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ABSTRACT: Mechanistic studies of the Cu-catalyzed C−N
coupling of sterically hindered aryl iodides with sterically hindered
anilines are carried out to shed light on how a recently reported
pyrrol-ol ligand affects the reaction. Kinetic, spectroscopic, and
computational tools help to probe the nature of the active catalyst
species and the rate-determining step in the cycle. In contrast to
most known Cu systems, oxidative addition is found to precede
coordination of the amine. These studies help to design an efficient
process under mild conditions using a fully homogeneous system
as well as protocols that enable high yields by temperature scanning
and controlled addition of the base. The insights obtained for the
XX-type ligand may lead to a general approach for challenging
substrate classes in Cu-catalyzed coupling reactions.
KEYWORDS: C−N coupling, kinetics, Cu catalysis, catalytic mechanisms, sterically hindered substrates

■ INTRODUCTION
Transition-metal-catalyzed C−N coupling reactions have
become a key tool in organic synthesis, with applications in
pharmaceuticals, material, and natural product synthesis.1 The
Pd-catalyzed Buchwald−Hartwig reaction is one of the best
studied and most effective means of carrying out these
couplings,2,3 although Cu catalysis has also proven to be
successful in, for example, Ullmann−Goldberg reactions.4−6

While Cu has a significant advantage over Pd in terms of cost,
lower toxicity, and environmental impact,7 Cu catalysis has
lagged behind in terms of both the substrate scope and
mechanistic understanding. One of the major limitations of Cu-
catalyzed methods is their inability to couple sterically hindered
partners.8−12 Some of us recently reported that a novel pyrrol-ol
ligand 4 (Scheme 1a), discovered by screening of ligand-like
structures in AbbVie’s internal compound library followed by
optimization, enables Cu-catalyzed reactions between a wide
variety of ortho and ortho, ortho’-substituted aryl iodides and
hindered primary aliphatic amines, anilines, and amides such as
product 3a.13 Despite significant advancement in the Cu-
catalyzed Ullmann−Goldberg method, this reaction requires
high temperatures, an insoluble base, molecular sieves, and a
stoichiometric amount of Hantzsch ester, conditions that can
impede its use in large-scale applications. In addition, catalyst
deactivation due to ligand decomposition was noted under high
temperatures. No mechanistic study was reported, although it

was suggested that the ligand would be either mono (LX-type)-
or bis-deprotonated (XX-type) under reaction conditions in a
complex formed with Cu.
The current work reports a detailed mechanistic study of the

reaction in Scheme 1b, enlisting kinetic, spectroscopic, and
computational tools to provide insights into the reaction
mechanism and the nature of this novel catalyst. These findings
led to the development of significantly milder (30−60 °C) and
fully homogeneous reaction conditions using a mild base,
potassium 2-tert-butylphenoxide, in the absence of any additive
(Scheme 1b). Most Cu-catalyzed amination reactions are
conducted under heterogeneous conditions with inorganic
bases such as K3PO4 or Cs2CO3. Inadequate suspension of
insoluble bases in organic solvents may lead to irreproducible
observations during large-scale applications.14,15 Only a few
examples of homogeneous Cu-catalyzed amination either in the
presence of ionic16−18 or strong alkoxide bases9,19 are known.
We disclose a convenient and scale-friendly method using an
inexpensive and readily prepared soluble base with unprece-
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dented substrate scope for Cu-catalyzed amination reactions
under mild conditions. The nature of the active catalyst species
and the dynamic role of the soluble base in establishing the
active catalyst are highlighted.
We demonstrate that 4 chelates Cu in a κ2N,O fashion via both

deprotonatedN andO atoms simultaneously, therefore acting as
an XX-type ligand for Cu, as opposed to ligands such as
bipyridines/phenanthrolines (LL-type) or 2-picolinic acid/1,3-
dicarbonyls (LX-type). In contrast with most Cu-catalyzed N-
arylation reactions,17,20−26 our results indicate that oxidative
addition of aryl iodide precedes coordination of the amine to this
low-valent Cu(I) chelate and that this step is the rate-
determining step. The sequence of oxidative addition followed
by amine coordination to Cu is reminiscent of the typical
mechanism of Pd-catalyzed amination reactions.27,28 Perhaps
the discovery of other XX-type ligands will render Cu-catalyzed
methods tolerant to steric properties of reactants as some of the
Pd-catalyzed methods.29−33

■ RESULTS AND DISCUSSION
Preliminary kinetic studies testing various reaction conditions
led to improvements including removal of molecular sieves,
decrease in the amount of Hantzsch ester, andmost importantly,
a significant decrease in the reaction temperature from 90 to
60 °C. As shown in Figure 1, the reaction of Scheme 1b under
these conditions monitored by reaction calorimetry and
validated by discrete NMR sampling revealed an unusual kinetic
profile, with a rapid initial conversion followed by a slower rate.
Using 10 mol % catalyst, the reaction achieves over 50%
conversion in less than 2 h and eventually gives quantitative
yield. Under these lower temperature conditions, no ligand
decomposition was observed.

Further kinetic studies using a novel temperature scanning
reaction (TSR) protocol34,35 showed that the initial burst of
high reactivity occurs even at ambient temperature (Figure 2).
Ramping the temperature after this initial activity provides high
conversion in a few hours and yields the Arrhenius plot shown in
the inset of Figure 2. The maximum rate of this initial burst
appears to reach a plateau as a function of increasing catalyst
concentration, as shown in Figure 3. Such a plateau indicates
that a process other than the catalytic reaction step is controlling
the rate.
These findings suggest that the reaction becomes limited by

the rate of transfer of the insoluble base (K3PO4) into solution,

Scheme 1. Cu-Catalyzed C−N Coupling

Figure 1. Product concentration vs time for the reaction of Scheme 1b
under modified conditions: 0.25 M 1a, 0.425 M 2a, 10 mol % CuI/4,
0.05 M Hantzsch ester, 4 equiv K3PO4, 60 °C in dimethyl sulfoxide
(DMSO). Reaction rate monitored by calorimetry (green curve); inset:
temporal heat flow integrated to give product 3a concentration (green
line), verified by NMR sampling (blue circles).

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c06201
ACS Catal. 2023, 13, 2904−2915

2905

https://pubs.acs.org/doi/10.1021/acscatal.2c06201?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c06201?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c06201?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c06201?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c06201?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c06201?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c06201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


which decreases the reaction efficiency and hinders the study of
the intrinsic reaction kinetics. This led to the screening of
soluble bases (Scheme 2), which revealed that a number of
phenolate-type bases affect the reaction at ambient temper-
ature,36−41 with varying degrees of efficiency. Under these

conditions, the reactions were run without Hantzsch ester since
it was found that the yield was similar in its absence. The
strongly hindered bases 5 and 6 formed 3a in a low but
detectable yield. While 2,6-di-t-Bu phenolate 7 also formed the
product in low yield, the less sterically hindered phenolate 8 and
a slightly more electron-donating base 9 (compared to 8) gave
much-improved yields of product 3a. Interestingly, base 10, an
electron-deficient analogue of 9, did not lead to product
formation. Potassium 2-tert-butylphenoxide (7) readily pre-
pared from widely available and inexpensive 2-tert-butylphenol
was chosen for further studies. This study shows that
homogeneous phenolate bases provide another vector of
optimization for this coupling reaction. In contrast to the
phenolate bases, soluble amine bases, and KOtBu were not
competent in the reaction.
The use of a soluble base also facilitates studies aimed at

understanding the active catalyst species formed between Cu
and ligand 4 in the reaction. In preliminary 19F NMR studies of
the stoichiometric interaction between CuI and ligand 4 in the
presence of aniline 2a and K3PO4 at 60 °C, a new species,
complex A, was observed along with free ligand 4 (Scheme 3).

Complex A was not observed in the absence of the base, as
dissolution of CuI and 4 in DMSO-d6 did not cause any change
in the 1H and 19F NMR resonance peaks of 4, even after heating
the reaction mixture at 60 °C. In contrast, complex A was
observed when CuI was added to a pre-stirred solution of 4 and
KH in DMSO. Complex A was formed in ca. 1:1 ratio with
ligand 4 and was therefore attributed to an anionic κ2N,O chelated
Cu(I) structure (Scheme 4a). Complex A was also formed in
similar proportions when CuI and 4were reacted with 1 equiv of
base 9 (Scheme 4b). Increasing the number of equivalents of

Figure 2.Temperature scanning protocol for the reaction of Scheme 1b
carried out under the conditions of Figure 1 beginning at 25 °C and
scanning at a rate of 0.1 °C/min. Inset shows an Arrhenius plot of the
data obtained during the temperature ramp.

Figure 3. Plot of conversion obtained in the initial rapid rate burst as a
function of Cu loading in the reaction of 1a with 2a and CuI/4 at 60 °C
in DMSO, with various concentrations of catalyst loading as shown. See
the Supporting Information for full experimental details. Product
concentration calculated from the area under the heat flow curve for the
first regime, which gives the heat of reaction for the number of moles of
product formed. Lines are drawn as a guide to the eye.

Scheme 2. Screening of Soluble Bases in the Reaction of Scheme 1b at Low Temperature

Scheme 3. Formation of Intermediate Species between CuI
and Ligand 4
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base 9 did not improve the yield of complex A. Instead, the
formation of a novel species (complex B) in which 2-tert-
butylphenoxide has replaced the iodide in complex A, was
observed (Scheme 4c).
The formation of complexes A and B was further investigated

by 1H and 19F NMR spectroscopy in the presence of 0−4 equiv
of base 9 (Figure 4). A monotonic increase in the formation of
complex A was observed upon the addition of up to 1 equiv of 9
to stoichiometric concentrations of CuI and 4. During this linear
increase, 2 equiv of 9 were required for the formation of each
equivalent of complex A, supporting the proposal that complex
A is a Cu complex, in which both the amine and hydroxyl
protons of 4 have been deprotonated. At higher equivalents of 9,
complex B becomes the major compound.
The assigned structures of complexesA and Bwere supported

by isolation of related Cu complexes as well as density functional

theory (DFT) calculations (Scheme 5). The reaction of copper
mesitylene with 4 and potassium tert-butoxide in tetrahydrofur-
an (THF), followed by diffusion of a [2.2.2]-cryptand THF
solution formed a dimeric Cu complex (Cu-dimer, Scheme 5a),
as determined by X-ray crystallography. Such a structure
confirms that 4 can lead to ionic Cu(I) complexes by binding
copper simultaneously through its nitrogen and oxygen atoms in
an anionic X-type fashion. Another Cu complex (complex B′,
Scheme 5b) was isolated from the reaction of copper mesitylene
with 4 and 9, followed by diffusion of a [2.2.2]-cryptand THF. In
complex B′, 9 and the deprotonated nitrogen atom of 4 are
coordinated to Cu and the oxygen atom of 4 is present as OH.
Both Cu-dimer and complex B′ catalyzed the reaction shown in
Scheme 1b. This shows their relevance to the reaction
mechanism and suggests that both proceed via a common
reactive intermediate, presumably complex A.42

Scheme 4. Formation of Complexes A and B

Figure 4. Formation of complexes A and B by addition of increasing concentrations of base 9 to equimolar solutions of CuI and ligand 4.Dotted lines:
4/A/B = 50:50:0 when 9/4 = 1:1, corresponding to Scheme 4b. 4/A/B = 19:26:55 when 9/4 = 3:1, corresponding to Scheme 4c.
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As attempts to isolate complexes A and B remained
unsuccessful, their structures were studied computationally.

The structure of complex A can be described as an ion pair, with
CuI coordinated to the bis-deprotonated ligand 4 (Scheme 5c).
The phenyl ring of 4 is located on the upper side of the complex.
The nearest C�C bond of the phenyl ring is at a distance of 3 Å
from the Cu center, and although this is in the range of a
standard π-stacking, no overlap of the molecular orbitals of the
structure is observed. Below the ligand plane, two K+ cations
interact with both the ligand and Cu, while surrounded by a total
of five DMSO molecules. Similarly, the optimized structure of
complex B was obtained, which shows the same structural
features asA in addition to the presence of 2-tert-butylphenoxide
instead of iodide.
In stoichiometric reaction studies, the coupled product 3awas

observed in 80% yield when complex A, generated in situ from
the reaction of equimolar amounts of CuI, 4, and 9 was
subjected to 2 equiv each of 1a and 2a, indicating that complexA
is competent to mediate the reaction (Scheme 6a). No change in
the 19F NMR signal of complex A was observed when aniline 2a
(2 equiv) was treated with complex A in DMSO-d6, indicating
that complex A does not interact with aniline in the absence of
aryl iodide (Scheme 6b). In contrast, aryl iodide reacts readily
with complex A in the absence of aniline. For example, complex
A reacted with 1-fluoro-4-iodobenzene (2 equiv) to form
fluorobenzene, 4,4′-difluoro-1,1′-biphenyl, arylated base and
ligand (Scheme 6c), as determined by mass spectrometry and
NMR spectroscopy.
Under catalytic reaction conditions, the base is present in

large excess over the catalyst. Figure 5 shows that under a 10-fold
excess of base 9 in the presence of equimolar CuI and 4, the
signals for complexes A and B become broad and overlap, with
complex B appearing to dominate. Other unidentified species
are also formed. These species disappear upon addition of
increasing amounts of 2-tert-butylphenol (9-OH) to the
solution, and the concentration of the combined complexes A

Scheme 5. (a, b) Isolation of Cu-Dimer and Complex B′ and
Their Crystal Structures;a (c, d) Graphical Representations
of Complexes A and B (OAr″ = 2-tert-Butylphenoxide)b

aThe solid-state structures are represented with thermal ellipsoids at a
50% probability level. K[2.2.2-cryptand] units are omitted for clarity.
bSolvent molecules are shown in a slimmer fashion for clarity. Cu:
orange; I: purple; K: violet; S: yellow; F: light green; C: gray; O: red;
N: blue; H: white.

Scheme 6. Interaction of Complex A with Reaction Partnersa

aComplex A was generated in situ from a solution of CuI (0.025 mmol, 1.0 equiv), 4 (0.025 mmol, 1.0 equiv), and 9 (0.025 mmol, 1.0 equiv) in
DMSO-d6.
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and B decreases while the concentration of free ligand 4
increases.
If complex A is an active catalyst species, as these results

suggest, then maximizing its concentration is the key to high
reactivity. This in turn requires a balance between having a
sufficient base to drive the reaction of CuI and 4 toward complex
A, but not a sufficient excess of 9 to push the reaction too far
toward complex B or other inactive species, or a surfeit of 9-OH
to drive the reaction toward free ligand 4 and inactive Cu
complexes that we describe computationally (see below and
Supporting Information). Finding this balance in the catalytic
system is further complicated by the fact that the base is involved
not only in the formation of the active catalyst but is also a
stoichiometric reactant. At the beginning of the reaction, the Cu-
ligand complexes may partition as shown in the bottom
spectrum of Figure 5, while later in the reaction, as the phenol
9-OH is formed in increasing amounts, the systemmay resemble
the spectra shown in the top spectrum of Figure 5. We reasoned
that an optimum amount of phenol 9-OH added at the outset of
the reaction might help to hinder the formation of the
unidentified species and promote a higher concentration of
complex A and therefore increased reactivity, while too little or
too much phenol 9-OH should decrease reactivity. This
hypothesis was borne out, as shown in Figure 6, when the
addition of 1.0 equiv of 9-OH with respect to 9 was shown to
provide the optimal reaction rate.
Catalytic reaction conditions were developed to maximize the

concentration of complex A and to minimize formation of the
aryl ether by-product, derived from the coupling of 9 with aryl
iodide (Figure 7). The reaction of an aniline (1 equiv) and an
aryl iodide (1.5 equiv) was initiated with CuI (10 mol %), 4 (12
mol %), 9-OH (0.2 equiv), and 9 (0.2 equiv) in DMSO at 30 °C,
followed by the slow addition of a solution of 9 (1.8 equiv) in
DMSO.While initiating the reaction with equimolar amounts of
9-OH and 9 ensured optimal concentration of A, slow addition

of 9 avoided accumulation of the base, resulting in lower
amounts of the aryl ether by-product. Unprecedented substrate
scope was observed for Cu-catalyzed coupling of sterically
hindered partners under mild and homogeneous conditions
(Figure 7). 2-Iodotoluene 1a afforded the coupled products in
excellent yields with a variety of 2- and 2,6-disubstituted anilines
(3a, 11−15). Functional groups such as ester, nitrile, and ether
were well tolerated (16−18). The mild reaction conditions
allowed for the preferential C−N coupling of the hindered
iodide in 4-bromo-1-iodo-2-methylbenzene (20−22) in >98:2
chemoselectivity. Mildly electron-deficient ArBr was also found
to be a suitable electrophile (25), although a slightly higher
temperature of 60 °C was required. Finally, 1a also coupled

Figure 5. 19F NMR signals for free ligand 4, complex A, complex B, and other species formed in the presence of equimolar amounts of CuI and 4 and a
10-fold excess of base 9 (bottom spectrum) and increasing amounts of the phenol 9-OH (ascending spectra).

Figure 6. Product 3a % at 80 min reaction time carried out with
increasing amounts of the 9-OH for the reaction shown in Scheme 1b.
[1a]0 = 100 mM; [2a]0 = 120 mM; [9]0 = 150 mM; [CuI] = [4] = 10
mM; 45 °C in DMSO under N2. Equivalents of the phenol 9-OH added
as shown.
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efficiently with hindered primary and secondary amines (26−
30).
Reaction progress kinetic analysis (RPKA) was performed to

determine the concentration dependences of the substrates and
catalyst as well as the robustness of the catalyst in the process
(Figure 8). These studies were carried out under modified
conditions, using a combination of 1.5 equiv of base 9 and 1.5
equiv of phenol 9-OH at the outset of the reaction to bypass the
need for slow addition of the base. Time-adjusted plots of
reactions designed with the “same excess” protocol showed
overlay, indicating a lack of irreversible catalyst deactivation and
a robust process (see the Supporting Information for details).
Varying the catalyst concentration shows that the reaction is

first order in [Cu] (Figure 8, top). In “different excess”
protocols, varying the concentration of aryl iodide 1a showed

first-order dependence on [1a] (Figure 8, middle), while
reactions varying the concentration of aniline 2a gave identical
rates (Figure 8, bottom). Figure 8 (bottom) also shows that
reactions carried out with anilines 31 and 32 also gave rates
identical to that observed with aniline 2a. In addition, the
reaction rate is identical when other nucleophilic coupling
partners, including 2-Ph-pyrrolidine 33, is employed. Zero-
order kinetics in both nucleophile concentration and identity,
together with first order kinetics in [1a], points to a mechanism
in which oxidative addition of the aryl iodide to the Cu catalyst is
rate-determining and precedes the addition of aniline. These
kinetic results indicate that this mechanism also holds for the
secondary amine 33, even while a non-productive interaction
between complex A and pyrrolidine 33 was observed.43

Figure 7. Substrate scope under homogeneous reaction conditions (isolated yields). Unless noted otherwise, all reactions were conducted with amine
(1.0 mmol), aryl iodide (1.5 mmol), CuI (0.1 mmol), 4 (0.12 mmol), 9-OH (0.2 mmol), and 9 (2 mmol) in DMSO (1 mL) at 30 °C for 16 h. (a) 60
°C. (b) Aryl iodide (1 mmol) and amine (1.5 mmol). (c) Aryl bromide was used as the electrophile.
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Radical clock experiments ruled out one-electron radical
pathway for the reaction.44 Together, these observations suggest
the catalytic cycle proposed in Scheme 7. Oxidative addition of
aryl iodide to complex A is turnover limiting and precedes the
attack of the nucleophilic aniline (aryl halide first pathway), in
contrast to other reported Cu-catalyzed coupling reac-
tions,17,20−25,45 where amine is proposed to interact with the
catalyst prior to the oxidative addition with aryl halide (amine
first pathway), but similar to Pd-catalyzed Buchwald−Hartwig
cross-coupling reactions. The results from the stoichiometric
experiments shown in Scheme 6 are also consistent with the aryl
iodide first pathway because complex A did not interact with
aniline but readily oxidatively added to aryl iodides in the
absence of aniline.
Although the aryl halide first pathway for LX-type ligands has

been proposed, no experimental evidence was provided.46,47

Analogous to our proposed XX-type ligand 4, Davies and co-
workers have reported that organic ionic base tetrabutylphos-
phoniummalonate acts like a bis-anionic XX-type ligand for Cu;
however, the amination reaction was reported to proceed via the
amine first pathway.17,23 Sterically encumbered electrophiles
and nucleophiles formed only trace amounts of products.18,23

Amination reactions catalyzed by Cu complexes of pyrrole-2-
carboxylic acid, reported by Buchwald and co-workers,48,49 may
also proceed via XX-type Cu intermediates; however, sterically
encumbered coupling partners are not competent in the
reaction.50 It appears that the ionic Cu(I) complex formed
with the XX-type ligand 4 (complex A), is sufficiently electron-
rich to undergo oxidative addition to hindered aryl halides
without the assistance of an amine. This mechanistic featuremay
help to rationalize the success of ligand 4 in reactions with
hindered electrophiles.
This mechanism is also supported by DFT calculations

(Figure 9). Ground state and transition state structures were
optimized using B3LYP-D3BJ.51,52 TPSSh-D3BJ was used for
relative energy and free energy calculations.53 Both implicit
(SMD)54 and explicit solvation models are used to treat the
DMSO solvent on every calculated species.55

In the presence of base 9, CuI coordinates readily to ligand 4
to generate the catalytically active resting state complex A in an
exothermic and irreversible process with a free energy change of
−25.1 kcal/mol (Figure 9). Complex A can coordinate with 1a,
2a, 9, and 9-OH to form II, IIa, B, and B′, respectively with the
release of a molecule of KI. One of the species, complex B′, was
isolated and characterized by X-ray crystallography (Scheme
5b). Other species were computationally described.56 The
formation of IIa is endergonic with a free energy change of +3.7
kcal/mol. This free energy gap is not prohibitive to the
formation of such species; however, other structures that can
lead to the final product 3a, specifically the coordination of aryl

Figure 8. Kinetic studies of the reaction of Scheme 1 using soluble base
9 at 45 °C in DMSO under N2. Standard conditions: [1a]0 = 100 mM;
[2a]0 = 120 mM; [9]0 = 150 mM; [9-OH]0 = 150 mM; [CuI] = [4] =
10 mM. Top panel: rate vs time using different [CuI] = [4] as noted,
middle panel: rate vs time using different [ArI]0 as noted; bottom panel:
rate vs time using different [2a]0 and different nucleophiles and
nucleophile concentrations as noted.

Scheme 7. Proposed Catalytic Cycle for the Reaction of
Scheme 1
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iodide 1a to IIa, could not be found. This is likely due to the
steric bulk of 4 and the presence of K+ below the equatorial plane
of the Cu center. The formation of II is also endergonic with a
free energy change of +3.2 kcal/mol. II is the only species that
can move forward to the further steps of the reaction. The
activation free energy barrier for oxidative addition is low at 9.3
kcal/mol calculated from complex A, in agreement with the
formation of the four products at room temperature described in
Scheme 6c. The calculated oxidative addition complex III is
located at −26.5 kcal/mol with a free energy change of −0.9
kcal/mol compared to complex A. III can now coordinate 2a

with concomitant release of KI in an isoenergetic step to form
IV. This species contains both the molecules that are needed to
form the final product through reductive elimination (RE). 9
exergonically deprotonates 2a coordinated to the Cu center in
IV to generate V, which is 3.2 kcal/mol lower in free energy
change compared to IV. IV undergoes reductive elimination
crossing TS RE with 9.8 kcal/mol in activation free energy,
releasing the final product 3a and regenerating complex A in an
exergonic and irreversible step. The free energy change of the
final step is −30.5 kcal/mol. At this point, complex A is ready to
enter the catalytic cycle restarting the reaction. The reaction

Figure 9. Free energy profile in kcal/mol of the suggested reaction mechanism computed at the TPSSh-D3BJ/BBS level of theory. All species drawn
are calculated including explicit and implicit solvation herein removed for clarity (see Section S4.4 of the Supporting Information).

Scheme 8. Species Formed from CuI, Ligand 4, Base 9, and Phenol 9-OH
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coordinate presented in Figure 9 is in accordance with the
kinetic results suggesting that oxidative addition of aryl iodide 1a
is the rate-determining step and precedes coordination of aniline
in the productive catalytic cycle. A full free energy profile that
also considers secondary pathways and reaction by-products is
provided in the Supporting Information.57

Figure 6 demonstrates that the reaction is inhibited by excess
of phenol 9-OH, which is also supported by the same excess
protocol (see Section S2.5 in the Supporting Information for
details).58 Indeed, calculations show that an excess of conjugate
acid 9-OH results in secondary processes; specifically, Scheme 8
shows that complexesA and B can react with 2 equiv of 9-OH to
generate complexesCA andCB, respectively, and release ligand 4
in an exergonic process with free energy change of −5.6 and
−2.5 kcal/mol, respectively, (see Section S4.2 in the Supporting
Information for details). This is a re-protonation process of the
ligand coordinated to complex A and B that were previously
deprotonated by base 9. Experimentally, complex A, complex B,
and ligand 4 (ca. 10:40:50 ratio) were the only species observed
at the outset of the reaction.59 The observation of free ligand 4 as
the major species suggest that Cu is indeed sequestered as the
inactive complex CB in the presence of excess base with respect
to CuI. Complex A is the lowest energy on-cycle species, in
equilibrium with the off-cycle resting state CB. The activation
free energy of the rate-determining oxidative addition step is
21.2 kcal/mol (Figure S18), in agreement with the kinetics
observed at 45 °C. CA and CB present structures similar to
complexes A and B: the Cu center coordinates two phenolate
bases 9 at their O and at the same time two counterion K+ are
present surrounded by five DMSO molecules.60

■ CONCLUSIONS
Despite significant advances made in the Ullmann−Goldberg
reaction, coupling sterically hindered partners remains a major
limitation. To overcome this limitation and to further enhance
the utility of Cu-catalyzed methods, mechanistic studies of the
Cu-catalyzed C−N couplings of sterically hindered aryl iodides
and anilines are carried out to shed light on how a novel pyrrol-ol
ligand effects the reaction. In summary, we have developed mild
and homogeneous conditions for coupling hindered aryl halides
with hindered anilines and amines employing pyrrol-ol 4 as a
ligand for Cu. The use of a hindered aryloxide base, potassium 2-
tert-butylpheoxide 9, was the key to the development of
homogeneous conditions. Careful NMR studies revealed
complex interaction of 9 and 9-OH with the active catalyst,
resulting in catalyst deactivation and formation of an ether side
product. Initiating the reaction with 1:1 ratio of 9 and 9-OH
followed by slow addition of 9 prolonged the catalyst lifetime
and allowed for a broad and unprecedented substrate scope for
Cu-catalyzed methods.
The homogeneous conditions allowed us to conveniently

conduct mechanistic studies using calorimetry and NMR
spectroscopy. Ligand 4 acts as a XX-type ligand for Cu,
generating a bis-anionic Cu complex (complex A). Complex A
undergoes rate-limiting oxidative addition to aryl iodide prior to
the coordination of amine, a key difference from the more
precedented pathway where the amine coordination to Cu
precedes the oxidative addition. We believe the bis-anionic
complex A is sufficiently electron-rich to oxidatively add to even
the hindered electrophiles. The resulting Cu(III) species III is
able to coordinate to hindered anilines and amines, resulting in
the formation of the coupled product. This pathway was well
supported by computational studies. Prior to our discovery of

ligand 4, base metal-catalyzed preparation of bulky amines
required alternative strategies such as those developed by the
Baran61 and Lalic62 groups. Although powerful, these
approaches are not as convenient and straightforward as
coupling widely available aryl halides and amines. Thus, our
initial report on the ability of ligand 4 to enable Cu-catalyzed
coupling of sterically hindered aryl iodides and amines is a
noteworthy advance. Since 4 was discovered via high
throughput screening and not by rational design, there was no
guidance for further reaction development. The mechanistic
studies described here not only allowed us to develop
homogeneous and mild reaction conditions for C−N coupling,
but this work has also established a novel reaction mechanism
for Cu-catalyzed C−N coupling using XX-type ligands. We have
also identified catalyst deactivation pathways. We believe that
the current study will spur identification of novel XX-type
ligands to enable coupling of sterically hindered partners under
mild conditions, significantly expanding the ability of Cu-
catalyzed methods to match the broad scope and generality of
Pd-catalyzed methods. Studies on further exploring the core
structure of 4 to identify additional XX-type ligands for coupling
sterically hindered aryl bromides and chlorides with hindered N
and O nucleophiles under homogeneous conditions and to
avoid catalyst deactivation is ongoing in our laboratories.
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