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ABSTRACT: In the present work, a series of a-hydroxyimine

palladium complexes with bulky substituents (i.e., {[Ar-N=C(R)—

C(R),—OH]PdCL} (Cl, R = Me, Ar = 2-diphenylmethyl-4,6-

dimethylphenyl; C2, R = Me, Ar = 2,6-bis(diphenylmethyl)-4- H +( Ar—Br
= 2,6-bis(diphenylmethyl)-4-methyox-

= 2,6-bis(diphenylmethyl)-4-chlorophenyl; eV Tequiv

C5, R = Ph, Ar = 2,6-dimethylphenyl; C6, R = Ph, Ar = 2,6

methylphenyl; C3, R = Me, Ar
ylphenyl; C4, R = Me, Ar

feg— Ar

52 examples
38-97% yield

0.5 mol% Pd complex
30 mol% PivOH, 130 °C

Ar= aryl, heteroaryl Aerobic conditions

diisopropylphenyl)) were synthesized and characterized. The structures

of palladium complexes C1 and C2 were determined by X-ray diffraction. These bidentate N,O-palladium complexes were
applied for direct arylation under aerobic conditions. The effects of the reaction conditions and ligand substitution on the
catalytic activity were evaluated. Upon a low palladium loading of 0.5 mol %, the bulky palladium complex C6 was successfully
used to catalyze the cross-coupling of a variety of five-membered heteroarenes and their benzo-condensed derivatives with
(hetero)aryl bromides. The mechanistic investigation on the direct arylation supported the involvement of a Pd(0)/Pd(I) CMD

process.

Bl INTRODUCTION

Since the initial work by Ohta and co-workers, the palladium-
catalyzed direct arylation reactions of heteroaromatics with aryl
halides have received much attention and are promising
prospects in pharmaceuticals, functional materials, and polymer
science.”” These reactions exploit the direct C—H bonds of
substrates, which are atom economical and environmentally
friendly and exclude the need for prefunctionalization of
organometallic derivatives, such as in traditional palladium-
catalyzed Suzuki, Stille, Kumada, Hiyama, and Negishi cross-
couplings.” Although Pd(OAc), with phosphine ligands has
been investigated as the most efficient catalyst system for the
preparation of arylated heteroaromatics via direct arylations,” it
is important to note that phosphine-free ligands, especially
nitrogen-based ligands, have generated interest due to their
many favorable characteristics, such as being cost-effective and
easily available as well as exhibiting relatively high palladium
complex stability.” Yu, Ozawa, Itami, and Guillaumet have
shown that 1,10-phenanthroline (phen)/Pd(OAc), efficiently
catalyzed the direct C—H arylation of heteroarenes with aryl
iodides and aryl bromides to yield regioselective products.’ In
addition, 2,2'-bipyridyl ligands developed by Mori and Itami’ as
well as other phosphine-free catalytic systems have also
exhibited moderate to good catalytic activities.”
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Despite the impressive progress in phosphine-free palladium-
catalyzed cross-coupling reactions, some drawbacks still exist in
these studies. In most cases, the substrate scope is limited, and
aryl iodides were used as substrates. However, cheaper and
more available aryl bromides or aryl chlorides have only been
rarely used, which may be due to oxidative addition of the C—
Br or C—Cl bonds to the palladium center being unfavorable.””
Generally, a relatively high palladium loading of 5—10 mol % is
required, and in some cases, a st01ch10metr1c amount of Ag
additive was required as a halide scavenger ~% Moreover, the
reported phosphine-free palladium precursors are generally
stable; nevertheless, their catalytic species are often sensitive in
the presence of oxygen, forming the unreactive peroxo species
LPd(O,) rapidly, which requires an air- and moisture-free
environment in the catalytic process.” To date, the C—H
activation of direct arylation has been successfully achieved in
rare instances under aerobic conditions.'’ Therefore, the
development of a phosphine-free catalytic system to overcome
these difficulties is considered to be the most challenging area
of direct arylation.

Recently, we have developed types of nitrogen-based a-
hydroxyimine palladium complexes which were highly efficient
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Scheme 1. Synthetic Route of the -Hydroxyimine Palladium Complexes
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C1: R'=CHPh,, R=R%=Me, R*=Me;
C2: R'=R?=CHPh,, R®=Me, R*=Meg;
C3: R'=R?=CHPh,, R3=OMe, R*=Me;
C4: R'=R?=CHPh,, R®=Cl, R*=Me;
C5: R'=R?=Me, R®=H, R*=Ph;

C6: R'=R?=iPr, R%=H, R*=Ph;

for Suzuki—Miyaura cross-couplings under aerobic conditions
at a temperature of 60 °C.'' Because a higher reaction
temperature is employed in C—H activation, we envisioned that
strong binding of the electron-rich and bulky N,O-based ligands
will help the palladium retain its ligand and retard the
decomposition of the catalyst. Therefore, a longer catalyst
lifetime and consistently excellent reactivity throughout the
course of direct arylations is achieved without any protection by
a nitrogen/argon atmosphere. Herein, we describe a series of
generally applicable bulky a-hydroxyimine palladium complexes
(Scheme 1) for efficient direct arylation of five-membered
heteroarenes and their benzo-condensed derivatives, such as
thiophenes, furan-2-carbaldehyde, thiazole, imidazo[1,2-a]-
pyridine, and 1,2,3-triazole.

Bl RESULTS AND DISCUSSION

Synthesis and Characterization of the a-Hydroxyi-
mine Ligand and Its Palladium Complexes. The a-
hydroxyimine compounds were prepared in a two-step
sequence using a slightly modified literature procedure that
was previously reported by our group.'' First, commercially
available biacetyl was reacted with aniline in the presence of a
catalytic amount of acid (i.e., HOAc or HCOOH) to obtain a-
ketoimines. Then, treatment of the a-ketoimines with
trimethylaluminum or a phenyl Grignard reagent followed by
hydrolysis afforded the ligands in good yield (Scheme 1). These
compounds were characterized using spectroscopic methods.
For example, a "H NMR resonance at 1.20 ppm was observed
for L1, which can be assigned to the proton of methyl on imine
(CH,;C=N). However, the expected singlet signal of the gem-
methyl group disappeared and was split into two separate
signals at resonances of 1.35 and 1.11 ppm, indicating the
diastereotopic nature of the gem-methyl at room temperature.
Probably, the slow isomerization of L1 within the NMR time
scale can result from the rotation of the aniline moiety,'” even
bearing a bulky benzhydryl group. This assignment of the
resonance signals to gem-methyl was further investigated by
variable-temperature '"H NMR experiments (seen in Figure S1
in the Supporting Information). By heating the solution of L1,
it was found that the split signals merged with each other and
finally become one singlet at a temperature of 80 °C. The
investigation indicated that the rapid aryl rotation can make the
protons of gem-methyl chemically equivalent at high temper-
ature. In addition, the hydroxy (—OH) resonance appears at
5.41 ppm, which confirmed the addition of the organometallic
reagents to the a-ketoimine. Moreover, the 13C NMR exhibited
tertiary carbon bonded on hydroxyl and imine carbon (C=N)
resonances at 73.4 and 179.5 ppm, respectively. For L6, the 'H
NMR spectra individually showed restricted configuration with

only a single isomer (seen in Figure S14 in the Supporting
Information). The obvious difference between L1 and L6 could
be a result of the more bulky triphenyl backbone and aniline
moiety on L6, which could effectively prohibit the rotation of
the C,—N bonds. To further confirm the structure of the
desired ligands, suitable crystals for X-ray diffraction analysis
were obtained from a methanol solution for LS and L6. The X-
ray data collection parameters are provided in the Supporting
Information. As shown in Figures 1 and 2, the tertiary carbon is

Figure 1. Molecular structure of LS depicted with 30% thermal
ellipsoids. Hydrogen atoms, except on the hydroxyl, have been omitted
for clarity. Selected bond distances (A): N(1)—C(8) 1.426(1), N(1)—
C(9) 1.274(2), C(9)—C(16) 1.516(1), O(1)—C(16) 1.422(1).

indeed attached to O(1) rather than N(1), which further
confirms that the reductive addition was carried out at the
ketone position. Moreover, within the crystal lattice of LS and
L6, a hydrogen bonding between OH and N was observed,
with distances of 2.005 and 1.957 A (N—H), respectively.
Then, the coordination reactions were conducted by
treatment of the ligands with PdCl, in refluxing methanol for
12 h, which afforded the mononuclear complexes as brown
solids. After workup, a-hydroxyimine palladium complexes
C1—C6 were isolated from the CH,Cl,/hexane solution in high
yields. It is important to note that the coordination process was
carried out under aerobic conditions due to the excellent
thermal stability of both the ligands and the corresponding
palladium complexes. To further confirm the solution stability
of the palladium complex under the reaction conditions, the
DMACc solution of C6 was heated at a temperature of 130 °C
for 4 h, and the palladium complex was recovered in more than
92% yield. Therefore, this palladium complex is a highly
thermally stable precatalyst for direct cross-coupling reactions.
All of the new palladium compounds were characterized using
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Figure 2. Molecular structure of L6 depicted with 30% thermal
ellipsoids. Hydrogen atoms, except on the hydroxyl, have been omitted
for clarity. Selected bond distances (A): N(1)—C(21) 1.429(1),
N(1)—C(14) 1.276(2), C(7)—C(14) 1.561(1), O(1)—C(7) 1.417(1).

spectroscopic methods and elemental analysis. In addition, the
molecular structures of C1 and C2 were determined via X-ray
single-crystal diffraction. As shown in Figures 3 and 4, the solid-

Figure 3. Molecular structure of C1-2MeOH depicted with 30%
thermal ellipsoids. Hydrogen atoms, except on the hydroxyl, and two
uncoordinated methanol molecules have been omitted for clarity.
Selected bond distances (A) and angles (deg): Pd(1)—O(1) 2.038(2),
Pd(1)-N(1) 2.013(2), Pd(1)—-CI(1) 2.255(1), Pd(1)—CI(2)
2.285(1); N(1)=Pd(1)—0(1) 80.20(9), N(1)—Pd(1)-CI(1)
94.33(7), O(1)—=Pd(1)-CI(1) 174.33(6), N(1)—Pd(1)—CI(2)
174.28(7), O(1)—Pd(1)-Cl(2) 94.12(6), CI(1)—Pd(1)—CI(2)
91.36(3).

state structure revealed that the geometry around the palladium
is square planar, where each palladium exhibits nearly the same
coordination angle (ca. 80.0°). The Pd(1)—N(1) bond length
was determined to be 2.013 A in C1, which is shorter than that
in C2 (2.031 A). The Pd(1)—O(1) distance in C1 (2.038 A)
was longer than that in C2 (2.027 A). These structural features
imply that the aniline moiety played an important role in the
palladium coordination environment, where C2 with a 2,6-
diphenylmethyl on the aniline yields more hindrance and
electron density to the palladium in comparison to those of the
monosubstituted diphenylmethyl in C1. In addition, the aryl
ring on the aniline moiety is approximately perpendicular to the
chelate ring in C1 and C2, which results in dihedral angles of
82.7 and 87.8° respectively. This result is reasonable because

Figure 4. Molecular structure of C2-2EtOH depicted with 30%
thermal ellipsoids. Hydrogen atoms, except on the hydroxyl, and two
uncoordinated ethanol molecules have been omitted for clarity.
Selected bond distances (A) and angles (deg): Pd(1)—0O(1) 2.027 (1),
Pd(1)-N(1) 2.031(2), Pd(1)—CI(1) 2.245(1), Pd(1)—CI(2)
2.281(1); N(1)=Pd(1)—0(1) 80.00(7), N(1)—Pd(1)—CI(1)
95.70(6), O(1)—Pd(1)—CI(1) 175.19(6), N(1)—Pd(1)—CI(2)
173.52(6), O(1)—Pd(1)—CI(2) 93.52(5), CI(1)=Pd(1)-CI(2)
90.76(3).

more steric repulsion of the bulkier substitution causes more
axial shielding on the palladium, which provides protection for
the metal center in the direct arylation cross-coupling.

Direct Arylation Catalyzed by a-Hydroxyimine Palla-
dium Complexes. To evaluate the effects of the activities of
the palladium complexes, the direct arylation of benzo[b]-
thiophene (la) with 4-bromotoluene (2a) employed in
equimolar quantities was conducted at 130 °C for 4 h as a
model reaction. The cross-coupling reactions were carried out
utilizing K,CO; as a base in DMAc at a 0.5 mol % palladium
loading. In addition, 30 mol % of pivalic acid (PivOH) was used
as an additive. "3 Then, the role of the steric and electronic
substituents on the catalytic ability was investigated. Initially,
we studied precatalysts C1—C4, which possess the same 1,1,2-
trimethyl backbone. As reported in Table 1, the catalytic
efficiency of precatalyst C1 with 2-benzhydryl-4,6-dimethylani-
line was similar to that of C2 with 2,6-benzhydryl-4-
dimethylaniline, which gives the coupling product 3aa in 74
and 72% vyields, respectively. However, the introduction of an
electron-rich group on the para aniline resulted in positive
effects. For example, C3 with a para anisole group was
determined to be more active and afforded the coupling
product (3aa) in 81% yield. In addition to the aniline moiety,
the effect of substituents on the backbone had a profound
effect. For example, CS, which had a 1,1,2-triphenyl group on
the backbone and 2,6-dimethyl groups on the aniline, gave the
corresponding product (3aa) in 68% yield. To our delight, with
the bulkier 2,6-diisopropylaniline, C6 was formed in almost
quantitative conversion, and a satisfying yield of 90% was
obtained, which indicates that this catalyst is the most active
and general palladium catalyst to date. In contrast, the
replacement of one of the phenyl groups with a methyl
substituent on the backbone resulted in the less bulky C7 and
C8 affording lower productivity. Although the solid-state
structure of C6 is not available, the structure of L6 was
obtained (Figure 2). The bulky 1,1,2-triphenyl backbone is
tilted toward the chelate ring. Therefore, additional axial steric
bulk behind the metal center has been introduced, which can
suppress rotation of the aniline group around the C,,—N
bond, leading to increased stability of the palladium species.'*
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Table 1. Screening of @-Hydroxyimine Palladium Complexes on Direct Arylation Reaction of Benzo[b]thiophene with 4-

Bromotoluene

0.5 mol% Pd complex

—< >—Br
(1equiv)
2a

D -
S
1a

30 mol% PivOH, KoCO3,
DMAG, 130 °C, 4 h

S
3

Ph Ph Ph Ph
i U G G R
2 4 4 2
N OH N, _OH MeO N__OH Cl N_ OH
Pd_ P, Pd Pd,
cr ol Ph CI” CI Ph— CI" CI Ph— CI° CI
PH PH PH

C1: 74% yield C2: 72% yield

Ph Ph ph Ph Ph ph
N on | N oH |
N P
c e a’ o

C5: 68% yield C6: 90% yield

C3: 81% yield C4: 77% yield

Ph Ph Ph Ph
P4, “Pd.
c” cl ¢l

C7: 65% yield C8: 84% yield

In addition, the steric bulk is thought to facilitate reductive
elimination and promote the catalytic cycle."> As electron-rich
groups, the 1,1,2-triphenyl groups on the backbone can further
enhance the interaction of the N,O-coordinated atoms that are
bonded to the metal center, and the o-donating character can
increase the nucleophilicity of the Pd center, which lowers the
activation energy for oxidative addition.'® Therefore, excellent
catalytic efficiency was observed. Moreover, it is worth noting
that this cross-coupling showed less sensitivity toward air and
moisture, and the reaction could be carried out under aerobic
conditions without using an anhydrous solvent.

On the basis of these promising results, optimization of the
conditions, such as the PivOH and palladium loadings, reaction
temperature, organic solvents, and the bases used, were
screened using C6 as the precatalyst. As observed in Table 2,
without the palladium source, no cross-coupling product was
detected (run 1, Table 2). Moreover, a profound effect of the
acid additives was observed. For example, in the absence of
PivOH, minimal conversion (6%) was observed (run 2, Table
2). However, the addition of 10 mol % of PivOH resulted in a
dramatic increase in activity, giving 3aa in 72% conversion. A
higher yield was obtained by increasing the amount of PivOH
to 30 mol %, which generated a higher conversion of 94% (run
4, Table 2). A further increase in the amount of PivOH above
30 mol % did not improve the results. In addition, a decrease in
the catalyst loading (0.1 mol %) or reaction temperature (110
°C) slowed the reaction (runs 6—11, Table 2). In the direct
arylation, a change in solvent or base strongly influenced the
activity. The best results were obtained with DMAc as the
solvent and K,COj as the base, and neither other polar solvents
nor strong bases yielded better results. It is important to note
that KOAc,"" which is frequently used to promote direct
arylation reactions, was effective, resulting in a promising
conversion of 85%.

Under the optimal conditions, benzo[b]thiophene (1a) was
coupled with a variety of aryl bromides, affording the
corresponding products in synthetically good to excellent
yields (Table 3). The electronic effect of the substituents did
not have a substantial effect on the overall performance of the
reaction. For example, 4-bromoanisole afforded 3ad in a yield
of 79%, and 4-bromobenzonitrile afforded 3ah in a comparable
yield of 73%. Substrates with ortho substituents, which impede

the oxidative addition and transmetalation processes, tend to be
less active in other catalytic systems.'® It is noteworthy that the
reaction between 1la and sterically hindered substrates such as
1-bromo-2-methylbenzene, 1-bromonaphthalene, and 1-bromo-
2-methylnaphthalene also furnished the heterocyclic biaryl
products 3ac, 3ae, and 3af under the optimal conditions.

To evaluate the potential breadth of the substrate scope, a
survey of thiophenes bearing C-2 electron-donating and
electron-withdrawing functional groups, such as 2-methylthio-
phene (1b), 2-chlorothiophene (1c), and thiophene-2-
carbaldehyde (1d), was applied for the direct arylation reaction
(Table 3). Under the standard conditions developed herein, all
of these candidates participated in the reaction with numerous
aryl bromides, resulting in moderate to high yields of the
products 3ba—3df. Nevertheless, the substrate 2-chlorothio-
phene (1c) was found to be somewhat problematic in the case
of coupling with phenyl bromide, giving 3¢cb in a much lower
yield of 56% in comparison with other similar cross-coupling
products such as 3ab, 3bb, and 3db. To our delight, the yield
was found to be greatly improved to 90% when an excess of
phenyl bromide was employed (2 equiv). On the other hand,
the presence of double or multiple arylation as side reactions
was not determined.

Motivated by the reactivity of the N,O-palladium complex in
thiophenes, we explored the generality of the reaction with
other heteroaryl substrates under the optimized conditions
(Table 4). Various heteroaryls, such as furan-2-carbaldehyde,
thiazole, imidazo[1,2-a]pyridine, and 1,2,3-triazole, were
employed for coupling with aryl bromides. It was found that
palladium precatalyst C6 accommodated variations in the aryl
bromide coupling partner, with moderate to excellent cross-
coupling yields being obtained for aryl bromides containing
electron-withdrawing (e.g, 4-Cl, 4-CN, 4-CHO) or electron-
donating (e.g, 4-CH;, 2-CH;) groups under aerobic con-
ditions. In addition, the high regioselectivity on the C-5
arylation of 4-methylthiazole was investigated. The electronic
nature and steric hindrance of the aryl bromides, such as p-
cyano, methyl, chloride, and o-methyl, were well tolerated,
leading to excellent yields.

The synthesis of biheteroarenes via direct arylation remains
an important but challenging task, because the ligation of the
heteroarene partner can poison the catalyst." Inspired by the
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Table 2. Optimization of Conditions in Direct Palladium-
Catalyzed Cross-Coupling Reactions”

- 0,
@J{ ( > g 0-1-0.5mol% C8 O N O
S 30 mol% PivOH, Base, S

(Tequiv) Solvent, 110-130 °C
1a 2a 3aa
Pd loading T t conversn

run  solvent (%) base (°C) (h) (%)*
1 DMAc K,CO, 130 4 g
2 DMAc 0.5 K,CO, 130 4 6
3?  DMAc 0.5 K,CO, 130 4 7
4 DMAc 0.5 K,CO, 130 4 94 (90)
5¢ DMAc 0.5 K,CO;, 130 4 83
6 DMAc 0.1 K,CO;, 130 4 48
7 DMAc 0.1 K,CO, 130 8 57
8 DMAc 0.1 K,CO;, 130 12 61
9 DMAc 0.5 K,CO, 110 4 10
10 DMAc 0.5 K,CO;, 110 8 18
11 DMAc 0.5 K,CO, 110 12 22
12 DMAc 0.5 KOAc 130 4 85
13 DMAc 0.5 KF 130 4 26
14 DMAc 0.5 K,PO, 130 4 88
15 DMAc 0.5 Na,CO; 130 4 37
16 DMAc 0.5 NaHCO,4 130 4 38
17 DMAc 0.5 CH,CO,Na 130 4 4
18 DMAc 0.5 Cs,CO;4 130 4 g
19 DMAc 0.5 NaOAc 130 4 20
20 DMAc 0.5 KOH 130 4 11
21 DMAc 0.5 NaOH 130 4 11
22 DMAc 0.5 LiOH 130 4 g
23 DMAc 0.5 t-BuOK 130 4 S
24 DMAc 0.5 t-BuONa 130 4 8
25 DMEF 0.5 K,CO, 130 4 57
26 xylene 0.5 K,CO; 130 4 g
27 NMP 0.5 K,CO;, 130 4 79
28  dioxane 0.5 K,CO;4 110 4 g
29 DMSO 0.5 K,CO;, 130 4 g
30  toluene 0.5 K,CO4 110 4 g

“Reaction conditions unless specified otherwise: benzo[b]thiophene
(1 mmol), 4-bromotoluene (1 mmol), C6 (0.005 mmol), PivOH (0.3
mmol), base (1.5 mmol), solvent (3 mL) in an aerobic environment.
Unless otherwise specified, commercial solvent was used as received
and anhydrous technology was avoided. bCross—coupling product
determined by GC. “In the absence of PivOH. 910 mol % PivOH
added. °100 mol % PivOH added. “Tsolated yields in parentheses. Not
determined.

excellent performance of the a-hydroxyimine palladium
complex of C6, we carried out further catalytic studies on the
cross-coupling of heteroarenes and heteroaryl bromides. As
shown in Table S, a variety of heteroarenes, such as thiophenes,
thiazole, imidazo[1,2-a]pyridine, and 1,2,3-triazole, undergo
reactions with 3-pyridyl, S-bromopyrimidine, and 2-bromo-5-
methylthiophene to give the respective products 7ba—7ga with
high efficiency. An array of functionalities on the heteroarenes
was tolerated.

Mechanism of the Direct Arylation Reaction. An
understanding of the mechanism of the palladium-catalyzed
direct C—H arylation could provide important insight into the
design of more eflicient catalytic systems for cross-coupling
reactions.” In the optimization experiments, we noticed that
PivOH and base (K,CO; or KOAc) was crucial for the success
of this cross-coupling (runs 2 and 3, Table 1). Therefore, it is

reasonable that the catalysts bonded with halide (Cl or Br)
would react with these additives under the reaction conditions.
To simplify the reaction, initially, we conducted the reaction of
PivOH/K,CO; or PivOH/KOAc with precatalyst C6 in a
DMAc solution at a temperature of 130 °C. The preliminary
investigation involved tracing any catalytic species with ESI-MS,
which indicated the existence of ligand exchange.”’ A similar
phenomenon was also investigated using C8. However, a
further attempt to obtain the purified product of the
carboxylate palladium compounds was unsuccessful due to
the complicated nature of the mixtures. Fortunately, one crystal
suitable for X-ray diffraction was grown in the reaction flask. As
shown in Figure S, C9, which has one acetate ion bound to the
palladium, was confirmed.”” Although the actual catalytic
intermediates require further study, the observed behavior of
the additives may be due to carboxylate-assisted li§and
exchange, which may be involved in the direct arylation.”™

In order to provide further information on the mechanism,
we carried out kinetic experiments on the direct arylation of
phenyl bromide (2b) and thiophene-2-carbaldehyde (1d).
Initially, 2b (0.01 M) was treated with a large excess of 1d at
130 °C in DMAc. However, this gave a rapid conversion of 2b
within a very short reaction time. To avoid large errors, the
reaction was then conducted at a lower temperature of 110 °C.
As shown in Table 6, the rate constants observed at different
concentrations of 2b and 1d obeyed pseudo-first-order kinetics
with respect to substrate 2b, when C6 was used as the
precatalyst (Figure S2 in the Supporting Information).
Moreover, the observed rate constant (k) values exhibited
a roughly linear correlation with the concentrations of 1d. The
rate equation can be depicted as d[2b]/dt = k.,q[2b] =
k[2b][1d] (k = [447(57)] x 107 s7' M™'). The results
demonstrated the involvement of both reactants in the rate-
determining step in the direct arylation, implying that the
reaction may follow the commonly proposed catalytic cycle,
involving oxidative addition, C—H bond cleavage, and reductive
elimination.”® The direct arylation reaction was also examined
using C1 as the precatalyst. Like the behavior of C6, the
formation of 3db was found to obey pseudo-first-order kinetics,
giving a lower value for the rate constant (kg.q) of 0.95 X 107*
s (Table 6, run 6). Subsequently, other solvents such as DMF
and NMP were examined. It was found that the solvent played
a crucial role in the reactions and these solvents were less
efficient than DMAc, which is consistent with the screening
conditions.

Kinetic experiments on direct arylation of thiophene
substrates with different electronic effects were then inves-
tigated under the standard reaction conditions (130 °C) to gain
more information. As illustrated in Figure 6, it is noteworthy
that no distinct induction period was observed in these
reactions, which suggested that the active center was generated
simultaneously. Moreover, the experiments revealed signifi-
cantly different catalytic behaviors of these four substrates. For
instance, at an initial reaction time of S min, la,b permitted
22% and 29% vyields of 3ab,bb, respectively. On the other hand,
1c,d showed a significantly higher reaction rate and led to high
conversions after S min (ca. 50%). This result clearly showed
the greater efficiency of electron-deficient substrates, excluding
a competitive SpAr pathway™ but supporting the CMD
mechanism, "%

To provide additional evidence for this process or not, a one-
pot competition experiment performed with an equimolar
mixture of 2-chlorothiophene and 2-methylthiophene was
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Table 3. Direct Arylation Reactions of Thiophenes with Aryl Bromides under Aerobic Conditions”

R
A — 0.5 mol% C6 N\ =
- ]fl\’\> + Br \ //\R' : - ]L\ N 2
R 30 mol% PivOH, K,CO3, SN R
DMAc, 130 °C, 4h

(1equiv)
1a-1d 2

3

3ac: 78% yield 3ad: 79% yield

3aa: 90% yield

(¥

3ag: 57% yield

3ab: 89% yield

3ae: 74% yield 3af: 78% yield

3bc: 91% yield

3ah: 73% yield

3ba: 58% yield

3bb: 88% yield 3bd: 45% yield

S S

) e,

3be: 86% yield 3bf: 43% yield

S S
Cl o

3bi: 93% yield 3cb: 56% yield®

90% vyield®

cl” s c” S

3ch: 88% vyield 3ci: 84% yield

3bg: 97% yield

3ce: 89% yield

3bh: 86% yield

|s O c” s

3cg: 91% yield

D<)~ 0~
OHC” S OHC™ S

3da: 82% yield 3db: 89% yield

0D (O Sy
oHC™ S OHC™ S oHe” S OHC” S

3dc: 50% yield 3dd: 66% yield

3de: 73% yield 3df: 38% yield

“Reaction conditions unless specified otherwise: thiophene (1 mmol), aryl bromide (1 mmol), C6 (0.005 mmol), PivOH (0.3 mmol), base (1.5
mmol), solvent (3 mL) in an aerobic environment. “In this case, 2-chlorothiophene (1 mmol) and phenyl bromide (2 mmol) were used.

conducted. The experiment showed that arylation of the more
electron deficient 2-chlorothiophene was favored over that of
the more nucleophilic 2-methylthiophene in a 3.4:1 ratio
(Scheme 2). This outcome is in line with the CMD mechanism,
for which arylation of the electron-deficient substrate was
favored.”

To gain more insight into the C—H bond cleaving process,
anisole was utilized as a substrate for the direct arylation
(Scheme 3). Although a low yield of 7% was obtained, the
reaction of anisole with phenyl bromide afforded the ortho-,
meta-, and para-arylated anisoles in a 26:45:29 molar ratio,
which is consistent with the CMD mechanism, as is the case for
Pd(OAc),/DavePhos system."’

Next, kinetic isotope effect (KIE) studies were employed to
examine the C—H bond cleavage step. As shown in Scheme 4, a
primary KIE of 1.64 was observed between benzo[b]thiophene-
d with 4-methylphenyl bromide when two parallel reactions
were conducted. Another set of reactions between benzo[b]-

thiophene-d and phenyl bromide exhibited a KIE value of 1.58
(seen in Scheme S1 in the Supporting Information).
Furthermore, a one-pot intermolecular competitive reaction
was performed and gave a KIE value of 1.56 (seen in Scheme
S2 in the Supporting Information). These deuterium-labeling
experiments with lack of a significant but nonnegligible KIE
effect implied that the C—H bond cleavage occurs as part of the
mechanism of the reaction; however, the involvement of the
rate-determining step cannot be definitely determined.”*
Although the KIE results disagreed with the common CMD
type mechanism proposed by Fagnou and Lee,” we noticed
that a recent work involving a CMD pathway in the palladium-
catalyzed direct arylation of 2-methylthiophene also exhibited
no notable KIE effect.'’

In recent years, other direct arylation mechanisms, such as
radical'” and Heck®® pathways, for palladium-catalyzed cross-
coupling have also been proposed. First, we performed the
catalytic reaction between benzo[b]thiophene and phenyl
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Table 4. Direct Arylation Reactions of Heteroarenes with Aryl Bromides under Aerobic Conditions”

0.5 mol% C6

4

2 (1equiv)

30 mol% PivOH, K,CO;3
DMAG, 130 °C, 4 h

i) R,

5aa-6ei

oHc” O oHc” O L Ls\

5aa: 57% vyield

5ai: 66% yield

5ba:79% yield 5bc: 72% yield

Ph Ph
NN NN N N
L = )—en 1= ) N N~ )—cHo K}-@m
L “s /\s /\s

5bh: 90% yield 5bi: 89% yield

Ph Ph ph
o <o o}
N N N~N N
L/ L/ oh

6dh: 96% yield 6di: 63% yield

6¢cg: 80% yield 6¢ch: 96% yield

Ph

=N

\
Ph

6ei: 88% yield

6eh: 70% yield

“Reaction conditions: heteroarene (1 mmol), aryl bromide (1 mmol), C6 (0.005 mmol), PivOH (0.3 mmol), base (1.5 mmol), solvent (3 mL) in an

aerobic environment.

Table S. Direct Arylation Reaction of Heteroarenes with Heteroaryl Bromides under Aerobic Conditions”

0.5 mol% C6
g - oo
30 mol% PIVOH, KoCO3
0

1and 4 8 (1equiv) DMAc, 130°C, 4 h 7

AN - - N\ — A =N
' \ 7 | N \ /> | \ 7 | \ />
S N S N Cl S N cl S N

7ba: 84% yield

|
oHC” S N L™\

7da: 73% yield 7ea: 90% yield

Ph Ph
NN\ - N/\g_CN
o W v W
\_/ L/

7fa: 96% yield 7fb: 91% yield

7bb: 89% vyield

7ca: 87% yield

—N
-

Teb: 82% yield

7cb: 72% yield

<

Tec: 63% vyield

Ph

Ph
S —
NN NN
L/ oh

Tfc: 92% yield 7ga: 80% yield

“Reaction conditions: heteroarene (1 mmol), heteroaryl bromide (1 mmol), C6 (0.005 mmol), PivOH (0.3 mmol), base (1.5 mmol), solvent (3

mL) in an aerobic environment.

bromide in the presence of 1 atm of oxygen or with 2 equiv of
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) as oxidant and
radical scavenger. Unexpectedly, the product yields were 63%
and 54%, respectively, which confirmed the insensitivity of the
oxidant to the palladium center. In addition, the free radical
scavenger of TEMPO did not quench the catalytic reaction,
indicating that the involvement of a free radical path in the
reaction mechanism can be excluded.”” In comparison with the
control run, the reaction run under a nitrogen atmosphere also
gave a satisfactory yield of 92%, which suggests that the oxidant
is not necessary in this protocol. Moreover, we also investigated
the possibility of a Heck-type (insertion and S-H elimination)
pathway. It is known that arylboronic acid can accelerate the
Heck reaction, especially in the presence of a nitrogen-based
palladium, to generate the Ar-LPd—X intermediate via a
transmetalation reaction rather than the oxidative addition of

aryl bromides.”® When phenylboronic acid was employed under
our standard reaction conditions (Scheme 5), however, a sharp
decrease in the activity (ca. 5% conversion) was observed.
Moreover, a mixture of C-4 and C-5 arylated products was
obtained in a ratio of 62:38, which deviates from the result
obtained with aryl bromides. Therefore, Pd-catalyzed direct
arylation via a Heck mechanism is not plausible.

Pd-catalyzed direct arylation can be promoted by either a
Pd(0)/Pd(11)*”* or PA(I)/Pd(IV) catalytic cycle.”** To
probe the possible catalytic species responsible for this reaction,
we tested the homocoupling of the benzyl chloride under our
reaction conditions, as the benzyl chloride is known to induce
clean and fast electron transfer from Pd(0) complexes to form
the dibenzyl.’’ When anexcess of benzyl chloride (200 equiv)
was used, the corresponding amount of dibenzyl was detected,
offering the possibility of the involvement of Pd(0) complexes
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Figure 5. Molecular structure of C9 depicted with 30% thermal
ellipsoids. Hydrogen atoms, except on the hydroxyl, and one
uncoordinated water molecule have been omitted for clarity. Selected
bond distances (A) and angles (deg): Pd(1)—O(1) 1.978(2), Pd(1)—
N(1) 2.017(3), Pd(1)—CI(1) 2.2829(10), Pd(1)—O(2) 2.017(3);
N(1)-Pd(1)-0(1) 80.94(11), N(1)—Pd(1)—CI(1) 97.84(8),
CI(1)-Pd(1)—0(2) 88.25(9), O(1)—Pd(1)-0(2) 93.00(11),
O(1)-Pd(1)—CI(1) 178.52(8), N(1)—Pd(1)—0O(2) 173.60(11).

Table 6. Rate Constants for Direct Arylation of 1d with 2b
under Various Reaction Conditions”

run preatalyst solvent 1d (M) 2b (M) Kopsa (107* s71)

1 C6 DMAc 0.20 0.01 1.26
2 Cé6 DMAc 0.30 0.01 1.62
3 Cé DMAc 0.35 0.01 1.82
4 Cé6 DMAc 0.40 0.01 2.19
S Cé DMAc 0.40 0.02 2.02
6 Cl1 DMAc 0.20 0.01 0.95
7 Cé6 DMF 0.20 0.01 0.58
8 C6 NMP 0.20 0.01 0.83

“The reaction was performed at a temperature of 110 °C, using a
catalyst loading of 2 mol %.
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Figure 6. Kinetic profiles for the arylation of thiphenes with phenyl
bromide. Reactions were performed under conditions “ as given in
Table 3, except that 2-chlorothiophene was performed under
conditions ¥

Scheme 2. One-Pot Competition Study
C6 (0.5 mol%)

cl
S S CgHsBr (1 equiv)
DMAG, 130 °C, 2 min 3 3bb

1equiv 1 equiv

3cb:3bb =3.4:1

33% conversion

Scheme 3. Pd-Catalyzed Direct Arylation of Anisole with
Phenyl Bromide

C6 (0.5 mol%)
K2CO3 PivOH

DMAc, 130 °C 4h

1 equiv 1 equiv 7% conversion 0:m:p=26:45:29

Scheme 4. Kinetic Isotope Effect Studies
C6 (0.5 mol%)
mH Y B K2CO3, PivOH
S C DMAc, 130 °C, 4 h
N
S

ki/kp=1.64
€6 (0.5 mol%) ko= 1.64]

A K2CO3 PivOH
D + Br—<i :)—
S DMAc, 130 °C, 4 h

Scheme S. Pd-Catalyzed Direct Arylation of
Benzo[b]thiophene with Phenylboronic Acid

g8
S
(HO)zBO 3ab)

(2 equiv) 3ab: 3ab'=62:38
-+
S C6 (0.5 mol%)
K,CO3, PivOH

(1 equiv) DMAc, 130 °C, 4 h

aerobic condition

Bo

(3ab")
ca 5% conversion

as the active form of the catalysis (Scheme 6). We also carried
out Hg and PPh; poisoning experiments to determine the

Scheme 6. Pd-Catalyzed Homocoupling of the Benzyl
Chloride

C6 (0.5 mol%)
@_\ _ KyCO,, PIVOH__
Cl DMAc, 130°C,4 h
1 mmol 95% conversion

possibility of the existence of heterogeneous Pd(0) species.
However, the reaction was not quenched with use of these
poisoning agents (seen in Figure S3 in the Supporting
Information), which suggested a homogeneous nature of the
active palladium center. On the other hand, the Pd(IT)/Pd(IV)
catalytic cycle was also ruled out, because the stoichiometric
reaction of C6 and phenyl bromide in the catalytic reaction
gave biphenyl quantitatively, whereas the halide exchange
product of phenyl chloride via a Pd(II)/Pd(IV) process was not
observed (Scheme 7).*'" In addition, the generation of
biphenyl also indicated a Pd(0)Pd/(Il)-catalyzed Ullmann
reaction.””

DFT Study on the CMD Reaction Mechanism. To
provide deeper insights into our proposed CMD reaction

DOI: 10.1021/acs.organomet.5b00181
Organometallics XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.5b00181/suppl_file/om5b00181_si_001.pdf
http://dx.doi.org/10.1021/acs.organomet.5b00181

Organometallics

Scheme 7. Stoichiometric Reaction of Palladium Complex
and Phenyl Bromide

DMAc, 130 °C, 4 h
0.1 mmol

0.1 mmol 100% conversion No yield

mechanism for this palladium-catalyzed direct arylation of
thiophenes with aryl bromides, DFT calculations were carried
out using catalyst C6 as the full model. The obtained free
energy profile and key structures for the catalytic cycle are
depicted in Figures 7 and 8, respectively.

Oxidative Addition. The oxidative addition of the aryl
bromide to the Pd(0) center was found to be highly feasible
under the standard reaction conditions, with a calculated
activation free energy of 2.6 kcal/mol (TS1). This strongly
supports the possibility of the involvement of the Pd(0)
complex as the active form to activate aryl bromide in our
catalytic systems. This exergonic oxidative addition step leads
to the relatively stable aryl Pd(II) intermediate IM1 (downhill
by 23.7 kcal/mol).

C—H Bond Cleavage. After a ligand exchange, the
benzo[b]thiophene coordinates to the Pd(II) center (IM2).
Then, the C—H bond of benzo[b]thiophene is activated by the
Pd(II) center via formation of a C—H agostic interaction
(IM3), As shown in Figure 8, in IM3, the Pd--C distance is
2332 A and the C—H bond is elongated to 1.088 A, in
comparison to the former C—H bond in IM2 (1.081 A). This
C—H agostic interaction leads to the C—H bond cleavage via
the typical CMD transition state TS2, where the forming Pd—C
bond length is 2.121 A, the breaking C—H bond length is 1.317
A, and the forming O—H bond length is 1.327 A. The structure
of TS2 is very close to those computed in similar systems.*®
The NPA charge of the migrating hydrogen evolves from 0.313
in IM3, through 0.414 in TS2, to 0.525 in IM4, which clearly
suggests a proton transfer for the CMD mechanism. In TS2,
the concerted deprotonation is assisted by the PivO™ anion,

supporting the involvement of PivOH as an important additive.
The activation free energy of C—H bond cleavage is 21.5 kcal/
mol relative to aryl-Pd(I) intermediate IM1. It should be
noted that this C—H bond cleavage is not the rate-determining
step (AG* = 329 kcal/mol for reductive elimination; see
discussion below). This is in good agreement with our
experimental KIE observations (KIE = 1.64, 1.58, 1.56). It
was also reported in similar systems that C—H bond cleavage is
not the rate-determining step and no notable KIE effect was
found.”

Reductive Elimination. The reductive elimination (TS3) to
give the arylation product is the rate-determining step along the
CMD pathway, with a calculated activation free energy of 32.9
kcal/mol relative to IM1, which is higher than the C—H
cleavage transition state (TS2) by 11.4 kcal/mol. Therefore, it
is not surprising to see an insignificant KIE effect in our
experimental studies (Scheme 3). The reductive elimination
was also suggested to be the rate-determining step of the CMD
mechanism by computational and KIE studies in arylpalladium
acetate systems.'” A reductive elimination as the rate-
determining step implies that the direct arylation reactivity
should be affected by both reaction components, the
thiophenes and the aryl bromides. Furthermore, our calculated
activation free energy of 32.9 kcal/mol is consistent with the
experimental condition that the reaction occurs at high
temperature. Nevertheless, it is noteworthy that the excellent
catalytic efficiency of the a-hydroxyimine palladium complexes
proved their superiority relative to the most conventional
catalysts. Reasonably, the efficiency can be ascribed to the bulky
steric ligand bonded to the palladium, which can retard the
decomposition of the active species and favor the reductive
elimination pathway, thus enhancing the catalytic activity under
aerobic conditions.

We performed further DFT calculations to evaluate a
carboxylatopalladium(II) complex as the active species. The
results suggest that a carboxylatopalladium(II)-promoted direct
arylation is less likely to occur. The rate-determining step has

t

N

N\P“ _Ph
2 d\_:l S
N Ph ¥ H E@
PdST 9.2
\
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Figure 7. Free energy profile for the palladium (C6)-catalyzed direct arylation of benzo[b]thiophene and phenyl bromide. Free energies are given in

kcal/mol.
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TS3

Figure 8. Key structures for the palladium (C6)-catalyzed direct arylation of benzo[b]thiophene with phenyl bromide. Bond lengths are given in

angstr oms.

an activation free energy as high as 46.3 kcal/mol (Figure S4 in
the Supporting Information). Our experimental study (Scheme
7) also rules out the Pd(II)/Pd(IV) catalytic cycle. Therefore, a
carboxylatopalladium(II) species is a resting state instead of an
active species in our system. The palladium(II) species will
most likely transform into a Pd(0) species as the active site for
the direct arylation. The possibility of the involvement of Pd(0)
complexes as the active form is also well supported by our
experimental study (Scheme 6).

On the basis of our experimental and computational results,
as well as the results reported by other groups, a plausible
Pd(0)/Pd(II) CMD pathway is depicted in Scheme 8. First, in

Scheme 8. Proposed Catalytic Cycle for Pd-Catalyzed Direct
Arylation of Heteroaromatics with Aryl Halides

N Ar
\F’I:i/\(\ /R N\ " /Ar
<o/ 7 Pd
}L s\/] <o/ “Br
E B .
K,CO3 KHCOs H?s
Oy OH \_ A 00K 7
Y Y S
Bu Bu KBr

CZ\ 0 AT /R ¥
Pd
oo HoH R
0\\(0 \/ 00

4 t Cc
Bu D Bu

the presence of base and substrates, the Pd(II) complex was
reduced to the Pd(0) catalyst (A). Then, the oxidation of Ar-Br
with Pd(0) species is envisioned to occur, affording an aryl-
Pd(II) intermediate (B). After a ligand exchange, the
coordination of thiophene would lead to the Pd intermediate
(C). This species subsequently undergoes C—H bond cleavage,

via a CMD type transition state (D), to form the diaryl-Pd(1I)
intermiediate (E), along with the liberation of PivOH. Finally,
the catalytic cycle is completed via reductive elimination, the
rate-determining step, to produce the arylated product and the
Pd(0) catalyst is regenerated.

B CONCLUSIONS

In summary, we have developed a type of a-hydroxyimine
palladium complex with bulky subsituents. The steric effects of
the bulk on the catalytic efficiency are understood on the basis
of the ligand design. In the presence of both heteroarenes and
aryl bromides employed in equimolar quantities, C6 with a
bulky steric group gave a versatile, regioselective direct arylation
of heteroarenes with aryl or heteroaryl bromides. This easy
manipulation is highlighted by the low palladium loading (0.5
mol %) and aerobic conditions. In addition, the mechanism was
proposed to proceed via a Pd(0)/Pd(II) CMD pathway in the
direct arylation.

B EXPERIMENTAL SECTION

Physical Measurements and Materials. 2,6-Dimethylaniline and
2,6-diisopropylaniline were purchased from Aldrich Chemical and
were distilled under reduced pressure before being used. Palladium
chloride and trimethylaluminum (1 M, hexane) were purchased from
Aldrich Chemical. 2,3-Butanedione and benzil were purchased from
Guangzhou Chemical Reagent Factory and were used as received. 2,6-
Diphenylmethyl-4-methylaniline, 2,6-diphenylmethyl-4-chloroaniline,
and 2,6-diphenylmethyl-4-methoxylaniline,** 2,6-(CH,),C¢Hy-N=C-
(Ph)-C(Ph)=0 (KI5a) and 2,6-(iPr),C4H;-N=C(Ph)-C(Ph)=0
(K16a),”> C7 and C8,"" and benzo[b]thiophene-d**" were prepared
according to literature methods.

The NMR data of compounds were obtained on a Varian Mercury-
Plus 400 MHz spectrometer at ambient temperature with the
decoupled nucleus, using CDCIl; as solvent and referenced versus
TMS as standard. Elemental analyses were determined with a Vario EL
Series Elemental Analyzer from Elementar. The X-ray diffraction data
of single crystals were obtained with the w—26 scan mode on a Bruker
SMART 1000 CCD diffractometer with graphite-monochromated Mo
Ka radiation (4 = 0.71073 A) at 173 K. The structure was solved using
direct methods, and further refinement with full-matrix least squares
on F? was obtained with the SHELXTL program package.*® All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were
introduced in calculated positions with the displacement factors of the
host carbon atoms.

General Procedures for the Synthesis of a-Ketoimine (Ar-
N=C(CH;)C(CH;)=0) Compounds. A solution of 2,3-butanedione
(0.48 mL, 5.5 mmol) and formic acid (0.08 mL) in dichloromethylene
(15 mL) was placed in a flask and stirred. Substituted aniline (S mmol)

DOI: 10.1021/acs.organomet.5b00181
Organometallics XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.5b00181/suppl_file/om5b00181_si_001.pdf
http://dx.doi.org/10.1021/acs.organomet.5b00181

Organometallics

in § mL of dichloromethylene was added dropwise to the flask over 1
h, and the mixture was then refluxed. After a reaction time of 12 h, all
of the volatiles were removed in vacuo. The crude product was
crystallized from ethanol as a light yellow powder.

2-(CHPh,) ,-4,6-(CH5),CsH,N=C(CH3)C(CH;)=0 (KI1a): obtained
in 89% yield. Mp: 115.6—116.3 °C. 'H NMR (400 MHz, CDCL,): §
7.30—7.01 (m, Ar-H, 10H), 6.93 (s, Ar-H, 1H), 6.61 (s, Ar-H, 1H),
5.34 (s, CH(Ph),, 1H), 2.53 (s, CH;, 3H), 2.23 (s, CH;, 3H), 1.89 (s,
CH,, 3H), 1.10 (s, CH;, 3H). '*C NMR (100 MHz, CDCl,): § 199.4
(C=N), 167.7(C=0), 144.3 (C,,), 143.0 (C,,), 142.2 (C,,), 132.8
(Car)y 132.1 (Cy,), 1294 (Cyy), 129.2 (Cy,), 128.3 (Cy,), 128.0 (Cy,),
127.7 (Cay), 1263 (Cy,), 1262 (Cy,), 123.6 (Cy,), 52.5 (CHPh,),
25.0 (CH;), 21.1 (CH;), 17.6 (CHy), 142 (CH,). Anal. Calced for
C,sH,sNO: C, 84.47; H, 7.09; N, 3.94. Found: C,84.33; H, 7.12; N,
3.89.

2,6-(CHPh,)-4-(CH3)CsH,N=C(CH;)C(CH)=0 (KI2a): obtained
in 80% yield. Mp: 182.5—183.8 °C. 'H NMR (400 MHz, CDCL): §
7.29-7.17 (m, Ar-H, 12H), 7.04 (m, Ar-H, 8H), 6.67 (s, Ar-H, 2H),
5.11 (s, CH(Ph),, 2H), 2.33 (s, CH;, 3H), 2.17 (s, CH,, 3H), 0.69 (s,
CH;, 3H). 3C NMR (100 MHz, CDCL): § 199.3 (C=N), 168.5
(C=0), 1443 (Cy,), 143.0 (Cy,), 142.0 (Cy,), 132.3 (Cy,), 130.8
(Car)y 129.5 (Cy,), 1292 (Cy,), 128.6 (Cy,), 128.4 (Cy,), 128.0 (Cy,),
126.3 (Cy,), 126.1 (Cy,), 52.3 (CHPh,), 25.0 (CHj;), 21.4 (CH;), 14.6
(CH,;). Anal. Calcd for Cy,H;3NO: C, 87.54; H, 6.55; N, 2.76. Found:
C, 87.45; H, 6.59; N, 2.71.

2,6-(CHPh,) ,-4-(OCH5)C4H,N=C(CH;)C(CH,)=0 (KI3a): obtained
in 85% yield. Mp: 150.6—151.5 °C. 'H NMR (400 MHz, CDCL,): &
7.30—7.00 (m, Ar-H, 20H), 6.40 (s, Ar-H, 2H), 5.10 (s, CH(Ph),,
2H), 3.54 (s, OCH,, 3H), 2.32 (s, CH,, 3H), 0.68 (s, CH,, 3H). *C
NMR (100 MHz, CDCl,): § 199.3, 169.1, 155.4, 142.7, 141.7, 140.4,
132.4, 129.4, 129.2, 128.4, 128.0, 126.4, 126.2, 113.7, 55.1, 52.4, 25.0,
14.7. Anal. Calcd for C;;H33NO,: C, 84.86; H, 6.35; N, 2.67. Found:
C, 84.75; H, 6.39; N, 2.63.

2,6-(CHPh,) y-4—Cl-CsH,N=C(CH;)C(CH;)=0 (Kl4a): obtained in
79% yield. Mp: 195.5—196.8 °C. 'H NMR (400 MHz, CDCL): §
7.30—7.18 (m, Ar-H, 12H), 7.02—6.99 (m, Ar-H, 8H), 6.83 (s, Ar-H,
2H), 5.09 (s, CH(Ph),, 2H), 2.31 (s, CH;, 3H), 0.66 (s, CH,, 3H).
3C NMR (100 MHz, CDCL,): 6 198.8 (C=N), 168.9 (C=0), 145.2
(Ca)y 142.0 (Cy,), 141.6 (Cy,), 141.1 (Cy,), 133.1 (Cy,), 129.3 (Cyy),
129.1 (C,,), 128.6 (C,,), 128.2 (C,,), 128.0 (Cy,), 126.6 (Cy,,), 126.5
(Ca)y 523 (CHPh,), 25.0 (CH;), 14.8 (CH;). Anal. Caled for
CyH3CINO: C, 81.88; H, 5.73; N, 2.65. Found: C, 81.74; H, 5.80; N,
2.61.

General Procedures for the Synthesis of a-Hydroxyimine
(Ar-N=C(CH;)C(CH;),—OH) Ligands. a-Ketomine (2 mmol) was
dissolved in 10 mL of toluene under a nitrogen atmosphere,
trimethylaluminum (3 mL, 1.0 M) or phenyl Grignard reagent was
added slowly through a syringe at room temperature, and then the
reaction was heated to reflux for 4—6 h. When the determined time
was reached, the solution was cooled to 0 °C, and the reaction mixture
was carefully hydrolyzed with 5% aqueous NaOH solution. The
organic product was extracted with ethyl acetate and dried over
MgSO,, and the solvent was evaporated. The crude material was
crystallized from ethanol or purified by column chromatography
(Hex/EtOAc = 30/1) as white crystals.

2-(CHPh,)-4,6-(CH5),CsH,N=C(CH;)C(CH3),OH (L1): obtained in
87% yield. Mp: 86.5—87.6 °C. '"H NMR (400 MHz, CDClL,): § 7.28—
7.03 (m, Ar-H, 10H), 6.91 (s, Ar-H, 1H), 6.59 (s, Ar-H, 1H), 5.54 (s,
CH(Ph),, 1H), 5.41 (br, OH, 1H), 2.22 (s, CH;, 3H), 1.92 (s, CH,,
3H), 1.35 (s, CH,;, 3H), 1.20 (s, CH,, 3H), 1.11 (s, CH;, 3H). °C
NMR (100 MHz, CDCl,): § 179.5 (C=N), 144.6 (C,,), 142.9 (Cy,),
141.5 (Cy,), 134.7 (Cy,), 129.6 (Cy,), 1292 (Cy,), 128.6 (Cy,), 128.5
(Cu), 1284 (Cy,), 1282 (Cy,), 126.5 (Cy), 1264 (C,,), 734 (C-
OH), 514 (CHPh,), 28.1 (CH;), 154 (CH;). Anal. Calcd for
C,sH,oNO: C, 84.06; H, 7.87; N, 3.77. Found: C, 84.02; H, 7.93; N,
3.75.

2,6-(CHPh ) ,-4-(CH;)C¢H,N=C(CH3)C(CH;),0H (L2): obtained in
74% yield. Mp: 160.3—161.5 °C. 'H NMR (400 MHz, CDCL): §
7.25—6.98 (m, Ar-H, 20H), 6.65 (s, Ar-H, 2H), 5.31 (br, OH, 1H),
5.26 (s, CH(Ph),, 2H), 2.15 (s, CH,, 3H), 1.89 (s, CH,, 6H), 0.68 (s,

CH,, 3H). C NMR (100 MHz, CDCl,): § 178.5 (C=N), 143.9
(Ca), 143.5 (Cyy), 1424 (Cyy), 132.5 (Cy,), 132.0 (Cyy), 129.7 (Cyy),
129.3 (Cy,), 129.2 (Cy,), 128.2 (Cy,), 128.0 (Cy,), 1262 (C,,), 126.0
(Ca), 732 (C-OH), 51.4 (CHPh,), 28.1 (CH,), 21.4 (CH,), 15.1
(CH,). Anal. Calcd for C4H,,NO: C, 87.15; H, 7.12; N, 2.67. Found:
C,87.13; H, 7.16; N, 2.63.

2,6-(CHPh,),-4-(OCH;)C¢H,N=C(CH3)C(CH;),0H (L3): obtained in
85% yield. Mp: 158.9—160.5 °C. '"H NMR (400 MHz, CDCl;): §
7.27-7.00 (m, Ar-H, 20H), 6.44 (s, Ar-H, 2H), 5.31 (br, OH, 1H),
5.28 (s, CH(Ph),, 2H), 3.54 (s, OCH;, 3H), 1.19 (s, CH,;, 6H), 0.71
(s, CH,, 3H). '*C NMR (100 MHz, CDCL,): 6 179.2 (C=N), 155.2
(Ca), 143.7 (Cyy), 1423 (Cyy), 139.6 (Cy,), 134.0 (Cy,), 129.7 (Cyy),
129.4 (Cy,), 128.3 (Cy,), 128.1 (Cy,), 1264 (Cy,), 126.2 (Cy,), 114.4
(Car), 732 (C-OH), 55.1 (CHPh,), 51.6 (OCHs,), 28.0 (CH;), 14.9
(CHj;). Anal. Calcd for C3H;,NO,: C, 84.57; H, 6.91; N, 2.60. Found:
C, 84.54; H, 6.96; N, 2.63.

2,6-(CHPh,) ,-4—Cl-C4H,N=C(CH;)C(CH5),OH (L4): obtained in
77% yield. Mp: 179.2—180.9 °C. 'H NMR (400 MHz, CDCL,): §
7.28 (m, Ar-H, 12H), 7.07 (m, Ar-H, 4H), 6.99 (m, Ar-H, 4H), 6.84
(m, Ar-H, 2H), 5.25 (s, CH(Ph),, 2H), 5.08 (br, OH, 1H), 1.19 (s,
CH,, 6H), 0.66 (s, CH;, 3H). *C NMR (100 MHz, CDCL,): § 179.9
(C=N), 144.7 (C,,), 143.0 (C,,), 141.7 (C,,), 134.8 (Cy,), 129.7
(Can), 129.3 (Cy,), 128.7 (Cy,), 128.6 (Cy,), 128.5 (Cy,), 128.3 (Cyy),
126.6 (C,,), 126.5 (C,,), 73.4 (C-OH), S1.4 (CHPh,), 28.0 (CH,),
15.3 (CH;). Anal. Calcd for C;,H,,CINO: C, 81.67; H, 6.30; N, 2.57.
Found: C, 81.62; H, 6.34; N, 2.52.

2,6-(CH5),CgHsN=C(Ph)C(Ph),OH (L5): obtained in 68% yield. Mp:
117.6—119.2 °C. '"H NMR (400 MHz, CDCL,): § 7.52 (m, Ar-H, 4H),
7.33 (m, Ar-H, 6H), 7.13 (m, Ar-H, 1H), 6.96 (m, Ar-H, 2H), 6.87
(m, Ar-H, 3H), 6.50 (m, Ar-H, 2H), 2.02 (s, CH;, 6H). *C NMR
(100 MHz, CDCl,): 6 172.4 (C=N), 145.5 (C,,), 142.1 (C,,), 135.1
(Car), 1289 (Cy,), 128.7 (Cyy), 128.0 (Cy,), 127.8 (Cy,), 127.7 (Cyy),
127.3 (Cy,), 126.5 (Cy,), 123.7 (C,,), 82.8 (C-OH), 18.7 (CH,). Anal.
Calcd for C,gH,NO: C, 85.90; H, 6.44; N, 3.58. Found: C, 85.88; H,
6.46; N, 3.56.

2,6-(iPr) ,CsH3;N=C(Ph)C(Ph),OH (L6): obtained in 65% yield. Mp:
113.5—114.7 °C. 'H NMR (400 MHz, CDCl,): § 7.53 (m, Ar-H, 4H),
7.35 (m, Ar-H, 6H), 7.12 (m, Ar-H, 1H), 6.98 (m, Ar-H, SH), 6.50
(m, Ar-H, 2H), 2.81 (m, CH(CH,),, 2H), 121 (d, Juy = 7.2 Hz,
CH(CHj,),, 6H), 0.89 (d, ] = 7.2 Hz, CH(CHj,),, 6H). 3*C NMR (100
MHz, CDCly): § 171.1 (C=N), 142.5 (C,,), 1422 (C,,), 136.8
(Car), 134.6 (Cy,), 128.8 (C,,), 128.6 (Cy,), 128.4 (Cyy), 127.8 (Cyy),
127.7 (Cy,), 127.3 (Cy,), 1244 (Cy,), 122.7 (C,,), 82.6 (C-OH), 28.2
(CH(CH,),), 24.1 (CH(CHj;),), 21.6 (CH(CH;),). Anal. Calcd for
C3,H33NO: C, 85.87; H, 7.43; N, 3.13. Found: C, 85.83; H, 7.46; N,
3.15.

General Procedures for the Synthesis of Palladium
Complexes. a-Hydroxyimine ligand (1.0 mmol) and palladium
dichloride (0.177 g, 1.0 mmol) were combined in 10 mL of methanol
at room temperature. After the reaction mixture was heated to reflux
overnight, the methanol was removed under reduced pressure. The
residue was dissolved in 5 mL of dichloromethane, and then 20 mL
hexane was added. The precipitate of the palladium complex was
collected by filtration, and the brown powder was washed with hexane
(2 X 20 mL). Drying in vacuo produced the desired palladium
complex.

{[2-(CHPh)-4,6-(CH3) ,CsH,N=C(CH;)C(CH5),OH]PdCl,} (C1): ob-
tained in 89% yield. '"H NMR (400 MHz, CDCL): & 7.41-7.20 (m,
Ar-H, 10 H), 6.86 (s, Ar-H, 1H), 6.65 (s, Ar-H, 1H), 6.58 (br,
CH(Ph),, 1H), 2.17 (s, CH;, 3H), 2.08 (s, CH,, 3H), 1.89 (s, CH,,
3H), 1.37 (s, CH,, 3H), 0.84 (s, CH;, 3H). *C NMR (100 MHz,
CDCly): § 191.1 (C=N), 142.9 (C,,), 141.0 (Cy,), 139.7 (Cy,), 137.1
(Can), 136.8 (Cy,), 1304 (Cy,), 129.8 (Cy,), 129.6 (Cy,), 1294 (Cy),
129.1 (Cy,), 128.1 (Cy,), 1269 (Cy,), 126.3 (Cy,), 90.6 (C-OH), 52.2
(CHPh,), 28.4 (CHj;), 26.0 (CH;), 21.3 (CH;), 18.0 (CH;), 17.7
(CH,). Anal. Calcd for C,4H,yCLNOPd: C, 56.90; H, 5.33; N, 2.35.
Found: C, 56.78; H, 5.36; N, 2.50.

{12,6-(CHPh,) ,-4~(CH3)C4H,N=C(CH5)C(CH5),OH]PdCl,} (C2): ob-
tained in 91% yield. "H NMR (400 MHz, CDCL,): § 7.29—7.14 (m,
Ar-H, 20 H), 6.65 (s, Ar-H, 2H), 6.32 (s, CH(Ph),, 2H), 2.12 (s, CH;,
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3H), 1.48 (s, CH;, 6H), —0.04 (s, CH,, 3H). '*C NMR (100 MHz,
CDClLy): § 192.9 (C=N), 143.5 (C,,), 140.4 (C,,), 139.4 (C,,), 136.8
(Car), 1364 (Cy,), 1303 (Cy,), 130.2 (Cy,), 129.8 (Cy,), 128.8 (Cy,),
128.1 (Cyy), 1269 (Cy,), 1264 (Cy,), 909 (C-OH), 51.8 (CHPh,),
28.1 (CH;), 21.6 (CH;), 19.0 (CHj). Anal. Calcd for
C;sH;,CLNOPd: C, 65.10; H, 5.32; N, 2.00. Found: C, 64.89; H,
5.37; N, 1.96.

{[2,6-(CHPh,) ,-4-(OCH;)CsH,N=C(CH3)C(CH5),OH]PdCl,} (C3):
obtained in 85% yield. '"H NMR (400 MHz, CDCLy): § 7.29-7.15
(m, Ar-H, 20 H), 6.37 (s, Ar-H, 2H), 6.34 (s, CH(Ph),, 2H), 3.49 (s,
OCH,, 3H), 1.47 (s, CH;, 6H), —0.03 (s, CH;, 3H). *C NMR (100
MHz, CDCL): 6 1934 (C=N), 157.8 (C,,), 1432 (C,,), 140.1
(Can), 1382 (Cy,), 1352 (Cyy), 130.2 (Cy,), 129.8 (Cy,), 128.8 (Cyy),
1282 (Cy,), 127.0 (Cy,), 126.5 (Cy,), 115.1 (Cy,), 90.8 (C-OH), 54.9
(CHPh,), 52.0 (OCHj;), 28.1 (CH;), 19.0 (CH,). Anal. Calcd for
CysHy,CLNO,Pd: C, 63.65; H, 520; N, 1.95. Found: C, 63.52; H,
5.24; N, 1.90.

{[2,6-(CHPh) ,-4—Cl-C4H,N=C(CH3)C(CH5),OH]PdCl,} (C4): ob-
tained in 88% yield. '"H NMR (400 MHz, CDCly): § 7.25—7.18 (m,
Ar-H, 20 H), 6.83 (s, Ar-H, 2H), 6.33 (s, CH(Ph),, 2H), 1.43 (s, CH,,
6H), —0.03 (s, CH;, 3H). °C NMR (100 MHz, CDCl;): § 193.4
(C=N), 142.7 (Cy,), 1402 (C,,), 139.7 (Cy,), 138.8 (C,,), 133.2
(Can), 1302 (Cy,), 129.7 (Cyy), 129.0 (Cy,), 128.4 (Cy,), 127.3 (Cyy),
126.9 (Cy,), 110.0 (C,,), 90.8 (C-OH), 51.8 (CHPh,), 28.2 (CH,),
19.2 (CH,). Anal. Caled for Cy,H;,CLLNOPd: C, 61.60; H, 4.75; N,
1.94. Found: C, 61.47; H, 4.79; N, 1.91.

{[2,6-(CH3) ,C4H;N=C(Ph)C(Ph),OH]PdCl,} (C5): obtained in 92%
yield. "H NMR (400 MHz, CDCL): § 7.65-7.39 (m, Ar-H, 10H),
7.21-7.12 (m, Ar-H, 2H), 6.86—6.78 (m, Ar-H, SH), 6.37 (m, Ar-H,
1H), 2.48 (s, CH;, 6H). '*C NMR (100 MHz, CDCl,): § 174.3 (C=
N), 143.3 (Cy,), 136.1 (Cy,), 131.8 (C,,), 130.3 (Cy,), 130.2 (Cy,),
129.8 (Cy,), 129.1 (Cy,), 1289 (Cy,), 128.6 (Cy,), 128.0 (Cy,), 127.3
(Can), 126.5 (Cy,), 95.7 (C-OH), 31.6 (CH,), 19.7 (CH,). Anal.
Caled for C,gH,;CLNOPd: C, 59.12; H, 4.43; N, 2.46. Found: C,
59.65; H, 4.70.,; N, 2.37.

{[2,6-(iPr) ,CsH;N=C(Ph)C(Ph),OH]PdCl,} (C6): obtained in 94%
yield. '"H NMR (400 MHz, CDCL,): § 7.76—7.41 (m, Ar-H, 2H),
7.59—7.48 (m, Ar-H, 9H), 7.11-7.05 (m, Ar-H, 3H), 7.00—6.84 (m,
Ar-H, 3H), 642 (d, Juy = 9.8 Hz, Ar-H, 1H), 3.51 (m, CH(CH,),,
2H), 1.71 (d, Juy = 8.0 Hz, CH(CH,),, 3H), 1.42 (br, CH(CHj;),,
3H), 0.90 (d, Ji = 8.0 Hz, CH(CH,),, 3H), 0.82 (d, Juy = 8.0 Hz,
CH(CHj,),, 3H). *C NMR (100 MHz, CDCl,): 6 178.4, 139.9, 131.8,
130.2, 128.9, 128.7, 128.3, 127.6, 127.2, 123.7, 123.5, 110.0, 98.0, 29.0,
24.9, 23.0, 21.8. Anal. Caled for Cs,H,,CLNOPd: C, 61.50; H, 5.32;
N, 2.24. Found: C, 62.05; H, 5.53;; N, 2.16.

General Procedure for Direct Arylation Promoted by
Palladium Complexes. Unless otherwise noted, the direct arylation
reactions were carried out under aerobic conditions. Reaction
temperatures are reported as the temperature used to heat the vessel
unless otherwise stated. All solvents were not purified and were used as
received. A round-bottomed flask containing a stir bar was charged
with the palladium complex (0.005 mmol), aryl bromide (1.0 mmol),
heteroarene (1.0 mmol), K,COj; (1.5 mmol), PivOH (0.3 mmol), and
3 mL of DMAc. The reaction mixture was carried out at 130 °C for 4
h. After completion of the reaction, the reaction mixture was cooled to
room temperature and 20 mL of water was added. The mixture was
diluted with Et,O (5 mL), followed by extraction three times (3 X S
mL) with Et,O. The organic layer was dried with anhydrous MgSO,,
filtered, and evaporated under vacuum. The crude products were
purified by silica gel column chromatography using petroleum ether/
ethyl acetate (20/1) as an eluent, and the isolated yield was then
calculated on the basis of the feeding of the aryl halide. The isolated
corresponding products were characterized by '"H NMR and “C
NMR, and the spectra are reported in the Supporting Information.

DFT Calculations. DFT calculations were performed using the
Gaussian 09 program.”” The DFT method with B3LYP*® (Becke’s
three-parameter hybrid, LYP correlation functional) functional was
used in conjunction with effective core potentials (ECPs) with the
LANL2DZ basis sets> for palladium and the 6-31G(d) basis sets for
other elements for the geometry optimizations. At the same level of

theory, frequency analysis calculations were performed to characterize
the structures to be the minima (no imaginary frequency) or transition
states (one imaginary frequency). Transition-state structures were
verified by intrinsic reaction coordinate (IRC) calculations. The
thermodynamic data were obtained at 403.15 K and 1 atm, according
to experimental conditions. Only vibrational entropies in the gas phase
were considered to avoid overestimating the entropic contribution due
to the ignorance of the suppression effect of solvent on the translation
and rotational freedoms of the ideal gas model. To further refine the
energetics, the single-point energies of the optimized geometries were
obtained with larger basis sets: ie., the SDD pseudopotential®® for
palladium and 6-311++G(d,p) for other atoms. At the same level of
theory, the bulky solvation effect of DMAc (¢ = 37.781) was simulated
by the SMD continuum solvent mode.*' The figures of 3D optimized
structures in this paper were displayed by the CYLview visualization
program.*?

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.organo-
met.Sb00181.

Details of experimental procedures and NMR data for all
ligands, palladium complexes, and cross-coupling prod-
ucts (PDF)

Crystallographic data (CIF)

B AUTHOR INFORMATION

Corresponding Authors
*E-mail for Z.K.: kezhf3@mail.sysu.edu.cn.
*E-mail for F.-S.L.: fengshou2004@126.com.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors gratefully thank the Natural Science Foundation of
China (No. 21004014, 21203256, 21473261) and the
Foundation for Distinguished Young Talents in Higher
Education of Guangdong (No. Yq2013101) for financial
support.

B REFERENCES

(1) (a) Akita, Y.; Itagaki, Y.; Takizawa, S.; Ohta, A. Chem. Pharm.
Bull. 1989, 37, 1477—1480. (b) Ohta, A.; Akita, Y.; Ohkuwa, T,;
Chiba, M.; Fukunaga, R.; Miyafuji, A.; Nakata, T.; Tani, N.; Aoyagi, Y.
Heterocycles 1990, 31, 1951—1958. (c) Ohta, A; Inoue, A.; Koizumi, I;
Hashimoto, R.; Tokunaga, K,; Gohma, K,; Komatsu, J.; Sekine, K;
Miyafuji, A,; Kunoh, J.; Honma, R; Akita, Y.; Ohta, A. Heterocycles
1992, 33, 257-272.

(2) (a) Campeay, L. C; Stuart, R.; Fagnou, K. Aldrichim. Acta 2007,
40, 35—41. (b) Alberico, D.; Scott, M. E.; Lautens, M. Chem. Rev.
2007, 107, 174—238. (c) Satoh, T.; Miura, M. Chem. Lett. 2007, 36,
200—208S. (d) Seregin, 1-V.; Gevorgyan, V. Chem. Soc. Rev. 2007, 36,
1173—1193. (e) Fairlamb, L J. S. Chem. Soc. Rev. 2007, 36, 1036—
1045. (f) Mori, A.; Sugie, A. Bull. Chem. Soc. Jpn. 2008, 81, 548—561.
(g) Ackermann, L.; Vicente, R; Kapdi, A. R. Angew. Chem., Int. Ed.
2009, 48, 9792—9826. (h) Bellina, F.; Rossi, R. Tetrahedron 2009, 65,
10269—10310. (i) Daugulis, O. Top. Curr. Chem. 2009, 292, 57—84.
(j) Zhao, D.; You, J.; Hu, C. Chem. - Eur. J. 2011, 17, 5466—5492.
(k) Verrier, C.; Lassalas, P.; Théveau, L.; Quéguiner, G.; Trécourt, F.;
Marsais, F.; Hoarau, C. Beilstein ]. Org. Chem. 2011, 7, 1584—1601.
(1) Su, Y-X; Sun, L.-P. Mini-Rev. Org. Chem. 2012, 9, 87—117.
(m) Mercier, L. G.; Leclerc, M. Acc. Chem. Res. 2013, 46, 1597—1605.
(n) Rossi, R; Bellina, F.; Lessi, M.,; Manzini, C. Adv. Synth. Catal.
2014, 356, 17—117. (o) Yuan, K; Soulé, J.-F.; Doucet, H. ACS Catal.

DOI: 10.1021/acs.organomet.5b00181
Organometallics XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.organomet.5b00181
http://pubs.acs.org/doi/abs/10.1021/acs.organomet.5b00181
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.5b00181/suppl_file/om5b00181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.5b00181/suppl_file/om5b00181_si_002.cif
mailto:kezhf3@mail.sysu.edu.cn
mailto:fengshou2004@126.com
http://dx.doi.org/10.1021/acs.organomet.5b00181

Organometallics

2015, S, 978—991. (p) El Kazzouli, S. E.; Koubachi, J.; Guillaumet, G.
RSC Adv. 2018, S, 15292—15327.

(3) (a) Hassan, J.; Sévignon, M.; Gozzi, C.; Schulz, E.; Lemaire, M.
Chem. Rev. 2002, 102, 1359—1470. (b) De Meijere, A.; Diederich, F.
Metal-Catalyzed Cross-Coupling Reactions, 2nd ed.; Wiley-VCH:
Weinheim, Germany, 2004. (c) Corbet, J.-P.; Mignani, G. Chem.
Rev. 2006, 106, 2651—2710. (d) Fairlamb, L J. S. Chem. Soc. Rev. 2007,
36, 1036—1045.

(4) Selected references of phosphine-based Pd catalysis: (a) Okazawa,
T.; Satoh, T.; Miura, M;; Nomura, M. J. Am. Chem. Soc. 2002, 124,
5286—5287. (b) Yokooji, A.; Satoh, T.; Miura, M,; Nomura, M.
Tetrahedron 2004, 60, 6757—6763. (c) Lafrance, M.; Rowley, C. N,;
Woo, T. K; Fagnou, K. J. Am. Chem. Soc. 2006, 128, 8754—8755.
(d) Chiong, H. A; Daugulis, O. Org. Lett. 2007, 9, 1449—14S1.
(e) Lafrance, M.; Rowley, C. N.; Woo, T. K.; Fagnou, K. J. Am. Chem.
Soc. 2008, 130, 10848—10849. (f) Liégault, B.; Lapointe, D.; Caron, L.;
Vlassova, A.; Fagnou, K. J. Org. Chem. 2009, 74, 1826—1834.
(g) Liégault, B.; Petrov, L; Gorelsky, S. L; Fagnou, K. J. Org. Chem.
2010, 75, 1047—1060. (h) Derridj, F.; Roger, J.; Djebbar, S.; Doucet,
H. Org. Lett. 2010, 12, 4320—4323. (i) Gorelsky, S. L; Lapointe, D.;
Fagnou, K. J. Org. Chem. 2012, 77, 658—668. (j) Tamba, S.; Okubo, Y.;
Tanaka, S.; Monguchi, D.; Mori, A. J. Org. Chem. 2010, 75, 6998—
7001. (k) Roy, D.; Mom, S.; Royer, S.; Lucas, D.; Hierso, J.-C.;
Doucet, H. ACS Catal. 2012, 2, 1033—1041. (1) Carrér, A.; Brinet, D ;
Florent, J.-C.; Rousselle, P.; Bertounesque, E. J. Org. Chem. 2012, 77,
1316—1327. (m) Wakioka, M.; Nakamura, Y.; Wang, A.; Ozawa, F.
Organometallics 2012, 31, 4810—4816. (n) Mahindra, A.; Bagra, N;
Jain, R. J. Org. Chem. 2013, 78, 10954—10959. (o) Khake, S. M.; Soni,
V.; Gonnade, R. G.; Punji, B. Dalton Trans. 2014, 43, 16084—16096.
(p) Wakioka, M,; Nakamura, Y.; Hihara, Y,; Ozawa, F.; Sakaki, S.
Organometallics 2014, 33, 6247—6252. (q) Ferguson, D. M.; Rudolph,
S. R; Kalyani, D. ACS Catal. 2014, 4, 2395—2401. (r) Choy, P. Y,;
Luk, K. C; Wy, Y,; So, C. M.; Wang, L.-1; Kwong, F. Y. J. Org. Chem.
2018, 80, 1457—1463. (s) Wakioka, M.; Nakamura, Y.; Montgomery,
M,; Ozawa, F. Organometallics 2015, 34, 198—20S. (t) Jakab, A;
Dalicsek, Z.; Sods, T. Eur. . Org. Chem. 20185, 2015, 56—59.

(5) (a) Shibahara, F.; Murai, T. Asian J. Org. Chem. 2013, 2, 624—
636. (b) Engle, K. M;; Yu, J.-Q. J. Org. Chem. 2013, 78, 8927—8955.

(6) (a) Ye, M.; Gao, G.-L.; Edmunds, A. J. F. P.; Worthington, A.;
Morris, J. A;; Yu, J-Q. J. Am. Chem. Soc. 2011, 133, 19090—19093.
(b) Ye, M.; Edmunds, A. J. F.; Morris, J. A;; Sale, D.; Zhang, Y.; Yu, J.-
Q. Chem. Sci. 2013, 4, 2374—2379. (c) Takita, R.; Fujita, D.; Ozawa, F.
Synlett 2011, 2011, 959—963. (d) Hattori, K; Yamaguchi, K;
Yamaguchi, J.; Itami, K. Tetrahedron 2012, 68, 7605—7614. (e) Tani,
S.; Uehara, T. N.; Yamaguchia, J.; Itami, K. Chem. Sci. 2014, S, 123—
135. (f) Naas, M,; El Kazzouli, S.; Essassi, E. M,; Bousmina, M.;
Guillaumet, G. J. Org. Chem. 2014, 79, 7286—7293.

(7) (a) Sugie, A.; Kobayashi, K; Suzaki, Y.; Osakada, K; Mori, A.
Chem. Lett. 2006, 35, 1100—1101. (b) Sugie, A.; Furukawa, H.; Suzaki,
Y.; Osakada, K; Akita, M.; Monguchi, D.; Mori, A. Bull. Chem. Soc. Jpn.
2009, 82, 555—562. (c) Yanagisawa, S.; Ueda, K.; Sekizawa, H.; Itami,
K. J. Am. Chem. Soc. 2009, 131, 14622—14623. (d) Kamiya, H;
Yanagisawa, S.; Hiroto, S.; Itami, K.; Shinokubo, H. Org. Lett. 2011, 13,
6394—6397. (e) Yanagisawa, S.; Itami, K. Tetrahedron 2011, 67,
4425—4430. (f) Meyer, C.; Neue, B.; Schepmann, D.; Yanagisawa, S.;
Yamaguchi, J.; Wiirthwein, E.-U.; Itami, K,; Wiinsch, B. Org. Biomol.
Chem. 2011, 9, 8016—8029. (g) Meyer, C.; Schepmann, D.;
Yanagisawa, S.; Yamaguchi, J; Col, V. D,; Laurini, E; Itami, K;
Pricl, S.; Wiinsch, B. J. Med. Chem. 2012, 55, 8047—8065. (h) Meyer,
C.; Schepmann, D.; Yanagisawa, S.; Yamaguchi, J.; Itami, K.; Wiinsch,
B. Eur. J. Org. Chem. 2012, 2012, 5972—5979. (i) Steinmetz, M.; Ueda,
K; Grimme, S.; Yamaguchi, J; Kirchberg, S.; Itami, K; Studer, A.
Chem. - Asian ]. 2012, 7, 1256—1260. (j) Meyer, C.; Neue, B,
Schepmann, D.; Yanagisawa, S.; Yamaguchi, J.; Wiirtwein, E.-U.; Itami,
K.; Wiinsch, B. Bioorg. Med. Chem. 2013, 21, 1844—1856.

(8) (a) Yoon, W. S; Lee, J. S; Kang, S. K; Ha, C-C; Ha, J. D.
Tetrahedron Lett. 2009, SO, 4492—4494. (b) Ozdemir, 1; Gok, Y,;
Ozeroglu, O.; Doucet, H.; Bruneau, C. Eur. J. Inorg. Chem. 2010, 2010,
1798—1805. (c) Shibahara, F.; Yamaguchi, E.; Murai, T. J. Org. Chem.

2011, 76, 2680—2693. (d) Shibahara, F.; Yamauchi, T.; Yamaguchi, E.;
Murai, T. J. Org. Chem. 2012, 77, 8815—8820. (e) Zhang, G.; Zhao, X ;
Yan, Y.; Ding, C. Eur. J. Org. Chem. 2012, 2012, 669—672. (f) Martin,
A. R; Chartoire, A; Slawin, A. M. Z.; Nolan, S. P. Beilstein J. Org.
Chem. 2012, 8, 1637—1643. (g) Ben-Yahia, A.; Naas, M.; Kazzouli, S.
E.; Essassi, E. M.; Guillaumet, G. Eur. J. Org. Chem. 2012, 2012, 7075—
7081. (h) Ke, C.-H; Kuo, B.-C; Nandi, D.; Man Lee, H.
Organometallics 2013, 32, 4775—4784. (i) Bellina, F.; Lessi, M,
Manzini, C. Eur. J. Org. Chem. 2013, 2013, 5621—5630. (j) Yuan, D;
Huynh, H. V. Organometallics 2012, 31, 405—412. (k) Bernhammer, J.
C.; Huynh, H. V. Organometallics 2012, 31, 5121-5130. (1) Guo, S.;
Huynh, H. V. Organometallics 2014, 33,2004—2011. (m) Bernhammer,
J. C;; Huynh, H. V. Organometallics 2014, 33, 1266—1275. (n) Shen,
X.-B.; Zhang, Y.; Chen, W.-X,; Xiao, Z.-K;; Hu, T.-T.; Shao, L.-X. Org.
Lett. 2014, 16, 1984—1987. (o) Li, Y.; Wang, J.; Huang, M.; Wang, Z.;
Wu, Y.,; Wy, Y. J. Org. Chem. 2014, 79, 2890—2897. (p) Mariconda, A.;
Grisi, F,; Costabile, C.; Falcone, S.; Bertolasi, V.; Longo, P. New J.
Chem. 2014, 38, 762—769. (q) Lesieur, M.; Lazreg, F.; Cazin, C. S. J.
Chem. Commun. 2014, 50, 8927—8929.

(9) (a) Stahl, S. S.; Thorman, J. L.; Nelson, R. C.; Kozee, M. A. . Am.
Chem. Soc. 2001, 123, 7188—7189. (b) Fantasia, S.; Nolan, S. P. Chem.
- Eur. . 2008, 14, 6987—6993. (c) Valente, C.; Pompeo, M.; Sayah,
M,; Organ, M. G. Org Process Res. Dev. 2014, 18, 180—190.
(d) Scheuermann, M. L,; Goldberg, K. I. Chem. - Eur. ]. 2014, 20,
14556—14568.

(10) (a) Deprez, N. R;; Kalyani, D.; Krause, A.; Sanford, M. S. . Am.
Chem. Soc. 2006, 128, 4972—4973. (b) Ackermann, L.; Vicente, R. Org.
Lett. 2009, 11, 4922—4925. (c) Shibahara, F.; Yamaguchi, E.; Murai, T.
Chem. Commun. 2010, 46, 2471—2473. (d) Yang, H.; Zheng, Z.; Zeng,
H,; Yi, B. Bull. Korean Chem. Soc. 2012, 33, 2623—2626. (e) Ibafiez, S.;
Estevan, F.; Hirva, P.; Sanati, M.; Ubeda, M. A. Organometallics 2012,
31, 8098—8108. (f) Ibaiiez, S.; Oresmaa, L.; Estevan, F.; Hirva, P.;
Sanadi, M.; Ubeda, M. A. Organometallics 2014, 33, 5378—5391.
(g) Yan, J.-X,; Li, H,; Liu, X.-W.; Shi, J.-L.; Wang, X; Shi, Z.-J. Angew.
Chem., Int. Ed. 2014, 53, 4945—4949.

(11) Tang, X.; Huang, Y.-T.; Liu, H; Liu, R.-Z; Shen, D.-S.; Liu, N,;
Liu, F.-S. J. Organomet. Chem. 2013, 729, 95—102.

(12) (a) Rodriguez-Delgado, A.; Campora, J.; Naz, A. M.; Palma, P.;
Reyes, M. L. Chem. Commun. 2008, 5230—5232. (b) Campora, J;
Cartes, M. A; Rodriguez-Delgado, A.; Naz, A. M.; Palma, P.; Pérez, C.
M. Inorg. Chem. 2009, 48, 3679—3691.

(13) Lafrance, M.; Fagnou, K. J. Am. Chem. Soc. 2006, 128, 16496—
16497.

(14) Tempel, D. J; Johnson, L. K; Huff, R. L; White, P. S;
Brookhart, M. J. Am. Chem. Soc. 2000, 122, 6686—6700.

(15) Marion, N.; Nolan, S. P. Acc. Chem. Res. 2008, 41, 1440—1449.

(16) Littke, A. F.; Fu, G. C. Angew. Chem., Int. Ed. 1998, 37, 3387—
3388.

(17) (a) PoZgan, F.; Roger, J.; Doucet, H. ChemSusChem 2008, 1,
404—407. (b) Bheeter, C. B.; Bera, J. K; Doucet, H. J. Org. Chem.
2011, 76, 6407—6413. (c) Baloch, M.; Roy, D.; Bensaid, S.; Guerchais,
V.; Doucet, H. Eur. J. Inorg. Chem. 2012, 2012, 4454—4462.
(d) Bensaid, S.; Doucet, H. ChemSusChem 2012, S, 1559—1567.

(18) Domin, D.; Benito-Garagorri, D.; Mereiter, K.; Frohlich, J.;
Kirchner, K. Organometallics 2008, 24, 3957—3965.

(19) Wakioka, M.; Nakamura, Y.; Hihara, Y.; Ozawa, F.; Sakaki, S.
Organometallics 2013, 32, 4423—4430.

(20) For reviews on the mechanism of C—H bond cleavage, see:
(a) Boutadla, Y.; Davies, D. L.; Macgregor, S. A.; Poblador-
Bahamonde, A. L. Dalton Trans. 2009, 5820—5831. (b) Lapointe, D.;
Fagnou, K. Chem. Lett. 2010, 39, 1118—1126. (c) Livendahl, M,
Echavarren, A. M. Isr. J. Chem. 2010, 50, 630—651. (d) Ackermann, L.
Chem. Rev. 2011, 111, 1315—1345. (e) Gorelsky, S. 1. Coord. Chem.
Rev. 2013, 257, 153—164.

(21) The ESI-MS analysis of the reaction of PivOH/K,CO, with C6
showed peaks ranging among m/z 613, 654, and 689, which suggested
a smooth halide exchange with additive to form [L6Pd(CO;)]*
[L6Pd(PivO)]*, and [L6PdCI(PivO)]", respectively. In the other case,
C6 gave a similar result when KOAc was used as additive, showing

DOI: 10.1021/acs.organomet.5b00181
Organometallics XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.organomet.5b00181

Organometallics

peaks at m/z 611, 639, and 689, which indicated species such as
[L6Pd(OAc)]*, [L6Pd(DMAc)]* and [L6PdCI(OAc)]K* were
respectively generated. Moreover, the MS analysis of the mixture of
C8 and PivOH/K,CO; showed peaks at m/z of 592 and 627, which
could be formed from [L8Pd(PivO)]* and [L8PdCI(PivO)]".
Treatment of C8 with KOAc also afforded the intermediate
[L8PACI(OAC)]* (m/z 551).

(22) Similar ligand exchange was also confirmed by X-ray diffraction;
see: (a) Li, Y.; Wang, W.-H.; He, K.-H.; Shi, Z.-J. Organometallics
2012, 31, 4397—4400. (b) Giri, R;; Lan; Yan, Y.; Liu, P.; Houk, K. N;
Yu, J.-Q. J. Am. Chem. Soc. 2012, 134, 14118—14126.

(23) (a) Pivsa-Art, S.; Satoh, T.; Kawamura, Y.; Miura, M.; Nomura,
M. Bull. Chem. Soc. Jpn. 1998, 71, 467—473. (b) Sezen, B.; Sames, D. J.
Am. Chem. Soc. 2003, 125, 5274—5275. (c) Li, W.; Nelson, D. P,;
Jensen, M. S.; Hoerrner, R. S.; Javadi, G. J; Cai, D.; Larsen, R. D. Org.
Lett. 2003, S, 4835—4837. (d) Park, C.-H.; Ryabova, V.; Sergin, I. V.;
Sromek, A. W, Gevorgyan, V. Org. Lett. 2004, 6, 1159—1162.
(e) Lane, B. S.; Brown, M. A.; Sames, D. J. Am. Chem. Soc. 2005, 127,
8050—8057.

(24) Nevertheless, the KIE experiments provided two potential
pathways for the reaction. One is that the C—H bond cleavage step is
irreversible and is the rate-determining step of the overall process. The
other is that the C—H bond cleavage step is reversible, and it occurs
before the rate-determining step of the reductive elimination. The
subsequent DFT calculations suggested that reductive elimination,
instead of C—H bond cleavage, was more likely to be the rate-
determining step. The references for KIE measurements in reactions of
C—H activation can be seen in: (a) Ackermann, L. Modern Arylation
Methods; Wiley-VCH: Weinheim, Germany, 2009. (b) Simmons, E.
M.; Hartwig, J. F. Angew. Chem.,, Int. Ed. 2012, 51, 3066—3072.

(25) (a) Campeau, L.-C.; Rousseaux, S.; Fagnou, K. J. Am. Chem. Soc.
2008, 127, 18020—18021. (b) René, O.; Fagnou, K. Adv. Synth. Catal.
2010, 352, 2116—2120. (c) Ghosh, D.; Lee, H. M. Org. Lett. 2012, 14,
5534—5537.

(26) (a) Gozzi, C.; Levenot, L, Ilg, K; Penalva, V.; Lemaire, M.
Tetrahedron Lett. 1997, 38, 8867—8870. (b) Lavenot, L.; Gozzi, C.; Ilg,
K; Orlova, L; Penalva, V.; Lemaire, M. ]. Organomet. Chem. 1998, 567,
49-5S. (c) Glover, B; Harvey, K. A; Liu, B; Sharp, M. J;
Tymoschenko, M. F. Org. Lett. 2003, S, 301—304. (d) Lu, J,; Tan,
X.; Chen, C. J. Am. Chem. Soc. 2007, 129, 7768—7769.

(27) Neufeldt, S. R; Sanford, M. S. Adv. Synth. Catal. 2012, 354,
3517-3522.

(28) (a) Adndappan, M. M. S.; Nillsson, P.; Larhed, M. Chem.
Commun. 2004, 218—219. (b) Yoo, K. S.; Yoon, C. H,; Jung, K. W. |.
Am. Chem. Soc. 2006, 128, 16384—16393. (c) Nordqvist, A.; Bjorkelid,
C.; Andaloussi, M.; Jansson, A. M.; Mowbray, S.; Karlén, A.; Larhed,
M. J. Org. Chem. 2011, 76, 8986—8998.

(29) For a recent review on organopalladium(IV) chemistry, see: Xu,
L-M,; Li, B.J; Yang, Z.; Shi, Z.-J. Chem. Soc. Rev. 2010, 39, 712—733.
For selected examples of direct arylation, see: (a) Reference 6a..
(b) Wang, Y.-N.; Guo, X.-Q.; Zhu, X.-H.; Zhong, R; Cai, L.-H.; Hou,
X.-F. Chem. Commun. 2012, 48, 10437—10439. (c) Arroniz, C.; Denis,
J. G; Ironmonger, A.; Rassias, G.; Larrosa, 1. Chem. Sci. 2014, §,
3509-3514.

(30) For other C—H bond functionalization via a Pd(II)/Pd(IV)
mechanism, see: (a) Zaitsev, V. G.; Shabashow, D.; Daugulis, O. J. Am.
Chem. Soc. 2005, 127, 13154—1315S. (b) Kalyani, D.; Deprez, N. R;;
Desai, L. V.; Sanford, M. S. J. Am. Chem. Soc. 2008, 127, 7330—7331.
(c) Dick, A. R; Kampf, J. W.; Sanford, M. S. J. Am. Chem. Soc. 2005,
127, 12790—12791. (d) Hull, K. L,; Lanni, E. L.; Sanford, M. S. J. Am.
Chem. Soc. 2006, 128, 14047—14049. (e) Guo, R.; Portscheller, J. L;
Day, V. W.; Malinakova, H. C. Organometallics 2007, 26, 3874—3883.
(f) Hickman, A. J.; Sanford, M. S. ACS Catal. 2011, 1, 170—174.
(g) Juwaini, N. A. B;; Ng, J. K. P.; Seayad, J. ACS Catal. 2012, 2,
1787—-1791.

(31) (a) Frech, C. M.; Shimon, L. J. W.; Milstein, D. Angew. Chem.,
Int. Ed. 2005, 44, 1709—1711. (b) Bolliger, J. L.; Blacque, O.; Frech, C.
M. Chem. - Eur. ]. 2008, 14, 7969—7911. (c) Vicente, J.; Arcas, A.;

Julid-Hernandez, F.; Bautista, D. Angew. Chem., Int. Ed. 2011, S0,
6896—6899.

(32) (a) Hassan, J.; Sévignon, M.; Gozzi, C.; Schulz, E.; Lemaire, M.
Chem. Rev. 2002, 102, 1359—1469. (b) Li, J.-H.; Xie, Y.-X.; Yin, D.-L. J.
Org. Chem. 2003, 68, 9867—9869. (c) Pachén, L. D.; Elsevier, C. J;
Rothenberg, G. Adv. Synth. Catal. 2006, 348, 1705—1710.

(33) (a) Sun, H.-Y.; Gorelsky, S. L; Stuart, D. R;; Campeau, L.-C;
Fagnou, K. J. Org. Chem. 2010, 75, 8180—8189. (b) Potavathri, S.;
Pereira, K. C.; Gorelsky, S. L; Pike, A.; LeBris, A. P.; DeBoef, B. J. Am.
Chem. Soc. 2010, 132, 14676—14681. (c) Gorelsky, S. 1. Organo-
metallics 2012, 31, 794—797.

(34) (a) Berthon-Gelloz, G.; Siegler, M. A; Spek, A. L.; Tinant, B;
Reek, J. N. H; Markd, 1. E. Dalton Trans. 2010, 39, 1444—1446.
(b) Meiries, S.; Speck, K; Cordes, D. B.; Slawin, A. M. Z; Nolan, S. P.
Organometallics 2013, 32, 330—339.

(35) Binotti, B.; Carfagna, C.; Foresti, E.; Macchioni, A.; Sabatino, P.;
Zuccaccia, C.; Zuccaccia, D. J. Organomet. Chem. 2004, 689, 647—661.

(36) (a) Sheldrick, G. M. SHELXTL Version 5.1, Bruker Analytical X-
ray Instruments Inc, Madison, WI, 1998. (b) Sheldrick, G. M.
SHELXS-97, PC version; University of Géttingen, Géttingen, Germany,
1997.

(37) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A; Cheeseman, J. R; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M,;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y,; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A, Jr.;
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J; Kudin, K. N,;
Staroverov, V. N,; Kobayashi, R;; Normand, J.; Raghavachari, K;
Rendell, A;; Burant, J. C,; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega,
N,; Millam, J. M,; Klene, M,; Knox, J. E; Cross, J. B.; Bakken, V.;
Adamo, C; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O,;
Austin, A. J; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L,;
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A, Salvador, P,;
Dannenberg, J. J; Dapprich, S.; Daniels, A. D.; Farkas, O,
Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09,
Revision D.01; Gaussian, Inc., Wallingford, CT, 2009.

(38) (a) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B: Condens. Matter
Mater. Phys. 1988, 37, 785—789. (b) Becke, A. D. J. Chem. Phys. 1993,
98, 5648—5652.

(39) (a) Hay, P. J; Wadt, W. R. J. Chem. Phys. 1985, 82, 299—310.
(b) Hay, P. J; Wadt, W. R. J. Chem. Phys. 1985, 82, 270—283.
(c) Wadt, W. R; Hay, P. J. J. Chem. Phys. 1985, 82, 284—298.

(40) Andrae, D.; Haussermann, U.; Dolg, M,; Stoll, H.; Preuss, H.
Theor. Chim. Acta 1990, 77, 123—141.

(41) Marenich, A. V; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B
2009, 113, 4538—4543.

(42) Legault, C. Y. CYLview, 1.0b; Université de Sherbrooke, 2009;
http://www.cylview.org (accessed September 2014).

DOI: 10.1021/acs.organomet.5b00181
Organometallics XXXX, XXX, XXX—XXX


http://www.cylview.org
http://dx.doi.org/10.1021/acs.organomet.5b00181

