bigeleisen—Mayer theory3® (Table 1). The reactions
were conducted at 110 °C in DMSO solvent to 90-97% conversion. The remaining
iodoarene was isolated by column chromatography, and the isolated product was analyzed
by 13C NMR spectroscopy with gated decoupling to allow accurate integration. The methyl
carbon was used as the internal standard, assuming that the 13C/12C isotope effect would be
negligible at this position.

The calculated and experimental values of the 13C/12C isotope effect for the reaction of
Scheme 11 are given in Table 1. An isotope effect of unity is predicted for the reaction by
the neutral pathway with reversible dissociation of phenoxide, reversible oxidative addition
of the C—I bond, and irreversible reaction with phenoxide (calculated equilibrium isotope
effect (EIE) values in Table 1). This lack of an isotope effect results from the reversibility of
the oxidative addition of the C—I bond and a resulting equilibrium isotope effect that is too
small to measure. In contrast, a primary 13C kinetic isotope of about 1.02 is predicted to be
observed for the reaction by the anionic pathways because oxidative addition of the C-I
bond is irreversible. The measured values for the Kinetic isotope effects are clearly outside
the range of the calculated equilibrium isotope effects. The experimental values for the
reaction in Scheme 11 with the systems containing the ligands L X1 and L X3 matches
within experimental error the computed KIE for the oxidative addition of iodobenzene to the
K[Cu(L X)(OAr)] complexes. The measured values of the isotope effects for reaction of the
complex of L X2 is not as high as that predicted by theory, but it is still outside the range of
values predicted for an equilibrium isotope effect. Therefore, these 13C/12C isotope effects
are consistent with the predicted primary KIE for turnover-limiting oxidative addition of the
aryl iodide in one of the anionic pathways and inconsistent with an EIE value for reversible
oxidative addition and irreversible reaction with the phenoxide.

Electronic Effects on the Reactions of K[Cu(LX)(OAr)] Complexes

To gain a final set of data that would help distinguish between the anionic or neutral
pathways, we studied the dependence of the A values for the reactions of an iodoarene (2-
fluoro-4-iodotoluene) with a set of complexes K[Cu(OC4H4X),] (1a—d) carrying various
substituents in the para position of the aryloxide in the presence of KL X2. A linear
correlation with a negative value of p is expected for each of the anionic pathways (the
electron-donating substituents would increase the electron density on copper and thus
facilitate the oxidative addition of iodoarene to the corresponding cuprate), whereas no
strong correlation would be expected for the neutral pathway because an effect on the
dissociation constant to form [Cu(L X)] or [Cu(L X)ArI] from [Cu(L X)OAr] ~ would be
compensated by the opposite effect on the association of phenoxide to [Cu(L X)(An)I] to

JAm Chem Soc. Author manuscript; available in PMC 2018 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Girietal.

Page 14

form [Cu(L X)(Ar)I(OPh)]. The plot of yps Vs =37 was linear with the p value of —0.95
(Figure 8). The substantial accelerating effect of electron-donating groups attached to the
phenoxide further supports reaction by an anionic pathway.

Thus, the series of kinetic data (zero-order in phenoxide, a primary 13C/12C KIE, and a
linear Hammett plot with a negative p) allow us to conclude that the Ullmann arylation of
phenols catalyzed by complexes of anionic L X ligands occurs by an anionic pathway of
Scheme 3, not by the neutral pathway.

DFT Calculations

To refine the conclusions drawn from our synthetic and kinetic studies, we have conducted
DFT calculations on the structures along the anionic and neutral pathways for the model
reaction of phenol with iodobenzene in the presence of ligands L X. These calculations were
conducted with the B3LYP functional3® and LANL2TZ39 (Cu,%° 1) and 6-311G**41 (all
other atoms) basis sets. CPCM36 was used to account for solvation effects in single-point
energy calculations.

Figure 9 summarizes the results of our computational analysis. The structures in black
correspond to intermediates and transition states that are common to both the anionic and
neutral pathways. The structures in red correspond to those lying on the anionic pathway.
The structures in blue correspond to those lying on the neutral path. In agreement with our
experimental observations, the species [(L X)Cu(OPh)] ~ (L X-INT-1) was found to lie at the
lowest energy among all intermediates lying on the reaction pathway. Dimeric [(L X)Cu-
(OPh)],2~ compounds containing bridging phenoxides (L X-INT-1-Dimer) were found to be
5-6 kcal/mol in energy above [(L X)Cu(OPh)] = (LX-INT-1). The computed energies of L X-
INT-1-Dimer indicate that the monomeric compounds [(L X)-Cu(OPh)] ~ (LX-INT-1) are
more stable than their dimeric forms. The unfavorability of forming L X-INT-1-Dimer likely
arises from the association of two anionic compounds. At the same time, the computed
energies are accessible under the reaction conditions. Given that we do not observe such
dimers experimentally and that our reactions are first-order in copper, we propose that
dimers are unlikely to participate in the catalytic cycle, even if these dimers are formed as
part of an equilibrium with monomers. The energies of higher order cuprate oligomers were
not computed, but we posit that they are less energetically accessible than L X-INT-1-Dimer
due to the congregation of multiple anionic species. The complexes containing an 72-bound
arene (LX-INT-2a and L X-INT-2b) were computed to lie 17-23 kcal/mol uphill of L X-
INT-1, and this large energy difference makes the 77-arene complexes unlikely resting states
in the catalytic cycle, as deduced from experiment.

The energies of the transition states for oxidative addition to the anionic intermediate are
similar to those for oxidative addition to the neutral intermediate. The energies of the
transition states for oxidative addition of iodobenzene to the three anionic complexes L X-
INT-1 after coordination of the arene to form L X-INT-2a lie 27-29 kcal/mol above the
starting complexes and approximately 10-12 kcal/mol above the one anionic 77 arene
complex for which we could minimize the structure. The energies of the transition states for
oxidative addition to the neutral complexes L X-INT-2b formed after dissociation of the
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phenoxide and coordination of the arene lie 25-27 kcal/mol above the starting complexes
and 4.2-6.5 kcal/mol above the neutral 772 arene complexes. Thus, the overall free energy
barriers for the neutral (25-27 kcal/mol) and anionic (27-29 kcal/mol) pathways are too
similar to distinguish by computation alone. Our experimental studies did show clearly that
the reaction of iodoarene with phenoxide in the presence of the copper complexes ligated by
the three bidentate anionic (L X) ligands follows an “anionic” pathway.

On the other hand, the computations clearly show that the barrier to direct reductive
elimination from an anionic pentacoordinate species L X-INT-3a is higher than that for
reductive elimination from an alternative complex. The energy of the transition state L X-

T S-2a for reductive elimination from the anionic, five-coordinate species lies 27-29
kcal/mol above the starting complex. In contrast, dissociation of the iodide anion to generate
a neutral tetracoordinate intermediate L X-INT-4 is strongly downhill, and reductive
elimination from L X-1NT-4 through the transition state L X-T S-2b is only 5-10 kcal/mol
above L X-INT-4 and 12-14 kcal/mol uphill from the reactants and the starting anionic
phenoxide complex L X-INT-1. Thus, we conclude from these DFT studies that the catalytic
reaction occurs by the “modified anionic pathway” during which reductive elimination
occurs after dissociation of iodide from the anionic, five-coordinate complex L X-INT-3a.
The favorable dissociation of iodide and low barrier for reductive elimination from the
resulting four-coordinate neutral species makes the oxidative addition portion of this
mechanism, not the reductive elimination portion, rate limiting. These computational results
are fully consistent with our kinetic data and are consistent with our deduction from the 13C/
12¢ isotope effect that oxidative addition to the anionic species is irreversible and rate-
limiting.

SUMMARY AND CONCLUSIONS

A combination of kinetic and computational studies on the Ullmann biaryl ether formation
catalyzed by Cul in the presence of anionic ligands L X provides strong evidence that the
reaction occurs by one of the anionic pathways in which the iodoarene reacts with the three-
coordinate anionic cuprate complex containing the bidentate anionic ancillary ligand and the
reactive phenoxide ligand. Our DFT studies suggest that the reaction occurs by the
“modified anionic pathway” of Scheme 3 annotated with the experimental support in
Scheme 12 in which reductive elimination occurs after dissociation of the iodide anion. Our
variable-temperature NMR data suggest that the resting state of the reaction is the anionic
species [Cu(L X)(OAn)] ~, and the observed 13C/12C kinetic isotope effects imply that
oxidative addition of iodoarenes to these species is the rate-determining step of the catalytic
cycle. Many pathways for reaction of nucleophiles with iodoarenes have been proposed, but
the combination of characterization of the most stable complex in the system, kinetic data on
the reaction of these species with iodoarenes, 13C/12C kinetic isotope effect, and
computational information provides strong evidence for reaction of phenoxides by the path
in Scheme 12.

Although the charges and stability of the anionic phenoxide complex ligated by a bidentate
anionic ligand are distinct from those of the neutral phenoxide complexes ligated by a
neutral bidentate ligand,° the pathway for reaction of the anionic species is similar to that
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for reaction of the neutral species. This mechanism is different from that proposed for the
reaction of iodobenzene with the alcohol and with the amine of 5-aminopentanol in the
presence of a similar anionic ligand.2% The difference between the mechanisms of the
reactions of phenoxides and those of alcohols and amines can be rationalized by the greater
stability of the anionic aryloxide-containing complexes [Cu(L X)(OAr)] ~ in the coupling of
phenols than of the anionic alkoxide counterparts computed in prior studies for the reactions
of alcohols and amines.20P This greater stability of the phenoxide complexes causes them to
be the resting state of the catalyst or to lie only slightly uphill of an alternative resting state
of two homoleptic cuprates (the phenoxide and bis-L X complexes) and causes these
reactions to occur by the anionic pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
() Superimposed 19F NMR spectra of 4-fluorophenol, bis(4-fluorophenoxide)cuprate (1b),

and potassium 4-fluorophenoxide at =100 °C in THF. (b) 19F NMR spectrum of cuprate 1b
and K L X2 at room temperature. (c) 1% NMR spectrum of cuprate 1b and KL X2 at

-100 °C. (d) °F NMR spectrum of cuprate 1b and HL X2 at room temperature. (e) 19F
NMR spectrum of cuprate 1b and HL X2 at =100 °C. (f) Proposed structure of

K[Cu(L X2)OAr] and equilibria to generate the new species observed at —135.5 ppm. All 19F
NMR spectra were obtained in THF and are referenced to fluorobenzene at -113.2 ppm.
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Figure2.
(a) Superimposed 1°F NMR spectrum of 4-fluorophenol, bis(4-fluorophenoxide)cuprate

(1b), and potassium 4-fluorophenoxide at =100 °C in THF. (b) 1°F NMR spectrum of
cuprate 1b and K L X3 at room temperature. (c) °F NMR spectrum of cuprate 1b and KL X3
at =100 °C. (d) 1%F NMR spectrum of cuprate 1b and HL X3 at room temperature. (e) 19F
NMR spectrum of cuprate 1b and KL X3 at =100 °C. (f) Proposed structure of
K[Cu(LX3)OAr] and equilibria to generate the new species observed at —135.1 ppm. All
spectra were obtained in THF and are referenced to fluorobenzene at -113.2 ppm.
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() Superimposed 19F NMR spectra of 4-fluorophenol, bis(4-fluorophenoxide)cuprate (1b),
and potassium 4-fluorophenoxide at =100 °C in THF. (b) 19F NMR spectrum of cuprate 1b
and KL X1 at room temperature. (c) 1°F NMR spectrum of cuprate 1b and KL X1 at

-100 °C. (d) °F NMR spectrum of cuprate 1b and HL X1 at room temperature. (e) 1°F
NMR spectrum of cuprate 1b and HL X1 at =100 °C. (f) Proposed structure of
K[Cu(LX1)OAr] and equilibria to generate the new species observed at —134.7 ppm. All
spectra were obtained in THF and are referenced to fluorobenzene at —113.2 ppm.
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Figure 4.

(a) Plot of the formation of the product 2 from the reaction of p-iodotoluene (0.20 M) with
K[Cu(L X1)OPh] generated in situ from the reaction of KL X1 (0.010 M) with KCu(OPh),
(1a) (0.010 M) in DMSO-gg at 30 °C. (b) Plot of Agps Versus [p-iodotoluene] for the reaction
of p-iodotoluene (0.10-0.80 M) with K[Cu(L X1)OPh] generated in situ from the reaction of
KL X1 (0.010 M) with KCu(OPh), (1a) (0.010 M) in DMSO-gg at 30 °C. (c) Plot of the
added [KOPh] (0.00-0.080 M) vs the initial rate for the formation of the product 2 from the
reaction of p-iodotoluene (0.10 M) with K[Cu(L X1)OPh] generated in situ from the reaction
of KLX1 (0.010 M) with KCu(OPh), (1a) (0.010 M) in DMSO- g at 50°C.
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Figureb.
(a) Plot of the rise of the biaryl ether product 2 from the reactions of p-iodotoluene (0.10 M)

with 0.010 M (blue diamonds) or 0.005 M (red circles) of KCu(OPh), (1a) in the presence
of KL X3 (0.080 M) in DMSO-gj at 50 °C. (b) Plot of the [p-iodotoluene] vs the initial rate
for the rise of the biaryl ether product 4 from the reaction of p-iodotoluene (0.10-0.40 M)
with KCu(OPh), (1a, 0.01 M) in the presence of KL X3 (0.02 M) in DMSO-gg at 50 °C. (c)
Plot of the concentration of the ligand KL X3 ([L], 0.02-0.08 M) vs the initial rate for the
rise of the biaryl ether product 2 from the reaction of p-iodotoluene (0.10 M) with
KCu(OPh), (1a, 0.01 M) in DMSO-gg at 50 °C. (d) Plot of the added [KOPh] (0.010-0.080
M) vs the reciprocal of the initial rate (1/rate) for the rise of the biaryl ether product 4 from
the reaction of p-iodotoluene (0.20 M) with KCu(OPh), (1a, 0.01 M) in the presence of
KLX3(0.02 M) in DMSO-g; at 50 °C.
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Figure 6.
Reaction of 1a (10 mM) with 4-iodotoluene (100 mM) in the presence of KL X3 (80 mM) in

the absence (black) or presence of Cul (10 mM, red line) in DMSO at 30 °C.
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Figure7.
(a) Plot of the rise of the product 2 from the reaction of p-iodotoluene (0.10 M) with

K[Cu(L X3)OPh] generated /n situ from the reaction of K[Cu(L X3),] (0.010 M) with
KCu(OPh), (1a) (0.010 M) in DMSO-gj at 90 °C. (b) Plot of Ayps Versus [p-iodotoluene] for
the reaction of p-iodotoluene (0.10-0.60 M) with /n situ generated complex

K[Cu(L X3)OPh] from the reaction of K[Cu(L X3),] (0.010 M) with KCu(OPh), (1a) (0.010
M) in DMSO-dj at 90 °C.
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Figure 8.
Hammett plot for the reactions of 1a—d (0.05 M) with 2-fluoro-4-iodotoluene (0.5 M) in the

presence of KL X2 (0.05 M). The values of ks Were obtained fitting the function C;= Cy(1
— g kobsh) + (.o to the experimental values of the concentration of the corresponding
product.
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Computed reaction pathways for Ullmann etherification of aryl iodides in the presence of
anionic ligands L X (the numbers correspond to computed values of AG/kcal-mol™1). 2 All
attempts to optimize the geometry of this structure were unsuccesful. 2 L X-INT-3b is 2.5

kcal/mol downhill to L X-TS-1b in gas phase.
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Scheme 1.

Ullmann Coupling Reactions Catalyzed by Ligated Copper Complexes
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Mechanism of Ullmann Coupling Reactions Catalyzed by Complexes of Netural Bidentate

Ancillary Ligands
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Synthesis of Potassium Cuprates K[Cu(OAr),] and K[Cu(LX),]
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4Yields are reported relative to the number of OPh groups in the starting material.
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CI)Ph DMSO, 50 °C, 1.5 h
1a 5 equiv 2, 95%

Scheme 8. Reactions of 1a with 4-lodotoluene in the Presence of Anionic Ligands KL X2
4Yields are reported relative to the number of OPh groups in the starting material.
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Ue

OK
KLX1, (0.010 M)  KLX2, (0.010 M)

yield of 4 >99% 99%

Scheme 9.
Reactions of 1a with 3 in the Presence of the Ligands KLX
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|
OPh H

0] KLX - 0) O

KCu(OPh), + DMSO +

110 °C, 24 h

1a, (0.010 M) 3, (0.030 M) 4, formed 5, not detected
X
tBu tBu.__a.__-1Bu

KLX = | v | S T

_N OK O\K/O

KLX3, (0.010 M)

>99%
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10 mol% Cul OPh H
©/ 10 mol% KLX O . L

KOPh + DMSO ¥
(0.10 M) 110 °C, 3 h
3(0.15 M) 4, formed 5, not detected
tBu tBu.__a._-tBu
KLX = [ O Y
_N OK O, .0
K
KLX1, (0. 010 M) KLX2, (0.010 M) KLX3, (0.010 M)
yield of 4 >99% >99% 89%
Scheme 10.

Catalytic Reactions of KOPh with 3 in the Presence of Cul and the Ligands KLX
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' MeO OK Cul (0.1 equiv) O
+ KLX (0.1 equiv)
DMSO

OMe

Scheme 11. Reaction for Which 13C/12C | sotope Effects (I E) Were M easured?@
4The carbon for which the IE was determined is marked with *.
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’?‘re )

" Ar—X [(LX)Cu(Nu)] X
rate-detelrrglrt;lng step )'< dissociation of X
as reveale Tk s
Kinetics and 15C/12C KIE z[i'r%ngtzgn uctive

Nu® deduced by
Cu(Nu); +LX © <=3 ([LX)Cu(Nu) ©) Ar DFT caloulations
observed and characterized [(LX)Cu(Nu)]
by NMR spectroscopy
5 [(LX)Cu]
Nu Ar—Nu

Scheme 12.
Proposed Catalytic Cycle for the Ullmann Biaryl Ether Formation Catalyzed by Cu' in the

Presence of Anionic Ligands LX
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®
K OAr

I e
ocy * KXt~

OAr
1b

mlz=284.97 mi/z=183.01
miz = 285.05 Not observed

n 10
~
w
N\ K
Qu—O
L ArO -
mi/z = 318.00
miz = 318.08

Page 40

miz = 351.02
Not observed

1b  +

KLX2 =—

m/z =284.97 mi/z=176.11
miz = 285.05 m/z=176.16

Cu
A0 O “Bu

m/z = 350.06
miz = 350.13

Bu

{Bu . |
miz = 415.15
miz = 415.20

1b +

HLX3 =—

miz=284.97 miz=183.14
miz = 285.05 ml/z=183.13

miz = 357.09
miz = 357.02

miz = 429.21
Not observed

Chart 1. ESI-M S Analysis of Solutions Containing Mixtures of 1b and Ligands L X2
4The calculated masses are shown without highlighting, and the observed masses are shown

in bold. All masses are given for the corresponding anions.
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Table 1

Calculated and Experimental Values of 13C/12C Isotope Effect

Calculated Valuesin DM SO Solvent  Experimental Values

ligand KIE& EIE2 exp aapb
LX1 1.018 0.998 1.0139 0.0046
LX2 1.022 1.002 1.0125 0.0049
LX3 1.018 1.001 1.0234 0.0045

aCaIcuIated for DMSO solvent using cpcm.36

b L .
Absolute error of determination of the experimental value of IE.
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