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ABSTRACT: A heterogeneous copper oxide supported on mesoporous
manganese oxide (meso Cu/MnO,) was explored for Ullmann-type cross-
coupling reactions. An inverse micelle-templated evaporation-induced self-
assembly method with in situ addition of copper was adopted to synthesize the
mesoporous catalyst. Broad substrate scope and excellent functional group
tolerability in C—O, C—N, and C—S bond formation reactions were observed
using the optimized reaction conditions. The catalytic protocol was ligand free,
and the catalyst was reusable without any significant loss of activity. The kinetic
and Hammett analyses provided evidence for oxidative addition to a Cu(I)
reaction center followed by nucleophilic addition and reductive elimination at the
active copper oxide surface. Rate acceleration was observed for aryl halides with
electron-withdrawing groups. The Hammett analysis determined p = +1.0,
indicative of an oxidative addition, whereas the electronic effect in the phenol ring
(p = —2.9) was indicative of coordination to a metal ion. Theoretically, the
oxidative addition of the aryl halides is assisted by the ligand environment of the copper center. Relevant mechanistic
implications are discussed on the basis of the experimental and computational results.

Oxidative addition at Cu center
Charge delocalization on the oxide surface

1. INTRODUCTION

Construction of C—heteroatom (O, N, and S) bonds is
considered a popular and powerful technique by synthetic
chemists due to the potential applications in the synthesis of
pharmaceuticals, polymers, and natural products.'”” The
copper-catalyzed Ullmann-type condensation reaction is an
attractive methodology due to the lower cost and decreased
toxicity of copper in comparison to classic palladium catalysts
used for coupling of C—O bonds.*” The traditional method
developed by Fritz Ullmann and Irma Goldberg a century ago
relied upon stoichiometric copper and very high reaction
temperatures.'” This reaction is now known as the “classical
Ullmann reaction”. Over the last decade, catalytic protocols for
copper-mediated Ullmann ether coupling has been explored
and improved, although most catalysts that accelerate this
reaction are typically used under homogeneous reaction
conditions.' "' ~'* Heterogeneous copper-based catalysts for
Ullmann-type condensation reactions, however, may evolve as a
more suitable system because of crucial advantages such as easy
separation of products, recyclability, and high stability of
catalysts."> In 2007, Lipshutz et al. reported microwave-assisted
Cu/C (copper-in-charcoal)-promoted diaryl ether synthesis in
the presence of 1,10-phenanthroline.'® In subsequent years
several heterogeneous copper catalysts have been explored and

supported on N-doped carbon (meso-N-C-1),"" Cu/ligand
catalyst immobilized on silica,* Cu-Fe-hydrotalcite,” magnet-
ite-supported copper (nanocat-Fe-CuO) nanoparticles,”’ alu-
mina-supported CuO,”” and Cul immobilized on MOFE.*
Unfortunately, many of these systems displayed limited or
narrow substrate scope. Moreover, none of the reports
described mechanistic studies that might lead to a rational
catalyst design for future Ullmann condensation catalysts.

Since the original work of Ullmann and Goldberg, several
mechanistic investigations have been performed on homoge-
neous systems in order to identify the actual catalytic copper
species and reaction pathway.'* On the basis of systematic
investigations, up to four different pathways have been
proposed to be involved in copper-catalzyed Ullman-type
condensation reactions. Interestingly, the three stable oxidation
states of copper, namely Cu(I), Cu(Il), and Cu(IIl), have been
proposed.'”**~*° In some proposed mechanisms, the oxidation
state of the copper ion changes throughout the catalytic cycle,
whereas in other proposals, the oxidation state remains the
same.'* Tt is very likely that, akin to many other catalytic
systems, the reaction mechanism, including the presence or
absence of changes in oxidation states, depends on the reaction
conditions as well as the catalyst.

some of the systems include copper oxide and ferrite
nanoparticles,” copper powder,'” copper fluorapatite,"”® CuO
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Table 1. Optimization of Cross-Coupling of Phenol and Iodobenzene”

entry solvent temp (°C) base
1 acetonitrile 80 K,CO;
2 1,4-dioxane 100 K,CO;
3 toluene 110 K,CO,
4 DMF 140 K,CO,
54 DMF 140 K,CO,
6° DMEF 140 K,CO,
7 DMF 140 K,CO,
8 DMF 140 K,CO,
9 DMF 140 none
10 DMEF 140 KOH

molar ratio conversn” (%) selectivity” (%) TOF® (h™)

1/0.8 0 0 0
1/0.8 0 0 0
1/0.8 0 0 0
1/0.8 72 100 4.0
1/0.8 2 100 0.23
1/0.8 35 100 0.97
1/1 30 100 1.67
1/12 20 100 1.12
1/0.8 0 0 0
1/0.8 0 0 0

“Reaction conditions unless specified otherwise: phenol (1.0 mmol), iodobenzene (0.8 mmol), meso Cu/MnO,, (3 mol % Cu), solvent (S mL), base
(1.5 mmol), 6 h. *Conversions and selectivity were determined by GC-MS on the basis of the concentration of limiting reagent. The selectivity refers
to the percentage of product (aryl ether) formed with respect to the limiting reagent (iodobenzene derivatives, except entry 8, where phenol is the
limiting reagent). “TOF = moles of limiting reagent converted per mole of catalyst per unit of time. 1.5 mol % Cu loading. “6 mol % Cu loading.

Mesoporous nanostructured materials show great potential as
supports in heterogeneous catalytic applications.”” Their high
surface area and narrow pore size distribution make them ideal
candidates as catalyst supports. Moreover, the tunable pore size
and excellent adsorption properties provide good flexibility to
the diffusion of reactant and products during the reaction. In
2013, a new series of mesoporous materials (University of
Connecticut (UCT) mesoporous materials) was reported.28
The UCT materials were synthesized by an inverse micelle
templated self-assembly method. Mesoporous manganese oxide
materials synthesized by this method display excellent perform-
ance in heterogeneous oxidative reactions.””>" With the UCT
materials synthesis approach, we recently reported mesoporous
copper supported manganese oxide materials for the coupling
of alkynes under aerobic conditions.’” A synergistic cooperative
effect between the copper and manganese was established,
where copper acts as active sites and manganese oxides as a
catalyst support and electron mediator. Herein, we describe the
application of our recently disclosed mesoporous copper
supported manganese oxide material (meso Cu/MnO,) as a
catalyst for Ullmann-type cross-coupling reactions. High
turnover numbers, excellent reusability, avoidance of ligand
additives, and diversity of the coupling reactions are the notable
features of our catalytic protocol. Finally, we used computa-
tional studies and kinetic analyses to formulate a reaction
mechanism cycle that initiates with the oxidative addition of the
aryl iodide to the meso Cu/MnO, surface. We propose a key
role of O atoms in the atom transfer processes that lead to the
formation of cross-coupling products.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Mesoporous Cu/MnO,. The synthesis was
performed by following the synthesis procedure of inverse micelle
templated University of Connecticut (UCT) mesoporous materials.>*
Copper nitrate (Cu(NO;),-3H,0) was selected as the dopant source
in the synthesis. In a 120 mL beaker were placed 0.02 mol of
Mn(NO;),-6H,0, 0.002 mol of Cu(NO,),-3H,0, and (0.134 mol, 10
mol %) of 1-butanol. To this solution were added 0.0034 mol of P123
(PEO,,PPO,,PEO,,, molar mass 5750 g mol™") and 0.032 mol of
concentrated HNOj3, and the mixture was stirred at room temperature
until the solution became clear. The resulting clear blue solution was
then kept in an oven at 120 °C for 3 h under air. The black material
was washed with excess ethanol, centrifuged, and dried in a vacuum
oven overnight. The dried black powder was then subjected to a heat
treatment of 150 °C for 12 h and cooled to room temperature,
followed by heating at 250 °C for 3 h under air.

2.2. Catalytic Activity Measurements. In a typical reaction,
phenol (1.0 mmol), iodobenzene (0.8 mmol), meso Cu/MnO, (3 mol
% of Cu with respect to limiting reagent), K,CO; (1.5 mmol), and
DMEF (S mL) were placed in a 25 mL round-bottom flask (two-necked
flask for time-dependent study, where the second neck was used as a
sample port). The flask with the reaction mixture and a reflux
condenser was immersed in a silicon oil bath preheated to 140 °C. The
reaction mixture was refluxed with vigorous stirring (700 rpm) for the
required time under air. After the reaction, the mixture was cooled, the
catalyst was removed by filtration, and GC-MS (gas chromatography—
mass spectrometry) was used to analyze the filtrate. The conversions
were determined on the basis of the concentration of limiting reagent.
The analyses were performed with a 7820A GC system connected
with a 5975 series MSD thermal conductivity detector from Agilent
Technologies and a nonpolar cross-linked methyl siloxane column
with dimensions of 12 in X 0.200 mm X 0.33 pm.

2.3. Computational Methods. Our computations were per-
formed using density functional theory (DFT) as implemented in the
Vienna ab initio smulation package (VASP),*’ the projector
augmented-wave (PAW)** formalism, and the Perdew—Burke—
Ernzerhof (PBE) exchange-correlation approximation.”> The basis
set included all of the plane waves with kinetic energies up to 450 eV.
A Monkhorst—Pack grid of 2 X 2 X 1 was used for k-point
sampling.***’

3. RESULTS

3.1. Optimization of Reaction Conditions. In order to
investigate the optimum reaction conditions, aryl ether
formation from phenol and iodobenzene was selected as a
model reaction. First, the reaction was carried out in solvents
having various polarities and boiling points (entries 1—4, Table
1). N,N-Dimethylformamide (DMF), which has substantial
polarity and a high boiling point (153 °C), emerged as the most
suitable solvent (entry 4, Table 1). Variation of conversion of
phenol with catalyst loading was established for meso Cu/
MnO, (entries 4—6, Table 1). No ether formation was
observed without any catalyst or using bare meso MnO,,
which signified that copper is the active site for the present
cross-coupling reaction. A much lower conversion (2%) was
achieved at very low copper loading (1.5 mol % Cu), whereas
conversion decreased (35%) significantly at higher copper
loading (6 mol % Cu). The higher adsorption of reactant or
product may be the reason behind the lower activity at higher
catalyst amounts (entry 6, Table 1). The copper loading of 3
mol % was found to be optimum in terms of conversion (72%)
and turnover numbers (entry 4, Table 1). Furthermore, relative
molar ratios of phenol to iodobenzene were tuned (entries 4, 7,
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Table 2. Ullmann Cross-Coupling Reactions by Meso Cu/MnO,”

Entry Nucleophiles Aryl halides Time Conv.? Selectivity” TON
(h) (%) (%)
1 ©/OH ©/I 20 88 >99 29.3
2° Q/OH ©/I 6 95 >99 31.7
3 >‘/©/OH ©/I 20 97 >99 323
4 /©/OH ©/| 3 26¢ >99 0.87
MeO
5 Me0\©/OH ©/I 20 90 >99 30.0
6 /©/OH ©/I 20 97 >99 323
Cl
7 “/!!OH ©/I 20 67 >99 22.3
8 ~OH ©/I 20 85 >99 28.3
P
N
9 ©/OH /©/I 20 66 >99 22.0
10 ©/OH /©/I 20 76 >99 25.3
MeO
11 ©/OH /©/I 1 >99 >99 333
O,N
12 ©/OH ©/Br 20 70 >99 233
13 ©/OH ©/CI 20 0 nd 0
14 ©/NH2 ©/I 20 5 90 1.67
15 [0} | 20 45 >99 15.0
o O
16 N | 20 73 >99 243
oLy O
N
H
17° ©/SH ©/I 20 89 >99 29.7

“Reaction conditions: phenol (1.0 mmol), iodobenzene (0.8 mmol), K,CO; (1.5 mmol), DMF (S mL), catalyst (3 mol % Cu), 140 °C. nd = not
determined. “The selectivity refers to the percentage of product (aryl ether) formed with respect to the limiting reagent. “Under a nitrogen
atmosphere. “The excess reagent 4-methoxyphenol was totally consumed in 3 h.

and 8, Table 1) to establish that the best percent conversion
was achieved with a molar ratio of 1/0.8 among phenol and
iodobenzene. The presence of base was necessary (entry 9,
Table 1) for activation of phenol, and K,CO; was used for this
reason. KOH (entry 10, Table 1) did not work, probably
because of poor solubility in the solvent.

3.2. Synthetic Scope. Having determined the correct
combination of solvent, base, and temperature to obtain a high
TON for aryl ether synthesis, we aimed to explore the behavior
of the meso Cu/MnO, system with diverse C—O, C—N, and
C—S substrates. First, derivatives of phenol were reacted

10292

(entries 1—8, Table 2) with iodobenzene to evaluate the
synthetic scope of diaryl ether formation. Phenols bearing
electron-donating (entries 2—S, Table 2) and electron-with-
drawing groups (entry 6, Table 2) reacted with iodobenzene to
form the corresponding diaryl ether with excellent conversion
(90 to >99%) and selectivity (mostly >99%). Phenols having
electron-donating groups (entries 2 and 4, Table 2) reacted
much more quickly in comparison to phenols having electron-
withdrawing groups (entry 6, Table 2). In the case of 4-
methylphenol, a small amount of oxidative products of the
methyl group were observed (entry 2, Table 2). The position of
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substituents resulted in significant differences in activity (entries
4 and S, Table 2), which signifies the effect of the electronic
nature of the substituent on the reaction rate. No
dehalogenated product was detected in the case of phenols
with chloro substitution (entry 6, Table 2). The catalyst was
also useful for a reaction with a relatively bulky phenolic (1-
naphthol) system (entry 7, Table 2). Heterocyclic compounds
can also be effectively coupled with iodobenzene with the
present protocol (entry 8, Table 2).

The catalyst also exhibited high conversions and selectivity
when structurally different iodobenzenes were selected as
substrates (entries 9—11, Table 2). In contrast to phenols, in
the presence of iodobenzenes bearing electron-donating groups
(entries 9 and 10, Table 2), much lower conversions were
achieved even after longer reaction times (20 h). On the other
hand, a nitro-substituted (electron-withdrawing) iodobenzene
gave quantitative conversion in 1 h of reaction (entry 11, Table
2). Bromobenzene as a substrate also produced the
corresponding diaryl ether with excellent conversion (70%)
and selectivity (>99%) (entry 12, Table 2). However, the
reaction was totally inactive for the case of chlorobenzene as
the halogen-substituted benzene substrate (entry 13, Table 2).

To expand the scope of our methodology, we also performed
cross-coupling between aniline, imidazole, amide, and thio-
phenol with iodobenzene for the respective N- and S-coupled
products. A low conversion (5%) was achieved for aniline
(entry 14, Table 2), whereas imidazole and amide gave
moderate conversion (45—60%) but excellent selectivity
(>99%) (entries 15 and 16, Table 2). On the other hand, the
reaction between thiophenol and iodobenzene resulted in high
conversion (89%). However, small amounts of disulfide were
formed due to oxidation of thiophenol (entry 17, Table 2).

3.3. Heterogeneity and Reusability. Steady reusability
and negligible leaching of active species are two important
factors for an eflicient heterogeneous catalytic system. We
selected cross-condensation of 4-methoxyphenol and 4-nitro-
iodobenzene as the model reaction for a reusability study. After
the reaction, the catalyst was retrieved by filtration and was
washed with excess solvent, water, and ethanol (>90%
recovery). Prior to reuse the catalyst was reactivated at 250
°C for 30 min to remove any adsorbed organic species. Figure
Sla in the Supporting Information shows that the catalyst can
retain activity and selectivity even after the fourth reuse.
Moreover, no change in the PXRD pattern after the fourth
cycle was observed (Figure S1b), which confirmed that the
catalyst can retain the crystal structure even after multiple reuse
cycles. The oxidation state of Cu was found to be 2+ by XPS
after the reuse cycles, which signified the stability of our
catalysts for multiple uses (Figure S1c). A hot filtration test was
also carried out to verify any possible leaching of active species
from the catalyst surface. No further formation of diaryl ether
took place after filtering off the catalyst at 35% conversion
(Figure S2 in the Supporting Information). Further, ICP
analysis revealed a trace amount (1.8 ppb) of Cu in the filtrate.
These results indicate that the active catalyst truly has a
heterogeneous nature and highlight the sustainability of the
system, since meso Cu/MnO,, can be recycled.

3.4. Kinetic and Mechanistic Study. At least four
different mechanisms have been described for Ullmann-type
condensation reactions (Figure 1)."”*® One of the proposals
includes the formation of aryl radical intermediates.*”** To test
whether radical intermediates formed during the reaction
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Figure 1. Possible mechanisms for Ullman cross-coupling reactions.

catalyzed by meso Cu/MnO,, we performed the coupling
reaction in the presence of a radical scavenger.

Addition of the radical scavenger phenothiazine was found to
have no effect on the reaction rate of cross-condensation of
phenol and iodobenzene, ruling out the formation of radical
intermediates produced by homolytic cleavage of carbon—
halogen bonds. As observed in Table 2, a significant difference
in the reaction rate was observed due to the nature of the
substituents present in iodobenzene. Linear free energy studies
are powerful tools that offer chemists useful mechanistic insight.
In order to test the effect of electronic changes on the step in
which iodobenzene is involved, we determined the rate
constants for the reaction of four different para-substituted
(p-NO,, p-H, p-Me, p-OMe) iodobenzene derivatives (Figure
S3 in the Supporting Information). Continuous sampling was
undertaken over the course of 1 h, and conversion and
selectivity were determined by GC-MS. Kinetic experiments
depicted a first-order rate equation with respect to iodobenzene
derivatives. A Hammett-type analysis was used to establish the
role of electronic effects of the substituents on the reaction rate
(Figure S4 in the Supporting Information and Figure 2).*' In a
Hammett-type analysis, a plot of logarithmic values of relative
rate constants against a set of standard ¢ values was made.*' We
plotted logarithmic values of relative rate constants against o,

@/OH+ /©/ ! meso CuMNOx (3 mol% Cu) /@/O\©
X K,COs, DMF, 140°C  x

1.384
NO,
Slope = 1.008
0.92 rR2 = 0.081
T
=
3
< 0.464
o
°
0.00
OMe
-

-0.47

Figure 2. Hammett plot for Ullman cross-coupling reactions of para-
substituted iodobenzenes. On the basis of 67, p = 1.0.

DOI: 10.1021/acs.inorgchem.7b01177
Inorg. Chem. 2017, 56, 10290—10297



Inorganic Chemistry

the Brown—Okamoto constant (Figure S4), and against 6~
values (Figure 2). Better correlation was found with the latter,
although both resulted in similar p values: 0.92 and 1.0 for ap+
and o7, respectively. The positive slope values suggest the
development of negative charge at the reaction center.
Similarly, we performed kinetic analyses to verify the
electronic influence of the substituents in the phenol derivatives
(Figures SS and S6 in the Supporting Information). The
relative rates of coupling of para-substituted phenols (p-Cl, p-H,
p-Me, p-OMe) were investigated. A linear relationship was
found between log (ky/ky;) and o, (Figure 3). The slope of the

/©/OH+ ©/ I meso CuMnOx (3 mol% Cu) /©/°\©
X K,COy DMF, 140°C
OMe
Slope = -2.89
R2=0.975

log (kx/ky)

-1.0 T T T T
08 06 -04 02 00 02
+
%

Figure 3. Hammett plot for Ullman cross-coupling reactions of para-
substituted phenols. On the basis of 6,7, p = —2.9.

plot shows a reaction constant p value of —2.9 for the phenol
derivatives studied, which suggests development of a positive
charge at the reaction center in the transition state involving
phenol.

3.5. Computational Investigation of the Uliman
Cross-Coupling Reaction Catalyzed by Meso MnO,. To
further validate the energetics during the reaction, we
performed quantum mechanical computations using density
functional theory (DFT). The model system was constructed
with CgHs—O and C4Hg—I molecules near the CuO surface.
On the basis of our mechanistic studies and the literature the
following reaction pathway was assumed. In step 1, the C{Hs—
O and C4Hs—I molecules are both freestanding with the
distance from the CuO surface being far enough to avoid
interactions between the surface and molecules. In step 2,
C¢H;—1I approaches the surface. This is followed by step 3, in
which C4H;—O forms a bond with the surface. In step 4,
oxidative addition and nucleophilic addition steps occur.
Finally, in step S, the product CH;—O—C¢H; forms by
reductive elimination. The energy profile for the reaction is
shown in Figure 4; the structures are also shown. As observed,
the system becomes stabilized as the molecules get closer to the
surface. A significant decrease in the system energy was
calculated for step 4, further confirming the oxidative addition
to the catalyst. Interestingly, the metal ion is assisted during the
oxidative addition by an oxide, with the aryl group on the latter
and the iodide in the copper coordination sphere. The higher
energy (3.96 kcal mol " higher) of the final product formation
is due to the formation of the final product and release from the
surface. The Bader analysis based charge®” is shown in Figure 4
with schematic representation of each reaction coordinate. No
distinct change in charge on the copper atoms was observed
throughout the reaction, highlighting the ability of the

Al OAr l}r O-Ar
5 101e+| Ar Ar
1 1 1
0-Cu0- -0-Cu0- vl O
£2¢ 548 0Cu0
1 = _— Ei
069 T~
5 278
5 ™~ #H \\
£ \
E Pl \ Ar-O-Ar
o ), ¢
£10 % % A
] ek |
2 1 o \ 012e | ™
5 0 o TS
|.|.1_15 ] 0 \ -0-Cu-0- ff# .
\ & & & R e
N 283 -ﬁ::g"
b \\ ,—
220 - 2 A \ _-~ -18.36
Al Q NPPtas
e — )
O-Cu Har” -22.32

-O- o e e s
B 1i4 ZEE o
Figure 4. Change in the DFT computed energy for the reaction
pathway of Ullmann coupling over a CuO surface and corresponding
change in the charge associated with the atoms directly involved in the
reaction.

surrounding molecules on the surface to assist in the activation
of the substrates.

4. DISCUSSION

This study illustrates the use of a mesoporous copper oxide
supported on manganese oxide as an efficient heterogeneous
catalyst for Ullmann-type condensation reactions. An inverse
micelle templated self-assembly procedure has been used to
synthesize the material. A nonpolar pluronic surfactant (P123)
acts as the scaffold to build the meso structure. Copper was
introduced in the system by in situ addition of a copper salt
during the sol—gel process. The manganese oxide acts as a
support for tethering the active copper oxide nanoparticle while
also preserving the mesoporosity. The synthesis of bare
mesoporous copper oxide was unsuccessful using this
procedure.

Our system indicates excellent substrate scope and functional
group tolerance for Ullmann ether coupling reactions. Steric
effects in the reaction were evaluated by using the sterically
hindered phenol 2,4,6-tri-tert-butylphenol as one of the
coupling reagents. No ether formation occurred, indicating
that sterics play a role in the Ullman cross-coupling catalyzed
by meso Cu/MnO,. Meso Cu/MnO, can also be applied to
cross-coupling of aniline, imidazole, amide, and thiophenol
derivatives for construction of C—N and C—S bonds.
Substrates bearing heteroatoms such as S and N are known
to poison transition metal oxide based catalysts due to strong
coordination of the heteroatom to the transition-metal
centers.”” We observed decreased activity with N-containing
substrates in comparison to phenol: e.g,, aniline, imidazole, and
amide reactions. However, 3-pyridylmethanol was coupled
efficiently to the corresponding aryl ether with no significant
drop in TON and selectivity in comparison to the phenol,
indicating that meso Cu/MnO, is less susceptible to poisoning
than other metal oxide based catalysts. Interestingly, thiophenol
displayed much higher activity (89% conversion). In the case of
thiophenol, the formation of the disulfide was observed, as
manganese oxide is known to oxidize thiol to disulfide.”*
Several other copper-based heterogeneous catalysts have been
reported for Ullmann coupling reactions which are more active
than the catalytic system presented here."**™" However, our
system complements those catalysts, since at low temperature
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and low catalyst loadings, the aforementioned systems were
only apphcable to C—O coupling*"™ or suffered from poor
reusability.'** Next, we use kinetic studies to elucidate the
reaction mechanism of the coupling reaction so it can be used
as a benchmark to rationally design future copper-based
heterogeneous catalysts.

4.1. Reaction Mechanism: Evidence for a Cu(l)
Species. Generally, the most accepted reaction mechanism
involves oxidative addition of the haloarene to a Cu(I) center
to generate an aryl-Cu(Ill)-X intermediate followed by
nucleophilic reaction and reductive elimination to yield the
desired product. Very few studies have shown isolation of the
intermediates in copper-catalyzed Ullmann coupling reac-
tions.”" The works of Buchwald and Hartwig provided
ev1dence of formation of a Cu(I) complex with nitrogen donor
ligands.”>*® However, no evidence of Cu(Ill)—aryl complex
formation was observed, since reductive elimination from the
Cu(Ill) intermediate is much more rapid than oxidative
addition of the Cu(I) center. In studies by Stahl and co-
workers, Cu(I)/Cu(Ill) redox steps have been observed, where
a macrocychc ligand has been used to stabilize the Cu(III)
species.”® Cu(II) salts have also been used as catalysts for the
Ullmann reaction, although in these cases reduction to a Cu(I)
species happens with the concomitant oxidation of phenoxide
or amines present in the reaction mixture.'"'” Because of the
large body of evidence pointing at the preference of Cu(I)
species to initiate Ullman-type coupling reactions, we
investigated whether Cu(I) formation was feasible under our
reaction conditions. For this study, we used an analogous
material, mesoporous Cu supported TiO, (prepared by the
same method; see the Supporting Information for details) in
this study to avoid the reoxidation of Cu(I) by Mn®*, as
observed in our previous study.”” We treated the meso Cu/
TiO, material with phenol in basic medium under N, and
probed for the presence of Cu(I) using XPS. Notably, the
presence of Cu(l) was confirmed under these reaction
conditions (Figure S7 in the Supporting Information), likely
formed by a redox reaction with phenoxide, as observed in
other systems.'"'>

4.2. Reaction Mechanism: Evidence Favors Oxidative
Addition. Our Hammett analysis shows that electron-deficient
para-susbtituted aryl iodides facilitate more rapid turnover rates.
The positive sign of the p value indicates a buildup of negative
charge in the transition state involving iodobenzene. We
obtained a better correlation against 6~ in comparison to o,

p -
Similar behavior, that is better correlation with 6~ over 6,", has

)
been observed in oxidative addition reactions."’ Thl};S, an
oxidative addition step is likely to be present during the
Ullmann ether coupling catalyzed by meso Cu/MnO,. The
oxidative additions of aryl iodides to Pd(0) and Ni(0)
complexes have p values of 2.7 and 2.0, respectively,"*’
whereas a smaller value, p = 0.9, has been reported for the
oxidative addition of aryl iodides to a Rh(I) complex containing
a diarylamido/bis(phosphine) pincer ligand (Table S2 in the
Supporting Information).”” On the basis of these values, the
meso Cu/MnO,—aryl iodide transition state resembles more
the transition state originating from the less nucleophilic
Rh(I)—diarylamido/bis(phosphine) complex than that of the
Pd(0) and Ni(0) species. After the oxidative addition, phenol
approaches the intermediate formed by the catalyst and the aryl
iodide. We observed faster reaction rates in the presence of
electron-donating groups on the phenol ring (Figure 3). The
negative p value also indicates the development of a positively

charged species in the transition state. The magnitude of p
indicates that a phenoxy radical species is not formed, as the
formation of radicals usually leads to small p values.’ In
addition, the presence of a radical inhibitor had no effect on the
reaction rate and no biphenyl was produced, reinforcing the
idea that no radicals are formed during the reaction. The
development of a positive charge is probable due to the
coordination of phenol or phenoxide anion to the copper
center.

4.3. Reaction Mechanism Proposal. We propose a
mechanism for the coupling reaction catalyzed by meso Cu/
MnO, (Scheme 1). First, a catalytically active Cu(I) center is

Scheme 1. Proposed Catalytic Mechanism for the Ullmann
Coupling Reaction by Meso Cu/MnOx

QA0
Cu(Il) & 1/2 PhOOPh
0,

Cu(DQ  oxidative
addition

Phl

Phl
Cu(l) Q—I /'
Cu(lll) Q
reductive ph
elimination
Cu(III)
PhOPh P hO'

generated from the Cu(II) species by reaction with phenolate
ion (formed by the presence of base) as determined by XPS.
The iodobenzene molecule undergoes oxidative addition to the
Cu(I) oxide on the surface, resulting in the formation of Cu—I
and O-—aryl bonds. The oxidative addition is followed by
nucleophilic addition of phenoxide ion. Finally, reductive
elimination produces the desired biaryl product. The typical
oxidation state changes that occurred on the copper center, e.g.
Cu(I)/Cu(III) cycling, in molecular systems during the Ullman
cross-coupling reaction is avoided with this catalyst because of
the delocalization of the charge on the Cu/MnO, surface.
Whether the oxidative addition of aryl halide or coordination of
the nucleophiles (—O, —N, or —S) happens first is a question
that remains to be answered. Mechanistic studies by Buchwald
and Hartwig showed formation of a Cu(I)—nucleophile bond
prior to oxidative addition.”>*® On the other hand, the works of
Monnier and Stahl confirmed that oxidative addltlon preceded
the nucleophilic addition in some systems.”>*" Finally, it is
well-known that the nature of the nucleophiles and ligands and
the reaction conditions largely influence the mechanism of the
Ullmann coupling reaction.

5. CONCLUSIONS

In summary, we report the use of the thermally stable and
reusable mesoporous copper-supported manganese oxide
material as a catalyst for Ullman cross-coupling reactions. We
demonstrate a broad substrate scope and excellent functional
group tolerability in C—0O, C—N, and C—S bond formation
reactions. The catalytic protocol circumvents the use of
additional ligands. The catalyst was reusable without any
significant loss of activity after four cycles. Our experimental
and computational work provided evidence for oxidative
addition of the aryl iodide substrate assisted by the O atoms
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on the surface of the catalyst. Similarly to oxidative additions on
single metal centers, rate acceleration in the presence of
electron-withdrawing groups on the aryl halide ring is observed.
The Hammett analysis indicates that the Cu—O moiety in
which the aryl iodide is added acts more like a Rh(I) species
than a Ni(0) or Pd(0) intermediate. Future work will focus on
using experimental and computational studies to understand
the oxidative addition of aryl iodides to Cu/MnO,, test our
proposal that in the current Cu/MnO, mesoporous system the
Cu(III) oxidation state is avoided due to the delocalization of
the charge throughout the material, and elucidate the full
mechanism of cross-coupling.
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