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The last decade has seen an explosion in research reports in the
area of C—H functionalization/activation in organic synthesis.
This is not surprising. What is surprising is that it took many in
the synthetic organic community this long to fully embrace this
exciting and enabling technology. After all, organic compounds
mainly consist of a carbon skeleton that bears a large number of
hydrogens. It is therefore highly desirable to be able to take
advantage of the myriad of C—H groups in organic molecules as
functional handles for bond formation, and in some cases, bond-

breaking processes.

“Modern” C—H functionalization/activation can trace its roots to
the “clarion call” by Bergman and co-workers [1] in a famous
Accounts of Chemical Research paper in 1995 where the poten-
tial for this reaction was discussed. The community has
responded and today, there are investigators from all branches
of chemistry, chemical biology, and engineering that are
pursuing new powerful methods and strategies to achieve C—H
functionalization/activation reactions. The growth in popularity
of C—H functionalization/activation in organic synthesis can be
attributed to the desire to implement more sustainable methods
for synthesis and to achieve novel reactivity and selectivity in

building molecules. A lot of exciting progress has been made in
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a short period of time and the stage has been set for even more
far-reaching developments in the future.

In this Thematic Series, a collection of 10 contributions from
researchers in the area of C—H functionalization from Europe,
United States, Japan, China, India, and Brazil is presented.
These contributions include full accounts on primary research in
the area of C—H functionalization/activation and reviews that
focus on aspects of this exciting field. The powerful Csp2 func-
tionalization of heterocycles provides access to value-added
compounds as reported by Itami et al. [2], Chatani et al. [3] and
Waser et al. [4]. Alternatively, the Csz functionalization of
benzenoids is equally powerful and affords interesting opportu-
nities as described by Lipshutz et al. [5], Bisai et al. [6] and
Chen et al. [7]. The emerging power of controlled and selective
Csp3 functionalization is also captured in this series with contri-
butions from Wang et al. [8], May et al. [9], Machado et al. [10]
and Dai et al. [11].

I am grateful to all those that have participated in making this
Thematic Series, first and foremost, the authors. I am also
thankful to the reviewers, who made many constructive sugges-

tions. Overall, it is clear that the field of C—H functionalization/
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activation in all its varied forms is an exciting area of modern
synthetic chemistry and in many ways is revolutionizing synthe-
tic organic chemistry. This Thematic Series provides a view
into this burgeoning and exciting world.

Richmond Sarpong
Berkeley, September 2016
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Triaryl-2-pyridylidene effectively facilitates the gold-catalyzed oxidative C—H arylation of heteroarenes with arylsilanes as a unique

electron-donating ligand on gold. The employment of the 2-pyridylidene ligand, which is one of the strongest electron-donating

N-heterocyclic carbenes, resulted in the rate acceleration of the C—H arylation reaction of heterocycles over conventional ligands

such as triphenylphosphine and a classical N-heterocyclic carbene. In situ observation and isolation of the 2-pyridylidene-gold(I1I)

species, as well as a DFT study, indicated unusual stability of gold(III) species stabilized by strong electron donation from the
2-pyridylidene ligand. Thus, the gold(I)-to-gold(I1l) oxidation process is thought to be facilitated by the highly electron-donating

2-pyridylidene ligand.

Introduction

Over the past decade, gold salts and complexes have emerged
as unique catalysts for the transformation of alkynes, alkenes
and allenes [1-30]. In most of the gold-catalyzed reactions,
phosphines, N-heterocyclic carbenes, pyridines and salen
ligands have been applied as ligands for controlling the stability
of catalysts, and chemo-, regio- and enantioselectivities of the
reactions [31-36]. Recent advances in the gold-catalyzed reac-
tions are represented by oxidative coupling that is expected to
proceed through a gold(I)/gold(IIl) catalytic cycle [37-81]. In
particular, the elegant works of Lloyd-Jones and Russell on

gold-catalyzed oxidative C—H arylation of simple arenes with
arylsilanes have led the way to novel gold-catalyzed reactions
that could not be achieved with other transition metals [68,69].
In these reactions, the oxidation of gold(I) to gold(IIl) is
thought to be a key step in the catalytic cycle consisting of
transmetalation with arylsilane, C—H activation and reductive
elimination [69]. While gold(I) complexes bearing various
ligands are used as gold(11I) precursors, it remains unclear
whether ligands can still coordinate to the gold center or not

under such oxidative reaction conditions. For example, tri-
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phenylphosphine is easily oxidized to triphenylphosphine oxide
by a hypervalent iodine reagent that has been used as an oxidant
for gold-catalyzed C—H arylation [69]. Appropriate ligands that
are tolerant to the oxidative conditions would offer numerous
benefits such as high activity and stability of gold catalyst,
thereby achieving otherwise-difficult oxidative transformations
[37-40].

Recently, we have introduced highly electron-donating triaryl-
2-pyridylidene (PyC: pyridine-based carbene) [82-84] as a new
type of nonclassical N-heterocyclic carbene [85-102]. We
demonstrated that the PyC ligand is one of the strongest elec-
tron-donating carbene ligands to a gold(I) species (Figure 1)
[83]. The AuCIl(PyC) complex is very stable, even in air and
moisture, and isolable by column chromatography on silica gel.
Thus we envisioned that a gold complex with strongly electron-
donating PyC would promote the gold(I)-to-gold(IIl) oxidation
process, facilitating oxidative coupling reactions. Herein we
report that the PyC ligand facilitates gold-catalyzed oxidative
C-H arylation of hereroarenes that has been known to be very
sluggish with typical ligand systems [68-72]. In this paper, the
C-H arylation reactions of isoxazole, indole, and benzothio-

Beilstein J. Org. Chem. 2015, 11, 2737-2746.

phene are presented. In addition, direct observation and isola-
tion of PyC-gold(Ill) complexes are described.

triarylpyridylidene
(PyC)

AuCI(PyC)

Figure 1: Triaryl-2-pyridylidene (PyC) and PyC-gold(l) complex
(AuCI(PyC)).

Results and Discussion
Ligand effect of PyC in gold-catalyzed

aromatic C—H arylation

In this study, we selected the gold-catalyzed oxidative C—H
arylation of arenes with arylsilanes [68,69], reported by Lloyd-
Jones and Russell, to test the ligand effect of PyC (Table 1).

Table 1: Effect of ligand and oxidant in gold-catalyzed oxidative C—H arylation of isoxazole 1a.2

Au catalyst (5 mol %)

5 oxidant (T equiv) Br Br
o~ r CSA (1 equiv)
T N/ '
o Me;Si CHCly/MeOH \ |
1a 2a 65°C, 18h 3aa Br 4a
Entry Au catalyst Oxidant Yield [%]°
3aa 4a
1 AuCI(PPh3) IBA 10 7
2 AuCI(IPr) IBA 0 0
3 AuCI(PyC) IBA 30 12
4 AuCI(PyC) PhI(OAc), 4 5
5 AuCI(PyC) PhI(OCOCF3), 3 4
6° AuCI(PyC) PhI(OH)(OTs) 9 5
7d AuCI(PyC) IBA 13 5
8¢ AuCI(PyC) IBA 0 9
9 AuCI(PyC) IBA 3 36
[ NC N
NS
e} e
\ A
OH »
cl
IBA AuCI(IPF)

@Reaction conditions: 1a (0.20 mmol), 2a (0.20 mmol), Au catalyst (5 mol %), oxidant (0.20 mmol), (+)-10-camphorsulfonic acid (CSA, 0.20 mmol),
CHCI3/MeOH (10:1, 1.1 mL), 65 °C. PDetermined by GC analysis with n-nonane as an internal standard. “Without CSA. 9TsOH-H,0 was used instead

of CSA. CHClI3 (1.0 mL) was used as solvent.
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Likely due to the low stability of electron-rich heteroarene
substrates toward oxidative conditions [103-107], their original
conditions usually do not work well for these substrates. For
example, when isoxazole (1a: 1 equiv) [108-111] was treated
with 1-bromo-4-(trimethylsilyl)benzene (2a: 1 equiv) in chloro-
form/methanol solution at 65 °C in the presence of AuCIl(PPhs)
(5 mol %), iodosobenzoic acid (IBA: 1 equiv) and (+)-10-
camphorsulfonic acid (CSA: 1 equiv), the corresponding C—H
arylation product 3aa was obtained in only 10% yield (Table 1,
entry 1). Although the application of IPr, a conventional NHC
ligand, to the reaction did not afford 3aa at all (Table 1, entry
2), PyC promoted the reaction with higher yield of 4-arylisoxa-
zole 3aa under these conditions (30%, Table 1, entry 3). In the
AuCl(PyC)-catalyzed reaction, 1a was fully consumed, and
4,4’-dibromobiphenyl (4a) derived from the homocoupling of
arylsilane 2a was also detected. Furthermore, a significant
amount of methyl 2-iodobenzoate (5) was generated through the
esterification of a co-product (2-iodobenzoic acid) with
methanol. We also tested other iodine(IIl) reagents such as
PhI(OAc),, PhI(OCOCFj3), and PhI(OH)(OTs), but they all
resulted in lower yields than IBA mainly due to the formation
of diaryliodonium PhI(4-BrC¢H4)* produced by the reaction

Beilstein J. Org. Chem. 2015, 11, 2737-2746.

with arylsilane 2a (Table 1, entries 4-6) [69]. Using p-toluene-
sulfonic acid (TsOH) instead of CSA was less effective
(Table 1, entry 7). It was clearly seen that both CSA and
methanol had a significant effect on the reaction progress
(Table 1, entries 8 and 9). Nevertheless, the highest yield
achieved by the use of AuCl(PyC) may be attributed to the
highly electron-donating nature of the PyC ligand.

Oxidative C—H arylation of heteroarenes with
arylsilanes catalyzed by AuCI(PyC)

Having discovered the positive effect of using PyC as a ligand,
we further examined the C—H arylation of various heteroarenes
with arylsilanes (Table 2). It should be noted that all of the
examined heteroarenes were not successfully applied in the
previous gold-catalyzed C—H arylation. The reactions of 1a
with halogenated aryltrimethylsilanes 2a and 2b afforded
coupling products 3aa and 3ab in 14% and 15% isolated yields,
respectively (Table 2, entries 1 and 2) [112]. 5-Methylisoxa-
zole (1b) was arylated with bromo-, fluoro- and trifluoro-
methyl-substituted aryltrimethylsilanes, 2a, 2b and 2c¢, respect-
ively, to give the corresponding 4-aryl-5-methylisoxazoles, 3ba,
3bb and 3be, respectively, in higher efficiency as compared

Table 2: AuCI(PyC)-catalyzed oxidative C—H arylation of heteroarenes with arylsilanes.?

AuCI(PyC) (5 mol %)

IBA (1 equiv)
CSA (1 equiv)

H + Me3Si

CHCl3/MeOH (10:1)

1 2 65 °C 3
Entry 1 2 3 Yield®
1 (I):/>7H Me38|OBr é:/>—®78r 14%
1a 2a 3aa
) (I):/>7H Me3leF 5 > )—F 15%
1a 2b 3ab
N= N=
! H ! Br
Y i /? < >
3 O:}i Me3S|OBr o} 55%
Me 2a Me
1b 3ba
N= N=
| H | F
/ i /? < >
4 O:}i Me:;leF o 54%,
Me 2b Me
1b 3bb
N= N=
! H ! CF
Y ; Y/ 3
. o} Me3S|OCF3 0 33%
Me 2 Me
1b 3bc
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Table 2: AuCI(PyC)-catalyzed oxidative C—H arylation of heteroarenes with arylsilanes.? (continued)

N=
1 Y H
. o}

Me
1b B
2d
N/
| H
, 0 Me3SiO
Ph 23
1c

Me3Si

Me
N=
8 6?’”
Me 2a
1d
9 %H Me3Si
TsN-/ 2a
1e

S—H
1

Me3Si

2a

DY

)

Br
[}]/
0/ 13%
Me Br
3bd
N/
! Br
Y
Br O; : 28%
Ph
3ca
Me
N/
Br (') Y Br 17%
Me
3da
Br O O . 44%
TsN-/
3ea
Br
()
Br O 2 22%
S
3fa (C2):3fa’ (C3)
=83:17

@Reaction conditions: 1 (0.20 mmol), 2 (0.20 mmol), AuCI(PyC) (5 mol %), IBA (0.20 mmol), CSA (0.20 mmol), CHCI3/MeOH (10:1, 1.1 mL), 65 °C,

18-48 h. PIsolated yield.

with 1a (Table 2, entries 3—5). This may be due to the higher
tolerability of 1b than 1a toward undesired decomposition
[113]. The introduction of the 3,5-dibromophenyl group onto
methylisoxazole 1b resulted in lower yield of heterobiaryl 3bd
(Table 2, entry 6). In the reaction of 5-phenylisoxazole (1c¢), the
selective arylation at the C4 position occurred without any aryl-
ation at the phenyl group (Table 2, entry 7). 3,5-Dimethylisoxa-
zole (1d) showed low reactivity, likely due to the steric
hindrance, but the reaction gave sterically congested hetero-
biaryl 3da in 17% yield (Table 2, entry 8). In the case of the
reaction of indole 1e, 3-arylindole 3ea was exclusively obtained
in 44% yield (Table 2, entry 9). On the other hand, arylation of
benzo[b]thiophene (1f) mainly afforded 2-arylbenzothiophene
3fa along with a small amount of 3-arylbenzothiophene 3fa'
(Table 2, entry 10).

Reaction progress analysis

To further unveil the ligand effect of PyC, time-production
profiles of coupling product 3ba were investigated for the reac-
tion of 1b and 2a with AuCl(PyC), AuCIl(PPh3z) and AuCI(IPr).
The yield of 3ba was determined by GC analysis, whereas the
consumption of IBA (oxidant) was estimated by the production

of methyl 2-iodobenzoate (5). The reaction plots with
AuCl(PyC), AuCl(PPh3) and AuCI(IPr) are depicted in
Figure 2. Noteworthy observations are as follows: (i) the reac-
tion with AuCl(PyC) was fastest among those with three cata-
lysts (Figure 2a), (ii) the induction periods with regard to the
formation of 3ba were found in the reactions using AuCl(PyC)
and AuCIl(PPh3) (Figure 2a,b), and (iii) the oxidant consump-
tion began at the reaction initiation for all catalysts (Figure 2c).
In the reaction using AuCl(PyC), the coupling product 3ba was
generated after a shorter induction period of about 3 h and
reached 60% yield after 50 h (Figure 2a). On the other hand, the
reaction using AuCl(PPh3) began after a longer induction period
(ca. 5 h), and the yield of 3ba did not exceed the yield with
AuCl(PyC) even after 100 h (see Supporting Information File 1
for details). No coupling product was produced with AuCI(IPr)
although the consumption of about 10% of IBA was observed.

Mechanistic considerations

Based on the above results and the literature [68-75], we
propose the reaction mechanism of the gold-catalyzed C—H
arylation of heteroarenes with arylsilanes as shown in
Scheme 1. A gold(I) complex A is first oxidized to gold(III)

2740
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AuCl(ligand) (5 mol %)

Br IBA (1 equiv) Br 0
~ M CSA (1 equiv)
N\/I + 7 . OMe
O Nye  MesSi CHCl3/MeOH (10:1) o ’ |
65 °C Me
1b 2a (1 equiv) 3ba 5
100
(a) Br
[%]
g0 416 [(b) o
12 N ] AuCI(PyC)
8 o ‘O 3ba
60
4
© 0
[/0140_ ; ° p AuCI(PPh;)
20 1
AuCI(IPr)
0 — - : = r S —
0 10 20 30 40 50
time [h]
100
(c) AuCI(PyC)
O -
80 -
AuCI(PPh;)
60 -
%
%] 40 -
20 T . AuCI(IPr)
0 v v . r .
0 10 20 30 40 50
time [h]

Figure 2: Yield—time profiles of 4-(4-bromophenyl)-5-methylisoxazole (3ba) and methyl 2-iodobenzoate (5) with AuCI(PyC), AuCI(PPh3) and
AuCI(IPr). (a) Yield of 3ba. (b) Magnified figure of (a). (c) Yield of 5. All yields were determined by GC analysis with n-nonane as an internal standard.

S | O o
N L—Au—X HX
o o) o)

H-X R p A I’ —H0 ¢
S s
E XiX=0SORI |ga
4 , o Cl !
N [ !
N I
o o
H 3 o L--Tl__~ ! o}
1l
N\/ | L u/X
o]

_A L X OH - OMe
R 2 X AU -
1 / X X | MeOH |
c - H,0
7< B 2-iodobenzoic acid 2 5
4

2

Scheme 1: Plausible reaction mechanism of gold-catalyzed oxidative C—H arylation of heteroarenes with arylsilanes.
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species B by the iodine(Ill) reagent E derived from IBA by the
exchange of a hydroxy group with an existing acid such as
CSA, HCI and MeOH. We independently confirmed that the
esterification of 2-iodobenzoic acid takes place to give 5 under
the reaction conditions; 2-iodobenzoic acid was smoothly
converted to 5 in chloroform/methanol solution at 65 °C. Trans-
metalation of gold(Ill) complex B with arylsilane 2 affords
monoarylated gold(Ill) intermediate C. The electrophilic meta-
lation of heteroarene 1 with C with concurrent generation of an
acid (HX) produces diarylated gold(III) species D. Finally, the
reductive elimination from D releases the coupling product 3
along with the regeneration of gold(I) species A. The side reac-
tion leading to the homocoupling product of arylsilane 4
likely occurs via over-transmetalation of monoarylated
gold(III) species C with arylsilane 2 or disproportionation of C
[67-81].

Oxidation process of gold

In all reaction progress experiments with the three gold cata-
lysts (Figure 2), the consumption of IBA (production of 5) was
observed to some extent even in the induction period. Taking
the possible reaction mechanism into consideration, the oxi-
dation of gold(I) to gold(IIl) by the oxidant may occur during
the induction period. While it is unclear what is oxidized in
these reactions, we hypothesize that the highly electron-
donating PyC ligand facilitates the oxidation of gold(l) to
gold(III). As triphenylphosphine is known to be easily oxidized
to triphenylphosphine oxide under the current oxidative condi-
tions, the ligand-free gold(IIl) species is thought to be an active
species in the arylation reaction with AuCI(PPh3) [69]. While
the IPr-gold(I) complex is known to undergo oxidation to an
[Pr-gold(III) species [114], its inactiveness in the current reac-
tion indicates that the electron-donating capability is not high
enough to facilitate this process.

Direct observation and isolation of PyC-

gold(lIl) complex

To verify our hypothesis that PyC accelerates the gold(I)-to-
gold(IT) oxidation, we attempted the direct observation and the
isolation of the PyC-gold(III) complex. First of all, the gold(III)
complex AuCl;(PyC) was newly synthesized by treating
AuCl(PyC) with PhICl, (see Experimental section and
Supporting Information File 1 for details) [114]. The X-ray
crystallographic analysis was successfully accomplished with a
colorless single crystal of AuCl3(PyC), which was recrystal-
lized from nitrobenzene and pentane (Figure 3) [115]. The
X-ray crystal structure shows that the four gold bonds are in a
planar surface, and the pyridylidene face and the added two
chlorine atoms are in vertical positions. The ligand arrange-
ment is quite similar to a series of reported NHC—AuClj

complexes [114].

Beilstein J. Org. Chem. 2015, 11, 2737-2746.

&
=S W
cl

R1=0.0552
wR2 = 0.1320
Cl GOF=1.043

Figure 3: ORTEP drawing of AuCl3(PyC) with 50% probability.
Hydrogen atoms and solvent are omitted for clarity.

With the authentic AuCl3(PyC) in hand, we next carried out the
direct observation of PyC-gold(III) species under the catalytic
conditions. The treatment of AuCl(PyC) with 5-fluoroiodoso-
benzoic acid (5F-IBA) and CSA in CDCI3/CD3OD at 65 °C
resulted in the full consumption of SF-IBA within 30 min
(monitored by 'F NMR). While the resulting mixture seemed
to contain several PyC-gold(II) complexes, the formation of
various gold(III) species bearing hydroxy, methoxy, sulfoxy
and chloro groups made the analysis and isolation difficult.
However, the subsequent addition of excess LiCl enabled us to
detect the gold(III) species as AuCl3(PyC) by 'H and '3C NMR
analyses. The 'H NMR analysis revealed that about 90% of
AuCl(PyC) was consumed and AuCl3(PyC) was produced in
50% NMR yield. Fortunately, the isolation from the messy
crude mixtures was accomplished to give AuCl3(PyC) in 24%
isolated yield. We also conducted the same experiment
with the AuCI(IPr) complex. From the !°F and 'H NMR
analyses, approximately half of AuCl(IPr) and oxidant
SF-IBA remained unreacted after heating for 30 min, and
AuCl3(IPr) was observed only in 34% 'H NMR yield [114]
(Scheme 2).

These observations on gold(IIl) species support our hypothesis
that the highly electron-donating PyC ligand strongly coordi-
nates to a gold center and promotes the gold(I)-to-gold(III) oxi-
dation by stabilizing a gold(III) species without dissociation. An
IPr-gold(IIT) complex is known to be stable, but the lower elec-
tron-donation ability of IPr than that of PyC seems to result in
the inefficient oxidation of AuCI(IPr). DFT calculations on the
oxidation process of the AuCl(ligand) to AuCls(ligand) also
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Scheme 2: Direct observation and isolation of carbene-gold(Ill) complex. Mes = 2,4,6-Me3CgHa, Xyl = 2,6-Me,CgH3, Dip = 2,6-iProCgHs.

clarified the advantage of the PyC ligand over IPr by
3.6 kcal mol™! (see Supporting Information File 1 for details).
While it still remains unclear how the PyC ligand affects the
transmetalation, C—H metalation and reductive elimination
steps, we believe that the strongly electron-donating PyC not
only facilitates gold(I)-to-gold(Ill) oxidation in catalysis but
also prolongs the catalyst lifetime by preventing the ligand

dissociation and formation of inactive gold nanoparticles.

Conclusion

In summary, we have developed the oxidative C—H arylation of
heteroarenes with arylsilanes catalyzed by PyC-gold complex
and revealed the advantageous features of using the PyC ligand.
From the reaction progress, experiments and stoichiometric oxi-
dation of gold(I) complexes, we conclude that the highly elec-
tron-donating PyC ligand promotes the gold(I)-to-gold(III) oxi-
dation and stabilizes the gold(II) species, thereby facilitating
the oxidative coupling reactions.

Experimental

Preparation of triarylpyridylidene-gold(I) chloride
[AuCl(PyC)]: A 10 mL Schlenk tube containing a stir bar was
dried under vacuum and filled with N, after cooling to room
temperature. AgrO (232 mg, 1.0 mmol) and NBuyCI-H,O
(1.39 g, 5.0 mmol) were added to the solution of 3,5-bis(2,6-
dimethylphenyl)-1-mesitylpyridin-1-ium triflate (730 mg,

1.0 mmol) in 1,2-dichloroethane (5.0 mL). The mixture was
stirred at room temperature for 2 h, and AuCl(SMe,) (11.5 mg,
0.10 mmol) was then added to the reaction mixture. The
reaction mixture was further stirred overnight, and the addition
of CHCl3 (50 mL) to the mixture gave a white precipitate.
The suspension was filtered off and the filtrate was concen-
trated under reduced pressure. The crude product was purified
by column chromatography on silica gel (eluents: MeOH/
CHCIj3 1:20) and recrystallized from CHCl3/toluene at room
temperature to give a pure AuCIl(PyC)/toluene complex
(286 mg, 40%) as a pale yellow crystal. The addition of CHCl3
and the concentration in vacuum yielded a pure AuCI(PyC)
complex without toluene as white powder. The characterization
data for AuCl(PyC) corresponded to the reported values [83].

General procedure for AuCl(PyC)-catalyzed oxidative C—H
arylation of heteroarenes with arylsilanes: AuCl(PyC)
(6.4 mg, 0.010 pmol, 5.0 mol %), heteroarene 1 (0.20 mmol),
and aryltrimethylsilane 2 (0.20 mmol), 2-iodosobenzoic acid
(IBA, 53 mg, 0.20 mmol), 10-camphorsulfonic acid (CSA)
(47 mg, 0.20 mmol) and a stir bar were placed in a screw test
tube, and dry CHCl3/MeOH (1.0 mL/0.10 mL) was added under
N, atmosphere. The tube was sealed with a cap equipped with a
Teflon®-coated silicon rubber septum, and the mixture was
stirred at 65 °C for 1848 h. The reaction was quenched by ad-
dition of excess saturated aqueous NaHCOj3, the aqueous layer
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was extracted with CH;Cl,, and the combined organic layers
were dried over Na;SQy, filtered, and concentrated under
reduced pressure. The residue was purified by flash chromatog-
raphy on silica gel to afford the coupling product 3 (Table 2).

Oxidation of AuCI(PyC): The oxidation of AuCl(PyC) was
performed according to the literature [16]. PhICI, (54.8 mg,
0.20 mmol) was added into a solution of AuCl(PyC) (128 mg,
0.20 mmol) in CH,Cl, (2.0 mL) under N, atmosphere. After
stirring at room temperature for 19 h, the reaction mixture was
filtered through a pad of Celite®. The filtrate was poured into
hexane and the resulting precipitate was collected by filtration
to obtain pure AuCl3(PyC) as a white solid (140 mg, 99%). The
colorless single crystal used for X-ray diffraction analysis was
obtained by recrystallization from nitrobenzene and pentane.
TH NMR (CDCl3, 600 MHz) & 8.17 (d, J = 2.1 Hz, 1H), 7.90 (d,
J=2.1Hz, 1H), 7.29 (td, J= 7.6, 2.7 Hz, 2H), 7.19 (d, /= 7.6
Hz, 2H), 7.16 (d, J = 7.6 Hz, 2H), 7.07 (s, 2H), 2.36 (s, 3H),
2.28 (s, 12H), 2.15 (s, 6H); 13C NMR (CDCl3, 150 MHz) §
162.5 (CH), 149.6 (4°), 146.6 (CH), 144.7 (CH), 141.9 (4°),
141.5 (4°), 138.5 (4°), 136.4 (4°), 135.6 (4°), 135.6 (4°), 133.2
(4°), 132.2 (4°), 130.4 (CH), 129.9 (CH), 129.7 (CH), 128.3
(4°), 128.3 (CH), 22.1 (CH3), 21.1 (CHj3), 20.9 (CH3), 19.3
(CH3); HRMS (ESI+) m/z: [M — Cl + MeOH]" calcd for
C31H35AuCI,NO, 704.1756; found, 704.1722.

In situ observation and isolation of AuCl3(PyC): AuCl(PyC)
(12.8 mg, 0.020 mmol), 5-fluoroiodosobenzoic acid (5F-IBA,
5.6 mg, 0.020 mmol) and CSA (4.6 mg, 0.020 mmol) were
placed in an NMR tube, and CDCI3/CD3;OD (10:1, 0.60 mL)
was added under N, atmosphere. The tube was sealed with a
cap equipped with a Teflon®-coated silicon rubber septum and
heated at 65 °C for 30 min. After cooling to room temperature,
LiCl (8.4 mg, 0.20 mmol) was added. 1,1,2,2-Tetra-
chloroethane was added as an internal standard and an NMR
yield of AuCl3(PyC) was estimated by 'H NMR spectroscopy.
The solvent was removed in vacuum, and the residue was
dissolved in EtOAc. The organic layer was washed with satu-
rated aqueous NaHCO3 and brine, dried over Na;SQOy, filtered,
and concentrated in vacuum to afford the crude mixture. The
crude mixture was further washed with Et,O to give pure
AuCl;(PyC) as a white powder (3.4 mg, 24%, Scheme 2).

Supporting Information

Supporting Information File 1

Experimental procedures, spectra of new compounds, CIF
data, and details of the computational study.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-295-S1.pdf]
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Catalytic C—H borylation of arenes has been widely used in organic synthesis because it allows the introduction of a versatile boron

functionality directly onto simple, unfunctionalized arenes. We report herein the use of diisopropylaminoborane as a boron source

in C—H borylation of arenes. An iridium(I) complex with 1,3-dicyclohexylimidazol-2-ylidene is found to efficiently catalyze the

borylation of arenes and heteroarenes. The resulting aminoborylated products can be converted to the corresponding boronic acid

derivatives simply by treatment with suitable diols or diamines.

Introduction

Catalytic C—H borylation of arenes has become an essential tool
in organic synthesis [1]. The eminent features of this methodol-
ogy include 1) no directing group is needed, allowing the direct
functionalization of simple arenes; 2) the regioselectivity is
readily predictable based on steric factors; 3) the resulting boryl
group is versatile and can be converted into a variety of carbon-
or heteroatom-based substituents. An iridium complex in
conjunction with 4,4’-di-tert-butylbipyridine (dtbpy) developed
by Ishiyama, Miyaura and Hartwig has served as the state-of-
the-art catalyst for C—H borylation of arenes [2]. In addition to
the Ir/dtbpy system, various other catalytic systems have also

been developed. For example, base metals such as Fe [3-6], Co

[7] and Ni [8,9] have been shown to be viable metal centers for
the use as C—H borylation catalysts. We also reported the first
use of a Pt catalyst that enables C—H borylation of simple
hindered arenes such as mesitylene [10,11]. Metal-free C—H
borylation has also been reported [12]. Ligand modification has
been used to control the regioselectivity of C—H borylation
reactions; for example, in the ortho-selective C—H borylation of
arenes containing a directing group [13], and to improve the
metal/para-selectivity of monosubstituted benzenes [14,15].
Despite considerable progress in the C—H borylation reaction,
the scope of the boryl group that can be introduced is relatively
limited (Scheme 1). The most commonly used boron sources
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Scheme 1: Catalytic C—H borylation of arenes and related reported boron sources.

are pinacolborane (HBpin, 1a) and bis(pinacolato)diboron
(Bypiny, 1b), which form pinacol esters of arylboronic acids.
Although the pinacol ester products prepared in these reactions
are amenable to a range of transformations, their reactivity is
generally lower than that of the corresponding boronic acids.
Because of this lower reactivity, several transformations require
deprotection of a pinacol ester under oxidative conditions (e.g.,
NalOy) [16]. Hartwig reported that the Ir/dtbpy system is also
able to introduce more reactive neopentyl and hexylene glyco-
late esters and catecolates using the corresponding diboron
reagents 1c, 1d, and 1le, respectively [17,18]. Suginome re-
ported that an Ir/1,2-diphenylphosphinoethane catalyst can
promote C—H borylation using 1,8-naphthalenediaminatobo-
rane (1f) [19]. The resulting diaminonaphthalene (dan)-pro-
tected arylboronic acid is synthetically useful because it can be
readily deprotected with a dilute aqueous acid [20].

We envisioned that diisopropylaminoborane (1g) [21] could be
a useful boron source because the resulting aminoborylated
products are sufficiently labile to be converted into various
boron derivatives by treatment with protecting groups in a one-
pot reaction sequence. The reactivity of 1g has previously been
well-exploited in catalytic borylation of aryl halides [22-27].
Herein, we report the C—H borylation of arenes using 1g cata-
lyzed by an Ir/N-heterocyclic carbene (NHC) system.

Results and Discussion

On the basis of a superior reactivity of indoles in several C—H
borylation reactions [7-9], we initially examined the borylation
of indole 2 with aminoborane 1g using an iridium catalyst under
forcing conditions (140 °C, 15 h). Although all the attempts to
isolate an initially formed aminoborylated product 3 were

not successful, its formation was confirmed by ''B NMR
(6 =40.7 ppm in cyclohexane-d|,). The crude reaction mixture
was treated with pinacol and the yield of the product was esti-
mated by 'H NMR spectroscopy. Using dtbpy, the common
ligand for iridium-catalyzed C—H borylation [2], the reaction
failed to give 2-B under these conditions (Table 1, entry 1).
Several mono- and diphosphine ligands were found to be active
for the formation of 2-B, but the best yield was only 21%
(Table 1, entries 2—6). Our success in C—H borylation using
NHC ligands [8,10] led us to investigate a series of NHC
ligands for this process. Among the NHC ligands examined,
1,3-dicyclohexylimidazol-2-ylidene (ICy) [28-33] was found to
be most effective, giving 2-B in 33% yield with a 2-/3-boryla-
tion ratio of 88:12 (Table 1, entry 9). It should be noted that
[Ir(cod)(ICy);](CF3CO,) was previously reported to promote
C-H borylation of arenes using HBpin [34]. Further optimiza-
tion using an ICy ligand determined that decreasing the reac-
tion temperature to 110 °C and shortening the reaction time to
4 h markedly improved the yield of 2-B (72%) with near com-
plete regioselectivity (99:1) (Table 1, entry 12).

Having optimized the conditions, we next explored the scope of
Ir/ICy-catalyzed borylation of heteroarene substrates using 1g
(Table 2). Functionalized indoles, such as those containing me-
thoxy, fluoro, bromo and chloro substituents, all underwent the
borylation to form the corresponding 2-borylated products 4-B,
5-B, 6-B and 7-B, respectively (Table 2, entries 1-4). When
1,4-dimethylindole (8) was used, 2-borylated product 8-B was
formed exclusively with no borylation occurring at the benzylic
position (Table 2, entry 5) [8,35,36]. Benzothiophenes readily
gave 2-borylated products using our system, as exemplified by
the high yields obtained from 9 and 10 (Table 2, entries 6 and
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Table 1: Effect of the ligand on the Ir-catalyzed borylation of 2 with 19.2

[Ir(OMe)(cod)]5 (10 mol %)

Beilstein J. Org. Chem. 2016, 12, 654—-661.

ligand (20 mol %) pinacol
H base (40 mol % ‘< (4 equiv)
@ ' PN ( - @*BH THF ; oein
N N
Me H methylcyclohexane it 1.5 h Me
15h
2 . 3 2-B
1g (2.0 equiv)
Entry Ligand Base Temperature [°C] NMR yield® [%] 2-Isomer/3-Isomer
1 dtbpy none 140 trace -
2 PPh3 none 140 21 57/43
3 PCyj none 140 3 >99/1
4 dppe none 140 2 >99/1
5 xantphos none 140 18 56/44
6 Xphos none 140 19 71/29
7 IMes-HCI NaOt-Bu 140 5 >99/1
8 IPr-HCI NaOt-Bu 140 3 >99/1
9 ICy-HCI NaOt-Bu 140 33 88/12
10 [t-Bu-HCI NaOt-Bu 140 0 -
11 ICy-HCI NaOt-Bu 110 58 95/5
12 ICy-HCI NaOt-Bu 110 72 (65)° 99/1
t-Bu t-Bu O _
— — X *
N | PCy, RN N-R
\_/" \_/ PP PPh 20 iPr iPr c
dtbpy dppe thP PPh2 O IMes-HCI (R = 2,4,6-Me3CGH2)
xantphos IPr-HCI (R = 2,6-iProCgH3)
iPr ICy-HCI (R = cyclohexyl)
Xphos 1t-Bu-HCI (R = t-Bu)

@Reaction conditions: 2 (0.50 mmol), 1g (1.0 mmol), [Ir(OMe)(cod)], (0.050 mmol), ligand (0.10 mmol), NaOt-Bu (0.20 mmol) in methylcyclohexane
(1.0 mL) at 140 °C for 15 h. After treatment with pinacol (2.0 mmol), the borylated product was converted to the corresponding pinacolate. PThe yield

refers to a combined NMR yield of 2- and 3-borylated products. CIsolated yield.

Table 2: Scope of the heteroarene substrates.?

[Ir(OMe)(cod)]5 (10 mol %)
ICy-HCI (20 mol %)
NaOt-Bu (40 mol %)

T X H methylcyclohexane
110°C,4h
1g (2.0 equiv)
Entry Heteroarene Product
MeO MeO
1 N N
Me Me
4 4-B

pinacol
(4 equiv)

i D*Bpln

B
rt, 1.5 h

Isolated yield (NMR vyield) [%]

48 (51)
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Table 2: Scope of the heteroarene substrates.? (continued)
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75 (82)

66 (66)

50 (55)P

51 (58)

94 (>99)

91 (99)

65 (87)

0
50 (52)°

71 (91)
13-B:13-2B = 1.1:1

96 (>99)

91 (>99)

68 (92)

@Reaction conditions: heteroarene (0.50 mmol), 1g (1.0 mmol), [Ir(OMe)(cod)]2 (0.050 mmol), ICy-HCI (0.10 mmol), NaO¢-Bu (0.20 mmol) in methyl-
cyclohexane (1.0 mL) at 110 °C for 4 h. After treatment with pinacol (2.0 mmol), the borylated product was converted to the corresponding pinacolate.
In cases where NMR yield is modest, the recovered starting heteroarene can account for the material balance, unless otherwise noted. bDebromina-
tive borylation also occurred with a yield of 6%. “Run using 1.0 mL of N-methylpyrrole instead of methylcyclohexane.
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7). Although benzofuran 11 was borylated at the 2-position suc-
cessfully, the isolated yield was somewhat lower than the yield
calculated from the 'H NMR data, probably because of the
instability of 11-B during isolation (Table 2, entry 8). Our
protocol was able to borylate non-benzofused five-membered
heteroarenes. Pyrrole 12 was much less reactive than indoles,
and required neat conditions to obtain a modest yield of the
borylated product 12-B (Table 2, entry 9). Thiophene (13)
afforded a 1.1:1 mixture of 2-borylated and 2,5-diborylated
products under our standard conditions (Table 2, entry 10).
2-Substituted thiophenes 14 and 15 and furan 16 were bory-
lated successfully at the 5-positions (Table 2, entries 11-13).

Table 3: Scope of the arene substrates.?

Beilstein J. Org. Chem. 2016, 12, 654—-661.

Electron-deficient heteroarenes such as pyridine and quinolone
failed to form the borylated product under the current condi-

tions.

We next turned our attention to the borylation of benzene deriv-
atives. Unfortunately, benzene derivatives proved to be much
less reactive than heteroarenes when borylated with 1g. For ex-
ample, [1/ICy-catalyzed borylation of benzene with 1g afforded
17-B in 48% isolated yield even when the reaction was con-
ducted under neat conditions (Table 3, entry 1) (see the Sup-
porting Information File 1 for details on the optimization for the
borylation of benzene). Borylation was relatively independent

[Ir(OMe)(cod)], (10 mol %)

ICy-HCI (20 mol %) /k pinacol )
O >— NaOt-Bu (40 mol %) _(4equiv) < ©/Bp'”
NG
110 °C, 18 h )\ THE =
rt,1.5h
(solvent)
19
Entry Arene Product Isolated yield [%] Ratio of o/m/p isomers
XN Bpin
. C <y . _
17 17-B
Me .
§ N Bpin
2 | Mey 42 0/64/36
=
18-B
18
OMe .
§ Meo_l/j/Bpln
3 ! 35 0/60/40
® o
19-B
19
CF3 )
N Bpin
4 FCu 49 0/76/24
20-B
20
Cl Cl
Cl Cl
5 \©/ 31 -
21 Bpin
21-B
Bpin
. C . :

22

@Reaction conditions: arene (1.0 mL), 1g (0.50 mmol), [Ir(OMe)(cod)], (0.050 mmol), ICy-HCI (0.10 mmol), NaOt-Bu (0.20 mmol) at 110 °C for 15 h.
After treatment with pinacol (2.0 mmol), the borylated product was converted to the corresponding pinacolate. °Naphthalene (3.0 mmol) was used in

methylcyclohexane (1.0 mL).
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of the electronic nature of the arene substrates, as indicated by
the similar yields and regioselectivity observed with toluene,
anisole and trifluoromethylbenzene (Table 3, entries 2—4). Simi-
lar to the reported C—H borylation using other boron sources,
1,3-disubstituted benzenes were borylated at the S-position in a
regioselective manner (Table 3, entry 5). Naphthalene also
underwent borylation with 1g at the less hindered 2-position
(Table 3, entry 6).

Our protocol was performed on a gram scale without any diffi-
culty using a lower loading of the iridium catalyst (Scheme 2,
top). Using 1g as the boron source in C—H borylation reactions
has the synthetic advantage of allowing various substituents to
be introduced onto the boron atom during the work-up stage
simply by changing the reagents added. For example, addition
of different diols delivered the corresponding boronic esters
10-Bnep and 10-Bmep (Scheme 2, bottom). It was also
possible to introduce Suginome’s dan group, which allows us to
use the borylated products in more elaborate manner, such as

iterative cross-coupling reactions [20].

Beilstein J. Org. Chem. 2016, 12, 654—-661.

Conclusion

We have developed a C—H borylation of arenes and hetero-
arenes using diisopropylaminoborane as a borylating reagent.
An iridium(I) complex bearing an ICy ligand was the most effi-
cient catalyst. The initially formed aminoborylated products can
readily be converted to the corresponding organoboron com-
pounds bearing various boron-protecting groups.

Experimental
Procedure for the Ir-catalyzed borylation of

heteroarenes using 1g

In a glovebox filled with nitrogen, [Ir(OMe)(cod)], (33.1 mg,
0.050 mmol, 0.10 equiv), ICy-HCI (26.2 mg, 0.10 mmol,
0.20 equiv), NaO#-Bu (19.2 mg, 0.20 mmol, 0.40 equiv) and
methylcyclohexane (1.0 mL) were added to a 10 mL sample
vial with a Teflon-sealed screwcap, and stirred for 5 min at
room temperature. A heteroarene (0.50 mmol, 1.0 equiv) and 1g
(113.1 mg, 2.0 equiv) were added, and then the cap was
screwed on seal the vial. The vial was stirred at 110 °C for 4 h.
The reaction mixture was cooled to room temperature. Pinacol

[Ir(OMe)(cod)], (2.5 mol %)

g Me ICy-HCI (5.0 mol %) o Me
H inacol
S H )7 methylcyclohexane S

10 110°C, 24 h
(1.09) 19 (2.0 equiv)
[Ir(OMe)(cod)], (10 mol %)
ICy-HCI (20 mol %)
NaOt-Bu (40 mol %) Cl
10 + 1g
methylcyclohexane
110°C, 4 h

10-B
(1.25 g, 74%)

HO:>< HO
HO

Me
Cl 0
T0-{<
S O
10-Bnep

88%

Scheme 2: Scalability and derivatization.

)
il )

Me —
Cl HN
Ty )~
S HN
10-Bdan
75%
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87%
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(236 mg, 2.0 mmol) in THF (2.0 mL) was added and the reac-
tion mixture was stirred under N, at room temperature for 1.5 h.
The crude mixture was filtered through a pad of Celite and
eluted with EtOAc. The filtrate was concentrated in vacuo and
sampled for analysis by 'H NMR spectroscopy using 1,2-
dichloroethane as an internal standard. The residue was puri-
fied by flash column chromatography over silica gel eluting
with hexane/EtOAc. Product-containing fractions were concen-
trated in vacuo to give a pure borylated product.

Supporting Information
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Experimental procedures, data for optimization studies and
copies of 'H and !3C NMR spectra.
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supplementary/1860-5397-12-65-S1.pdf]

Acknowledgements

This work was supported by a Grant-in-Aid for Scientific
Research from MEXT, Japan and ACT-C from JST, Japan. We
also thank the Instrumental Analysis Center, Faculty of Engi-

neering, Osaka University, for their assistance with HRMS.

References

1. Mkhalid, I. A. |.; Barnard, J. H.; Marder, T. B.; Murphy, J. M.;
Hartwig, J. F. Chem. Rev. 2010, 110, 890. doi:10.1021/cr900206p

2. Ishiyama, T.; Takagi, J.; Ishida, K.; Miyaura, N.; Anastasi, N. R;;
Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 390.
doi:10.1021/ja0173019

3. Hatanaka, T.; Ohki, Y.; Tatsumi, K. Chem. — Asian J. 2010, 5, 1657.
doi:10.1002/asia.201000140

4. Yan, G.; Jiang, Y.; Kuang, C.; Wang, S.; Liu, H.; Zhang, Y.; Wang, J.
Chem. Commun. 2010, 46, 3170. doi:10.1039/b926945b

5. Dombray, T.; Werncke, C. G.; Jiang, S.; Grellier, M.; Vendier, L.;
Bontemps, S.; Sortais, J.-B.; Sabo-Etienne, S.; Darcel, C.
J. Am. Chem. Soc. 2015, 137, 4062. doi:10.1021/jacs.5b00895

6. Mazzacano, T. J.; Mankad, N. P. J. Am. Chem. Soc. 2013, 135, 17258.
doi:10.1021/ja408861p
See for Cu—Fe mixed catalyst.

7. Obligacion, J. V.; Semproni, S. P.; Chirik, P. J. J. Am. Chem. Soc.
2014, 136, 4133. doi:10.1021/ja500712z

8. Furukawa, T.; Tobisu, M.; Chatani, N. Chem. Commun. 2015, 51,
6508. doi:10.1039/C5CC01378J

9. Zhang, H.; Hagihara, S.; Itami, K. Chem. Lett. 2015, 44, 779.
doi:10.1246/cl.150154

10. Furukawa, T.; Tobisu, M.; Chatani, N. J. Am. Chem. Soc. 2015, 137,
12211. doi:10.1021/jacs.5b07677

11.Takaya, J.; Ito, S.; Nomoto, H.; Saito, N.; Kirai, N.; Iwasawa, N.
Chem. Commun. 2015, 51, 17662. doi:10.1039/C5CC07263H

12.Légaré, M.-A.; Courtemanche, M.-A.; Rochette, E.; Fontaine, F.-G.
Science 2015, 349, 513. doi:10.1126/science.aab3591

Beilstein J. Org. Chem. 2016, 12, 654—-661.

13.Ros, A,; Fernandez, R.; Lassaletta, J. M. Chem. Soc. Rev. 2014, 43,
3229. doi:10.1039/c3cs60418g
See for a review.

14.Kuninobu, Y.; Ida, H.; Nishi, M.; Kanai, M. Nat. Chem. 2015, 7, 712.
doi:10.1038/nchem.2322
See for directed meta-borylation.

15. Saito, Y.; Segawa, Y.; Itami, K. J. Am. Chem. Soc. 2015, 137, 5193.
doi:10.1021/jacs.5b02052

16. Tzschucke, C. C.; Murphy, J. M.; Hartwig, J. F. Org. Lett. 2007, 9, 761.
doi:10.1021/01062902w

17.Liskey, C. W.; Hartwig, J. F. Synthesis 2013, 45, 1837.
doi:10.1055/s-0033-1338863

18.Liskey, C. W.; Wei, C. S,; Pahls, D. R.; Hartwig, J. F. Chem. Commun.
2009, 5603. doi:10.1039/b913949d

19.lwadate, N.; Suginome, M. J. Organomet. Chem. 2009, 694, 1713.
doi:10.1016/j.jorganchem.2008.11.068

20. Noguchi, H.; Hojo, K.; Suginome, M. J. Am. Chem. Soc. 2007, 129,

758. doi:10.1021/ja067975p

.Koster, R.; Bellut, H.; Hattori, S. Justus Liebigs Ann. Chem. 1968, 720,

1. doi:10.1002/jlac.19687200102

22.Euzenat, L.; Horhant, D.; Ribourdouille, Y.; Duriez, C.; Alcaraz, G.;
Vaultier, M. Chem. Commun. 2003, 2280. doi:10.1039/B306874A

23.Pasumansky, L.; Haddenham, D.; Clary, J. W.; Fisher, G. B.;
Goralski, C. T.; Singaram, B. J. Org. Chem. 2008, 73, 1898.
doi:10.1021/jo702271¢c

24.Marciasini, L.; Richy, N.; Vaultier, M.; Pucheault, M. Chem. Commun.
2012, 48, 1553. doi:10.1039/C1CC14605J

25. Marciasini, L. D.; Richy, N.; Vaultier, M.; Pucheault, M.
Adv. Synth. Catal. 2013, 355, 1083. doi:10.1002/adsc.201200942

26. Guerrand, H. D. S.; Marciasini, L. D.; Jousseaume, M.; Vaultier, M.;
Pucheault, M. Chem. — Eur. J. 2014, 20, 5573.
doi:10.1002/chem.201304861

27.Marciasini, L.; Cacciuttolo, B.; Vaultier, M.; Pucheault, M. Org. Lett.
2015, 17, 3532. doi:10.1021/acs.orglett.5b01620

28.Tobisu, M.; Yasutome, A.; Kinuta, H.; Nakamura, K.; Chatani, N.
Org. Lett. 2014, 16, 5572. doi:10.1021/01502583h

29.Tobisu, M.; Takahira, T.; Ohtsuki, A.; Chatani, N. Org. Lett. 2015, 17,
680. doi:10.1021/01503707m

30. Tobisu, M.; Takahira, T.; Chatani, N. Org. Lett. 2015, 17, 4352.
doi:10.1021/acs.orglett.5b02200

31.Tobisu, M.; Morioka, T.; Ohtsuki, A.; Chatani, N. Chem. Sci. 2015, 6,
3410. doi:10.1039/C5SC00305A

32.Morioka, T.; Nishizawa, A.; Nakamura, K.; Tobisu, M.; Chatani, N.
Chem. Lett. 2015, 44, 1729. doi:10.1246/cl.150936

33.Nakamura, K.; Tobisu, M.; Chatani, N. Org. Lett. 2015, 17, 6142.
doi:10.1021/acs.orglett.5b03151

34.Frey, G. D.; Rentzsch, C. F.; von Preysing, D.; Scherg, T.;
Muhlhofer, M.; Herdtweck, E.; Herrmann, W. A. J. Organomet. Chem.
2006, 691, 5725. doi:10.1016/j.jorganchem.2006.08.099

35.Ishiyama, T.; Ishida, K.; Takagi, J.; Miyaura, N. Chem. Lett. 2001, 30,
1082. doi:10.1246/cl.2001.1082

36.Larsen, M. A.; Wilson, C. V.; Hartwig, J. F. J. Am. Chem. Soc. 2015,
137, 8633. doi:10.1021/jacs.5b04899

2

=

660


http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-12-65-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-12-65-S1.pdf
http://dx.doi.org/10.1021%2Fcr900206p
http://dx.doi.org/10.1021%2Fja0173019
http://dx.doi.org/10.1002%2Fasia.201000140
http://dx.doi.org/10.1039%2Fb926945b
http://dx.doi.org/10.1021%2Fjacs.5b00895
http://dx.doi.org/10.1021%2Fja408861p
http://dx.doi.org/10.1021%2Fja500712z
http://dx.doi.org/10.1039%2FC5CC01378J
http://dx.doi.org/10.1246%2Fcl.150154
http://dx.doi.org/10.1021%2Fjacs.5b07677
http://dx.doi.org/10.1039%2FC5CC07263H
http://dx.doi.org/10.1126%2Fscience.aab3591
http://dx.doi.org/10.1039%2Fc3cs60418g
http://dx.doi.org/10.1038%2Fnchem.2322
http://dx.doi.org/10.1021%2Fjacs.5b02052
http://dx.doi.org/10.1021%2Fol062902w
http://dx.doi.org/10.1055%2Fs-0033-1338863
http://dx.doi.org/10.1039%2Fb913949d
http://dx.doi.org/10.1016%2Fj.jorganchem.2008.11.068
http://dx.doi.org/10.1021%2Fja067975p
http://dx.doi.org/10.1002%2Fjlac.19687200102
http://dx.doi.org/10.1039%2FB306874A
http://dx.doi.org/10.1021%2Fjo702271c
http://dx.doi.org/10.1039%2FC1CC14605J
http://dx.doi.org/10.1002%2Fadsc.201200942
http://dx.doi.org/10.1002%2Fchem.201304861
http://dx.doi.org/10.1021%2Facs.orglett.5b01620
http://dx.doi.org/10.1021%2Fol502583h
http://dx.doi.org/10.1021%2Fol503707m
http://dx.doi.org/10.1021%2Facs.orglett.5b02200
http://dx.doi.org/10.1039%2FC5SC00305A
http://dx.doi.org/10.1246%2Fcl.150936
http://dx.doi.org/10.1021%2Facs.orglett.5b03151
http://dx.doi.org/10.1016%2Fj.jorganchem.2006.08.099
http://dx.doi.org/10.1246%2Fcl.2001.1082
http://dx.doi.org/10.1021%2Fjacs.5b04899

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.12.65

Beilstein J. Org. Chem. 2016, 12, 654—-661.

661


http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.12.65

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Opportunities and challenges for direct C—H functionalization

of piperazines

Zhishi Ye, Kristen E. Gettys and Mingji Dai”

Review
Address:
Department of Chemistry and Center for Cancer Research, Purdue

University, West Lafayette, Indiana 47907, United States

Email:
Mingji Dai" - mjdai@purdue.edu

* Corresponding author
Keywords:

a-lithiation; C—H functionalization; heterocycle; photoredox catalysis;
piperazine

Abstract

Beilstein J. Org. Chem. 2016, 12, 702-715.
doi:10.3762/bjoc.12.70

Received: 20 January 2016
Accepted: 21 March 2016
Published: 13 April 2016

This article is part of the Thematic Series "C-H

Functionalization/activation in organic synthesis".
Guest Editor: R. Sarpong

© 2016 Ye et al; licensee Beilstein-Institut.
License and terms: see end of document.

Piperazine ranks within the top three most utilized N-heterocyclic moieties in FDA-approved small-molecule pharmaceuticals.

Herein we summarize the current synthetic methods available to perform C—H functionalization on piperazines in order to lend

structural diversity to this privileged drug scaffold. Multiple approaches such as those involving a-lithiation trapping, transition-

metal-catalyzed a-C—H functionalizations, and photoredox catalysis are discussed. We also highlight the difficulties experienced

when successful methods for a-C—H functionalization of acyclic amines and saturated mono-nitrogen heterocyclic compounds

(such as piperidines and pyrrolidines) were applied to piperazine substrates.

Introduction

Piperazine is one of the most important saturated N-hetero-
cycles frequently found in life-saving small-molecule pharma-
ceuticals [1]. In a recent statistical study done by Njardarson
and co-workers, piperazine ranks among the top three N-hetero-
cycles along with pyridine and piperidine in the U.S. FDA-ap-
proved pharmaceuticals [2]. Due to its broad utilization, piper-
azine has been considered as a privileged scaffold in drug
discovery to combat various human diseases (Figure 1). For ex-
ample, Imatinib (also marketed as Gleevec), a BCR-ADI tyro-
sine kinase inhibitor, is used in the treatment of multiple

cancers with high response rate [3]. Sildenafil, sold as Viagra, is

an important medication for treating erectile dysfunction as well
as pulmonary arterial hypertension [4]. Indinavir, a protease in-
hibitor, is used to treat HIV/AIDS [5]. Gatifloxacin is an impor-
tant fluoroquinolone antibiotic [6]. Despite the high frequency
appearance of piperazines in small-molecule pharmaceuticals,
over 80% only contain substituents at the two nitrogen atoms
and a very small fraction of them have simple carbon substitu-
tions (methyl or carboxylate). Recently, other substituents such
as aryl and alkyl groups started to appear on the a-carbons of
piperazine rings of various important lead compounds in the

pipeline of drug discovery [7-9]. Vestipitant, a neurokinin-1
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Figure 1: Selected piperazine-containing small-molecule pharmaceuticals.

antagonist, is an example which is currently in clinical trials for
the treatment of anxiety and tinnitus [7]. However, such cases
are rare and there is still a significant lack of structural diver-
sity in piperazine-containing pharmaceuticals and small-mole-
cule collections mainly due to the lack of efficient and reliable
methods to quickly access carbon-substituted piperazines in
regioselective and stereoselective manners.

The common and traditional way to synthesize o-carbon-substi-
tuted piperazines is through de novo construction of the six-
membered ring with starting materials such as amino acids and
diamines followed by oxidation level adjustment (Figure 2,
path a) [10]. This approach is generally lengthy, not flexible,
and the substitution pattern highly depends on the availability of
the starting materials. Recently, advances have been made to
address some of these issues encountered in the synthesis of

R1
L path a
diamine
amino acid I I
""" multl -step
synthesis
1

Figure 2: Strategies for the synthesis of carbon-substituted piperazines.

F Vestipitant

carbon-substituted piperazines [11]. For example, Bode and
co-workers have developed a tin (Sn) amine protocol (SnAP) to
synthesize piperazines and other N-heterocyles from aldehydes
[12-14]. Aggarwal and co-workers have developed a formal
[4 + 2] procotocl utilizing vinyl sulfonium salts and diamines as
starting materials [15-17]. Carreira et al. have developed a ring
expansion of 3-oxetanone to synthesize substituted piperazines
[18]. Transition metal (such as Ti, Au, and Pd) catalyzed cycli-
zations of linear starting materials have been used by several
groups including the Schafer, Nelson, Huang, and Wolfe groups
to synthesize carbon-substituted piperazines [19-22]. Mendoza
et al. have developed a [3 + 3] dimerization of azomethine to
synthesize highly substituted piperazines [23]. Notably, Stoltz
and co-workers recently developed an enantioselective synthe-
sis of piperazin-2-ones and piperazines using a palladium-cata-
lyzed asymmetric allylic alkylation [24]. The most straightfor-

R1
path b |
C—H functionalization H N H
-
regioselectivity? H” >N H

diastereoselectivity? IIQ“
enantioselectivity?
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ward and attractive way of synthesizing a-carbon-substituted
piperazines is the selective (regioselective, diastereoselective,
and enantioselective) activation and functionalization of the
existing C—H bonds of piperazine substrates (Figure 2, path b).
Although there have been major advancements made in the
field of direct sp> C—H bond activation and functionalization
adjacent to nitrogen in saturated N-heterocycles and acyclic
amines [25-27], C—H functionalization of piperazines has been
a daunting challenge. In comparison to the well-studied pyrrol-
idine and piperidine systems, the existence of the second ring-
bound nitrogen in piperazines either causes various side reac-
tions or inhibits or diminishes the reactivity of the C—H bond.
This review summarizes the current status and challenges of

direct C—H bond functionalization of piperazines.

Review

Direct a-C—H lithiation trapping

Since the seminal discovery made by Beak and Lee [28,29],
o-functionalization of N-Boc-protected nitrogen heterocycles
via direct a-C—H lithiation trapping has been a straightforward
and effective method to introduce various substituents on the
o-carbon atoms [30,31]. Corresponding enantioselective
versions have also been developed using chiral diamines as
ligands to allow access to enantioenriched a-substituted
nitrogen heterocycles. However, most of the success has been
made in the territory of N-Boc-pyrrolidine [32,33] and N-Boc-
piperidine [34-36], especially with regard to the asymmetric
versions. The addition of the second nitrogen atom in piper-
azines significantly increases the reaction difficulty and com-
plexity and only limited examples of direct a-C—H lithiation
trapping of piperazines have been reported.

R

N
E j\ A: sec-BuLi, TMEDA, -78 °C, Et,0
N H >

B: sec-BuLi, TMEDA, -78 °C, Et,0O
then CuCN.2LiCl

t-BuO/gO

3a(R=Bn)
3b (R = Me)

R R
CL CL
N >TMS N
8100 t-Bu0” SO
5 6

A:68%; B: 14%  A: 71%; B: trace
A: 5%; B: 22% A: 82%; B: trace

SnBuj

a (R=Bn):
b (R = Me):

A: 27%; B: 89%
A: 51%; B: 95%
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The first examples of direct a-lithiation of N-Boc-protected
piperazines were reported by van Maarseveen and co-workers
in 2005 [37], sixteen years after Beak and Lee’s seminal
discovery. Van Maarseveen et al. have developed two sets of
reaction conditions: one uses various electrophiles to directly
trap the a-lithiation product derived from treating N-Boc-pro-
tected piperazines with sec-BuLi at —78 °C (Figure 3, condi-
tions A) while the other converts the a-lithiation product to an
a-Cu intermediate via transmetallation followed by electrophil-
ic trapping (conditions B). As shown in Figure 3, conditions A
generally work better for electrophiles such as TMSCI and
Bu3SnCl whereas conditions B are more suitable for alkyl elec-
trophiles. Van Maarseveen and co-workers also noted that the
substituents on the distal nitrogen, while lacking proximity to
the reaction center, have a significant impact on the overall
result.

In 2010, Coldham and co-workers reported a direct a-function-
alziation of N-Boc-N’-tert-butylpiperazines (Figure 4) [38].
Under the conditions of sec-BulLi and TMEDA, substituents
such as TMS, Bu3Sn, Me, CHO, and CO,H could be installed
on the N-Boc a-carbon in good yields. In general, the bulky
tert-butyl group on the distal nitrogen gave better results than
small alkyl groups such as methyl or benzyl groups.

Both van Maarseveen and Coldham’s cases required the use of
TMEDA and the reaction takes place at —78 °C, a reaction tem-
perature which requires a considerable amount of energy to
maintain when the reaction is conducted on a production scale
(multikilogram or more) [39]. In order to circumvent these
operational issues, O’Brien, Campos, and co-workers de-

R R
N N
(= L
N~ "M N~ "E
tBuO” O t-BuO/gO
4 5a—9a (R =Bn)
5b—-9b (R = Me)
R R R
SURNS! (L
/I\L N Bn N n-Bu
t-BuO0”™ ~O t-Buo/go t-BuO/gO
7 8 9

A: trace; B: 54%
A: trace; B: 60%

A: trace; B: 85%
A: trace; B: 72%

Figure 3: The first a-lithiation of N-Boc-protected piperazines by van Maarseveen et al. in 2005 [37].
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Figure 4: o-Lithiation of N-Boc-N*-tert-butyl piperazines by Coldham et al. in 2010 [38].

veloped a diamine-free lithiation trapping process to function-
alize N-Boc-heterocycles including piperazines using sec-BuLi
in THF (Figure 5) [40]. This simple and effective diamine-free
procedure allowed the reaction to take place at —30 °C, which is
more desirable than —78 °C in process chemistry. Under the
new reaction conditions, electrophiles such as TMSCI,
MeO,CCl, DMF, Ph,CO, and PhBr (via a Negishi coupling
process) can be used to install the corresponding substituents on
the a-carbon of N-Boc-N’-benzylpiperazines in good yield.
Notably, the O’Brien—Campos conditions work well for N-Boc-
pyrrolidine and imidazolidine, but not for N-Boc-piperidine (cf.
20).

Asymmetric direct a-C—H lithiation trapping

Advances of enantioselective a-functionalization of N-Boc-
protected saturated mono-nitrogen heterocycles via the lithia-
tion trapping sequence using chiral diamines such as (—)-
sparteine and (+)-sparteine surrogates as ligands have been
made. However, the progress for the enantioselective a-functio-
nalization of N-Boc-protected piperazines is surprisingly slow
and very few examples have been reported. There remains a
demand for a general versatile method to efficiently synthesize
enantioenriched a-substituted piperazines. The first example of
a sec-BuLi/(—)-sparteine-mediated asymmetric deprotonation of
N-Boc-N-tert-butylpiperazine was reported by McDermott et

I|3n F_I’m
N N
[ ]\ sec-BulLi, THF, =30 °C, 5 min E j\
N~ ~H > N~ E
A then E* P
t-BuO O t-BuO O
3a 5a, 16-19
I?n I|3n ?n I?n I|3n
N N N N N
(L (s . (1
/l T™S N~ ~CO,Me N~ “CHO N Ph /’L Ph NT O E
(6]
t-BuO” 0 t-BuO0” 0O t-BuO/gO o t-Bu0” "0 t-BuO/gO
5a 16 17 18 19 20

78% with TMSCI  83% with MeO,CCl

71% with DMF

55% with PhBr via
Negishi coupling

0% with DMF
or MeO,CCI

79% with Ph,CO

Figure 5: Diamine-free o-lithiation of N-Boc-piperazines by O’Brien, Campos, et al. in 2010 [40].
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al. in 2008 (Figure 6) [41]. In two steps (asymmetric deproton-
ation followed by a carbon dioxide quench and coupling with
N-benzylpiperazine, 22) product 23 was produced in 48% yield
with 89:11 enantioselectivity favoring the R-configuration of
the newly generated carbon center.

In contrast to the direct asymmetric deprotonation, Coldham
and co-workers developed a dynamic thermodynamic resolu-
tion (DTR) of the lithiated N-Boc-N’-alkylpiperazines by taking
advantage of the configurational lability of the lithiated carb-
anion at elevated temperatures (higher than —50 °C) [38]. After
generation of the lithiated N-Boc-N’-alkylpiperazines with sec-
BuLi and TMEDA at —78 °C, the reaction was warmed up to
—30 °C with addition of a chiral ligand. The chiral ligand coor-
dinates with the racemic lithiation product to give a diastereo-

meric mixture which can be resolved under thermodynamic or

Me\Nll/Me

Beilstein J. Org. Chem. 2016, 12, 702-715.

kinetic control with electrophilic quench by a variety of electro-
philes. After evaluating a few chiral diamino-alkoxide ligands,
ligand 24 was identified as a superior choice. As shown in
Figure 7, the result was not optimal with only 30-75% of the
desired a-substituted products being obtained and the enan-
tiomeric ratio (er) ranging from 60:40 to 81:19. The substitu-
ents are restricted to TMS, Bu3Sn, Me, CHO, and CO,H.

O’Brien and co-workers reported another asymmetric lithiation
trapping of N-Boc-protected saturated heterocycles at tempera-
tures above —78 °C in 2013 [42]. Good yields and high enantio-
selectivity were obtained for N-Boc-pyrrolidines when (—)-
sparteine or (+)-sparteine surrogate 28 was used. The reactions
could be conducted at =30 or —20 °C with a slight drop of the
enantiomeric ratio in comparison to the results at =78 °C. They
also reported one example of asymmetric lithiation trapping of

O

10 er =89:11

(—)-sparteine (21)

a. sec-Buli, (-)-sparteine, N -
78 °C, Et,0: then CO, [ j Q“ \©
- -, N
Y N 'l:]/
b. HATU, DIPEA, 22, DMF |
48% over two steps ©

t-BuO/gO

I

Figure 6: The first enantioselective a-lithiation of N-Boc-piperazines by McDermott et al. in 2008 [41].

R
N B Me
sec-BuLi, TMEDA, 78 °C, Et,0 N "
- [ 1 Y
N” " H then —78 °C, 24 N E MesN
PN then =30 °C, 1 or 1.5 h A 2
tBuO” "0 then —78 °C, E* t-Bu0” ~0 24 1O
10 (R = t-Bu) :
3b (R = Me)
t-Bu R R R t-Bu
(). . O “ .
/IL T™S N” "SnBuj N~ “Me [Nj\CHo N~ ~CO,H
t-BuO (0] t-BuO 0O t—BuO/gO t-BuO/gO t-BuO e}
11 12(R=1tBu) 13 (R=t-Bu) 14 (R=t-Bu) 15
64%, er = 77:23 6b (R =Me) 25 (R=Me) 26 (R=Me) 30%, er = 81:19

6b: 34%, er = 65:35
12: 75%, er = 76:24

25: 35%, er=77:23
13: 52%, er = 80:20

26: 57%, er = 60:40
14: 49%, er = 60:40

Figure 7: Dynamic thermodynamic resolution of lithiated of N-Boc-piperazines by Coldham et al. in 2010 [38].
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N-Boc-piperazine 10 using a combination of sec-BuLi and 28 to
produce (S5)-30 with an 89:11 er. In 2015, O’Brien and
co-workers expanded this work and reported an elegant and
detailed study of asymmetric lithiation trapping of N-Boc-piper-
azines [43]. With the help of in situ IR spectroscopy, they were
able to monitor the reaction process and establish the side reac-
tions responsible for the observed byproduct formation (cf. 29).
As shown in Figure 8, a good to excellent selectivity could be
obtained for the introduction of CO,Me, Bu3Sn, and
CONH¢?-Bu groups although installation of the TMS group was
found to be problematic. Similar to the Coldham discovery,
they also noted that the distal N-alkyl substituents have a
profound effect on the overall reaction yield and enantioselec-

sec-BuLi, 21/28, -78 °C, Et,0

>

R
)L
N H
then E*

t-Buo/gO MeO,CCl/BuzSnCl/t-BuNCO/TMSX
3a, 10, 27 (R = CPhMey,)

t-BuO/go
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tivity, with the bulkier alkyl substituents giving better results.
The rationale is that the bulky alkyl substituent on the distal
nitrogen atom is likely preventing this nitrogen from attacking
the electrophile and triggers an elimination process which
would yield a byproduct like 29.

Of particular interest, when benzophenone (Ph,CO) was used to
trap the a-lithiation product of N-Boc-N’-alkylpiperazines, in
addition to the desired products (18, 34, and 35), a significant
amount of oxidized product 36 was obtained (Figure 9). The
formation of this byproduct is proposed to be a sequential
single-electron oxidation of the alkyllithium intermediate by
benzophenone. Again, the use of a bulky alkyl group on the

R
N

(e |

B D e
tBuO
29 (X = HorCOzMe)

Me

Ph\kMe

),

Bl

e

CO,Me SnBus
NHt-B
+Bu0” Y0 +Bu0” N0 CONHEBU BloNo &,
16 (R =Bn) 6a (R = Bn) t-BuO” "0 5a
71%, er =88:12 (21, R) 17%, er = 77:23 (28, R) 33 TMSCI: 38%, er = 52:48 (21)

88%, er = 85:15 (28, S)
30 (R = t-Bu)
72%, er = 89:11 (21, R)
90%, er = 89:11 (28, S)
31 (R = CPhMey)
71%, er = 90:10 (21, R)
83%, er = 88:12 (28, S)

32 (R = CPhMe,)
61%, er = 88:12 (21, S)
99%, er = 86:14 (28, R)

TMSCI: 53%, er = 50:50 (28)

54%, er = 87:13 (28, S)
TMSOTF: 0%; 50% 29 (X = H)

Figure 8: Enantioselective a-lithiation of N-Boc-N'-alkylpiperazines by O’'Brien et al. in 2013 and 2016 [42,43].

sec-BuLi, 21/28, -78 °C, Et,0
»

A

t-BuO

]

then Ph,CO

qgh ()

3a, 10, 27

Figure 9: Asymmetric a-functionalization of N-Boc-piperazines with Pho,CO by O’Brien et al. in 2016 [43].

34 (R = t-Bu):

18 (R =Bn): 54%, er = 81:19 (21, R), 18:36 = 78:22

36%, er = 75:25 (28, S), 18:36 = 41:49
74%, er =90:10 (21, R), 34:36 = 100:0
76%, er = 86:14 (28, S), 34:36 = 85:15

35 (R = CPhMey,): 53%, er = 91:9 (21, R), 35:36 = 100:0
73%, er = 87:13 (28, S), 35:36 = 100:0
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distal nitrogen atom was seen to help reduce byproduct 36 and
the desired a-functionalization product was obtained in good

yield and enantioselectivity.

In order to prepare enantiopure a-functionalized piperazines,
O’Brien and co-workers used a stereogenic a-methylbenzyl on
the distal nitrogen atom. The a-methylbenzyl group is bulky
enough to prevent the aforementioned side reactions and the re-
sulting diastereomeric a-functionalized piperazines could then
afford good separation. Furthermore, this “chiral auxiliary” can
be removed upon catalytic hydrogenation. As shown in
Figure 10, a variety of substituents could be installed on the
a-position (yield of the major product was given). Notably,
when (+)-sparteine surrogate 28 was used as a ligand, product
38 was produced in 90% yield with 95:5 diastereoselectivity,
but once the chiral amine ligand was simply switched from 28
to (—)-sparteine (21), product 39 was produced in only 49%
yield with poor diastereoselectivity (67:33). This result indi-
cates a mismatched case of (—)-sparteine and the (S)-a-methyl-
benzyl group even though the chiral center of the “chiral auxil-
iary” is quite far away from the newly established chiral center.
This issue is easily circumvented by using a matched case of
(—)-sparteine and the (R)-a-methylbenzyl group (40).

Me, _Ph

sec-Buli, 28, -78 °C, Et,0

Beilstein J. Org. Chem. 2016, 12, 702-715.

The a-methyl-substituted piperazine is an important structural
motif. Installation of a methyl group on a drug candidate is
often seen to have a positive effect on improving the drug
candidate’s activity and properties, as the so-called as the
“magic methyl effect” [44]. Direct enantioselective o-methyla-
tion of piperazines however, has been a great synthetic chal-
lenge and an effective method still needs to be developed.
O’Brien and co-workers also reported their work towards a
solution to this problem. As shown in Figure 11, they have tried
various reaction conditions to achieve an enantioselective meth-
ylation of the a-lithiation intermediate of N-Boc-N’-alkylpiper-
azines by using different diamines (TMEDA, 21, and 28) as
well as the “chiral auxiliary” strategy. While the result is not yet
optimal, a significant progress has been made. Due to the low
reactivity of Mel and Me;SOy, a diamine switch strategy of
replacing the bulky chiral diamines (21/28) with the less
hindered TMEDA has been put in place to improve the reactivi-
ty of the alkyllithium intermediate and gave a 48% yield of
(S)-46 with an 87:13 enantiomeric ratio (Figure 11, reaction 1).
The use of more reactive MeOTf with a-methylbenzyl chiral
auxiliary on the distal nitrogen atom was not fruitful (Figure 11,
reaction 2); a significant amount of elimination product 47 or 50
was produced in these cases. To date, a combination of the di-

Me, _Ph

T
LA

1§
(e

>
/g then E*
t-BuO O t-BuO/gO
(R or S)-37
MeYPh MeYPh Me,,,h(Ph MeYF’h
O, ) ) N
,’L CO,Me N~ “CO,Me N~ ™CO,Me [Nj\/\
t-BuO” ~O t-BuO”™ ~O t-BuO/gO t-BuO/gO
38 39 40 41
99% dr =955 49% dr =67:33 91% dr > 95:5 79% dr = 95:5
with MeOCCl with 21, MeO,CCl with 21, MeO,CCl  with CUuCN, allylBr
Me Ph

Ph M Ph
Y N

Ol “
N” ~SpTol [Nj\SnBu

PN

t-Bu0™ O t-BuO” S0
42 43

86% dr = 95:5 87% dr =937
with (p-TolS), with BugSnCl

3

Me. _Ph MGY
T y
Ph E Ph
SOV
o)
5 o +-BuO” YO
44 45

31% dr = 90:10 86% dr = 93:7
with Ph,CO  with PhCON(OMe)Me

Figure 10: A “chiral auxiliary” strategy toward enantiopure a-functionalized piperazines by O’Brien et al. 2016 [43].
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N “Me N M

then TMEDA (5.0 equiv), 30 min
then Mel

e
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t-BuO e}

TMEDA: 70% (51), 3% (52), dr = 90:10
No TMEDA: 32% (51), 27% (52), dr = 55:45

Figure 11: Installation of methyl group at the a-position of piperazines by O’Brien et al. 2016 [43].

amine switch strategy and a-methylbenzyl chiral auxiliary
strategy has been reported to give the best results and produce
51 in 70% yield and 90:10 diastereoselectivity (Figure 11, reac-
tion 3).

O’Brien and co-workers also reported a stereoselective synthe-
sis of enantiopure 2,6-trans- and 2,5-trans-piperazines via a
second a-lithiation trapping of carbon-substituted N-Boc-piper-
azines (Figure 12). In the cases of 41 and 48, 2,6-trans-piper-
azine products 54, 55, or 56 were produced in excellent
stereroselectivity and good yield. The predominant formation of
the 2,6-trans-piperazine products is presumably due to a Boc-
directed equatorial lithiation trapping with the existing allyl or

methyl group in the axial position to avoid strong A!-3-interac-

tion with the Boc group. In the case of 53, an equatorial lithia-
tion trapping with the existing methyl group in the equatorial
position gave 2,5-trans-piperazine 57.

In summary, promising progress has been made in the direct
a-lithiation trapping of N-Boc-protected piperazines, including
enantioselective versions. So far, these methods are limited by
narrow electrophile scopes and often low enantioselectivities

rendering further developments necessary.

Transition-metal-catalyzed a-C—H functionali-
zation

Transition-metal-catalyzed direct sp> C—H bond functionaliza-

tion at the a-carbon of both cyclic and acyclic amines have been
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Ph
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N > N ™
/& then Ph,CO )’\O Ph
t-BuO O Ie}
53 57 (53%)

Figure 12: a-Lithiation trapping of C-substituted N-Boc-piperazines by O’Brien et al. 2016 [43].

a fertile research field [45-47]. In the case of saturated
N-heterocycles however, most of the efforts have been focused
on directed a-C—H functionalization of pyrrolidines and
piperidines [48-50]. Little progress has been made in transition-
metal-catalyzed a-C—H functionalization of piperazines presum-
ably due to the low reactivity and the undesired competitive
pathways caused by the addition of the second nitrogen in the
six-membered ring [51]. As of yet only a few examples have
been reported so far and are far from being general and prac-

tical; no enantioselective versions have been shown.

Rhodium-catalyzed dehydrogenative carbonylation

In 1997, Murai and co-workers reported a novel Rh-catalyzed
o-C—H-functionalization reaction of N-(2-pyridinyl)piperazines
with carbon monoxide and terminal olefins (Figure 13) [52].
Their previous work on pyridinyl group-directed Rh-catalyzed
carbonylation at sp> C—H bonds adjacent to the nitrogen atom in
other alkylamines such as pyrrolidine, piperidine, and tetra-
hydroisoquinoline [53,54] gave the carbonylation product
directly. However, when piperazine substrates were used, an ad-
ditional formal dehydrogenation process took place before the
carbonylation reaction. As shown in Figure 13, under the condi-
tions of 15 atm of carbon monoxide and ethylene, Rh4(CO);,
catalyst, and toluene at 160 °C, dehydrogenation and propiony-
lation of N-(2-pyridinyl)piperazines took place to give various
tetrahydropiperazines. Similar to the a-C—H lithiation trapping
strategy, the substituents on the distal nitrogen have a profound

effect on the overall yield with alkyl groups giving better yields

than aryl and acyl groups. Other olefins such tert-butylethylene
and cyclopentene can be used as well, but the yields were sig-
nificantly lower (cf. 63 and 64). The scope of the directing
2-pyridinyl group can be expanded to electron-withdrawing
groups such as ester and trifluoromethyl, while maintaining
excellent yields. Regioselectivity issues have been encountered
in the case of Cj-substituted piperazine substrates resulting in a
mixture of 70 and 71. Notably, when 1-hexene was used, a mix-
ture of 73—75 was produced. When the 2-pyridinyl directing
group was switched to simple aryl groups, only dehydrogena-
tion products were observed. Overall, the result is promising,
but this method has quite a limited substrate scope and yields
only dehydrogenated products after C—H functionalization
instead of the desired fully saturated piperazines. It also
highlights the challenges provided by the extra nitrogen of
piperazine in comparison to pyrrolidine and piperidine sub-

strates.

Tantalum-catalyzed hydroaminoalkylation

In continuation of their efforts in developing new catalysts and
methods for hydroaminoalkylation at the a-position of amines,
Schafer and co-workers reported an elegant tantalum-catalyzed
hydroaminoalkylation for the synthesis of a-alkylated N-hetero-
cycles from the corresponding heterocycles and alkenes [55].
Along with piperidine and azepane substrates, piperazine sub-
strates of type 76 react smoothly with terminal olefins (78) in
the presence of 10 mol % of catalyst 77 in toluene at 165 °C
(Figure 14). Despite the high temperature, the reaction provi-
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Figure 13: Rh-catalyzed reactions of N-(2-pyridinyl)piperazines by Murai et al. in 1997 [52].

ded a-alkylated piperazines 79-83 in good yield. The reaction is
atom-economic and does not require directing groups which
sets it apart from previously discussed models. Simple mono-
alkylated or -arylated piperazines and terminal olefins were
used as starting materials. The reaction proceeds with excellent
regio- and diastereoselectivity which is presumably due to a
regio- and stereoselective alkene insertion into the strained
metalla-aziridine intermediate 84.

Photoredox catalysis
Visible-light photoredox catalysis has emerged as a powerful

platform for organic small-molecule functionalization [56-58].

One important application of photoredox catalysis is direct sp3
C—H activation and functionalization [59-61]. Among the recent
advances, direct photoredox redox C—H activation of the a-posi-
tion of amines has been an efficient and versatile method to
functionalize amines, particularly saturated N-heterocycles [62-
66]. However, photoredox catalysis for direct a-C—H functio-
nalization of piperazines is very limited and only a few exam-
ples have been reported by MacMillan and co-workers
(Figure 15) [63,65,66]. Using a high-throughput and automated
workflow platform, they have discovered a photoredox-cata-
lyzed C—H arylation of N-arylamines with 1,4-dicyanobenzene
(88) to produce pharmaceutically important benzylic amines.
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Figure 14: Ta-catalyzed hydroaminoalkylation of piperazines by Schafer et al. in 2013 [55].
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Figure 15: Photoredox catalysis for a-C—H functionalization of piperazines by MacMillan et al. in 2011 and 2014 [63,65,66].
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This reaction works well with piperazine substrate 87 to synthe-
size the a-arylated piperazine 89 in 95% yield with Ir(ppy); as
the catalyst [63]. In another report, MacMillan et al. showed
that under similar photoredox conditions, 87 could couple with
vinyl sulfone 90 to provide a-vinylation product 91 in 74%
yield with excellent E/Z selectivity [65]. They also discovered
that piperazine 87 could couple with heteroaryl chlorides 92 and
94 to obtain products 93 and 95 in 84% and 35% yield, respec-
tively [66]. These results represent a breakthrough in the direct
a-C—H functionalization of piperazines. The generation and
trapping of the a-amino radical derived from 87 with radical
acceptors under mild photoredox catalysis conditions could
avoid the aforementioned side reactions associated with direct
o-lithiation trapping and transition-metal-catalyzed C—H func-
tionalization of piperazines. However, the involvement of an
a-amino radical in the reaction process adds another layer of
difficulty in achieving enantioselective versions of these trans-
formations.

Copper-catalyzed C—H oxidation

In an effort to establish a chemical toolkit to rapidly deliver
oxidized drug metabolites, Touré, Sames and co-workers have
discovered that piperazines could be oxidized to diketopiper-
azines as well as ring fragmented products under aerobic condi-
tions with copper salt catalysts [67]. For example, when the

NH Cl Cul (20 mol %)
air or O, _
(\N DMSO, 120 °C -
oﬁs\/ N |
aripiprazole (96)

Beilstein J. Org. Chem. 2016, 12, 702-715.

antipsychotic drug aripiprazole (96) was treated with a catalytic
amount of Cul under air or oxygen in DMSO at 120 °C, 2,3-
diketopiperazine 97 was produced in 30% yield along with a
15% yield of urea product 98 (Figure 16). This method, despite
its relatively low yield and selectivity, does offer a rapid way to
access potential drug metabolites or analogs for further biologi-
cal evaluations.

Free radical approach

In 1994, Undheim and co-workers developed a radical relay
strategy, using a progression from an aryl radical to an a-amine
radical followed by trapping with acrylate, to functionalize the
a-position of amines [68]. The strategy works for morpholine
and piperazine substrates, but the yields for the latter are gener-

ally low, ranging from 12% to 41% (Figure 17).

Anodic oxidation strategy

Another uncommon way to perform a-position functionaliza-
tion is using electroorganic chemistry [69]. As shown in
Figure 18, bisformyl protected piperazine 106 could be con-
verted to 107 in 91% yield under anodic oxidation conditions at
500 g scale [70]. While this method is limited and only allows
for functionalization with alkoxy groups, the resulting aminal
products can be further diversified into other carbon-substituted
piperazine products.

a0
cl
o) NH cl
O%N O«

97 (30%)

NH

98 (15%)

Figure 16: Copper-catalyzed aerobic C—H oxidation of piperazines by Touré, Sames, et al. in 2013 [67].

R R
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[ j j\ BusSnH, AIBN [ j\i
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102: 41% (R = CHO, R’ = Me)
103: 29% (R = Me, R' = Me)
104: 14% (R = COPh, R’ = Me)
105: 29% (R = COE, R’ = Me)

Figure 17: Free radical approach by Undheim et al. in 1994 [68].
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anodic oxidation

MeOH
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CHO
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QHO
Ol
l}l OMe
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Figure 18: Anodic oxidation approach by Nyberg et al. in 1976 [70].

Conclusion

In summary, despite the importance and necessity of substi-
tuted piperazines in medicinal chemistry, there is still a lack of
general and practical methods to directly and stereoselectively
introduce substituents on the a-carbons of piperazines. So far
most of the efforts focus on direct a-C—H lithiation trapping,
transition-metal-catalyzed a-C—H functionalization of piper-
azines, and photoredox catalysis. While some progress has been
made, there is still a long way to go, as most of these methods
are far from general and practical. Many of the known methods
have a very narrow substrate scope and give poor reaction
yields. The enantioselective C—H functionalization of piper-
azines has been a barren field despite the advances made with
other saturated N-heterocycles. The addition of the second
nitrogen makes piperazine behave very differently in compari-
son to the corresponding pyrrolidine and piperidine systems. It
either creates various side reactions such as the undesired elimi-
nation or dehydrogenation pathways or diminishes the reactivi-
ty of the a-C—H bond. In order to overcome these intrinsic reac-
tivity issues, new synthetic methods and novel catalyst systems
are necessary. These engagements are important because
general and practical regioselective, diastereoselective, and en-
antioselective C—H functionalizations of piperazines are ex-
pected to significantly enhance the structural diversity and
availability of piperazine-containing small-molecule collections
in the pharmaceutical industry.
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The selective functionalization of peptides containing only natural amino acids is important for the modification of biomolecules. In

particular, the installation of an alkyne as a useful handle for bioconjugation is highly attractive, but the use of a carbon linker is

usually required. Herein, we report the gold-catalyzed direct alkynylation of tryptophan in peptides using the hypervalent iodine
reagent TIPS-EBX (1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one). The reaction proceeded in 50-78% yield under mild
conditions and could be applied to peptides containing other nucleophilic and aromatic amino acids, such as serine, phenylalanine

or tyrosine.

Introduction

Alkynes have always been important building blocks in synthe-
tic organic chemistry. Recently, they have attracted also strong
interest for applications in materials science and chemical
biology [1]. One of the most important transformations of
alkynes is the copper-catalyzed [3 + 2] cycloaddition with
azides, which can be performed under mild conditions in the
presence of multiple functional groups, and has therefore found
broad applications for the modification of biomolecules and
polymers [2-5]. But before the unique reactivity of the triple
bond can be unravelled, it is necessary to introduce it onto the

desired molecules. In this context, the modification of natural
peptides and proteins is highly attractive, and it has been the
target of intensive research in the last decades (Figure 1) [6-11].
The functionalization of highly reactive cysteine, lysine and the
N-terminus has been particularly successful [12-17], whereas
the more challenging modification of the electron-rich aromatic
residues of tyrosine [18-20] and tryptophan [21-31] has been
the focus of recent interest. As tryptophan is a rare amino acid,
its functionalization is especially interesting. It has been

achieved in the past for example by Francis and co-workers and
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Ball and co-workers using rhodium-catalyzed carbene-insertion
reactions [21-23] or via direct C—H arylation [24-29]. If the
installation of alkynes on peptides or proteins is desired, an
indirect method using a linker is used, for example an alkyl-
ation reaction of cysteine. The direct introduction of an alkyne
onto the biomolecule would be interesting to profit from modi-
fied electronic and spectroscopic properties. However, the
direct alkynylation of peptides or proteins is usually based on
the use of the Sonogashira reaction, which requires modified
non-natural amino acids [32,33].

lysine, cysteine
N-terminus

tyrosine, tryptophan
OH
* C-0O bond formation

. phenol oxidation

« alkylation
« thiol ene
* imine formation
— SH

: « carbene insertion
1
« alkynylation !
I
I

* arylation

* acylation

e NH
. only few methods

many methods

Figure 1: Functionalization of natural peptides and proteins: state of
the art.

In 2013, our group reported the alkynylation of thiols using the
hypervalent iodine reagent TIPS-EBX (1a, 1-[(triisopropyl-
silyl)ethynyl]-1,2-benziodoxol-3(1H)-one) (Scheme 1A) [34].
The reaction was almost instantaneous. It was highly chemose-
lective for thiols in the presence of other nucleophilic func-
tional groups. The alkynylation could be therefore applied to
cysteine-containing peptides. The scope of the reaction could be
later extended to a broad range of aliphatic and aromatic
alkynes [35]. In 2015, the efficiency of the reaction for the
functionalization of proteins both in cell lysates and in the
living cell was finally demonstrated [36].

Even if the alkynylation of cysteines is an important method,
thiols are often part of disulfide bonds in folded proteins, and
therefore difficult to access. Reduction and unfolding, or pro-
tein engineering to install more accessible cysteines, are usually
required. For these reasons, it is important to develop selective
alkynylation methods in order to functionalize other amino
acids. The direct C—H functionalization of aromatic compounds
is an attractive method for the modification of biomolecules
without the need for non-natural amino acids. However, the
multiple functional groups present in biomolecules make such a
process highly challenging. Based on our previous work on the
alkynylation of indoles using TIPS-EBX (1a) and a gold cataly-
sis [37,38], we wondered if this transformation could be extend-

Beilstein J. Org. Chem. 2016, 12, 745-749.

A) Thiol alkynylation

o—I R?

0
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R? sz
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R'-SH -
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B) Indole alkynylation SiiPrs
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+Z~N |0 X TIPS-EBX | /~~ N
R 2 H | 1a R™3 H
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C) This and Hansen's work: tryptophan alkynylation
OYX O X

X
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N N SiiPrs
H H =
\. TIPS-EBX (1a) N
N\ Au cat. N\
H H
4 5

Scheme 1: Alkynylation with EBX reagents.

ed to tryptophan-containing peptides. Even if the reaction gave
C3-alkynylation for C3-unsubstituted indoles, we demonstrated
that C2-alkynylation could be achieved on skatole (2a,
Scheme 1B) [37]. Very recently, Hansen et al. indeed reported a
modified protocol using a gold catalyst and TIPS-EBX (1a) for
the alkynylation of tryptophan-containing peptides and even
proteins (Scheme 1C) [39]. This recent disclosure motivated us
to report our own work on this transformation, resulting in an

efficient direct alkynylation of tryptophan-containing peptides.

Results and Discussion

We started our investigation by attempting the alkynylation of
valine-tryptophan dipeptide 4a as model substrate (Table 1). An
often used carboxybenzyl (Cbz, Z) protecting group was
chosen. Examining this substrate will tell if C2-alkynylation is
possible in the presence of an ester, a carbamate and an amide
protecting group. A promising result was obtained with
5 mol % gold chloride as catalyst at room temperature in aceto-
nitrile (Table 1, entry 1). Although the reaction did not go to
completion even after two days, the desired C2 alkynylation

746



product Sa was obtained in 44% yield. The yield could be in-
creased to 72% when the reaction was performed at 40 °C (Ta-
ble 1, entry 2). No further improvement was observed at higher
temperature (Table 1, entry 3). The product 5a could also be ob-
tained in a broad range of other solvents, as long as the solu-
bility of the substrate 4a and TIPS-EBX (1a) was sufficient (Ta-
ble 1, entries 4-8). The best yield was obtained in acetonitrile
(Table 1, entry 2). Although the presence of water slowed down
the reaction, the desired product could still be obtained in 41%
yield (Table 1, entry 9). Monitoring the reaction over time
showed that 34% of product 5a was already formed after 20
min (Table 1, entry 10), but the reaction then slowed down sig-
nificantly, with 67% yield after 10 h and 78% after 24 h
(Table 1, entries 11 and 12). At this point, a conversion higher
than 90% was achieved, with no significant improvement after a

longer reaction time.

Table 1: Optimization of the alkynylation of dipeptide 4a.

o OYOMe o OYOMe
cozin L cozin I sipr
iPr H N 1a iPr H N // ’
AuCl
N, 5mol % N,
H H
4a 5a
entry solvent time (h) T(°C) yield?
1 CH3CN 48 23 44%
2 CH3CN 48 40 72%
3 CH3CN 48 60 67%
4 iPrOH 48 40 60%
5 MeOH 48 40 50%
6 acetone 48 40 39%
7 CHCl, 48 40 63%
8 DMSO 48 40 38%
9 CH3CN 48 40 41%
5% H,0

10 CH3CN 0.3 40 34%
11 CH3CN 10 40 67%
12 CH3CN 24 40 78%

@Reaction conditions: 0.20 mmol 4a, 0.24 mmol TIPS-EBX (1a),
0.010 mmol AuCl in 2 mL solvent were stirred at the indicated temper-
ature and time. Isolated yields after column chromatography are given.

With the optimized conditions in hand, we investigated the
scope of the reaction with different amino acids in the dipep-
tide (Scheme 2). With glycine as second amino acid, the desired
product 5b could be obtained in 66% yield. The reaction was
selective for tryptophan in the presence of other aromatic amino
acids, such as phenylalanine or tyrosine (products S¢ and 5d).

Serine and proline containing dipeptides Se and 5f could also be

Beilstein J. Org. Chem. 2016, 12, 745-749.

obtained in 64% and 53% yield, respectively. The reaction was
therefore general for dipeptides bearing tryptophan at the
C-terminus. On the other hand, only traces of alkynylated
dipeptide 5g with a tryptophan at the N-terminus could be ob-
tained under these reaction conditions. A first example of
valine—tryptophan—valine tripeptide was also examined, and
product 5h was isolated in 50% yield, demonstrating that
alkynylation of tryptophan inside a peptide chain was possible.
Unfortunately, only limited conversion was observed with N- or
C-terminus unprotected peptides. Nevertheless, Hansen and
co-workers recently demonstrated that N- and C-termini unpro-
tected peptides, as well as more complex peptides and even pro-
teins, could be alkynylated using modified reaction conditions
(10 mol % AuCIl(SMe,), three equivalents TIPS-EBX (1a) and
2 mol % trifluoroacetic acid as co-catalyst) [39]. They also
demonstrated that the obtained silylalkyne products can be
easily deprotected with fluoride sources to allow bioconjuga-
tion via cycloaddition with azides.

Conclusion

In conclusion, our work combined with the results of Hansen
and co-workers has demonstrated that the gold-catalyzed
alkynylation of indoles could be extended to tryptophan in
peptides. When considering the scarcity of methods allowing
the modification of tryptophan under mild conditions without
requiring the installation of non-natural amino acids, the trans-
formation will be highly useful for bioconjugation. A current
limitation of the developed alkynylation reaction is the require-
ment for organic solvents. Investigations are currently ongoing
in our laboratory for the development of water-compatible
reagents and catalysts.

Experimental

General procedure for the gold-catalyzed
alkynylation

The starting peptide 4 (0.20 mmol, 1 equiv) and TIPS-EBX (1a,
0.240 mmol, 103 mg, 1.2 equiv) were added into a 5 mL test
tube equipped with a stirring bar. Acetonitrile (2 mL) was
added, then the reaction mixture was stirred at 40 °C for 2 min.
Gold(I) chloride (2.3 mg, 10 umol, 0.05 equiv) was added in
one portion. The reaction tube was sealed and stirring was
continued for 24 h at 40 °C. Afterwards, the mixture was
diluted with EtOAc (50 mL), and the organic layer was washed
with a mixture of water (2.5 mL) and conc. NaHCO3 solution
(2.5 mL), and then with brine (20 mL), and dried over MgSOy4.
The solvent was evaporated under reduced pressure and the re-
sulting yellow oil was purified by column chromatography
(Si0O,, hexane/EtOAc 3:1 to 2:3). The product was dried under
reduced pressure, and washed into a vial with Et,O. The sol-
vent was evaporated under vacuum and dried under high

vacuum (ca. 1072 mbar) for several hours.
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Scheme 2: Alkynylation of tryptophan-containing peptides.
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The recent development of intermolecular C—H insertion in the application of C(sp*)~H bond functionalizations, especially for light

alkanes, is reviewed. The challenging problem of regioselectivity in C—H bond insertions has been tackled by the use of sterically

bulky metal catalysts, such as metal porphyrins and silver(I) complexes. In some cases, high regioselectivity and enantioselectivity

have been achieved in the C—H bond insertion of small alkanes. This review highlights the most recent accomplishments in this

field.

Introduction

Direct functionalization of inactivated C—H bonds, especially
C(sp®)-H bonds, have attracted significant attentions in recent
years. The C(sp>)-H bond activation strategies based on radical
reactions and transition metal catalysis have been explored,
alongside the development of various directing groups for
controlling the site-selectivity of the reaction. Regardless of the
great efforts devoted to the field, the intermolecular C(sp®)-H
bond activation of simple alkanes still remains a formidable
challenge, obviously attributed to the inertness and ubiquitous
nature of simple aliphatic C(sp)—H bonds. In this context, cata-
lytic metal—carbene C(sp>)-H bond insertion represents an al-

ternative and unique approach for this purpose.

Metal—carbene insertion into a C(sp>)-H bond, well-recognized
as one of the typical reactions of carbene species, have been
studied extensively over the decades [1-8]. Mechanistically, the
C(sp3)7H bond insertion reaction is considered to follow a
concerted reaction pathway with a three-center two electron
transition state (Scheme 1). Since late transition metals, typical-
ly Rh(II) complexes, are most commonly employed as the cata-
lysts, the carbenic carbon of the metal-carbene species is posi-
tively charged in general, as shown by the resonance structure.
Consequently, when the electron-deficient carbenic carbon ap-
proaches the C(sp?)-H bonds, the C—H bonds with high elec-
tron density will react preferentially [9]. However, the site-
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Scheme 1: Pathway for transition-metal-catalyzed carbene insertion into C(sp3)-H bonds.

selectivity of C(sp>)—H bond insertion is also affected by steric
factors. High regioselectivity of C(sp>)—H bond insertions has
been observed in intramolecular reactions in most cases, in
which the C(sp®)—H bond positioned 5 atoms away from the
carbene center will normally react preferentially (1,5 C-H
insertion). However, 1,3-, 1,4, and 1,6 C—H insertions are also
possible, depending on the substrates and the catalysts. Al-
though the site-selectivity of intramolecular metal—carbene
C(sp3)-H bond insertion is affected by the combination of
factors such as steric and electronic factors as well as catalysts,
high site-selectivity is generally achievable, which makes this
type of reaction a valuable tool for the construction of carbo-
cycles from readily available starting materials [1-6].

While most of the site-selective metal—carbene C(sp3)-H bond
insertions are based on intramolecular reaction systems, or with
relatively active C—H bonds, such as allylic, benzylic or the
C—H bonds adjacent to the oxygen or nitrogen, the correspond-
ing site-selective metal—carbene insertion into simple aliphatic
C(sp?)-H bonds has also been challenged in intermolecular
reaction systems and one has witnessed some exciting advances
along this line. Thus, it would be an appropriate time to summa-
rize the field in connection with direct C—H bond functionaliza-
tion. Since catalytic metal-carbene C(sp>)-H bond insertions
have been discussed in a series of excellent reviews [1-8], this
short article will highlight the most recent developments in the
field, with the emphasis on simple aliphatic C(sp3)-H bond

insertions.

Review
Metal carbene C(sp3)-H bond insertions into

relatively active C—H bonds

Compared to ordinary aliphatic C(sp?)~H bonds, the C(sp?)-H
bonds located at allylic and benzylic sites and those at the a-po-
sition of oxygen or nitrogen, show high activity because of the
stabilization of the partial positive charge developed in the tran-
sition state of the metal-carbene C—H bond insertion process.
Such type of intramolecular metal-carbene C—H insertions

shows high selectivities in many cases [10-20], and they have

been successfully incorporated into the steps in natural product
synthesis. Herein some selected recent examples are high-
lighted.

The C—-H bond insertions at the a-positions of
oxygen or nitrogen

Attributed to the stabilizing effect of oxygen and nitrogen
toward the positive charge development at the neighboring posi-
tions, the metal—carbene C—H bond insertions at these positions
are favored. Davies and co-workers have recently reported a
highly site-selective and enantioselective C—H bond insertion of
methyl ethers [21]. The use of 2,2,2-trichloroethyl aryldiazoac-
etates, in combination with sterically crowded chiral Rh(II)
catalysts Rhy(R-BPCP),, enhances the site-selectivity and the
enantioselectivity of the reaction. Interestingly, the C—H bonds
of a methyl group show high reactivity over the secondary C—H
bonds, even the secondary benzylic C—H bonds (Scheme 2).
Notably, for the site-selectivity of carbene insertion into prima-
1y, secondary and tertiary C—H bonds, the electronic and steric
factors operate in the opposite directions. It is thus possible to
tune or even revise the selectivity by judicious combination of
reagents and catalysts.

Rh(I)-catalyzed site-selective and enantioselective intramolec-
ular carbene insertion into the C—H bond at the a-position of a
tertiary amine have been previously established by Davies and
co-workers [22-24]. Recently, this methodology has been used
in the late-stage C—H functionalization of complex alkaloids
and drug molecules (Scheme 3) [25].

C-H bond insertions at the allylic and benzylic posi-
tions

Metal-carbene C—H insertion is also favored for allylic and
benzylic sites. In 2014, Davies and co-workers reported an en-
antioselective C—H insertion catalyzed by chiral dirhodium
catalysts. The reaction took place selectively at the primary
C-H bond when chiral Rh(II) catalyst Rhy(R-BPCP), is em-
ployed. However, when chiral Rh(II) catalyst Rhy(R-DOSP)y is
used, secondary C—H bond insertion becomes predominant
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Scheme 2: Rh(ll)-catalyzed site-selective and enantioselective C—H functionalization of methyl ether.
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(Scheme 4) [26]. Subsequently, an extensive structure—selec-
tivity relationship was carried out by Davies and Sigman [27].
The quantitative analysis of the substrate and the reagent shows
that a non-bulky electron-rich carbene and a non-bulky catalyst
prefer secondary or tertiary C—H bonds, while bulky electron-
deficient carbene and bulky catalysts prefer primary C—H bonds
(Scheme 5). Such quantitative understanding is very useful for
the design of reagent/catalyst combination to achieve high

selectivity of unactivated C(sp3)-H bond functionalization.

Metal carbene insertion into aliphatic
C(sp3)-H bonds of light alkanes

Site-selective metal—carbene insertion into simple aliphatic
C(sp>)-H bonds is generally more challenging simply because
of the ubiquitous nature of C(sp>)—H bonds and the little differ-
ence between different C(sp3)-H bonds. The investigation in
this field is focused on the development of novel transition
metal catalysts through judicious combination of metal and
ligands. In 1982, Callot and Metz reported Rh(III) porphyrins

Beilstein J. Org. Chem. 2016, 12, 796-804.

catalyzed intermolecular C—H insertion, which showed an extra-
ordinary selectivity for 1° C—H bonds [28]. Other metal porphy-
rin complexes, such as Os [29], Fe, Cu, Ag [30], can also serve
as catalysts for C—H insertions, although the C-H insertions
with these catalysts are generally less efficient.

More recently, Che and co-workers developed a highly site-
selective intermolecular insertion into primary C—H bonds cata-
lyzed by robust and sterically encumbered [Rh'(2,4,6-
Phstpp)Me]. Presumably attributed to the large steric hindrance
of 2,4,6-Phstpp, the reaction for n-alkanes afforded a high 1°/2°
ratio of up to 11.4:1 (Scheme 6) [31]. The results further
demonstrate that steric bulkiness of the catalyst can override the

electronic preference for secondary C(sp>)—H bond insertions.

By employing chiral porphyrins D4-por*, the enantioselective
intermolecular carbene insertion into C(sp®)-H bonds was
achieved with moderate to high selectivities (Scheme 7).
Besides, the reaction of diazo compounds with benzylic, allylic

mixture of product | R

H =

exclusive secondary or tertiary C—H insertion

y

H

exclusive primary C—H insertion

carbene electronics

| >

electron-rich electron-defcient

A

carbene sterics

- >

) non-bulky bulky
catalyst ¢ 1
non-bulky bulky
Scheme 5: The structure—selectivity relationship.
N> [Rh"(2,4,6-Phstpp)(Me)]
R-H +
Ph™ "CO,Me 80 °C
COyMe )c\one
Ph Ph
2 . TS Ar = 2,4,6-PhsCH,
45% 46% [Rh(2,4,6-Phstpp)(Me)]
1°/2°9.8:1 1°/2°10.5:1
CO,Me CO,Me
CO,Me CO,Me )\ 2
Ph Ph Ph
6 Ph
47% 62% 49% 39%
1°/2°11.4:1 1°/2°6.7:1 1°/3°0.76:1

Scheme 6: Rh-porphyrin complexes for catalytic intermolecular C—H insertions.
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N2 [Rh(D4-por*)(Me) COxMe
rebe L *
Ph” > CO,Me 80 °C R” >Ph
CO,Me CO,Me
Ph Ph E>—<
Ph

48% (68% ee)
1°/2°9.8:1

47% (65% ee)
1°/2° 9.8:1

CO;Me CO,Me
Ph C Ph

78% (88% ee) 48% (68% ee)
1°/2°9.8:1

64% (93% ee)

CO,Me
C Ph

80% (92% ee)

[Rh(D4-por*)(Me)

Scheme 7: Asymmetric intermolecular C(sp3)-H insertion with chiral Rh-porphyrin catalyst.

and alkane C(sp?)-H bonds afforded the insertion products in
up to 80% yield and with up to 93% ee.

Pérez and co-workers have explored different types of catalysts
based on copper and silver in metal-carbene C(sp?)-H inser-
tions. Tris(pyrazoly)borate complexes of copper (TpCu) [32-34]
and silver (TpAg) [35-37] have been employed for C(sp?)-H
insertion of alkanes (Figure 1). Compared to Rh(II) catalysts,
these coinage metal-based catalysts are generally less efficient
in carbene-transfer reactions, thus requiring a high catalyst
loading in general. However, this drawback is compensated by
much lower cost of these metals than rhodium.

In 2008, Pérez, Diaz-Requejo and Etienne reported a perfluori-
nated Fj-tris(pyrazoly)borate (F,-Tp) scorpionate ligand,

H
| F

B
/IN
N" NAN F BH
G0 N
\M F =N

R¢

ML,

TpM 3

Figure 1: The structure of TpM catalysts.

NN
(F24-Tp*Bo3CFs)Ag(Me,CO)
+
EDA:Ag = 200:1
NF “CO,Et total yield: 80%

Scheme 8: Ag-Tpx-catalyzed intermolecular C-H insertion between EDA a

which enhanced alkane C—H functionalization by carbene inser-
tion with (F»;-Tp)Cu and (F,-Tp)Ag catalysts (Figure 1) [38].
In particular, with silver catalyst remarkably low catalyst
loading (ca. 0.5%), and high turnover number (up to 200), have
been achieved when the reaction was carried out with hexane
and EDA (Scheme 8).

The high reactivity of silver-based catalysts encouraged further
investigations on its applications in aliphatic C(sp®)-H inser-
tions. The metal-carbene C—H bond insertion with methane, the
ultimate simple alkane, thus becomes an attractive goal along
this line. However, the major obstacle to achieve the methane
C—H bond functionalization through metal-carbene C—H inser-
tion is the low reactivity of the methane C—H bond as com-

pared to most of the C—H bonds in organic compounds. This

Rf = CF3,

Rf = CF2CF3,
R¢ = (CF2).CF3,
R¢ = (CF2)3CF3,
R¢ = (CF2)sCF3,

(|:21_'|'p4Bo,BCF3)M|_’7
(F27-Tp4B°’3CF2CF3)MLn
(F33_Tp4Bo,3(CFz)ZCF3)MLn
(Fgg-Tp4Bo’3(CFZ)3CF3)MLn
(F51_Tp4Bo,3(CF2)5CF3)MLn

/\/\/\/CO2Et
+ +
\/\(\ CO,Et
CO,Et

nd alkanes.
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impedes the use of most organic solvents, while the gaseous
nature of methane makes it impossible to form a homogenous

reaction system without a solvent.

Pérez and co-workers addressed this problem by using super-
critical carbon dioxide (scCO;) as the reaction medium.
Methane can be dissolved in scCO,. Moreover, the electron-
deficient nature of CO, will prevent its reaction with the highly
reactive metal—-carbene species, which are electrophilic in
nature. In 2011, Pérez, Etienne and Asensio achieved the Tp*Ag
catalyzed C—H insertion of methane in supercritical CO,
(Scheme 9) [39]. The reaction between methane and EDA
formed ethyl propionate in 19% yield (based on EDA) at 40 °C
over 14 h in the presence of silver-perfluorinated catalysts
(F,-Tp*Ag). Other gaseous alkanes, including ethane, propane,
butane and isobutene, have also been functionalized with the
same catalytic system with EDA [40]. Notably, the site-selectiv-
ities of the C—H insertion of pentane in scCO, media are essen-
tially identical as compared to the corresponding reaction with

pentane as the solvent.

More recently, a new borate ligand, hydrotris((3,5-bis(trifluoro-
methyl)-4-bromo)pyrazol-1-yl)borate (Tp(CF32:Br) was intro-
duced and similar C-H bond functionalization of methane was
achieved by Tp(CF3)2.Br ML (M = Cu, Ag; L = MeCN or THF)
(Figure 2) [41]. A detailed investigation on the TpML-type
catalysts was also carried out [42]. Notably, the copper com-

Beilstein J. Org. Chem. 2016, 12, 796-804.

plex Tp(CF 3)2.Brcy (NCMe) is soluble in methane/scCO,, thus

forming a homogenous catalytic system.

FsC
3 BH FaG BH
Br— N /N
M Zn
FsC  /, FiC /s
Tp(CFa)Bry LZn*

Figure 2: Structure of TpM-type catalysts.

With the new borate ligand, depending on the metal of the cata-
lyst, different selectivities were observed when the reaction me-
dium is changed from alkane to scCO, (Scheme 10) [43]. When
scCO, was used as the solvent for the C—H insertion of hexane,
a significant increase in the functionalization of the primary
sites was observed in the presence of Tp(CF3)2.BrCy(MeCN);
while hexane and scCO, made little difference as compared to
Tp(CFIZBrAg(thf) catalyzed reactions. These results may be
related to the interaction of the ligand with carbon dioxide. A
net electron density flux from the metal center to the ligand and
to carbon dioxide was supported by experimental data and DFT
studies. Such interaction increases the electrophilicity of the
carbene moiety and thus lowers the activation energy for C—H

bond insertion.

R F
cat. F27_Tp4Bo,SCFzCF3Ag H-C F
HiC=H + N#° “CO.Et TN oE n-TBH
sc-CO, 2Et . _N
0,
160 atm P (rotal = 250 atm, 40 °C, 14h 9% Ag
F4CF,C

EDA:Tp*Ag = 100:1

Scheme 9: Ag-Tpx-catalyzed C—H insertion of methane with EDA in scCO,.

F27_Tp4Bo,3CFzCF3Ag

NN CaH
catalyst C5H11\[H C4H9\[ 3 7\[\
+ + +
40 °C, 100 atm CO-Et CO,Et
Nf\COZEt CO,Et > 2
catalyst: Tp(CFa)BrCy(NCMe) hexane 7 74 19
scCO, 30 43 20
catalyst: Tp(CF3)ZB"Ag(thf) hexane 37 48 22
scCO, 33 46 21

Scheme 10: Comparison of site-selectivities of C—H insertion in different reaction media.
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Other ligands have also been explored for the metal—carbene
C(sp*)-H insertion of simple alkanes. Mindiola and Caulton re-
ported carbene C—H insertion catalyzed by a trinuclear cluster
Ags(pnr-3,5-(CF3),PyrPy)s3 (3,5-(CF3),PyrPy = 3,5-bis(tri-
fluoromethyl)-2,2’-pyridylpyrrolide) [44]. The C—H bond inser-
tion of ethane, propane, butane and more heavier alkanes have
been achieved except for methane (Scheme 11). The DFT
studies suggested that formation of the silver carbene complex
was the rate-determining step for alkane substrates such as
ethane and propane. As for methane, the overall rate-deter-
mining step was carbene insertion into the C—H bond, attri-

Beilstein J. Org. Chem. 2016, 12, 796-804.

buted to the inertness of the methane C—H bond. As a result, the
side reactions of the highly active metallocarbene intermediate

override the C—H insertion.

Zinc catalysts, which were seldom used for metal-carbene C—H
insertions, have been recently explored in the C—H insertion be-
tween EDA with alkanes [45]. A detailed computational study
of the likely intermediate suggests that it is best described as a
zinc-bound carbocation rather than a zinc carbene (Scheme 12).
Notably, Zn is a cheap, earth-abundant 3d metal, thus making it
attractive as catalyst for C—H bond functionalization.

(I Ag
FsC”? N—Ag ), \Nl
SN _
CF, FsC \ | Ags(p2-3,5-(CF3).PyrPy)3
CF3
Ag(3, 5-(CF 3),PyrPy) (5 mol %) H

R-H + N7 “COEt

(as monomer)

7%

o

CH,Cly, rt R

7
0,
55%, 1:5:2 8%
Scheme 11: C(sp3)-H bond insertion catalyzed by trinuclear cluster Ag.
LZn(NCMe),}CIO CO,Et
E> + NFCOME {LZn( )2}CIO4 E>_/
60 °C
91%
LZn(NCMe),}CIO CO,Et
+ NF COEt {LZn(NCMe)ICI04 w)\/\COzEt ¥ \%Q 2
60 °C
56% 18%

Scheme 12: Zn(ll)-catalyzed C(sp®)—H bond insertion.
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Conclusion

The intermolecular metal-carbene insertion represents a direct
approach for the C—H bond functionalization of aliphatic
C(sp>)-H bonds. While some progresses have been made in this
area, significant challenge remains. From the selected examples
summarized in this review it is obvious that the main issue is
the balance of reactivity and selectivity. The factors governing
the reactivity and site-selectivity of metal-carbene C—H inser-
tion include: 1) the electrophilicity of the metal-carbene bond;
2) the nucleophilicity of the targeted C—H bond; 3) the steric
bulk of the ligand around the metal; 4) the steric bulk of the
substituents around the targeted C—H bond. While secondary
and tertiary C(sp>)—H bonds are favored toward the electron-
deficient carbenic carbon center in terms of electronic effects,
they are unfavored in terms of steric hindrance. The primary
C(sp®)-H bonds operate in the opposite way. Further studies in
this area will be focused on the development of novel catalysts
as well as the perceptive combination of catalyst/substrates in
order to achieve highly selective C(sp3)-H bond insertions.
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The enantioselective carbenoid insertion into C(sp>)—H bonds is an important tool for the synthesis of complex molecules due to the

high control of enantioselectivity in the formation of stereogenic centers. This paper presents a brief review of the early issues,

related mechanistic studies and recent applications on this chemistry area.

Introduction

One of the major challenges met in organic synthesis is the for-
mation of carbon—carbon bonds, in particular in a stereoselec-
tive way. Nucleophilic substitution reactions, radical reactions,
cross-coupling reactions and the Heck reaction are well-
known approaches available to this goal. These reactions are
based on the polar characteristic of the carbon—halogen or
carbon—pseudohalogen bonds, as a result of the electronegativi-
ty difference between these atoms. Despite the proven success
of these transformations, they are limited to pre-functionaliza-
tion of the chemical structure of interest with halogen atoms or
pseudohalogen functional groups.

One approach that has been gaining increasing attention, by not

requiring the presence of a strongly polarized chemical bond, is

the C(sp>)—H bonds activation by carbenoids [1]. The enantio-
selective insertion of these organometallic species into these
non-polarized bonds is a recent topic in the chemical literature,
when compared to the first reports of carbenoid chemistry
around the 1950s.

Carbene is a molecule bearing a functional group with a diva-
lent neutral carbon. This structural framework results in the
presence of a nonbonding electron pair that may adopt two elec-
tronic configurations: singlet and triplet (Figure 1). A carbenoid
is an organometallic complex where the carbene acts as a
neutral ligand to a metal center. This ensures a greater stability
of the carbene, allows the modulation of its reactivity, and

controls the chemo-, regio- and stereoselectivity in reactions.
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singlet triplet carbenoid
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Figure 1: Singlet carbene, triplet carbene and carbenoids.

The activation of the C(sp>)~H bond needs an appropriate inter-
action between the carbenoid intermediate and the carbon atom
of the C(sp?)—H. Depending on the electronic demand of the
substituent attached to the carbene carbon atom, the insertion
reaction can be more or less selective. Very electrophilic
carbenoid intermediates, for example, display little regio- and
stereoselectivity, favoring the occurrence of side reactions. A
less electrophilic carbenoid intermediate, on the other hand,
has a lower reactivity, but its regio- and stereoselectivity are
better [2].

The electrophilicity of the carbenoid intermediate is related to
the substituents present in its structure. Electron-withdrawing
groups (EWGs) increase the electrophilicity of the carbon atom
in the carbenoid and electron-donating groups (EDGs) act with
the opposite effect. Due to these observations, a carbenoid inter-
mediate can be divided in three different classes based on the
electronic nature of the chemical groups attached to its struc-
ture: acceptor, donor/acceptor and acceptor/acceptor (Figure 2)
[2]. The modification of the substituents on the carbenoid inter-
mediate can change its reactivity and hence the selectivity of the
carbenoid reaction.

The most commonly used diazo compounds rely on the forma-
tion of a donor/acceptor carbenoid intermediate type. The EWG
increases the electrophilicity and reactivity of the donor/
acceptor carbenoid, while an EDG increases its stability and
selectivity [2].

Despite the importance of the electronic factors to the reactivity
and selectivity of carbenoid intermediates, steric and conforma-

Beilstein J. Org. Chem. 2016, 12, 882—-902.

tional effects are also determining factors for carbenoid chem-
istry. Steric as well as electronic factors and the chemical prop-
erties of the ligands around the metal center also determine sig-
nificantly the type of insertion performed by the carbenoid
intermediate. The complexes used for the formation of
carbenoids in enantioselective insertion reactions must present a
balance between steric and electronic factors, to promote the

formation of a specific enantiomer.

The search for the best balance of these properties of the
carbenoid intermediates was also sought through the use of dif-
ferent metals such as copper [3], thodium [4], iron [5], rutheni-
um [6], iridium [7], osmium [8], and others. From these, copper
and rhodium have been the most frequently used ones in

carbenoid insertion reactions.

Copper carbenoids having a higher electrophilic character
display a great reactivity, but little selectivity in insertion reac-
tions. Despite these features, only recently the insertion of
chiral copper carbenoids into a C(sp3)-H bond has gained
special attention, as in the works of Muler and Boléa [9], Flynn
[10], Stattery [11] and their respective co-workers. The most
selective copper carbenoids are those generated from chiral
bis(oxazoline) ligands in the presence of copper(I) triflate
(CuOTY) (Figure 3).

L. (O

ine

Figure 3: Chiral bis(oxazoline) ligands used in enantioselective copper
carbenoid insertion.

=70

1aR =iPr
1bR= CH206H11

N oYz

The rhodium carbenoid intermediates are prferably used in en-
antioselective insertion reactions. They are more often found as
dirhodium(II) complexes. Only one of the two metal atoms
present in the chemical structure effectively participates in the

acceptor carbenoid

H EWG
M M
:<EWG :<

EWG

acceptor/acceptor carbenoid

donor/acceptor carbenoid

EWG = COgR, COR, NOZ,
PO(OR),, SO,R

EWG = CO,R, COR, NO,,
SO,R, CN

EWG = CO3R, COR,
EDG = vinyl, alkynyl, aryl, heteroaryl

Figure 2: Classification of the carbenoid intermediates by the electronic nature of the groups attached to the divalent carbene carbon.
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insertion reaction. The other thodium atom withdraws electron
density from the rhodium atom involved in the insertion mecha-
nism increasing therefore its electrophilic character [12]. Four
specific types of chiral rhodium(II) complexes can be found as
catalyst in enantioselective insertion reactions of carbenoids in
C(sp?)-H bonds: carboxylates [13-19], carboxamides [20-23],
phosphates [24,25], and ortho-arylphosphines [26-30].

This work aims to review the chemical literature, since 2009
[31,32] until the end of 2015, concerning the development of
catalytic systems able to promote enantioselective carbenoid
insertion into C(sp3)—H bonds, the mechanistic aspects
recently discovered to the known catalytic systems and the ap-
plication of these synthetic tools to the organic synthesis of

natural products.

Review
Historic perspective on the carbenoid

reaction insertion into X—H bonds

One of the former works to address the chemistry of carbenoid
was reported in 1952 by Peter Yates, although the author does
not specifically use the term carbenoid, but — carbene—copper
complex (Scheme 1) [3]. In his opinion, the copper catalyst
promotes the decomposition of diazoketones to afford "free
carbenes", the chemical intermediates responsible for the inser-
tion reaction in X—H bonds (X =0, S, N, or C).

Ledon et al, in 1973, showed a very important feature of the
carbenoid insertions into C(sp3)-H bonds. The intramolecular
reaction of the chiral diazomalonate (S)-3 led to the insertion of
the carbenoid intermediate into the C(sp®)—H of the stereogenic
center with full retention of the asymmetric carbon configura-
tion (Scheme 2) [33].

H.C H N
CX:/ECOZCH‘% o Z l oacth E—— S—\
Hs hlorob HiC c
chiorobenzene 3 0 H02 COzH
(
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R"-OH

RLOR‘ N
R)OK/SR' N
R)Ol\/NHzR'+ Ny

R"-SH

O >

R'-NH,

R-H

Scheme 1: Pioneering work of Peter Yates on the carbenoid insertion
reaction into X—H bonds (where X = O, S, N, or C).

The authors demonstrated that an insertion reaction in C(sp>)—H
bonds only occurs with considerable yield when small amounts
of copper powder or copper salts, such as CuSO4 and CuCN,
were employed. Even using the term "carbenoid", the work does
not present the formation of a copper carbenoid intermediate. It
only suggests an insertion reaction occurring through free
carbenes with copper working only as a catalyst to promote the
carbene formation.

In 1985, Taber and coworkers reported the synthesis of (+)-a-
cuparenone (8) through the construction of a five-membered
ring prepared by an enantioselective carbenoid insertion into a
C(sp?)-H bond (Scheme 3) [34]. To carry out the cyclization,
the carbenoid was formed by the action of Rhy(OAc)4 on the
diazo compound 6. That intermediate intramolecularly inserted
into the C(sp?)-H bond of the asymmetric carbon to yield
ketoester 7 in 67% yield. This latter compound was converted
to (+)-a-cuparenone (8) in 26% yield and 96% enantiomeric

€XCESS.

CH

H3C ’ CHs

4 (S)-5

48% yield 100% ee

Scheme 2: Copper carbenoid insertion into C(sp3)—H bond of a stereogenic center with full retention of the asymmetric carbon configuration.

_Rhy(OAQ),
T CHCL

o

6

COzMe

Tty ‘ f

7
67% yield

96% ee

Scheme 3: Carbenoid insertion into a C(sp3)~H bond as the key step of the Taber’s (+)-a-cuparenone (8) synthesis.
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In the late 1980s, many studies have been published by Taber
[35], Sonawane [36], Doyle [37] and their respective coworkers
regarding the regiochemistry of carbenoid insertion into
C(sp3)-H bonds, and also the steric and electronic factors
related to this insertion.

The first example of an enantioselective carbenoid insertion
reaction in chemical bonds catalyzed by chiral metal complexes
was introduced in 1966 by Noyori and coworkers (Scheme 4)
[38]. In addition to the novelty of the use of the chiral copper
complex 11 for controlling the enantioselectivity, the authors

Ph.x CHs

SN
(:5;@
Ny

HsC™*Ph
H3COJK¢N2 tOTN,  58-60°C
9 10 85 % yield

2:1 (trans/cis)

both diastereoisomers optically pure

Ph N l
3. ()
o) CO,CHj; VAN
12 13
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proposed the participation of the copper carbenoid 13, formed
from the reaction between the copper complex 11 and methyl
diazoacetate 9 as active intermediate in the catalytic cycle of

this transformation.

From the 1990s, the enantioselective carbenoid insertion into
C(sp3)fH bonds starts to be better discussed in the literature.
Ikegami and coworkers reported the enantioselective insertion
of a-diazo-p-ketoesters into C(sp>)-H bonds catalyzed by
rhodium carboxylate complexes in their homochiral form
(Table 1) [39]. Modest enantiomeric excesses were provided by

O

L

_H
HaCO™ C

carbenoid intermediate
N

Scheme 4: First enantioselective carbenoid insertion into C—O bonds catalyzed by chiral metallic complexes.

Table 1: Enantioselective insertion of a-diazo-B-ketoesters into C(sp3)—H bonds catalyzed by chiral rhodium(ll) complexes 17a, 17b and 17c.

o 17a,17b or 17¢c o o
R\/\)J\H/COZCH3 (5 mol %) CO,CH3  DMSO aq <\\/\L
N CHxClp 0°C,0,5h * 120°C, 3 h o
14 "2 15 R 16 R
R = CHj3, CsHy4, CH=CHj, Ph
4 N\ 4 N\ 4 N\
Ph QOfRh HsGC ~ OrRh
oo =T L] oS T] e gt
N  OfRh N  OfRh — | |
o |4 O |4 BnO OtRh
4
L (S)-17a L (S)-17b L (S)-17¢c
R catalyst yield (%) ee (%) configuration of 16
CHgy 17a 76 24 R
CHs 17b 73 24 R
CHs 17¢c 75 10 S
CsH11 17a 43 29 R
CH=CH, 17a 44 38 R
CH=CH, 17b 39 35 R
CH=CH, 17c 44 30 S
Ph 17a 96 46 R
Ph 17b 87 43 R
Ph 17¢c 73 13 S
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the three tested catalysts. The reactions carried out with com-
plex 17a and 17b show very similar stereoselectivity, forming
the R-enantiomer of compound 16 as the main product after
decarboxylation reaction. The catalyst 17¢ showed opposite en-
antioselectivity when compared to the catalysts 17a and 17b,
with the S-enantiomer formed as the major product.

In 1991, Doyle and coworkers published asymmetric synthesis
of lactones from alkyl diazoacetates in high enantioselectivity
by intramolecular rhodium carbenoid insertion into C(sp3)-H
[40]. In this work, the authors introduced the enantiomeric
rhodium(II) carboxamides complexes (R)-18 and (S)-18
(Figure 4).

The authors could observe the enantioselective formation of the
lactones 20 with high enantiomeric excess (Table 2). The
carbenoid formed by (5)-18 favored the S configuration at the
generated stereogenic center for most of the prepared lactones.
The opposite preference, R configuration at the new stereo-
genic center of 20, was reported to the use of the enantiomeric
rhodium complex (R)-18. When substrate 19f reacts under ca-
talysis of rhodium(Il) carboxamide complexes (R)-18 and (S)-
18, the configuration of the new stereogenic center of 20f was
reversed, probably due to the lack of the oxygen atom in the
substituent R, as suggested by the authors.

In 1997, Davies and Hansen reported the intermolecular
carbenoid insertion into C(sp>)-H catalyzed by rhodium com-
plex (S)-23 with good to excellent enantioselective control
(Scheme 5) [41]. The best results were observed when the reac-
tion was carried out at room temperature. A wide range of sub-
stituent groups were evaluated at para position of the aryldiazo-
acetate aromatic ring. The cyclic hydrocarbon reagents,
also used as solvent, were cyclopentane, cyclohexane and
cycloheptane.

(S)-18

Figure 4: Chemical structures of complexes (R)-18 and (S)-18.

Beilstein J. Org. Chem. 2016, 12, 882—-902.

Table 2: Enantioselective intramolecular insertion of carbenoids into
C(sp3)-H bonds catalyzed by rhodium (Il) carboxamides complexes
(R)-18 and (S)-18.

O 0]

O&Nz (R)-18 or (S)-18 o
CH,Cly, reflux
R" R R" R
19 20
a:R=CH30,R =H b: R = CH3CH,0, R'=H
¢:R=PhCH,0,R'=H d: CH30, R' = CHj4

e:R=PhCH,0,R'=CH; f:R=Ph,R'=H
Reagent catalyst vyield (%) ee (%) configuration of 20
19a (S)-18 62 91 S
19a (R)-18 73 91 R
19b (S)-18 64 89 S
19b (R)-18 63 89 R
19¢c (S)-18 64 87 S
19¢ (R)-18 69 87 R
19d (S)-18 68 56 S
19d (R)-18 70 57 R
19e (S)-18 85 51 S
19f (S)-18 42 46 R
19f (R)-18 34 45 S

Two factors are noteworthy in this work. Unlike the carbox-
amide complexes (R)-18 and (S)-18 previously reported by
Doyle and coworkers (Table 2), where the complexation of the
chiral ligand to rhodium atoms occurs through the carboxamide
group, in the new chiral catalyst (S)-23 the rhodium atoms are
complexed to the chiral ligands by the carboxylate group, simi-
lar to those chiral complexes presented by Ikegami and
coworkers (Table 1). Another important feature of this work is,
unlike to the work that preceded it, that the new stereogenic
center is formed on the carbenoid carbon coordinated to the

N 9 ) ’
H \Rho\Rh
CO,CH
\O'~;«~\N 2CH3
Neeo20 i
H3CO,C
(R)-18
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R (S)-23
(0.9 mol %)
CO,CH; + Q -,
n A
N2
21 n=123
R =0OCHg, H, CI

Beilstein J. Org. Chem. 2016, 12, 882—-902.

R 4 N\
| A HO Rh

AL 1 IAA
Haco,c~ 'H | OrRh

SOAr  J,

22
55-96% yield Ar 'Sp '2;2H25
60-93% ee (S)-

Scheme 5: Asymmetric carbenoid insertions into C(sp3)—H bonds of cycloalkanes catalyzed by chiral rhodium carboxylate complexes.

metal rhodium center and not on carbon-containing the
C(sp?)-H bond activated by the carbenoid moiety.

The authors also reported in this work the insertion into the
C(sp®)-H bond of tetrahydrofuran. This reaction showed good
yield, regio-, diastereo- and enantioselectivity and represents
the first example of the formation of a new stereogenic center
out of the diazoacetate scaffold by an intermolecular carbenoid
insertion into C(sp3)-H bond (Scheme 6).

Mechanism of the carbenoid insertion into the
C(sp®)-H bond

Nakamura [12] and Doyle [37] were the first to do important
contributions to the comprehension of the mechanism of this
catalytic cycle. In a simplified form, the mechanism of the
carbenoid insertion into a C(sp?)—H bond can be represented as
outlined in Scheme 7.

Nakamura et al. investigated the dirhodium tetracarboxylate-
mediated carbenoid insertion reaction into C(sp3)fH bonds in
more detail using the relationship between the transition-state
structures and their corresponding free energies obtained by
DFT investigation (Scheme 8) [12]. The insertion step primarily
consists in the formation of the metal carbenoid 29 by the inter-
action of the diazo compound 28 and the dirhodium complex
27. In sequence, the reaction proceeds through the transition
state TS-30 to release Ny, and yields the carbenoid 31. The
divalent carbon attached to the rhodium atom starts to interact
with the hydrogen of the C(sp>)—H bond of the compound 32 to
form the van der Waals complex 33 which undergoes through

(S)-23 (0.9 mol %)

O . NZYAr

(@) CO,CH3 25°C
57 % yield
24 21c 25/26 = 1.9
(Ar = p-CIPh)

RH R'
R
Y -

/C\\ L,M -
C L,M Nz
~ \\ R’

Scheme 7: Simplified mechanism of the carbenoid insertion into a
C(sp®)-H bond.

the transition state TS-34 to the product of the carbenoid inser-
tion reaction 35, regenerating the dirhodium complex 27.

In 2009, Davies and coworkers reported a DFT investigation of
the relationship between the electronic characteristics of the
substituent X attached to the carbenoid divalent carbon and the
selectivity toward carbenoid insertion into ¢ C(sp3)-H bonds
(Scheme 9) [42].

The authors found an exergonic carbenoid formation step and
proposed two reasons for the selectivity toward insertion of this
carbenoid into ¢ C(sp>)-H when X = Ph or H. The first reason
concerns the relative stability of the carbenoids 38-Ph and
38-H. The first one, prepared from the donor/acceptor diazo
compound 36-Ph, is 10.9 kcal more stable than the carbenoid
38-H obtained from the acceptor diazo compound 36-H. This
observation was attributed to the stabilization of the partial pos-
itive charge on the divalent carbon of the transition state TS-40
provided by the phenyl donor group. The second reason

Cl Cl
(0) (@)

C0O,CHs C0O,CHs

(R,S)-25¢ (S,S)-26¢
76% ee 71% ee

Scheme 6: First diastereo and enantioselective intermolecular carbenoid insertion into tetrahydrofuran C(sp®)-H bond.
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Scheme 8: Nakamura’s carbenoid insertion into a C(sp®)-H bond catalytic cycle.

COCHs  RhyL, 37 CO,CH;
N, L4Rh;
X
X=PhorH 38
X O
39
Rholy 37
H CO,CH,
\ LRny- 3Lz HE ’
HyCOLL AR5, o
X
“1 TS-40

Scheme 9: Investigation of the relationship between the electronic
characteristics of the substituent X attached to the carbenoid divalent
carbon and the selectivity of the carbenoid insertion into o C(sp®)-H
bonds.

concerns the large difference between the activation energy of
these reactions which relies on the development of steric
strain through the transitions state TS-40, less important when
X = H. This study provided a simple empirical model able to

- -\
CO,CHs H ,Q Rh

Nz_j/ RZ N \ |
H H Ar H CO,CH | Ot+Rh

R! 2> SOLAr

R1><R2 (S)-23 \}:r 2 4
R = large group Ar = p-C12H25CeHq
R2 = medium group 5k

predict the stereoselectivity of the intermolecular insertion
of donor/acceptor dirhodium carbenoids into C(sp?)-H
bonds properly validated by the results obtained by this research
group during the development of the chiral catalyst (S5)-23
(Scheme 10).

Recent studies concerning the
enantioselective carbenoid insertion into
C(sp3)-H bonds

From 2000, the study of carbenoid chemistry has become more
comprehensive. The focus of most recently published works is
the development of new catalysts for carbenoid insertion reac-
tions into C(sp>)~H bonds and also the insertion into X—H
bonds, where X = N, O, S, Si and others.

Copper-based chiral catalysts

In 2002, Miiller and Boléa published a study evaluating the en-
antioselective insertion of copper carbenoids formed from
phenyliodonium ylides and diazo compounds (Table 3) [9].
This work is particularly important because, at that time, the
carbenoids derived from rhodium complexes were the most
used for insertion reactions in C(sp3)-H bonds.

Scheme 10: Empirical model to predict the stereoselectivity of the donor/acceptor dirhodium carbenoid insertion into C(sp3)-H catalyzed by (S)-23.
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Table 3: Enantioselective intramolecular insertion of copper carbenoids derived from phenyliodonium ylides and diazo compounds.

[Cu(OTf)y]

i\'jzjx IPh

0]

20mo|% % ﬂ

Beilstein J. Org. Chem. 2016, 12, 882—-902.

A =

Ph 43 44 Ph
h 42p X = N,
4 N
o X o | LLLL
Ol |\) \ j .....
yN N N
N
1a R=iPr o
1b R = CHyCgHq4 2
(" ™\
R R
N,
oL o 3
“““ N |
O~ YU N NNC L D N N
S
N 45a R=H
46 47 45b R =CHj
N
La yield (%) from 42a2 ee (%) yield (%) from 42pP ee (%)
1a 51 (R)-42 38 (R)-15
1b 49 (R)-38 32 (R)-18
45a 52 (S)-72 14 (S)-31
45b 46 (S)-17 55 (S)-22
2 46 (R)-59 35 (R)-60
46° 47 (S)-67 17 (S)-51
47 11 (S)-57 32 (S)-18

aCH,Cl, at 0 °C; PCICH,CH,Cl at 65 °C; SLigand 46 was used in 70% de. When 42a was cyclized by 46 with de > 98%, the ee of the product 43 in-

creased to 70% ee favoring the same stereoisomer (S).

Comparing the results of Table 3, the same enantiomer was ob-
tained mainly for both carbenoid precursors, ylide 42a and the
diazo compound 42b. The authors suggested the formation of
the same chiral copper carbenoid intermediate by the reaction of
the in situ prepared chiral copper complexes with both 42a and
42b to provide the observed insertion products.

The reactions with phenyliodonium ylides 42a showed better ee
when compared to that done with diazo compounds 42b. The
authors attributed this observation to the large difference be-
tween the reaction temperatures, 0 °C to ylides versus 65 °C to
diazo compounds. Higher temperatures increase the carbenoid
formation rate by the chiral copper complexes as well as the
carbene formation rate by direct decomposition of the precur-
sors 42a and 42b. The competition between carbene insertion
and chiral carbenoid insertion into C(sp>)-H bonds decreases

the enantioselectivity of this transformation.

To confirm the copper carbenoid formation and its participa-
tion on the insertion reactions, the authors prepared the
carbenoid precursors (R)-48a and (R)-48b and submit them to
Rh;(OAc), or Cu(hfa), catalysis (Table 4). All reactions main-
tained the configuration of the asymmetric carbon where de
insertion happened, independent to the carbenoid precursor and
the catalyst, a strong evidence of the carbenoid intermediates
formation.

In 2010, Maguire et al. studied the enantioselective insertion of
copper carbenoid derived from a-diazosulfones into C(sp®)-H
bonds [10
(thiopyrans) 52 with high enantioselectivity by using a

]. In this work, the authors produced cyclic sulfones

combination of 5 mol % of copper chloride salt, 6 mol % of
ligand 1¢ and 6 mol % of sodium tetrakis[(3,5-tri-fluoro-
methyl)phenyl]borate (NaBARF). The cyclic sulfones 52

were obtained in good yields and excellent enantiomeric
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Table 4: Experimental evidences of the carbenoid formation from (R)-48a and (R)-48b and its intramolecular insertion into C(sp3)-H bonds.

o o O O
Ph [Rhy(OAc)4] DMSO/H,0
\l/\)J\”)J\OMe or OMe
X [Cu(hfa),] \"Ph “Ph

(R)-48a X =N, (2 mol %) (R)-49 (R)-50

(R)-48b X = IPh
precursor catalyst time (R)-49 yield (%) ee (%)
(R)-48a [Rho(OAC)4] 30 min 59 >98
(R)-48a [Cu(hfa)y] 3h 54 >98
(R)-48b [Rhy(OAC)] 3h 57 >08
(R)-48b [Cu(hfa)y] 3h 36 >08

excesses (85-98%) favoring the cis-1,2-di-substituted stereoiso-
mer (Table 5).

The authors also performed the copper carbenoid insertion reac-
tion to yield five-membered cyclic sulfones 54, under similar
experimental conditions, in moderate yields and enantiomeric

excesses of the trans stereoisomer (Table 6).

Independent to the size of the product, the authors emphasize
the low dependence of the enantioselectivity with respect to the

structural nature of the substrates where the lowest results are

observed for the substrate 51h (R = CHjz). In contrast, the reac-
tion times showed to be more dependent on the chemical struc-
ture of the substrates.

This research group has focused a lot of efforts to better
comprehend the scope of this catalytic system, especially on
features concerning the BARF salt effect [43,44] and electronic
effects on the aromatic rings of the chiral ligands [45].

In 2014, Maguire at al reported the syntheses of N-heterocycles
by the enantioselective insertion of copper carbenoids to

Table 5: Insertion of asymmetric copper carbenoid C(sp®)-H bonds to prepare thiopyrans 52.

Y

\ N N
Ph  1¢ Ph
o, 09
N CuCl, NaBARF
R1/\/\/S\[HJ\R
CHyCly, A
N2
51
diazo compound R R?
51a OCHj Ph
51b OCHj 4-tolyl
51c OCH3 4-anisyl
51d OCH3 4-nitrophenyl
51e OCH3 benzyl
51f OCH3 ethyl
51g OBn octyl
51h CHs Ph
51i Ph Ph

FsC CF;
F3C CF;
o ®
0 B Na
o, 0 |
SRS
Q‘ R FsC CF;
""'R1 Fgo CF3
52 NaBARF
time (h) 52 yield (%) ee (%)
5 47 98
5 64 96
22 56 91
2,5 - _
7 42 96
16 68 97
22 66 90
22 30 85
6 49 97
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Table 6: Asymmetric insertion of copper carbenoids in C(sp3)-H bonds to prepare five-membered cyclic sulfones 54.

o\'><ro FsC CF3
</IN NI F3C CF3
®
Ph  1¢  Ph B2 Na
o 0 9 %L P
Ph Ng” CuCl, NaBARF S
~ TN R F3C CF3
N CHaClz 4 | K FsC CF
2 “Ph 3 3
53 54 NaBARF
diazo compound R time (h) 54 yield (%) ee (%)
53a OCH3 57 60
53b CHj 40 40

a-nitrogen C(sp>)-H bonds of amides (Scheme 11) [46]. A wide
range of bis(oxazolines) were evaluated as chiral ligands in dry
dichloromethane with NaBARF as additive. Three catalytic
systems, based on ligands (—)-45a, (+)-45a and (4S5)-1e, showed
a better performance (>82% ee). The transformation was regio
and stereoselective where the main product was frans-y-lactam
(56). The chiral rthodium complexes (S)-17, (S)-18 and (S)-23
were also evaluated and yielded similar regio- and diastereose-
lectivity, however, with lower enantioselectivity when com-
pared to the bis(oxazoline)/CuCl,/NaBARF catalytic system.

Attempts to heterogeneous catalysis using chiral copper com-
plexes were also done. Fraile et al reported, in 2011, the copper
catalyst 60 for enantioselective insertion of carbenoid into
O-heterocycles C(sp>)-H bonds (Table 7) [47,48]. The reaction
was performed under homogeneous and heterogeneous condi-
tions, with laponite as support for the catalyst. The reaction
afforded moderate yields, diastercomeric ratio and enantioselec-

tivity under both conditions. The supported catalytic system
was reused over three cycles with no performance decrease. The
same heterogeneous catalyst was also used to perform an enan-
tioselective insertion of the carbenoid into benzylic C(sp®)-H
bonds and similar results were observed [49].

In 2011, the same research group developed a new heterogen-
eous copper catalyst for carbenoid insertion into C(sp3)-H
bonds [50]. The solid support was based on SiO,/Al,O3 and,
after addition of ligand 1c to the reaction media, the reaction
afforded moderate yields, diastereomeric ratio and enantioselec-
tivity. These catalysts were reused over three cycles with
progressive yield and enantioselectivity decrease.

Iridium-based chiral catalysts

Most recently, chiral iridium complexes have been used as cata-
lyst for insertion reactions in C(sp3)-H bonds. In 2009,
Suematsu and Katsuki published the first study addressed to the

o CuCl, (5 mol %) 0O R O R ()R'
00 Ligand (6 mol %) 0
R)\s"\ﬂ)kN/\/R' NaBARF (5 mol %) RO2S N(J ), , ROSw N(J ), N NE o
' CHZCHZY A & & o
N2 K/R 6-18 h R 56 R" 57 RO2S 5 |'
55 major minor minor R
e N\ ™
0 o)
\'/\/o\ O%O O%O \ll/\f
Ph S Ph l l\) l | N N
N/ N N N N
Ph Ph R R /l\
59 1c R=Ph (4S)1e ()45
1d R=Bn J|

Scheme 11: Asymmetric insertion of copper carbenoids in C(sp3)-H bonds to prepare trans-y-lactam.
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Table 7: Asymmetric insertion of copper carbenoids into tetrahydrofuran C(sp3)-H bonds under heterogeneous reaction condition.

60 (2 mol %)

O . N2YPh

|
o-_N_ 0
T

o Ph o Ph
0 CO,CH A
s CO,CHs CO,CHs Cu(OTh), o~
24 21 (S,R)-25 (R,R)-26 60
conditions % yield 25/26 25 ee (%)
homogeneous 74 56:44 64
heterogeneous 50 59:41 62
use of iridium-based chiral complexes as catalyst for the forma-
tion of carbenoid intermediates (Figure 5) [51]. The authors
conducted insertion reactions in C(sp®)—H bonds in a diastereo-
and enantioselective manner. For enantioselective insertion
reactions the authors tested two specific iridium complexes, 61a
and 61b.
L= 4-CH3C6H4

The authors used a wide range of a-substituted a-diazoacetates
for performing insertion into substrates such as tetrahydrofuran
(24) and 1,4-cyclohexadiene (62). Using these two compounds,
the authors evaluated the best conditions for carrying out the
reaction. When the iridium-catalyzed insertion reaction of
carbenoids into tetrahydrofurans C(sp3)-H bond was per-
formed at room temperature, the authors reported the formation
of dimers of a-substituted a-diazoacetates as the main products
of this reaction. This issue was circumvented when low temper-

61a (aR,R) Ar=CgH,
61b (aS,R) Ar=H

Figure 5: Iridium catalysts used by Suematsu and Katsuki for
carbenoid insertion into C(sp3)-H bonds.

atures, —50 °C, were used and the insertion reaction occurred
with considerable yields and good enantiomeric excess
(Table 8). According to the authors, the low temperature could

Table 8: Intermolecular insertion of chiral iridium carbenoid into THF C(sp®)-H bond.

O . NZYR1 61a (2.5 mol %) . R . R
(6] CO,R2 mole_csu(;aorcs:lz\:leﬁ 4 A CO,R? CO,R?
24 21 (S,R)-25 (R,R)-26
diazo compound R R? 25:26 25 yield (%) 25 ee (%)

21a CeHs Me 13:1 75 95
21b p-MeOCgHg Me >20:1 64 97
21c p-CICgH4 Me 19:1 82 94
21d p-MeCgHy Me 19:1 71 97
21e p-BrCgHg4 Me >20:1 76 93
21f m-MeOCgH4 Me 9:1 75 97
21g m-ClCgHy4 Me >20:1 82 95
21h 2-naphthyl Me >20:1 80 98
21i 0-MeOCgHy4 Me >20:1 9 95
21j Me t-Bu 13:1 70 90
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reduce some type of steric strain on the transition state of the

insertion reaction and avoid the dimer formation.

For the insertion reaction of iridium carbenoid into the 1,4-
cyclohexadiene (62) bis-allylic C(sp3)-H bond the authors ob-
served the formation of two products, one resulting from
iridium carbenoid insertion into the C(sp3)7H bond (63) and the

other as a result of the cyclopropanation reaction (64, Table 9).

Both examples reported by Suematsu and Katsuki showed very
good yields and excellent enantiomeric excesses of the prod-
ucts. This work is noteworthy because it is the first report in the
literature of an enantioselective insertion of an iridium
carbenoid into C(sp3)-H bonds.

Che and coworkers introduced the first porphyrin-based chiral
iridium catalyst (—)-65 to insertion of carbenoids into C(sp3)—H

Beilstein J. Org. Chem. 2016, 12, 882—-902.

bonds [52]. The reaction with 1,4-cyclohexadiene was
promoted by 1 mol % of the catalyst at low temperatures to
affords the product in high yields and enantioselectivity
(Scheme 12).

The same catalytic system was applied to carbenoid insertions
into tetrahydrofuran C(sp3)fH bonds (Scheme 13). The reac-
tion afforded the desired product in a regioselective way and
high diastereoselectivity, ranging from 2.5:1 to >20:1, favoring
the anti-product, in a complementary sense when compared to
the results reported by Suematsu and Katsuki for iridium cata-
lyst 61a (Table 8). Poor to excellent yields and high enantiose-
lectivity were reported for the main product.

The chiral porphyrin-based iridium complex (—)-65 was also
used by the same research group to catalyze the intramolecular
carbenoid insertion into C(sp>)-H bonds and affords the synthe-

Table 9: Intermolecular insertion of chiral iridium carbenoids into the 1,4-cyclohexadiene (62) bis-allylic C(sp®)-H bond.

R .CO,R2
N R? 61b (2.5 mol %)
Q- ™y 1928
CO,R2  molecular sieves 4 A CO,R2
-50 °C, 24 h
62 21 63 64
diazo compound R? R2 63:64 63 yield (%) ee (%) o
21a CeHs Me >20:1 91 94
21b p-MeOCgH4 Me >20:1 39 90
21c p-CICgH4 Me >20:1 79 95
21f m-MeOCgHg Me >20:1 95 96
21g m-CICgHa Me >20:1 80 99
21i 0-MeOCgHg4 Me >20:1 54 97
21k 0-CICgHg4 Me >20:1 53 99
211 3,4-CloyCgHs Me >20:1 95 99
21m 3-Thienyl CoH4Cl >20:1 67 97
21n Me Et >20:1 68 83
210 Me t-Bu >20:1 84 >99
N
(0]
o) Ar
Ar% . (-)-65 (1 mol %) \E)kOCHg
OCH, H,CCl, :
N2 —40°C, 24 h
21 62 62-94% yield 66
86-96% ee

Scheme 12: Chiral porphyrin iridium complex catalyzes the carbenoid insertion into bis-allylic C(sp3)-H bonds.
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0
-)- 9 Ar
Ar\H)J\OCH . C (-)-65 (1 mol %) . o
3 0 3 AMS,
N2 H,CCly, —40 °C 07 “OCH, 07 >OCH;
21 24 22-96% yield anti-(R,R)-26 syn-(S,R)-25

81-97% ee

Scheme 13: Chiral porphyrin iridium complex catalyzes the carbenoid insertion into tetrahydrofuran C(sp3)-H bonds.

sis of cis-B-lactones in a wide range of yields and enantioselec-
tivities (Scheme 14) [53]. The reaction time was dependent on
the chemical structure of the group Ar! (p-CH3Ph = 24 h;
p-FPh, m-CIPh, m-BrPh = 10 min) and the enantioselectivity
drops from 70-80% ee to less than 50% ee when Ar! is m-CIPh
or m-BrPh.

o) (+)-65 (1 mol %) 0 o
A 1
r%o HaCCly, 25 °C j:&
No N,2  50-87%yield Al A
67 39-78% ee 68

Scheme 14: Chiral porphyrin—iridium complex catalyzes the intramo-
lecular carbenoid insertion into C(sp3)~H bonds to afford the synthesis
of cis-B-lactones.

In 2013, Davies, Blakey and coworkers reported a new iridium
catalyst to perform a carbenoid insertion into the C(sp>)-H
bond (Scheme 15) [54]. The reactions were performed at room
temperature and low catalyst loading (0.5 mol %) to afford the
desired product in high yield and enantioselectivity. To reduce
the amount of cyclohexadiene, the reaction was also performed
in trifluorotoluene, resulting in a yield decrease (93% when 1,4-
cyclohexadiene was solvent and reagent; 60% when 2,5 equiva-
lents of cyclohexadiene and PhCFj5 as solvent where used) but
with almost the same enantioselectivity.

Rhodium-based chiral catalysts
Since the pioneering reports by Ikegami [39], Doyle [40] and
Davies [41] introducing their dirhodium chiral catalysts, these

(0] t-Bu

0

Ar\”)J\ @ 6005 mal%)_ Ao
OorR! * :
4AMS, O~% =N
N2 tt, 24 h </| |
) N ||I'\—N\<\
21 62 66 Cl
_ Ph— OH, Ph
71-99% yield

R' = Me, Et, iPr, t-Bu 83-99% ee 69

Scheme 15: Chiral bis(oxazoline)—iridium complex catalyzes the carbenoid

complexes have been the most frequently used and studied cata-
lysts for enantioselective insertion of carbenoids into C(sp3)—H
[55]. It is noteworthy the intensive contribution of the Davies
research group which reported important works related to regio-
selectivity and stereoselectivity [56], and chemoselectivity [57]

of this transformation.

In 2011, Davies et al reported a chiral thodium complex based
on a new cyclopropylcarboxylate ligand (Scheme 16) [58].
Among the various transformations promoted by this new cata-
lyst we can find enantioselective carbenoid insertion into the
endocyclic allylic C(sp3)-H bond of 71 followed by the Cope
rearrangement and retro-Cope strategy previously described by
the same research group [59]. The product was obtained in
excellent yield, diastereo- and enantioselectivity.

Later, the same authors showed a new chiral rhodium complex
(R)-74 based on an analogue cyclopropylcarboxylate ligand
(Scheme 17) [60]. This new ligand favors the regiochemistry of
rhodium carbenoid insertion into primary C(sp3)-H activated
bonds even in the presence of activated secondary C(sp*)-H
bonds. This preference stems from the greater volume of the
ligand and the consequent greater steric strain in the transition
state that leads to the minor insertion product at activated sec-
ondary C(sp3)-H bonds. Substrates with benzylic bond, allylic
and a-oxygen C(sp3)-H were submitted to the new catalyst,
under dichloromethane reflux, and led to the preferential forma-
tion of the insertion products into primary carbon, (from 5:1 to
>20:1), high yields and enantioselectivity, higher than 90% ee,
88% ee and 64% ee, respectively.

insertion into bis-allylic C(sp3)-H bonds.
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O‘ . Nz\\l/\/Ph (R)-70 (1 mol %)
CO,CH3

72

DCM, 23 °C
92% vyield
>20:1dr

98% ee

71

Beilstein J. Org. Chem. 2016, 12, 882—-902.

(R)-70

\\

Scheme 16: New cyclopropylcarboxylate-based chiral catalyst to enantioselective carbenoid insertion into the endocyclic allylic C(sp3)-H bond.

~Rh

~Rh

Ph(p-Br)s__-CO2CHs

/\@\ COCH;  (R)-74 (0.5 mol %) /\©\jozcm
+ +
(p-Br)Ph DCM, reflux (p-Br)P
75 21e
74% yield 5 1
92% ee
Ph(p-Br)a_-CO2CH3
)\/\ jngHs (R)-74 (0.5 mol %) szCHa L/A
+ o +
= N~ (p-Br)Ph DCM, reflux = “(p-Br)Ph
78 21e 79 80
60% vyield 17 1
94% ee
(p-Br)Ph
m CO,CH; (R)-74 (0.5 mol %) m CO,CHj; ( CO,CH3y
O\ + 0 \) + O\
(p-Br)Ph DCM, reflux ‘(p-Br)Ph
81 21e 82 83
86% yield >20 1
64% ee

Scheme 17: Regio- and enantioselective carbenoid insertion into the C(sp3)—H bond catalyzed by a new bulky cyclopropylcarboxylate-based chiral

dirhodium complex (R)-74.

The authors also employed this catalyst in the functionalization
of the (—)-a-cedrene and a steroidal nucleus, both substrates
containing primary, secondary and tertiary allylic C(sp?)-H
bonds (Scheme 18). In both cases, was only observed the for-
mation of the regioisomer derived from carbenoid insertion into

the primary allylic position with excellent yield and high dia-

stereoselectivity. For the steroidal substrate, the catalyst (R)-74
favored the formation of a new center with R configuration in a
6:1 diastereoisomeric ratio. The use of the enantiomeric cata-
lyst, (S)-74, yielded the product with S configuration at the
new stereogenic center with a higher diastereoisomeric ratio
(>20:1).
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21e
Ph(p-Br)

CO,CH3 B

\P)
(R)-74 (0.5 mol %)

Beilstein J. Org. Chem. 2016, 12, 882—-902.

(-)-a-cedrene (84)

21e

DCM, reflux
88% yield
single diastereoisomer
CO,CH3

Ph(p-Br) N>
catalyst (0.5 mol %)

catalyst dr
(R)-74 1:6
(S)-74 >20:1

DCM, reflux

yield
89%
96%

Scheme 18: Regio and diastereoselective carbenoid insertion into the C(sp3)—H bond catalyzed by a new bulky cyclopropylcarboxylate-based chiral

dirhodium complex.

In 2014, Davies and coworkers expand the scope of catalyst
(R)-74 by combining it with 2,2,2-trichloroethyl (TCE) aryldia-
zoacetates (Scheme 19) [61]. When compared with the use of
traditional methylaryldiazoacetates (Scheme 17), an improved
enantioselectivity of the insertion product 85 was observed
combined with superior regiochemistry, favoring the rhodium
carbenoid insertion into primary C(sp®)-H activated bonds even
in the presence of activated secondary C(sp>)—H bonds.

Another important contribution addressed by this work was the
C(sp®)-H bond functionalization of methyl ethers even in the
presence of other activated C(sp>)-H bonds. A wide range of
methyl ethers were regioselectively functionalized, also with

improved enantioselectivity, by the use of TCE aryldiazoac-

/\@\ CO2CH,CCl3  (R)-74 (0.5 mol %)
+
N3~ ~(p-Br)Ph DCM, reflux
75 84
m CO,CH,CCl3  (R)-74 (0.5 mol %)
O +
b NZ “(p-Br)Ph DCM, 0 °C
81 84
(p-F)Ph CO2CH,CCl3  (R)-74 (0.5 mol %)
O +
h N (p-Br)Ph DCM, reflux
89 84

etates in combination with (R)-47, here exemplified by the reac-
tion between methyl ether 81 and the TCE aryldiazoacetate 84.
The comparison of this result with that presented at Scheme 17
shows a significant increase of the enantioselectivity.

TCE heteroaryldiazoacetates were also successfully employed
for the formation of the rhodium carbenoid insertion products in
superior yields when compared to the reaction with methyl aryl-
diazoacetates. TCE aryldiazoacetates reduced significantly the
carbene dimerization allowing the reduction of the TCE diazo-
acetate addition time from 1.5 hours to 5 seconds.

The deactivated aryl methyl ether 84 was also functionalized by

the use of TCE aryldiazoacetates in combination with (R)-47 in

/\©\)COZCH20C|3 Ph(p-Br)-CO2CH2CCls
+
“(p-Br)Ph
85 86
75% yield 13 @ 1
99% ee
(p-Br)Ph
m CO,CH,CCl3
o . CO,CH,CCly
“(p-Br)Ph O
87 88
78% yield not reported
88% ee
. CO,CH,CClI
(p-F)Ph 225 659, yield
o 97% ee

“(p-Br)Ph

Scheme 19: 2,2,2-Trichloroethyl (TCE) aryldiazoacetates to improve the scope, regio- and enantioselective of the carbenoid insertion into primary

C(sp3)-Hs bond by (R)-74.
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good yield and excellent enantioselectivity. The reaction be-
tween 84 and the methyl aryldiazoacetate 21e afforded the
insertion product in only 15% yield.

In 2013, Davies, Yo et al reported a new strategy to construct
2,3-dihydrobenzofurans based on a sequential enantioselective
rhodium catalyzed carbenoid insertion into a C(sp>)-H bond
followed by a palladium C(sp?)-H bond activation to build a
new C—O bond (Scheme 20) [62]. A wide range of benzyl silyl
ethers and diazo compounds were tested providing the desired
2,3-dihydrobenzofuran in good yields and excellent diastereo-
and enantioselectivity. Later, this strategy was further used by
Davies, Zakarian and coworkers to access the total synthesis of
(—)-maoecrystal V [63].

During this study, the authors observed an unexpected result
when ortho—halosubstituted diazo compounds were used. Here

MeO CO,Me

(R)-17d (1 mol %)

Beilstein J. Org. Chem. 2016, 12, 882—-902.

the formation of a -lactone by the carbenoid insertion into the
C(sp3)-H bond of the alkyl substituent of the alkoxy moiety of
the ester (Scheme 21). The authors decided to investigate this
observation and reported a more detailed study concerning the
synthesis of cis-disubstituted B-lactones in high yield, diastereo-
and enantioselectivity [64].

Total syntheses of 2,3-dihydrobenzofurans containing natural
products have also been recently reported independently by
Hashimoto [65,66] and Kan [67] based on an enantioselective
intramolecular rhodium carbenoid insertion into C(sp>)-H
bonds.

In 2012, Pavlyuk and coworkers performed the synthesis of
azacycloalkenes by rhodium carbenoid insertion into C(sp)-H
bonds, and subsequent ring closing olefin metathesis (RCM)
[68]. The insertion of the rhodium carbenoids derived from

MeO

+ CO,Me
N7 OMe 2,2-dimethylbutane
MeO 70 °C MeO
OoTBS H 70% yield TBSO
91 92 >97:1 dr
95% ee
( ) EtCOIH 80% yield
A< OtRh
z Pd(OAc), MeO
MeO,C 2
0 < | 2 OMe _(10 mol %) COMe
N OrRh | MeO
o - LI2COg MeO
4 0 PhI(OAc),
MeO 100 °C, 24 h
_ 95 80% yield, 94% ee
L (R)-17d 13:1 regioisomer ratio

Scheme 20: Sequential C—H functionalization approach to 2,3-dihydrobenzofurans.

_0._0
(R)-17d (1 mol %)
OMe
Nz hexanes, PhMe, A
Br 74% yield
78% ee
96
Ph O 20 (R)-17e (1 mol %)
N7 OMe CH,Cl,
72% yield
Br 19:1 cis/trans
98 97% ee

(0]
oj
Br

/_ _ ™
97 Ag olrn
O ...||<\ |
0 N OfRh
Oj cl o |4
e, OMe
Ph /©/ cl cl
Br ' (R)-17e
99 \" —

Scheme 21: Enantioselective intramolecular rhodium carbenoid insertion into C(sp3)—H bonds to afford cis-disubstituted B-lactones.
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vinyl diazoacetate into the C(sp>)~H bonds of the alkenylcarba-
mates 97a—d yields two reaction products (Table 10). The major
one (99a—d) was the result of the cyclopropanation reaction of
the double bond present in 97a—d. The minor product (100a—d)
was the desired one, resulting from the insertion reaction on the
C(sp*)-H bond o to the nitrogen atom.

The carbenoid insertion reaction into C(sp?)-H bonds was
regioselective for substrates 97a—d, even when there was an
allylic and a-nitrogen C(sp>)-H bond in substrate 97a. The
authors also point out that the 66:67 ratio was 2:1 regardless of
the rhodium source (Rhy(OAc)4, Rhy(pfb)y, Rhy(TFA)g,
Rhy(TPA)4) or solvents (hexane, benzene) used in this reaction.

Beilstein J. Org. Chem. 2016, 12, 882—-902.

The dienes 100a—d were submitted to 2"d-generation
Grubbs—Hoveyda catalyst (101), under dichloroethane reflux, to
afford the desired azacycloalkenes 102a—c in 95-98% yield and
92-95 % ee (Table 11). Only the diene 100d did not cyclize
and did not afford the nine-membered heterocycle by this
methodology.

In 2015, Hashimoto et al reported the synthesis of methyl
2-vinyltetrahydropyran-3-carboxylates (104) by an enantiose-
lective rhodium carbenoid insertion into C(sp3)—-H bond
strategy [69]. The desired product was obtained in very good
yield and excellent diastereo- and enantioselectivity favoring
the cis isomer (Scheme 22).

Table 10: Cyclopropanation/Insertion rhodium carbenoid reactions into C(sp®)~H reported by Pavlyuk and coworkers.

(0]
PN = (S)-23 (1 mol %)
H3C '}l n + H3CO)SA/Ph _— +
Boc DCE, rt o
N2
R Ph
97a—d 98 99a-d:100a—d  HsCO™ """
21
HsC 'T'W
100a—d 5°C
alkenylcarbamate n 99 yield (%) de (%) ee (%) 100 yield (%) de (%) ee (%)
97a 1 64 95 96 32 90 92
97b 2 61 98 92 30 94 90
97¢c 3 59 98 95 28 98 85
97d 4 55 98 92 27 98 83
Table 11: Syntheses of N-heterocycles by RCM reported by Pavlyuk and coworkers.
CH3 A\ H3C
SN 101 (5 mol %) H5CO HsC CH;(H3C CH,
.Cl
,Tl/(/\)n\/ DCE, reflux HyC CI'R|U—
Boc HsC._O
99a—c 102a-c Y
101 CHs
diene n 102 yield (%) de (%) ee (%)
99a 1 98 >98 93
99b 2 96 >98 95
99¢c 3 95 >908 92
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COzMe
(\,[l( (S)17d (1 mol %) ~COzMe E\
2 COzMe

|\/ PhMe, -60 °C
7 80% yield
103 104:105 > 99:1 104

cis/trans > 99:1 105

95% ee

Scheme 22: Enantioselective intramolecular rhodium carbenoid inser-
tion into C(sp®)-H bonds to afford cis-2-vinyltetrahydropyran-3-carbox-
ylates.

An interesting work was reported by Che and coworkers
concerning the first rhodium porphyrin-based catalyst for enan-
tioselective carbenoid insertion into C(sp3)—H bonds [70]. The
reaction with acyclic alkanes showed regioselectivity in favor of
the formation of the insertion product into primary carbons in
modest stereoselectivity (Scheme 23). The preference for the
reaction in less hindered carbon was attributed to high steric
demand required by the chiral ligand in the transition state of
the carbenoid insertion step in the C(sp>)-H bond.

Beilstein J. Org. Chem. 2016, 12, 882—-902.

Cyclic alkanes were also tested with yields ranging from
64-80% and enantioselectivities between 88 and 92% ee. The
reaction with cyclohexane was conducted on a gram scale and,
after 10 hours of reaction, 2.88 g (73% yield) were obtained of
the carbenoid insertion product in 91% ee. Cyclohexene showed
high regioselectivity for the carbenoid insertion of the allylic
C(sp?)-H bond, 43% yield, 71% ee and a 60:40 diastereoiso-
meric ratio. The formation of the cyclopropanation product was
also observed in 14% yield. Ethylbenzene (110) was used and
also showed high regioselectivity favoring the carbenoid inser-
tion into benzylic C(sp>)—H bonds (Scheme 24). The diastereo-
isomers 111 and 112 were obtained in 45% yield and 16%, re-
spectively, and moderate stereoselectivity was observed in both

products.

Few examples of attempts to develop heterogeneous catalytic
systems based on chiral rhodium complexes were also done. In
2010, Hashimoto and coworkers reported the synthesis of a
highly robust polymer-supported chiral dirhodium(II) complex
[71].

The chiral part of the catalyst was based on the

(+)-106
L=MeOH

Ph
o Ph . -CO,CH3
-106 (1.5 mol %)
o * N Ko K
OCHs CICH,CHCl 22T
N 60°C,24h
21 107 66% yield 108 109
108:109 = 3.8:1
65% ee for 108
Scheme 23: First rhodium porphyrin-based catalyst for enantioselective carbenoid insertion into C(sp®)-H bond.
o Ph _CO,CH3; Ph _CO,CHj;
Ph (+)-106 (0.1 mol %)
\IHJ\OCH3 + *
CICH,CH,CI
N2 60 °C, 24 h
21 110 111 112
45% yield 16% yield
85% ee 77% ee

Scheme 24: Rhodium porphyrin-based catalyst for enantioselective carbenoid insertion into benzylic C(sp®)-H bond.
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N-phthaloyl-(S)-amino rhodium carboxylate (S)-17d. Two sub-
strates were submitted to the enantioselective carbenoid inser-
tion into the C(sp>)-H bond in toluene as solvent and at temper-
atures ranging from —78 °C to —60 °C. The desired products
were obtained in yields up to 80% and enantioselectivity up to
90%, even after 15 recycles of the catalyst.

Jones, Davies and coworkers also recently published a new
heterogeneous catalytic cycle base on homogeneous catalyst
(S)-23 [72]. The chiral scaffold was covalently supported on
silica surface through an organic linker and was tested in a
tandem enantioselective carbenoid insertion into C(sp?)-H
bond/Cope rearrangement. The reactions afforded good yields
and excellent enantioselectivity. The recycling of the catalyst
was evaluated in a cyclopropanation reaction and no significant

decrease on its performance could be observed after five runs.

Conclusion

The efforts focused on the development of the enantioselective
insertion of carbenoids into C(sp)-H bonds have provided a
wide range of catalytic systems to the chemical community able
to perform this transformation and to introduce new C—C bonds
in a enantiocontrolled way. The chiral rhodium catalysts are the
state of art of this synthetic tool. However, rhodium is an
expensive metal and increases the cost of the chemical process

despite the low catalyst loads found in literature.

Despite the good results presented until today, the use of the re-
ported chiral iridium catalysts is even more expensive than the
use of other metals such as rhodium, copper and ruthenium, for
example. Efforts should be directed toward the development of
simpler ligands specially those based on inexpensive chiral

building blocks like amino acids and sugars.

The examples of works focused on copper-based catalysts are
growing in number and quality. Among the well-known metals
able to react with diazo compounds to afford carbenoid interme-
diates, copper is inexpensive and has a wide range of well-
established chiral ligands able to be tested and to inspire the
rational design of new ligands.

For all metals commonly used in this transformation, more
efforts should be focused towards the development of new and
robust heterogeneous catalytic systems. This strategy can
reduce the costs related to metals like rthodium or iridium and
can also contribute to reduce the disposal of these metals in the

environment.
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This review presents examples from the chemical literature of syntheses of bridged-polycyclic products via C—H bond insertion by

carbenes and nitrenes. Applications to natural product synthesis, a description of the essential elements in substrate-controlled reac-

tions, and mechanistic details of transformations are presented. Overall, these transformations allow the construction of important

ring systems rapidly and efficiently, though additional catalyst development is needed.

Introduction

Bridged polycyclic natural products are an inviting challenge to
the synthetic chemist for their rich display of functional groups,
densely packed structures, and inherent architectural three-
dimensionality. Many of these compounds exhibit biological ac-
tivity that is potentially useful (Figure 1) [1-12]. Of these, some
exhibit exquisite selectivity for a single target, presumably
because their rigid structures restrict molecular conformations
for binding to multiple biological entities. Given the natural
scarcity of most of these compounds, few have been extensive-
ly screened for biological activity, and some have not been
tested at all.

Unsurprisingly, many synthetic strategies for the construction of
bridged rings have been reported. These methods usually rely
on existing functional groups to build the rings, consequently
leading to the synthesis of a single isomer. To access a differ-
ent isomer, either the synthetic sequence must be revised to
install the key functional groups at alternative positions, or the
synthetic strategy must be completely altered as the original
method is not capable of synthesizing other isomers. For exam-
ple, multiple research groups have shown that the bridged bi-
cyclo[2.2.2]octane core 1 of maoecrystal V may be constructed

via an intramolecular Diels—Alder reaction from a functionali-
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zed 1,3-diene like 2 (Figure 2) [13-16]. However, such a reac-  Strategies that may access multiple structural isomers of

tion would not be applicable to synthesize the bicyclo[3.2.1]-  bridged polycycles from a common intermediate offer multiple

octane core 3 of taxuspine C, as the mechanistic requirements in  advantages: saved time and effort by avoiding the validation of

a Diels—Alder cycloaddition are not met with a 1,4-diene. new strategies for each target, accumulated understanding of the

Diels—Alder reaction for bridged-ring

synthesis

Figure 2: Strategic limitations.

transannular C—H bond insertion
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key reactions in the strategy for higher yields and improved
efficiency, and rapid access to multiple targets from a single
intermediate produced on large scale that may be stored until
needed [17]. The C—H bond insertion has great potential as a
method to access different polycyclic isomers (e.g., 1 or 3)
through C—C or C-N bond formation from a carbene or nitrene,
respectively, without having to preinstall functional groups at
those positions (Figure 2). Ideally, the choice of catalyst or
reagent would control the product formed. The transformation
of 5 to 1 or 3 could occur in a single-bond-forming event, or
multiple rings could be synthesized in a cascade reaction (i.e., 6
to 1 or 3).

This review highlights strategies that leverage C—H bond inser-
tion by carbenes and nitrenes to construct bridged polycycles.
This key bond-forming event may construct the bridged ring, or
it may construct an additional ring fused to an existing bridged
bicycle to synthesize the bridged-polycyclic product. While
some examples of bridged-azacycle formation via N-H bond
insertion are known (Scheme 1) [18,19], they are less common.
We note that the development of synthetic methods to access
the goal portrayed in Figure 2 is still in the early stages, with
most of the work discussed having been reported within the last
decade. Taken together, this work has elucidated many of the
substrate factors that control the reaction. The development of
catalysts to control isomer formation has yet to be achieved,
though it is our hope that this review will inspire efforts for
their development. We have organized this review by the cata-
lyst used, with free carbenes first, followed by Cu, Rh, Au, Pt,
and then W-catalyzed reactions.

Review

Metal-free reactions
While transition metal catalysis has seen widespread adoption

for carbene and nitrene reactions, it is not necessary for a con-
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trolled reaction in all cases. Chatterjee reported an early exam-
ple of building bridged-polycyclic intermediates using metal-
free carbenes in 1979 (Scheme 2) [20]. Exposing the tosylhy-
drazone 13 to base and heat generated an alkyl carbene that
inserted into the C—H bond of an adjacent ring. Surprisingly, the
insertion reaction was more rapid than a 1,2-hydride shift or re-
arrangement, and the bridged product 14 was obtained in 87%
yield. This compound was advanced to synthesize the natural

product deoxystemodin [21-25].

Na, acetamide
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Scheme 2: The synthesis of deoxystemodin.

Grainger reported an approach to synthesize the bridged core of
ingenol via C-H insertion (Scheme 3) [26]. Here, an existing
bridged ring with a pendant vinyl chloride was synthesized (see
15). The addition of base promoted the formation of a vinyl-
idene carbene 16, which then inserted into the more electron-
rich methine C—H bond to generate the fused cyclopentenyl ring
in 17. While this intermediate was not advanced in a total syn-
thesis of the natural product, it demonstrates the potential of the
strategy. Additionally, the reaction was described to proceed
through the lowest energy conformation of the carbene interme-
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Scheme 1: Bridged rings from N-H bond insertions.
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diate 16, but an extensive study of conformational effects was

not reported.

Cl
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TMSO, 63% TMSO
Me H o
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Scheme 3: A model system for ingenol.

More recently, Lee showed that vinylidene carbenes could be
used to build the ring-fused bridged system 21 found in platen-
simycin (Scheme 4) [27]. The vinylidene carbene 19 preferen-
tially inserted into the C—H bond further from the oxygen,
which is contrary to many intramolecular studies that have
found that heteroatoms accelerate C—H bond insertion at adja-
cent carbons. The Lee group performed further studies on the
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electronic effects of the oxygen on the rate of bond insertion,
and concluded that the ability of the oxygen lone pair to align
with the * orbital of the C—H bond targeted for insertion (see
illustration 19a) is required for rate acceleration. Equatorial
C-H bonds adjacent to endocyclic oxygens cannot achieve the
correct orbital alignment (see illustration 19b), and so the elec-
tronegativity of the oxygen actually deactivates insertion into
the equatorial C—H bond. This is the case for carbene 19, since
the alkyl bridge locks its conformation in such a way that
prevents an activating alignment, and the oxygen acts as an
inductive electron-withdrawing group. The alkene in the
cyclopentene of 20 was oxidatively cleaved, and then an aldol
condensation gave the cyclohexenone 21, which was an inter-

mediate in Nicolau’s platensimycin synthesis [28].

Carbenes are not the only species that have been used to build
bridged polycycles without metal catalysts. Masamune demon-
strated that the nitrene generated from the acyl azide 22 via ul-
traviolet irradiation inserted into a nearby methyl group to give
23 (Scheme 5) [29,30]. Competition with a transannular
benzylic C—H insertion to give 24 was a minor outcome. This
initial study provided a model system to confirm the proposed
stereochemistry of atisine. A later study using the substrate 25
that lacked the benzylic C—H bond led to a formal total synthe-
sis of garryine, which is closely related to atisine. The initial
lactam 26 that was formed by methyl C—H insertion was quite
unstable, and so it was quickly converted to the acetamide 27.
Advancing that intermediate intercepted a route to garryine
completed by Pelletier [31].
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Scheme 4: Formal synthesis of platensimycin.
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Scheme 5: The formal synthesis of gerryine.

Metal-catalyzed reactions

Copper

The earliest example to our knowledge of transition metal catal-
ysis for the formation of bridged rings via C—H bond insertion
was Wolff’s use of copper (Scheme 6) [32,33]. Silver was also
examined as a possible catalyst, but then a Wolff rearrange-
ment was the primary outcome. The major product with copper
was insertion into the more electron-rich methine to give bi-
cyclo[3.2.1]octane 29. The yields of both transannular C—H
insertion products were increased relative to the Wolff rear-
rangement when a methyl group was present on the cyclohexyl

Beilstein J. Org. Chem. 2016, 12, 985-999.

carbon bearing the diazoketone (28, R = Me). There are two
reasons this methyl substituent affects the reaction: firstly, it
helps favor a ring conformation where the copper carbene
derived from the diazoketone is axially disposed (see 32) and
thus is closer to the C—H bonds for insertion. Secondly, the
methyl group helps bias the rotation about the ketone—cyclo-
hexyl bond so that the carbene may be conformationally
disposed over the ring as shown in 31 instead of the exocyclic

conformation 33.

Rhodium

The most common metal seen in C—H bond insertions for the
formation of bridged rings is rhodium. Adams used Rhy(OAc),
to further develop Wolff’s early work to determine selectivity
patterns for transannular insertions (Scheme 7) [34,35]. His
group examined the effects of heteroatom substituents such as
ethers and an azide in the 3-methoxycyclohexyl substrate 34.
The observed patterns largely mirrored those found in intramo-
lecular C—H bond insertions to form monocyclic and fused
bicyclic rings [36-59]. The stronger the electron donor, the
greater the observed insertion at the C—H bond on the carbon
with that donor. For example, insertion at the methoxy-substi-
tuted carbon to give 35 (X = OAc) occurred more rapidly than
at an acetoxy-substituted carbon to form 36. Sterics also seemed
to play a role, as insertion near a TIPS ether in 36 (X = OTIPS)
was less than that for a TBS ether (36, X = OTBS) [60]. A
hydroxy group had a similar effect to the methoxy substituent,
and the azide was the only group to activate the C—H bond more
than a methoxy group. Interestingly, the endocyclic oxygen in
substrate 37 was not nearly as effective at activating the adja-
cent C—H bond for insertion to give 39 as the exocyclic oxygen
was to provide 38, even when the exocyclic oxygen was acety-
lated. This is likely related to the effects observed by Lee
(Scheme 4). The Adams group also looked for a deuterium
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Scheme 6: Copper-catalyzed bridged-ring synthesis.
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kinetic isotope effect for insertion in both 34 (Y = D, X = OMe)
and 37 (Y = D, R = H). Only a small difference in relative rates
between C—H and C-D bond insertion was seen for either sub-
strate (e.g., compare 35 to 36, Y = D, X = OMe). Adams pro-
posed that a late transition state must be operative for insertion,
and so the isotope effect was not pronounced.
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Scheme 7: Factors influencing insertion selectivity.

Doyle expanded the scope of the potential bridged products
through the use of diazoacetamides (Scheme 8) [61]. He found
an important example of a transformation where the ratio of

gamma vs beta-lactam formation could be controlled to a signif-

Rhy(4S-MEOX) 4
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icant extent by catalyst choice. In particular, Rhy(4S-MEOX),
favored the bridged y-lactam 41 over the fused B-lactam 42 in
about a 3:1 ratio. The conformation of the cyclooctyl ring may
also play a role in the selectivity as discussed below.

The White group used rhodium dimers as catalysts to form the
central quaternary carbon of (+)-codeine (Scheme 9) [62]. This
insertion into the benzylic methine of 43 was quite selective,
with only a single reported product. The formation of this
hindered carbon stereocenter could be potentially quite difficult
otherwise. While a slightly better yield for the insertion was ob-
tained if the OMOM ether was replaced with a ketone func-
tional group, that product was problematic in attempts to
advance it to codeine. It is notable that the intramolecular C—H
bond insertion to form the bridged polycycle was significantly
faster than an intermolecular insertion into the MOM acetal
methylene, which would be electronically activated by the two
flanking oxygen substituents.

Later, Magnus showed that a conformationally flexible fused
bicycle like 45 was also viable as a substrate for bridged-ring
synthesis (Scheme 10) [63]. While a conformational flip to the
other chair form 47 is perhaps more favored energetically, the
insertion into the proximal C—H bonds in 47 would lead to a
cyclobutanone, which is apparently slower than the ring flip and
transannular insertion by an axially disposed ketocarbene into
an axial C—H bond. Magnus noted that 46 bears a striking
resemblance to the bridged polycyclic lactone core of irroratin
and proposed that this method could be used for its synthesis.

The discovery by Du Bois that carbenes and nitrenes generated
from sulfonate esters prefer 6-membered ring formation (i.e.,
1,6-insertion) opened the door for easy access to 1,3-functional-
ized products via C—H insertion [64,65]. The sulfonate can be a
useful functional group for subsequent transformations, also. If
used in the presence of an attached ring as in 48, the 1,6-inser-
tion produced the bridged-bicyclic product 49 (Scheme 11)
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Scheme 8: Bridged-lactam formation.
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Scheme 11: The utility of 1,6-insertion.

The Compain group leveraged this innovation in the synthesis
of functionalized piperidines (Scheme 12) [67]. By using the pi-
peridine 50, an initial insertion into the amine-activated C—H
bond generated the tosylamine-bridged bicycle 51. The aminal
in 51 could be transformed to a methyl hemiaminal, and then
later a second C—H bond insertion by another nitrene targeted
the less activated C—H bond to form the ring-fused piperidine
52. Thus, the pendant sulfonamide acted as a tool for multiple
remote functionalizations on the piperidine ring. Many exam-
ples of the sequence with different piperidines were also
reported. The resulting 3-amino-2,6-disubstituted piperidines
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CH,Cl,
65%
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Scheme 12: Piperidine functionalization.

like 52 are known to display anti-allergic and anti-inflammato-

ry activities.

Rao generated a bridged polycycle via a formal C—H bond
insertion using Wilkinson’s catalyst (RhCl(PPhj3)3) instead of
the usual rhodium(II) dimer (Scheme 13) [68]. Rather than
starting with a diazoketone, ester, or amide, Wilkinson’s cata-
lyst may generate an active organorhodium intermediate
through insertion into the acyl C—H bond of the aldehyde 53. A
subsequent transannular C—H functionalization at the site of a
weakly acidic proton then produces the bridged product 54.
While an innovative transformation, it should be noted that a

CIRh(PPh3);3 (@) o)
1 equiv
(1 equiv) Me
PhCN, reflux \
75%
54

Scheme 13: Wilkinson’s catalyst for C—H bond insertion.
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full equivalent of Wilkinson’s catalyst is needed as there is no

catalytic turnover observed.

Bridged polycycles may also be accessed synthetically by the
formation of a new ring on an existing bridged bicycle via C—H
bond insertion. Early results for this approach using rhodium(II)
dimers were disclosed by Sonowane [69,70]. He found that the
tether length of the diazoketone to the bridged ring had a
profound effect on the preferred C—H insertion location
(Scheme 14). As has been noted for other intramolecular inser-
tions [42-65], five-membered ring formation is generally
preferred over other ring sizes. Thus, the diazopropanone-
substituted norbornane 55 saw insertion into the bridgehead
C-H methine to generate the cyclopentanone-fused norbornane
56. However, the shorter tether in diazoethanone-substituted 57
would form a cyclobutanone-fused product if bridgehead inser-
tion occurred, and so insertion into a methyl C—H bond was
preferred to give a different cyclopentanone-fused norbornane,
58. This latter intermediate was used in the total syntheses of
(+)-albene and (—)-p-santalene.

Rhy(OAC)s

H 0] CH,Cl,

86%

H "o

iy

(+)-albene (—)-B-santalene

Scheme 14: Bridgehead insertion and the total synthesis of albene
and santalene.

Srikrishna found that caged polycycles could be similarly
formed via a transannular insertion [71-75]. His group synthe-
sized isotwistanes (2)-neopupukean-4,10-dione, (2)-neop-
upukean-10-one (shown), 2-thiocyanatoneopupukeanane, (—)-2-
pupukeanone, (—)-4-thiocyanatoneopupukeanane, and (+)-9-
isocyanoneopupukeanane from carvone all with a nearly iden-
tical strategy to that in Scheme 15.

The Wood group applied a similar strategy toward the synthe-
sis of phomoidride B (Scheme 16) [76]. While this strategy was
ultimately not productive for the total synthesis of the natural
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Scheme 15: The total synthesis of neopupukean-10-one.
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Scheme 16: An approach to phomoidride B.

product, it did synthesize the key synthetic intermediate 62 very
rapidly by taking advantage of insertion into the ether-activated
C-H bond of 61.

A carbene cascade reaction coupled with C—H bond insertion
offers the potential to build both the bridged bicycle and addi-
tional fused rings in a single reaction (see Figure 2). The foun-
dation of this strategy was laid by Hoye and Padwa [77-85].
Some substrates with a well-defined C—H bond insertion as the
final step were reported, though these generally produced fused
polycycles (Scheme 17) [86].

The May group took advantage of this cascade to synthesize
bridged polycycles from monocyclic precursors [87-89]. Both
diazoesters and diazoketones were examined for their potential

to initiate the cascade (Scheme 18). While the exact mechanis-

992



i i
Rhy(OAC),
: (1)

N
X CH,Cl,
S Ph 70% “Ph
63
Py O
O Rhy(OAc), O’
! CO
A CH,Cl,
Ph 93%
65

Scheme 17: Carbene cascade for fused bicycles.
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Scheme 18: Cascade formation of bridged rings.

tic intermediates for this transformation have not been conclu-
sively defined [90],
proceeding through an initial dediazotization to form a rhodium

the reaction may be thought of as

carbene, 68, reaction with the alkyne to generate the butenolide
carbene 69 or its reactive equivalent, and then C—H insertion
into a cyclopentyl methylene. Insertion into a methylene adja-
cent to the spirocyclic center in 69 would create a highly

strained spirocyclic cyclobutane ring having an sp? carbon
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center. Thus, the bicyclo[2.2.1]heptane 70 is the major product,
but a sterically hindered catalyst such as Rhy(esp), or
Rhy(OPiv)y is needed to prevent dimerization of the diazoace-
tate. These catalysts are presumed to protect the carbene inter-
mediates from intermolecular reactions long enough to adopt
the correct conformation for bridged-ring formation.

An exploration of the effect of substrate ring sizes demon-
strated that the substrate conformation has as much control for
insertion selectivity as electronics and size of the ring being
formed. The conformational flexibility of the cyclohexyl ring in
73 led to a product ratio that roughly corresponded to the preva-
lence of the two non-equivalent methylenes available for inser-
tion, suggesting that the barriers for insertion into the 3 position
from conformation 76 was similar to that for the 4 position from
conformation 77 (Scheme 19). This similarity in rates makes the
substrate 73 suitable as a test case to find a catalyst to control
the product isomer formed in the reaction as envisioned in
Figure 2. The cycloheptyl and cyclooctyl rings showed a
stronger intrinsic product isomer preference, however.
Assuming that the carbene (or reactive equivalent) generated
from the alkyne after butenolide formation (see 76) will need to
be in an axial orientation for a transannular C—H bond insertion,
the lowest energy ring conformation 78 may be drawn for the
cycloheptyl ring [91] with the alkyne representing the reactive
carbene. The depiction of conformation 78 shows that the most
accessible C—H bonds are likely to be C—H? at the 3 position.
The observed product distribution supports this analysis, as the
bicyclo[4.2.1]nonane 80 is the major product. A similar analy-
sis for the cyclooctyl substrate leads to 81 as the most likely
conformation [91]. Here, the most available C—H bonds for
insertion would give bicyclo[4.2.2]decane 82, which would
require the formation of a new 6-membered ring instead of a
5-membered ring, though the latter is typically preferred in
intramolecular reactions [36-59]. Nevertheless, 82 was pro-
duced as the major product, with the minor product coming
from the predicted second-most preferred conformation 84.

The May group also showed that the cascade reaction could be
initiated from hydrazones. In the course of this work, it was
discovered that NaOSiMe3 was a superior base for hydrazone to
diazo conversion (i.e., 86 to 87, Scheme 20) [89]. Surprisingly,
no reaction was observed in the absence of the Rh catalyst,
suggesting that it may be involved in the transformation of the
hydrazone to 87. While the intermediate alkyl carbene 88 could
potentially undergo a 1,2-hydride shift to give the alkene 90 in a
Bamford-Stevens-like transformation, the reaction with the
adjacent alkyne proved to be much faster to provide the
bridged-polycyclic product 89. The conditions employed were
sufficiently mild and chemoselective that the epoxide in cyclo-

hexane 91 remained intact in the reaction to form 92.
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Scheme 20: Hydrazone cascade reaction.
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The use of substrates with a 3-atom tether to the hydrazone and
sterically large substituents allowed the isolation and characteri-
zation of mechanistic intermediates from the cascade reaction
when it was conducted at 90 °C (Scheme 21). This confirmed
some prior proposals of a cyclopropene intermediate [92], as the
cyclopropene 97 reacted [93,94] to form the same products as
the hydrazone 96 did directly when heated to 140 °C.

Gold

The work by the May group was soon followed by gold-
promoted carbene/alkyne cascades. These cascades rely on
Zhang’s discovery that the use of pyridine N-oxides allow for
the formation of gold ketocarbenes 104 from alkynes
(Scheme 22) [95]. Those carbenes are then capable of further

transformations, including C—H bond insertion and the reaction
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Scheme 21: Mechanistic studies.
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Scheme 22: Gold carbene formation from alkynes.
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with other alkynes. Notably, this approach avoids the use of

unstable diazo compounds.

The Zhang group also demonstrated that the gold carbenes
generated from alkynes can produce bridged bicycles from C—H
bond insertion (Scheme 23) [96]. This was first implemented by
transannular insertion via 107 to give the bicyclo[3.2.1]octane
108. The diastereoselectivity of the process was not reported.
Again, dual gold catalysts were used with a pyridinium oxide
oxidant. Notably, a hindered ligand was again necessary for
bridged-bicycle formation — in this case the diadamantyl phos-
phine 106. The Thorpe—Ingold effect was also found to be
highly beneficial for the reaction. An interesting mechanistic
study using a less selective substrate showed that the same array
of products could be obtained from either an alkynyl ketone or
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78% yield
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Scheme 23: Au-catalyzed bridged-bicycle formation.

the corresponding diazoketones. The product distribution was
the same for either starting material, though the latter took
4 days to go to completion instead of 2 hours. Unlike the studies
by Adams (Scheme 7), a significant deuterium kinetic isotope
effect of 2.34 was seen for C—H insertion with gold catalysis.

Hashmi demonstrated the viability of dual gold catalysis for
carbene/alkyne cascades with diynes like 109, which gave prod-
ucts from either a 1,2-methyl shift (not shown) or a C—H bond
insertion to form enone 112 (Scheme 24) [97]. Though this
report provided proof of principle, it focused on the generation
of fused polycyclic products.
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Scheme 24: Gold carbene/alkyne cascade.

ey’ A

Zheng demonstrated that an alkyne cascade could generate
bridged polycyclic products like 116 from simple diyne precur-
sors highly reminiscent of the May group’s substrates
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Scheme 25: Gold carbene/alkyne cascade with C—H bond insertion.

(Scheme 25) [98]. Here, a single gold species was used that
contained a sterically bulky ~-Bu-XPhos ligand. Many exam-
ples of the synthesis of ring-fused bridged bicycles were shown
in a very nice demonstration of the reaction.

Platinum

Recent examples have used less common metals as catalysts for
C-H bond insertion. Oh used platinum to generate intermediate
1,3-dipoles like 118 and 122, which then undergo a cycloaddi-
tion to generate 119 or 123, respectively (Scheme 26) [99-101].
Here, the reactivity of those carbenes diverges. Carbene 119,
which has a distal benzyl ether, undergoes a methine C—H bond
insertion to form the caged cyclopropyl ring system in 120. Al-
ternatively, the proximity of the methylene of the benzyl ether
in 123 allows for a benzylic C—H insertion to generate the
bridged polycycle 124.

Tungsten

Iwasawa demonstrated a similar strategy for bridged-polycycle
synthesis using a tungsten catalyst (Scheme 27) [102,103].
Again, the formation of a 1,3-dipole (see 127) allows for a
cycloaddition, though this example is intermolecular in nature.
One of the ethereal ethyl groups in 128 is consequently poised
for C—H bond insertion by the tungsten carbene to give 129 as a
single diastereomer.

Conclusion

Many of the early examples of bridged-polycycle synthesis via
C—H bond insertion arose from strategies targeting the total syn-
thesis of natural products. The results of these early efforts led
to useful reaction conditions, a better understanding of stereo-
electronic effects involved in the insertions, and inspiration for

subsequent efforts of greater complexity. The transannular C-H
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Abstract

Cationic palladium(II) complexes have been found to be highly reactive towards aromatic C—H activation of arylureas at room tem-
perature. A commercially available catalyst [Pd(MeCN)4](BF4), or a nitrile-free cationic palladium(Il) complex generated in situ
from the reaction of Pd(OAc), and HBF,, effectively catalyzes C—H activation/cross-coupling reactions between aryl iodides, aryl-
boronic acids and acrylates under milder conditions than those previously reported. The nature of the directing group was found to
be critical for achieving room temperature conditions, with the urea moiety the most effective in promoting facile coupling reac-
tions at an ortho C—H position. This methodology has been utilized in a streamlined and efficient synthesis of boscalid, an agent
produced on the kiloton scale annually and used to control a range of plant pathogens in broadacre and horticultural crops. Mecha-
nistic investigations led to a proposed catalytic cycle involving three steps: (1) C—H activation to generate a cationic palladacycle;
(2) reaction of the cationic palladacycle with an aryl iodide, arylboronic acid or acrylate, and (3) regeneration of the active cationic
palladium catalyst. The reaction between a cationic palladium(IT) complex and arylurea allowed the formation and isolation of the
corresponding palladacycle intermediate, characterized by X-ray analysis. Roles of various additives in the stepwise process have
also been studied.

Introduction

Transition metal-catalyzed, direct functionalization of aryl C-H  While reactions of this type have been known for decades
bonds has made enormous progress over the past decade, and [1-71], serious challenges remain in achieving reactivity and
continues to attract a great deal of attention due to the highly selectivity due to the inertness and ubiquity of C—H bonds. High

efficient routes now available for elaborating aromatic rings. temperatures are frequently required to realize aromatic C—-H
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functionalization (>120 °C), increasing the potential for side
reactions and functional group compatibility issues. Indeed,
C-H activation transformations until recently have rarely
proceeded at ambient temperature due to the typically low reac-
tivity of these positions [72-79]. In the case of palladium-cata-
lyzed C—H activation, the crucial, namesake “C—H activation”
step typically involves a C—H to C—Pd refunctionalization,
generating a reactive aryl-palladium species that is poised for

further transformations.

Three approaches (Figure 1) have generally been employed to
enhance the reactivity and promote the key metalation/C—H
bond cleavage step: (1) tuning of the reaction conditions
through inclusion of various additives such as metal salts
[1-22], or strong acids such as TFA or HOAc, in addition to the
application of heat, although it is not always clear which steps
within the overall mechanism are most directly effected under
these conditions; (2) in a major subset of C—H activation chem-
istry, internally chelating ortho-directing groups [71-85] have
been found to effectively promote selective C—H activation,
typically by aiding in the formation of a palladacycle intermedi-
ate. Careful tuning of the structure of the directing group, with
functionalities including a variety of nitrogen-containing
moieties, such as amides [86,87], N-heterocycles [88,89],
imines [90,91], pyridine N-oxide [92], amines [93,94], as
well as a variety of others [1-71], has been found to profoundly
impact reactivity; (3) tuning of ligands around the transition
metal catalyst center has emerged as an especially powerful
means of enhancing and controlling reactivity in these pro-
cesses [95-107].

(1) Tuning general conditions
H
(bG)

HN"
[0], A

(2) Tuning directing group

H
(3) Tuning ligand(s) /‘
H M—L,

(DG)

Figure 1: Road map to enhanced C-H activation reactivity.

Beilstein J. Org. Chem. 2016, 12, 1040-1064.

A fourth approach with considerable potential, and which
appears to have received considerably less attention, involves
tuning the cationicity of the transition metal catalyst [72-79].
Literature studies have suggested that certain anionic ligands on
palladium, such as acetate or carbonate, may assist C—H bond
cleavage by acting as internal bases as part of a concerted meta-
lation—deprotonation (CMD) pathway, particularly in the case
of less electron-rich arenes (Scheme 1, top) [34,108-119]. In
other arrays, particularly those with more electron-rich substitu-
ents, evidence suggests an electrophilic aromatic substitution
mechanism may be operative. In these instances, electron-poor
catalysts, such as those generated from the reaction of Pd(II)
and TFA, have in some cases been shown to be especially effec-
tive. We reasoned that substitution with a more distant coordi-
nating anion would result in a highly Lewis acidic, dicationic
palladium species that might be still more reactive in the elec-
trophilic palladation step, potentially gaining entry to C—H acti-
vation under even milder reaction conditions for selected
couplings than have previously been observed (Scheme 1,
bottom) [120-122].

Metal cations, in general, are well known to increase the reac-
tivity of C—C and C-N double bonds due to their Lewis acidity.
Cationic palladium complexes [123], in particular, possess a
wide breadth of reactivity, having been used to catalyze
Diels—Alder [124,125], aldol and Mannich reactions [126-128],
Wacker oxidations [129], polymerizations of alkenes [130,131],
and asymmetric 1,4-additions with arylboronic [132-134], aryl-
bismuth [135], and arylsilicon [136] reagents. Although carbo-
cations react with arenes through electrophilic aromatic hydro-

(4) Tuning catalyst
cationicity

(bG)

DG = directing group
M = catalyst
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Concerted metalation-deprotonation (CMD)

electron-poor

"Martinez intermediate”

arenes
by 970 PdOAC
Pd(OAc H —HOACc
e (OAc), PdoAC @DG
DG
Electrophilic palladation
H R _pda) . Pd(ll
Pd(ll) -H \
DG DG DG
ﬁ "Wheland-like intermediate”
DG = directing group
electron-
rich
arenes

Scheme 1: Concerted metalation—deprotonation and elelectrophilic palladation pathways for C—H activation.

gen substitution in a Friedel-Crafts reaction, the potential for
metal cations to participate in similar chemistry has been far
less widely examined. A cationic palladium-catalyzed electro-
philic aromatic C—H substitution without basic anions [137-
142] would hold considerable promise as an alternative and
potentially milder approach to achieving valued C—H activation/

coupling reactions.

While several cationic palladium complexes are commercially
available, they may also be generated in situ via a variety of
routes (Scheme 2), including: (a) reaction of a palladium com-
plex with a non-coordinating anion source, usually an acid or
metal salt; (b) reaction of Pd(II) halide complexes and silver
salts [143-145]; (c) electronic oxidation of Pd(0) [146]; and (d)
chemical oxidation of Pd(0) with HBF4, Cu(BF,4), or AgBF,
[136,147,148].

HY
PdX,
AgY
PdX, J cationic Pd?*
electronic or
Pd(0) chemical oxidation

Y = BF,4~, PFs", TsO-, etc.

Scheme 2: Routes for generation of cationic palladium(ll) species.

We have previously reported that cationic palladium-catalyzed
C-H arylations of arylureas [121,122] and Fujiwara—Moritani
reactions of anilide derivatives [148] can be effected at room

temperature. In this account we disclose, in addition to full

details associated with this C—H activation chemistry, addition-
al applications of room temperature Fujiwara—Moritani reac-
tions including a synthesis of the herbicide boscalid, as well as
spectroscopic and mechanistic studies.

Results and Discussion
C—H arylations of arylureas with aryl iodides

and arylboronic acids

Among the most conceptually attractive approaches to aromatic
C—H activation is the efficient synthesis of biaryls through
direct arylation reactions. The widespread availability of aryl
iodides and arylboronic acids make them appealing arylating
agents [149-171]. Previously reported C—H activation reaction
conditions employing these reagents, however, have typically
required high temperatures to obtain the desired coupling prod-
ucts in good yields. In order to successfully carry out these reac-
tions at ambient temperature, several considerations must be
addressed, as illustrated in Figure 1. Optimization studies
initially focused on the choice of an ortho-directing group
together with a cationic palladium(II) catalyst. Although the
combination of acetanilide together with a palladium(II) cata-
lyst lead to the corresponding palladacycle, as reported by
Tremont [172], in the presence of 2a, Pd(OAc),, HBF4 and
AgOAc at room temperature, acetyl or isopropyl anilides afford
essentially no product. Only after heating to 50 °C did substrate
1a react with iodide 2a. The corresponding pivaloylanilide is
also known to serve as an effective directing group at 130 °C,
but at room temperature a poor yield was obtained. Only the
dimethylurea analog gave satisfactory conversion to the desired
biaryl, thus arriving at optimized conditions, as shown in
Scheme 3 (left). By contrast, the Daugulis group and others
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OMe
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C-H aryl boronic acid coupling

(H0)25\©

2a 2b
Moy
H Pd(OAC)z N NM62 H
N NMe,  AgOAc, HBF, (aq) N [PA(MeCN)4](BF ), N A,
O E( 2 wt % Brij 35/H,0 0 BQ, EtOAc, rt, 20 h O 5
t, 20 h R
OMe R = OMe 1a-f R = Me Me
best DG

3h (76%) 3a (96%)

[other surfactants screened: PTS, Triton X-100, solutol

Scheme 3: Optimized conditions for C—H arylations at room temperature.

[173,174] have demonstrated Pd-catalyzed ortho-arylations of
anilides at temperatures typically greater than 100 °C, and the
Sanford group has also studied similar transformations involv-
ing diaryliodonium salts [175]. Arylureas have recently been
noticed to be more active coupling partners for C—H functional-
izations as opposed to anilides, especially at lower tempera-
tures [176]. A number of strong acids have been previously
utilized in C—H activation reactions [1-22], e.g., HBF4 was
found to be critical for generation of biaryl 3h in good yield.
The structure of the ortho-arylated product was confirmed by
X-ray analysis. While similar reactions, in addition to requiring
high temperatures, have typically employed strong acids such as
TFA as the organic solvent, here 2 wt % solutions of selected
surfactants in water were found to be excellent reaction media,
providing an additional environmentally appealing feature to
this protocol. While good yields could be obtained using the
first generation surfactant PTS (polyoxyethanyl a-tocopheryl
sebacate) [121,177,178], several other amphiphiles that are both
less costly and are items of commerce gave comparable results.
Using commercialy available Brij 35 (2 wt %) in water [179-
183] afforded the best levels of conversion and thus, overall
yields, while in its absence (i.e.,”on water”), there was a notice-
able drop in the extent of conversion. In addition, lower load-
ings of HBFy, silver salt, or the palladium catalyst also gave
inferior results.

In the case of C—H activation/Suzuki—Miyaura coupling reac-
tions, the commercially available, pre-formed cationic Pd(II)
catalyst [Pd(MeCN)4](BF4); [184], was found to efficiently cat-
alyze the reaction between arylureas and arylboronic acids. On
the other hand, C—H arylations with aryl iodides catalyzed by
[Pd(MeCN)4](BFy4), did not give any of the desired products
(see mechanistic discussion; vide infra). Various neutral palla-
dium catalysts were examined, such as Pd(OAc),, PdCI,L,,
Pd,(dba);, in the absence of added acid, but none led to cross-

[other solvents screened: THF, DMF, EtOH, acetone]

|

coupling at room temperature. 1,4-Benzoquinone (BQ) was
found to be an effective additive in promoting the reaction,
while addition of stoichiometric metal salts (e.g., silver or
copper salts) was unnecessary. Moreover, in this case organic
solvents were far more effective as the reaction medium than
was water, possibly due to BQ solubility issues. EtOAc, rather
than EtOH and THF was the most effective (Scheme 3, right),
while other organic solvents (e.g., DMF) gave low-to-moderate
yields of product 3a. Although reduced amounts of both
phenylboronic acid (2b) and BQ still gave excellent yields,
lower catalyst loadings caused slower reactions. A neutral palla-
dium(Il) complex, Pd(OAc),, showed no catalytic acitivity,
whereas catalytic Pd(OAc), in the presence of stoichiometric
HBF, reacted with an arylurea and arylboronic acid to afford
the biaryl in high yield (Scheme 4).

\lé

NMe,

YO

NMe,

cat. Pd(OAc),

PhB(OH),, BQ
EtOAc, rt

additives yield (%)

trace
86

none
HBF,

Scheme 4: Biaryl formation catalyzed by Pd(OAc),.

Representative results for the reactions between aryl iodides and
arylboronic acids are summarized in Figure 2. These arylations
tolerate various combinations of substrates and reagents having
electron-withdrawing or electron-donating groups, as well as
sterically hindered aromatic rings, all taking place at room tem-
perature. Suzuki-Miyaura-type C—H coupling reactions are typ-
ically more tolerant of electron-withdrawing groups (3d, 3f, 3k)
and ortho-substitution (3g) on the aryl ring. On the other hand,
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conditions A: conditions B:
|
X
N B(OH
AN R ©/2.0 equiv R N (OH)2
R P 10% PA(OA) Ho oy {~ 1.5-3.0 equiv :
b c)2 R
H 2.0 equiv AGQOAC B 10% [Pd(MeCN),](BF ), N
N NzO 5.0 equiv HBF4(aq) R 2.0-5.0 equiv BQ H
R Y ) NMe, . N0
=~ NMez 29 Brij 35/H,0, rt EtOAc, rt RN P \r@e
2

products: yield (conditions)

OMe CO,Me Ac
o O . C SN
H H H H H MeO H
NYO NYO N\(O N\(O N NYO
O NMe2 O NMe2 O NMeg O NMez O NMe2
3b: 3c: 3d: 3e: 3g:

75% (B) 74% (A) 94% (B) 86% (B)? 40/ (B) 98% (B)
90% (B)
OMe CO,Me
H M N_o H H H
N._O NYO hd N N._O N._O
O T ) N, Y ¥
NMe, NMe, NMe2 ol NMe,
. OMe ..
OMe 3 OMe 3i: © 3 OMe 3l h_O 3m
6% (A) 87% (A) 70% (A)? 2% (A 0% (A)° 70% (A)
81% (B)P 87% (B)P 93% (B)° 70% (B) 97% (B)? 80% (B)
O @
O > ) ®
H
H H
N\]&O N NYO
NMe2 vale2 NMeZ NMe; O NMez O NMe,
3q 3r:79% (A)P 3s: 80% (B 30:
81% 76% (A) 97% (A)? 74% (A)?
86% (B 96% (B) 95% (B) 89% (B)
@ . . . O ®
H o N\léo NMe2 YNMGZ H o
O \lﬁﬂe O NMe, XN N \(
2 | P NMe2 o NMe2
3t: OMe 4. 3v: 90% (B)? 3w: 89% (B)? Ac 3y:
72% (A) 70% (A) 0% (A) 0% (A)
65% (B)? 80% (B) 0% (B) 0% (B)

Figure 2: C—H arylation results. Conditions A: Conducted at rt for 20 h in 2 wt % Brij 35/water (1 mL) with 10 mol % Pd(OAc),, AgOAc (2 equiv),
HBF4 (5 equiv), arylurea (1, 0.25 mmol), and Arl (2.0 equiv). Conditions B: Conducted at rt for 20 h in EtOAc (1 mL) with 10 mol %

[Pd(MeCN)4](BF4)2, BQ (2 or 5 equiv), arylurea (1, 0.25 mmol), and ArB(OH), (1.5 or 3 equiv). 2Run for 48 h. P2 equiv of BQ. °Run for 96 h. 9Run for
72 h.
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the reaction with 4-methoxycarbonylphenyl iodide, for exam-
ple, gave a low yield of product 3k. Arylureas having only an
electron-withdrawing group showed no reactivity towards cou-
pling under either set of conditions (3x), consistent with an
electrophilic aromatic substitution pathway in the initial C—-H
activation step by a cationic palladium(Il) species (vide infra).
Arylureas with various alkyl substituents in the ortho-position,
including cyclic arrays, gave good isolated yields (3t, 3v, 3w),
whereas a 2-phenyl substituted arylurea did not participate in
the C-H activation/coupling reaction under these conditions
(3y). Overall, C-H Suzuki—Miyaura coupling reactions were
applicable to a broader substrate scope than the corresponding
reaction with aryl iodides, although the latter protocol remains
appealing for a variety of cross-coupling combinations due to
both the convenience of aryl iodides as substrates, and the use
of water as the gross reaction medium.

Especially noteworthy are the numerous examples of aniline de-
rivatives lacking ortho- or meta-substitution, which have previ-
ously been shown to be prone to double arylation (Figure 3).
Since literature conditions generally employ elevated tempera-
tures, directed C—H arylations have often suffered from uncon-

Beilstein J. Org. Chem. 2016, 12, 1040-1064.

trollable double arylation in symmetrical or unsubstituted sub-
strates [1-22,173,174]. At ambient temperatures, however, cou-
pling reactions on these more challenging substrate types under-
went selective mono-arylations in water (Figure 3). In fact,
doubly arylated products were rather difficult to generate under
these room temperature conditions, not unexpected given the
previously described low reactivity of ureas already possessing
an ortho-aryl substituent [121,122].

A 1-naphthylurea also gave excellent selectivity at room tem-
perature (Scheme 5). When this substrate was subjected to opti-
mized conditions for the boronic acid C—H coupling, the corre-
sponding singly ortho-arylated product was obtained in
97% yield solely as the 2-aryl isomer, as confirmed by 'H NMR
and X-ray crystallography. Generally, it is difficult to effi-
ciently control the selectivity between the C2 and C8 positions
in naphthalene rings towards a single isomeric C—H activation
product [163,174,185-189].

Fujiwara—Moritani reactions
Following these results on biaryl constructions via C—H activa-
tion at room temperature, we next sought to apply our cationic

product/conditions

OMe
H
NYO
O NM62

N_o § N_o N_o
T e Y r
NM32 O \[\ﬁ/lez NMe2 NMGQ
MeO MeO
3aa: 3bb: 3cc: 3dd: 3ee:
72% (100:0) (A)2 89% (100:0) (B)P 71% (>20:1) (A) 70% (>20:1) (A)2° 71% (>20:1) (A)
82% (100:0) (B)P 88% (14:1) (B)® 80% (15:1) (B)°
OMe
N.__o N._O N_o
O NMez O NMez O NMe2

3ff:
75% (>20:1) (A)?

3g9:
70% (>20:1) (A)@

3hh:
83% (>20:1) (B)

78% (>20:1) (B)P

Figure 3: Monoarylations in water at rt. Conditions A: Conducted at rt for 20 h in 2 wt % Brij 35/water with 10 mol % Pd(OAc),, AgOAc (2 equiv),
HBF4 (5 equiv), arylurea (1, 0.25 mmol), and Arl (2, 1.5 equiv). Conditions B: Conducted at rt for 20 h in EtOAc with 10 mol % [Pd(MeCN)4](BF4)2,
BQ (5 equiv), arylurea (1, 0.25 mmol), and ArB(OH), (2, 1.5 equiv). The ratios of single:double arylation determined by 'H NMR are shown in the
parentheses. 2Run for 48 h. 1.2 equiv of ArB(OH),. ©1.2 equiv of Arl. 9Run for 72 h.
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Scheme 5: Selective arylation of a 1-naphthylurea derivative.

palladium(II) conditions to the venerable Fujiwara—Moritani
reaction. As reported back in 1967, this direct aryl olefination
reaction is among the first palladium-catalyzed C—H activation
reactions to be described [190-192]. Subsequent studies have

Beilstein J. Org. Chem. 2016, 12, 1040-1064.

generally resorted to elevated temperatures (80—160 °C) and an-
hydrous conditions, and in many cases high pressures of CO or
O, are also required in order to carry out these Heck-like cou-
pling reactions [1-22,193-203]. Additional progress of note
includes coupling reactions with arenes containing an ortho-
directing group [1-22,45-51,193-203], as well as a meta-selec-
tive Fujiwara—Moritani reaction [204,205]. A recent report em-
ploying arylureas as the C—H coupling partner achieved limited
coupling at ambient temperature, with most examples requiring
heating to 60 °C [74,206].

We have previously reported a methodology enabling Fuji-
wara—Moritani reactions to be run in water at room temperature
using the cationic palladium catalyst [Pd(MeCN)4](BF4)>
(Figure 4, Sa—c, conditions A). While this reaction proceeded
with a number of alkyl anilide derivatives, as well as ureas as
directing groups (5¢), the substrate scope was otherwise some-
what limited; only anilides possessing a strongly donating
alkoxy group meta to the directing group (para to the position

O._R
H cat. Pd
o- R BQ, HBF4 (aq) =z
N NMe, AgNO3 H
\ﬂ/ + N. _NMe,
0] = 2wt % PTS/HZO \ﬂ/
t, 20 h s 0
R 4 R
product/yield (conditions)
Et)_/_\ Moo ° OMe O
; C
MeO /O \ C\\ MeO / \\O
¢ NH O 0
NH O MeN—~( H HN
MezN— o)
o
5a: 74% (A) 5b: 76% (A) 5c: 80% (A)
Et
MeO MeO
i\ ,0‘):> : \_co,8n N\_co,Me
H G, NH NH
(0] Me,N MeyN
MeoN— ‘\<o «o

5d: 86% (B)

MeO~Q—\\_/<O

NMe

5e: 99% (B)

MeO O

5f: 89% (B)

HN—
Bn

NH |
MeoN— Ph
0

5g: 83% (B)

NH
MezN«
0

5h: 69% (B)

Figure 4: Fujiwara—Moritani coupling rreactions in water. Conditions A: 10 mol % [Pd(MeCN)4](BF4)2, 1 equiv BQ, 2 equiv AgNO3, 2 wt % PTS/water,
rt, 20 h. Conditions B: 10 mol % Pd(OAc),, 1 equiv BQ, 2 equiv AgOAc, 5 equiv HBF4 aq, 2 wt % Brij 35/water, rt, 20 h.
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where the C—H activation would occur) were reactive. Howev-
er, we have since found that use of acetonitrile-free, in situ
generated cationic palladium with arylureas as the directing
group expanded the substrate scope to include reactions with
3-alkyl-substituted ureas, as well as a wider variety of acrylates
and even some acrylamides (Figure 4, 5d-h, conditions B).
Many combinations of acrylates and more challenging
arylureas, however, did not produce the desired product in satis-
factory yields, and the reaction still required the use of stoichio-

metric silver salts in addition to benzoquinone.

To overcome these limitations, further optimization of the cata-
lyst system was conducted (Figure 5). A combination of
AgNOj3 or AgOAc and BQ was critical to obtain good yields of
the same products formed earlier in water (vide supra), but as
seen previously in the corresponding Suzuki—Miyaura reactions,
a switch to EtOAc obviated the need for a silver salt. In the
presence of BQ and HBF, the reaction of 1g and acrylate 4 was
efficiently catalyzed by Pd(OAc), (Figure 5, runs 3 and 4).
Lower loadings of BQ and HBF, also gave good results
(Figure 5, runs 5 and 7). Much lower loading of HBF4, howev-
er, afforded a low yield of product 5 (Figure 5, run 8). In the
absence of acid or BQ, the product was not obtained (Figure 5,
runs 6 and 9). The pre-formed cationic palladium(II) complex,
[Pd(MeCN)4](BFy4),, was also found to effectively catalyze the
reaction between 1g and ester 4 at room temperature, without
additional acid, although somewhat longer reaction times were

necessary (Figure 5, run 10). Despite the presence of two poten-

Beilstein J. Org. Chem. 2016, 12, 1040-1064.

tially reactive ortho-aromatic C—H bonds in 1g, the mono-acry-

lated product was obtained exclusively.

Under optimized conditions, various acrylates and amides can
be synthesized via C—H activation reactions (Figure 6). Methyl
acrylate, which did not show good general reactivity with
arylureas under previous conditions, could be coupled in excel-
lent yields (5i, 5j, 5k). As previously mentioned, a drawback
characteristic of several ortho-directed C—H activation cross-
coupling approaches has been the undesired coupling at both
sites ortho- to the directing group. These new conditions com-
pletely inhibited second-stage alkenylation, thereby generating
singly derivatized arylureas in good yields (51, S5m, 5n).
Arylureas containing halogens, which are slightly electron-defi-
cient but provide useful synthetic handles for subsequent func-
tionalization, reacted cleanly to form the desired products (5p,
5q). Arylureas bearing ortho-alkyl substituents also gave excel-
lent yields (50, 5r), while acrylamides having simple amine or
amino acid moieties also participated in cross-coupling reac-
tions with the arylurea to produce the corresponding amide de-

rivatives in moderate to good yields (5s, 5t).

Total synthesis of boscalid® via C-H
activation

The rationale behind the attention recently accorded C-H acti-
vation chemistry has been based, in part, on its potential to
streamline routes towards valuable synthetic targets. As a
demonstration of the utility of our C-H activation approach, we

H Pd Os_OR
H BQ, HBF4 aq
No _NMe, , O OR AgOAC _
g P H
MeO o solvent N\H/NMGZ
rt, 8 h o
19 4 MeO
5
R= \,'/Ji/\/
run cat BQ AgOAc HBF,4 yield(%)
1 Pd(OAc), 1 2 5 382
2 Pd(OAc), 1 2 5 93
3 Pd(OAc), 3 0 1 96 (7 h)
4  Pd(OAc), 3 0 1 97 (4 h)
5  Pd(OAc), 15 0 1 92 (4 h)
6 Pd(OAc), 0 0 1 trace (7 h)
7 Pd(OAc), 3 0 0.5 93 (7 h)
8  Pd(OAc), 3 0 0.2 40 (4 h)
9 Pd(OAc), 3 0 0 0 (20 h)
10 [Pd(MeCN)4(BFs), 3 0 0 88 (20 h)

Figure 5: Optimization. Conducted at rt for 8 h or as otherwise noted in EtOAc with 10 mol % Pd catalyst, AQOAc, HBF4, arylurea (1g, 0.25 mmol),

BQ and acrylate (2c, 2.0 equiv). @2 wt % Brij 35 in water instead of EtOAc.
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product/yield (time)

OMe OMe
7\ 7
NH NH
Me,N MezN«
‘\<O S
93% (12 h) 99% (12 h)
OR OR
/ (e} / (6]

NH
MeN—(
o)

99% (20 h)

NH
MeN—
o)

5m: 95% (4 h)

QI O -

Me2N~\< MeN—(
0

5q: 83% (24 h) 5r: 87% (48 h)

R= \,"‘an-Bu

OMe MeO OR
/ (0] / e}
«NH «NH
MeyN Me;N
(0] ¢}
96% (12 h) 97% (4 h)
OR Cl OR
/ (6] MeO % (0]
0
N\( NH
Nte, MezN—<o
99% (24 h) 89% (24 h)
Bn Ph
HN N-Me
CO,Et
% ¢} / (0]
«NH _<NH
MeZN MezN
¢} (0]

5s: 71% (20 h) 5t: 52% (20 h)

Figure 6: Representative results in EtOAc. Conducted at rt in EtOAc with 10 mol % Pd(OAc),, HBF4 (1 equiv), arylurea (1, 0.25 mmol), BQ (3 equiv)

and acrylate (2, 2.0 equiv).

chose to synthesize boscalid®, a pesticide currently prepared on
a yearly kiloton scale by means of a traditional Suzuki—-Miyaura
coupling. It is used to control a range of plant pathogens in
broadacre and horticultural crops (Scheme 6) [207]. Felpin and
co-workers have reported its synthesis starting from aryldiazo-
nium salts [208], while the Heinrich group has employed a free-
radical biaryl cross-coupling of diaminobenzene promoted by
TiCl; [209]. A number of additional syntheses can also be
found in the literature [86,210]. Moreover, the BASF has
patented routes using a traditional Suzuki-Miyaura cross-cou-
pling in the presence of 0.5 mol % Pd catalyst to reach the same
nitro-intermediate found in the Felpin route [211-213].

Many of these syntheses require large excesses of iron or other
stoichiometric metals to obtain high yields (Scheme 6). As
shown in Scheme 7, a synthesis that proceeds via a C—H activa-

tion strategy, however, might provide a highly efficient, alterna-
tive route originating from just aniline. The corresponding
phenylurea can be prepared in high yield (96%), which is then
subjected to C—H Suzuki—Miyaura coupling at room tempera-
ture (91%). Sequential deprotection and acylation with
2-chloronicotinoyl chloride result in boscalid in four steps in an
overall yield of 86%, which compares favorably with all known
routes to this pesticide shown in Scheme 6 [86,208-213].

Mechanistic insight

Although there have been a number of mechanistic studies on
C-H activation reactions involving neutral palladium species
[34,108-119], those catalyzed by cationic palladium have been
much less thoroughly examined. We hypothesized that our cata-
lytic cycles for the Fujiwara—Moritani, arylboronic acid, and

aryl iodide coupling reactions catalyzed by cationic palladium
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(0] |
Felpin
boscalid
N,BF4 Cl
N NO,
| _ + 1) Pd/C boscalid
2) Fe, NH,4CI
B(OH), 3) 2-chloronicotinoyl
chloride
Heinrich
Cl
NH,
O/ * 1) TiCly, HCI (aq)_ HCL NaNOp s caiig
H,N 2) Boc,0 iPrOH
3) 2-chloronicotinoyl
NoCl chloride
BASF
Cl Cl
NO, Pd(PPhs3)s, stons
+ TBAB, K,CO4 P boscalid
toluene/water
B(OH),
Scheme 6: Previous syntheses of boscalid®.
H
CICONMe, HO BOQ
©/NH2 Et;N, DMAP (j/N\(O (HO)
= NM62
CH,Cl,, rt | ivation?
2Ll 96% C—H activation
Cl Cl
conditions® ‘ =
Koo — ¥ N
NS
Y
7 NMe, o <l
91% 98% boscalid

Scheme 7: Synthesis of boscalid®. 2Conducted at rt for 20 h in EtOAc with 10 mol % [Pd(MeCN)4](BF4)2, BQ (5 equiv), arylurea (1, 0.25 mmol), and
ArB(OH); (2, 1.5 equiv). PNaOH, dioxane/water, reflux, then 2-chloronicotinoyl chloride, EtsN, THF, rt.

complexes are composed of three key steps; (1) aromatic C—-H
activation by cationic palladium; (2) reaction of the resulting
intermediate (a cationic palladacycle) with a corresponding
reagent; and (3) re-generation of the active catalyst (Scheme 8).
In order to test this hypothesis we explored the viability of each
of these individual steps.

The C—H activation step

Although aromatic C—H bond activation through palladacycle
[214] generation is a critical step in the ortho-directed, activa-
tion/cross-coupling sequence, many of its specific mechanistic
features are still controversial. Previous studies with arylureas
[73,206,215] have formulated a palladacycle as the likely initial
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2. reaction with reagent

Ar—|
pd+ Ar—Bl(?H)z
acrylates
0 y Pd species
HNA{
NM62

desired product ’

3. regeneration of active catalyst

Scheme 8: Hypothetical reaction sequence for cationic Pd(Il)-catalyzed aromatic C—H activation reactions.

intermediate associated with palladation and subsequent C—H

bond cleavage.

In order to confirm palladacycle formation in our reactions
with arylureas, the dicationic palladium complex
[Pd(MeCN)4](BF4), was exposed to one equivalent of
3-methoxyphenylurea 1f at room temperature for 20 minutes
(Scheme 9). This stoichiometric reaction led to the correspond-
ing palladacycle 6 in 95% yield, without the aid of additives
(i.e., no Ag salt or protic acid). In harmony, in situ-generated
cationic palladium from the reaction of Pd(OAc), and HBF4
gave the same palladacycle upon addition of acetonitrile, as
confirmed by NMR. The facile formation of this species
supports the intermediacy of a palladacycle in the catalytic
cycle. The structure of the isolated palladacycle was confirmed
by X-ray analysis [216].

An ORTEP plot for palladacycle 6 is shown in Figure 7. The
molecular structure consists of a Pd atom with an arylurea and
two molecules of acetonitrile assembled in a square-planar ge-
ometry around the metal. The sum of the angles around Pd is
360.01°. The C(5)-Pd-0O(2) angle (91.98°) is slightly larger
than that of N(3)-Pd-N(4) (87.81°), but it is similar to the
angles of neutral PdCl,(Ph,PCH,CH,CH,PPh,)(dppp)) (angle
of P-Pd-P: 90.58°) having a six-membered ring conformation
[217], and palladacycles reported previously [73,206,215]. The
length of the Pd-N4 bond, (2.126 A), is slightly longer than

from pre-formed [Pd(MeCN)4](BF4)2
cationic Pd(ll) ACOEt/CH,Cl3
rt, 30 min

1f

1) Pd(OAc), (1 equiv)
from Pd(OAC), HBF, (X equiv

acetone-dg, rt, 30 min

2) MeCN (2 equiv)

Scheme 9: Palladacycle formation.

©

/

o ¢
g @ "

@ 77 a/Q’CS \#

Q 02
0‘0 0

Figure 7: X-ray structure of palladacycle 6 with thermal ellipsoids at
the 50% probability level. BF4 and hydrogen atoms were omitted for
clarity. Selected bond length (A): Pd—C(5) = 1.980, Pd—N(3) = 1.995,
Pd-N(4) = 2.126, Pd—O(2) = 1.988. Selected angles (°):
C(5)-Pd—-N(3) = 94.15, N(3)-Pd-N(4) = 87.81, N(4)-Pd—0O(2) = 86.07,
0O(2)-Pd-C(5) = 91.98.

g )

those of Pd-N(3), Pd—C(5), Pd—O(2) bonds, likely due to a trans
effect of the strong c-donor aryl group as has been observed in
a related urea palladacycle [73,215]. The bond length of Pd—N
is 1.96 A in [Pd(MeCN)4](BF4),.

NMR spectroscopic studies on the reaction between a cationic
Pd(IT) complex and an arylurea to generate a palladacycle are
illustrated in Figure 8. The pure palladacycle from pre-formed
cationic palladium [Pd(MeCN)4](BF4), is shown as spectrum in
Figure 8A. Generally, monocationic arylpalladium(II) com-

95% (>95% conversion from 1f)

MeO Pd(MeCN), | BF,

Y,

HN—X
NMe,
palladacycle 6
95% conversion (X = 2), but
>80% of 1f in the absence of HBF,4
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A c
[Pd(MeCN)41(BF4), (1 equiv)
MeO Pd(MeCN), | BF, c
1§ %o b
. b HN
a acetone-dg, rt, 30 min a NMe, g
J palladacycle M]
Pd(OAc), (1 equiv)
B i HBF, (2 equiv)
palladacycle
acetone-dg, rt, 30 min
MeCN (2 equiv)
¢ Pd(OAc), (1 equiv)
1f no palladacycle
acetone-dg, rt, 30 min
MeCN (2 equiv)
A "

c d

D b
MeO He
o} in acetone-dg de c
b HN—4
NMe:
i @ 2 a ‘LU
T T T T I T T T T I T T T T T T T T [ T T T T I T T T T

ppm (f1) 8.50 8.00 7.50 7.00 6.50

Figure 8: NMR studies. A: The reaction of [Pd(MeCN)4](BF4)2 and 3-MeOCgH4NHCONMe; in acetone-dg. B: The reaction of Pd(OAc), and
3-MeOCgH4NHCONMe;, in the presence of HBF4 and MeCN in acetone-dg. C: The reaction of Pd(OAc), and 3-MeOCgH4sNHCONMes in the pres-

ence of MeCN in acetone-dg. D: 3-MeOCgH4NHCONMe; in acetone-dg.

plexes without strongly coordinating ligands are unstable even
at low temperatures [218-220]; nonetheless, this cationic
palladacycle, aided by the presence of strongly coordinating
MeCN, was found to be quite stable at room temperature. While
the in situ generated cationic palladium species from the reac-
tion of Pd(OAc), and HBF4 gave the same palladacycle upon
treatment with the arylurea (spectrum Figure 8B), the reaction
in the absence of HBF, did not result in palladacycle formation
(spectrum Figure 8C). Here, essentially no conversion of the
starting material was detected by 'H NMR in acetone-dg (spec-
trum Figure 8D). Indeed, for reactions starting from Pd(OAc),,
no cross-coupling product was observed without adding a BF4~
source for the Fujiwara—Moritani reaction (Figure 5, run 9),
Suzuki—Miyaura coupling (Scheme 4), and arylation with aryl
iodide [121,122,150]. HBF4 apparently acts as an acetate scav-
enger to generate the active cationic palladium(II) species
(Scheme 10).

As discussed previously herein, there are several routes avail-
able for cyclopalladation and C—H bond cleavage, most notably

4
—_—
—-Ac

Pd(OAc), [PA(INLA](BF 4)2

Scheme 10: The generation of cationic Pd(Il) from Pd(OAc),.

the concerted metalation-deprotection (CMD) or electrophilic
palladation pathways (Scheme 1) [221-224]. Although control
experiments had previously indicated the importance of condi-
tions involving cationic palladium for achieving overall reac-
tion conversion, our studies of palladacycle formation suggest
that a cationic palladium catalyst is specifically required for the
initial C—H activation step itself. Since the crystal structure of 6
(Figure 7) is indicative of a monocationic palladacycle, the
cationicity of the metal may still play a role as well in subse-
quent steps. However, the much higher reactivity of a cationic
Pd species (even under acetate-free conditions), the lack of
effectiveness of Pd(OAc), alone in palladacycle formation,
and the observed reactivity trends that strongly favor more elec-
tron-rich arylureas, all appear to be most consistent with an
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electrophilic palladation pathway over a CMD mechanism
(Scheme 11). However, it is appreciated that further study
might provide additional insight on this point.

Reactions of palladacycle 6 with Ph—I,
PhB(OH),, and an acrylate

Having demonstrated the potential for facile palladacycle for-
mation at room temperature, we next examined the reactivity of
this intermediate with coupling partners for each of the three
reaction types studied. Stoichiometric reactions between the iso-
lated palladacycle 6 and an acrylate or arylboronic acid were
first attempted at room temperature (Scheme 12). Initial experi-
ments, however, resulted in no formation of the desired prod-
ucts. Although the palladacycles were subjected to various
conditions in the presence of BQ and HBFy, the anticipated
reaction did not proceed from isolated catalyst complexes con-
taining the stabilizing ligand MeCN.

Although the initial C—H activation step proceeded readily in
the presence of MeCN in these stoichiometric reactions, subse-

quent reactions of the palladacycle with acrylates, arylboronic

N_o
e

NMe,

Beilstein J. Org. Chem. 2016, 12, 1040-1064.

acids, and aryl iodides appeared to be significantly suppressed
by the presence of stoichiometric MeCN. The inhibitory effect
of this ligand had been previously observed in the coupling
reactions of aryl iodides (in which even 40 mol % of MeCN
was enough to almost completely shut down the reaction) [121].
In a cationic palladium(II) complex-catalyzed 1,4-addition of
arylsilane, the nitrile-free cationic Pd(Il) catalyst was much
more effective than a PhCN-containing cationic palladium(II)
complex towards transmetallations with arylsilicon-containing
partners and insertion of mono-cationic arylpalladium(II)
species into olefins [136]. The detrimental effect of MeCN
under our C-H activation conditions was further established
through a series of reactions as illustrated in Scheme 13. Under
optimized conditions previously determined, where C—H func-
tionalized products were obtained in good yields, in the pres-
ence of added MeCN (1 equiv relative to 1f) all three reactions
were completely inhibited, in all likelihood due to its strong
coordinating ability as a ligand on cationic palladium.

On the other hand, when nitrile-free conditions were applied to

urea 1f, with in situ-generated palladacycle (from Pd(OAc), and

( solvent
H
P

\D Pd*
— » — (T ¢
HN / NMez

NMe,

Scheme 11: Electrophilic substitution of aromatic hydrogen by cationic palladium(ll) species.

PhB(OH), (1.5-3 equiv)

A(OJi/\/

MeO PAMeCN), | BF O (equv)
HN—<4 BQ (0-3 equiv), HBF, (0-1 equiv)
NMe, ACOEt, t, 2-5 h
6
0
/
MeO Ph o MeO )
0 o
HN—4 HN
NMe, NMe2
3j: 0% 5a: 0%

Scheme 12: Attempted reactions of palladacycle 6.
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Scheme 13: The impact of MeCN on C-H activation/coupling reactions.

HBFy; Figure 8), followed by addition of the usual reagents,
each reaction proceeded to give the anticipated acrylated/
arylated product (Scheme 14; unoptimized yields). Notably, all
three stoichiometric reactions now proceeded in the absence of
other additives, such as BQ or Ag(I) salts, which are required
for the catalytic versions to proceed efficiently.

Although Lloyd-Jones and Booker-Milburn also reported the
reaction of a urea-derived palladacycle and arylboronic acid in

[Pd(MeCN)4)(BF4), 0
BQ, MeCN, EtOAc, rt MeO / (e}
0
HN—4
NMe,
5a: trace
PhB(OH),
[Pd(MeCN)4](BF ), MeoQ—ph
BQ, MeCN, EtOAc, rt o)
HN—4{
. NMe,
3j: trace
Phl, Pd(OAc), MeoQ—Ph
0
AgOAC, HBF4 HN_{
MeCN, 2 wt % Brij 35, rt NMe
3j: trace 2

the presence of base in THF under reflux conditions to produce
the corresponding coupling product, our cationic palladacycle
underwent coupling without added base (Scheme 15) [178]. In
fact, it has been previously shown that cationic palladium
species can undergo transmetalation with an arylboronic acid in
the absence of base even at 0 °C [219,220]. Wu and co-workers
have also reported the interesting reactivities of neutral pallada-
cycles with arylboronic acids (Scheme 15). Under their condi-
tions, BQ and high temperature were critical to obtain the prod-

0
Pd(OAc), (1 equiv) Y o\)i/\/ /

MeO ' MeO 5
Q 0 HBF4 (3 equiv) ¢} (2 equiv) o
HN%NME EtOAc, rt, 30 min 4h HN—QNNI
2 5a: 32% €2
1f
PhB(OH); (2 equiv) MeO Ph
0
4h HN—4
3j: 37% NMe;
Phl (2 equiv) MeOQ—Ph
0
4n HN—<
3j: 49%2 NMe,

Scheme 14: Stoichiometric MeCN-free reactions. 2% Brij 35 was used instead of EtOAc.
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dioxane
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Scheme 15: The reactions of divalent palladacycles.

uct from their 5-membered isoxazoline-containing palladacycle
[160,168,225]. Although BQ is sometimes used as a ligand for
palladium to accelerate reductive elimination [103,226-230], its
presence was not necessary in our stoichiometric reaction of a

cationic 6-membered ring palladacycle.

Regeneration of active catalyst; the roles of
additives BQ, AgOAc, and HBF4

As shown in previous sections herein, both the formation of
palladacycles from arylureas and their subsequent coupling
reactions with acrylates, arylboronic acids, and aryl iodides

Pd(OAc), (1 equiv)

Nodi/\/

Beilstein J. Org. Chem. 2016, 12, 1040-1064.

proceed under stoichiometric palladium conditions in the
absence of additives, such as BQ and AgOAc, which had been
necessary in the corresponding optimized catalytic reactions. To
establish the roles of these additives, the reaction of the
palladacycle in the presence of excesses of both coupling part-
ners was carried out (Scheme 16). In Fujiwara—Moritani and
Suzuki—Miyaura coupling reactions, 41 and 39% of the prod-
ucts (isolated yields based on the palladacycle) were obtained,
respectively, in the absence of BQ, indicating that no catalyst
turnover was occurring without this additive. When 20 equiva-
lents of BQ were added, along with the coupling partners, how-
ever, 847% (TON = 8.5) and 467% (TON = 4.7) yields of
the products were obtained, respectively, supporting a key role
for BQ in regeneration of the active dicationic species
(PdL4(BF4)7).

Benzoquinone (BQ) has been well studied as an oxidant for
Pd(0) to Pd(II) processes, generating hydroquinone as a byprod-
uct. For the Fujiwara—Moritani coupling, addition of the
palladacycle 6 to an acrylate followed by p-hydride elimination
and reductive elimination of HPd*BF4~ would result in a Pd(0)
species unable to participate in palladacycle formation until it is
oxidized by BQ to Pd2"(BF,),, whereupon it reacts with
another equivalent of arylurea (Scheme 17) [231]. Similarly,
BQ’s role in C—H coupling of boronic acids would likely be to
oxidize Pd(0) to Pd(II) after the product forming step
(Scheme 18). Transmetallation between the palladacycle and
arylboronic acid followed by reductive elimination would give
the expected product and Pd(0), where the metal can be subse-
quently oxidized with BQ.

MeO o HBF4 (3 equiv) o) (10 equiv) y o
HN—( AcOEt, rt, 30 min 0 MeO o)
NMe; m-AnN—< O
1f H'  ‘NMe, 5a HN—<
H . NM62
1f (10 equiv) BQ (20 equiv):
14 h 847% (TON = 8.5)
BQ (0 equiv):
41% (TON = 0.4)
PhB(OH), (15 equiv) MeO Ph
0
0 3 HNA
m—AnN—/< NMe,

1f (10 equiv)
14 h

BQ (20 equiv):
467% (TON =4.7)2
BQ (0 equiv):

39% (TON = 0.4)2

Scheme 16: Role of BQ in stoichiometric Fujiwara—Moritani and Suzuki—Miyaura coupling reactions. 2Yields based on Pd.
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/\[(OR BQ
e} HBF4
MeO‘Q—ng(MeCN)Q BF,4 HePd"BF Pd(0) Pd,*(BF ),
HN—
NMe; /
6
° HBF HO—@—OH
MeO / O
O
HN Sa
NMe,
MeO
O
1f HN-4
NMe,
Scheme 17: Proposed role of BQ in Fujiwara—Moritani reactions.
PhB(OH), BQ

BF,

MeOQPd(MeCN)Z
o)

HN—4

6 NMe,

MeO

\ Pd(0)

Pdy*(BF47)2

Scheme 18: Proposed role of BQ in Suzuki-Miyaura coupling reactions.

In the reaction with aryl iodides, when an excess of coupling
partner was employed, a yield of ca. 90% (TON = 0.9) of the
product was obtained with or without additional HBF,
(Scheme 19), in this case indicating that no catalyst turnover
was occurring in the absence of a Ag(I) salt. Surprisingly, when
15 equivalents of AgOAc were added along with an excess of
both coupling partners, but without the addition of HBFy4
beyond the three equivalents required for initial palladacycle
formation, no coupling product was observed. Under these
conditions, a large excess of acetate anion relative to BF4~
would exist, which may decrease the cationicity of the cationic
palladium(II) species formed in the initial cyclopalladation
(Scheme 20), or otherwise disrupt the reaction sequence subse-
quent to palladacycle formation. On the other hand, the reac-
tion in the presence of both silver salt and excess of HBF,4 gave

the corresponding product in 342% yield relative to palladium
(TON = 3.4) (Scheme 19).

Based on these results, the proposed roles of silver and acid are
shown in Scheme 21. After the coupling of the palladacycle and
aryl iodide, I-Pd*BF,4 is generated, which is catalytically inac-
tive. Then, I-Pd"BF,~ reacts with AgOAc and HBF} to regen-
erate active cationic Pd2"(BF47),. Under this proposed se-
quence, AgOAc would primarily act, therefore, as an iodide

scavenger.

In our previous studies it was found that when AgBF4 was used
in place of AgOAc under optimized conditions for C—H aryl-
ation with aryl iodides, HBF4 (or any other added acid) was
unnecessary for the catalytic reaction to occur. Here, since
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Phl (15 equiv)

MGOQ_H HBF, (3 equiv)
_/<0 2% Brij 35, rt, 30 min

MeO Ph
O

O
m-AnN—( HN_«

HN
NMe, NMe2 NMez
1f 1f (10 equiv) 3j
14 h

AgOAc (equiv) HBF,4 (equiv) yield@  TON

15 50 342 34

0 50 87 0.9

15 0 0 0

0 0 94 0.9

Scheme 19: Stoichiometric C—H arylation of iodobenzene. 2Yields based on Pd.

MeO PdL,
0
HN—4

NM62

Scheme 20: Impact of acetate on the cationicity of Pd.

MeO Pd(MeCN), | BF4

Phl
o |—Pd*BF,~
HN—
NM
6 ©2
MeO Ph
o)
e
3 NMe,

BFs  excess AgOAc MGOQPS(OAC)L

HN—4

NM62
AgOAc HBF.
Tg AcO—Pd'BF;~  _ °_ pg2+(BF ),
Agl

MeoQ _/{O

Scheme 21: Roles of additives in C—H arylation.

AgBF, apparently reacts with I-Pd"BF,~ to produce catalytical-
ly active PdZ"(BF,),” (Scheme 22), and there are no stoichio-
metric quantities of competing acetate anions, additional acid is

not needed to produce and maintain active catalyst.

Proposed mechanisms

Our results have demonstrated that a dicationic palladium com-
plex effectively catalyzes C—H activation of arylureas at room
temperature. Based on these studies of the major steps for each

reaction, proposed catalytic cycles are illustrated below.

1f HN

NMe2

Fujiwara—Moritani reactions. At the first stage of the catalyt-
ic cycle, an active divalent cationic palladium species is gener-
ated from the reaction of a neutral complex, Pd(OAc),, and
HBF4 [232]. This reaction results in the formation of a monoca-
tionic arylpalladium(II) palladacycle, likely via a Wheland-like
intermediate (Scheme 23) [233-237]. The product-forming
portion of the cycle may proceed in a manner resembling a
traditional Heck cross-coupling. In this case, addition of the
palladacycle to an acrylate followed by B-hydride elimination
yields the corresponding product 5. As previously demon-

1056



Beilstein J. Org. Chem. 2016, 12, 1040-1064.

10 mol % Pd(OAc), MeO p-An
MeO I AgBF, (2 equiv)
0 . \©\ 0
HN—4 OMe 2 wt % Brij 35/H,0 HN
NMe, rt, 20 h NMe,
1f 3h: 40% (TON = 4)
AgBF,
I-Pd+BF, Pd2+(BF ),
- Agl

Scheme 22: Cross-coupling in the presence of AgBF,.

HOQOH

[PA(INL4I(BF4)2

\[4

o)
NM62
(

0

&
N
2,

H

N

Pd(ll)* BF4~
/

BQ HBF, | — AcOH
Pd(O) Pd(OAC)2 !
NM62
HBF,
HPd(I1)*(BF4)~ BF4~
PAIN” a?o
/—COR R R
0 O
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NMe; NMe,

Scheme 23: A proposed catalytic cycle for Fujiwara—Moritani reactions.

strated in palladium-catalyzed Mizoroki—Heck reactions [238-
240], insertion of a alkenyl double bond into C—Pd" present
within the cationic palladacyle is facile, owing to the high
Lewis acidity of the metal center. This is a noteworthy advan-
tage associated with the use of cationic palladium(II) catalysts.
Finally, BQ oxidizes the Pd(0) that is reductively eliminated
from the HPd(II)'BF,~ formed to regenerate the active cationic

palladium species Pd2"(BFy4), .

C-H boronic acid coupling reactions. Unlike traditional
Suzuki—Miyaura coupling reactions [241-243], C-H coupling
reactions catalyzed by a cationic palladium(Il) complex require
an oxidant instead of a strong base, but otherwise likely share a

number of features with this widely used C—C bond-forming

process. The reaction also presumably starts from the genera-
tion of a cationic palladacycle, which may undergo a facile
transmetalation with an arylboronic acid without prior activa-
tion by base (Scheme 24) [241-248]. This step is followed by
reductive elimination of a diarylpalladium(II) species, affording
the coupling product and Pd(0). The resulting Pd(0) is then
oxidized with BQ to regenerate the dicationic palladium

species, which can re-enter the catalytic cycle.

Arylation with an aryl iodide. Coupling reactions of aryl
iodides have fewer similarities in terms of traditional cross-cou-
pling reactions compared with features characteristic of other
room temperature C—H activations we have studied, and are
more difficult to rationalize with a Pd(II)/Pd(0) catalytic cycle.
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Scheme 24: Proposed catalytic cycle of C—H activation/Suzuki—Miyaura coupling reactions.

Hence, a possible Pd(I1)/Pd(IV) catalytic cycle, similar to that
previously proposed by Daugulis [8], is proposed below
(Scheme 25). A mono-cationic palladium intermediate reacts
with the aryl iodide, albeit in a poorly understood step of the se-
quence. Stoichiometric studies reveal that this step occurs in the
absence of AgOAc, and in fact its presence in excess relative to
HBF, inhibits the reaction (Scheme 19). In one possible path-
way, an oxidative addition to the aryl iodide would provide a
Pd(IV) intermediate, which could then rapidly reductively elim-

inate in the C—C bond forming step. The resulting [-Pd(I])-X
species could then be converted back to the active cationic
palladium species through reactions with the silver salt and
HBF, (or in situ generated AgBFy).

The specific nature of the reaction between the palladacycle and
aryl iodide and resulting intermediate is lacking in details. It is
known that divalent palladacycles react with alkyl iodides or
diaryliodonium salts, and this process likely involves a Pd(IV)

ACOH [PA(NL4I(BF ), Hoon
N__O
HBF, m
HBF, | — AcOH €2
AcO—Pd*BF 4~ HBF,4
an Pd(OAc),
Adl Pd(ll)* BF4~
(6] Y
0
AgOAc HN
NM62
I-Pd*BF,
(I Ar-l

Ar

Y

NMe,

r
BF4~
¥
|
0]

Al
/
Pd~—_
H o& sz) |
G

NM62

Scheme 25: A proposed catalytic cycle for C—H arylation involving a Pd(IV) intermediate.
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intermediate. Tremont and co-workers previously proposed a
Pd(IV) intermediate in C—H alkylation of acetoanilides and
alkyl iodides [172]. In this case the reaction of a divalent
palladacycle and Mel readily occurred at room temperature and
was shown not to proceed through a radical pathway. Notably,
in 2011 Vicente and co-workers obtained the crystal structure of
a Pd(IV) complex obtained by the room temperature oxidative
addition of an internally-chelated Pd(II) species into an aryl
iodide, and demonstrated this species’ competence as a pre-
catalyst for C—H olefinations. Liu [73] and Sanford reported the
stoichiometric reaction of palladacycles and aryliodonium salts
at high temperature to give the corresponding products through
Pd(II)/Pd(IV) or Pd(III)/Pd(IIl) dimeric species bridged by
acetates (Scheme 26) [68,175,249,250]. Sequences involving
Pd(III) intermediates have been suggested as alternatives to
Pd(I)/Pd(IV) cycles in some cases, but most well-studied ex-
amples involve Pd(III)/Pd(III) dimers formed with the aid of
bridging anionic ligands such as acetate or nitrate [251,252] that
do not match as well with the cationic palladium conditions em-
ployed here. Silver-mediated one electron oxidations to form
monomeric Pd(IIT) complexes have also been studied [251], but
the successful implementation of silver-free conditions with
stoichiometric palladium herein would appear to eliminate this
as a key step. To the best of our knowledge, the existence of
Pd(IV) complexes has yet to be conclusively demonstrated from
the oxidative addition of anilide-derived, divalent palladacycles
into aryl halides, although formation of octahedral Pd(IV) com-
plexes from N-substituted biphenyl palladacycles that possess
similar highly planar structures as found in the urea-derived
palladacycle (Figure 7) have been well studied [253-255].

Conclusion

In conclusion, we have demonstrated that a dicationic palla-
dium complex enables facile C—H activation reactions of
arylureas with aryl iodides, arylboronic acids, and acrylates at
room temperature. In many cases nanomicelles in water can be
used in place of organic solvents, allowing for some of the
mildest and environmentally responsible conditions yet
achieved in C—H activation chemistry. The practical value of
this approach has been further demonstrated with an efficient,
streamlined application to the synthesis of the herbicide
boscalid. Mechanistic investigations revealed that a dicationic
Pd(II) complex reacts readily with an arylurea to rapidly
produce a mono-cationic palladacycle at room temperature, and
this likely, catalytically competent species has been character-
ized by X-ray crystallography. Experiments revealed that a
highly cationic palladium complex is required for the formation
of this palladacycle at room temperature. While some key steps,
including the precise nature of the reaction between this
cationic palladacycle and aryl iodides, require further clarifica-

tion, studies using stoichiometric palladium have provided

Beilstein J. Org. Chem. 2016, 12, 1040-1064.
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Scheme 26: Selected reactions of divalent palladacycles.

insight into the roles of additives HBF4, BQ, and AgOAc, as
well as the crucial steps of each reaction’s catalytic cycle.
Lastly, this study highlights the advantages of dicationic palla-
dium complexes in synthesis, and their tolerance to aqueous
media. Such cationic reagent/medium combinations, potentially
applicable to other group 10 metals, and Ni in particular, may

well offer related synthetic opportunities.
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The synthesis of a variety of 2-oxindoles bearing an all-carbon quaternary center at the pseudo benzylic position has been achieved

via a ‘transition-metal-free’ intramolecular dehydrogenative coupling (IDC). The construction of 2-oxindole moieties was carried

out through formation of carbon—carbon bonds using KO#-Bu-catalyzed one pot C-alkylation of B-N-arylamido esters with alkyl

halides followed by a dehydrogenative coupling. Experimental evidences indicated toward a radical-mediated path for this reaction.

Introduction

The C—H functionalization is an attractive synthetic strategy
used in organic synthesis for the development of atom- and
step-economical routes [1-10]. In recent years it was witnessed
a mushrooming growth in the number of reports in the litera-
ture owing to the efficiency of the oxidative coupling of two
C-H bonds [also termed as cross-dehydrogenative-coupling
(CDCQ)] in the formation of C—C bonds [11-16]. This was facili-
tated by the introduction of transition metals in organic synthe-
sis providing an amazing tool to explore these oxidative cou-
pling reactions in an efficient manner. However, despite the as-

sociated advantages, these methodologies require one or two

metal catalysts for efficient reactions, which are sometimes
undesirable [17-21]. Therefore, an alternate strategy to carry out
these transformations under 'transition-metal-free' conditions

has recently gained immense importance.

2-Oxindoles having all carbon quaternary centres at the
pseudobenzylic position are common structural scaffolds in
many naturally occurring alkaloids of biological relevance [22-
25]. These heterocyclic motifs especially exist in indole alka-
loids with a wide spectrum of biological and pharmacological

properties and hence are very attractive as well as challenging
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synthetic targets [26]. Selected examples for the synthesis of
2-oxindole include an intramolecular homolytic aromatic substi-
tution on the aryl ring by an amidyl radical formed by homol-
ysis of a C—X bond [27-30], single electron transfer (SET) to a
o-halo anilides followed by halide elimination [31,32], and the
formation of an aryl radical followed by a 1,5-hydrogen atom
translocation [33,34]. Out of these strategies, the initial two
require specifically functionalized precursors such as the pres-
ence of an o-halogen, an o-selenium, or an o-xanthate, respec-
tively. One of the direct approaches to 2-oxindoles could be a
one-electron oxidation of an amide enolate as shown in
Scheme 1. Toward this end, in 2009, Kiindig and co-workers
have developed a novel route to 3,3-disubstituted-2-oxindoles
while working on asymmetric synthesis of 3,3-disubstituted-2-
oxindoles via a Pd-catalyzed (chiral N-heterocyclic carbene as
ligands) intramolecular a-arylation of an amide [35-37]. For this
'intramolecular dehydrogenative coupling' (IDC) of Csp?-H and
Csp3-H they used 2.2 equiv of CuCl, and 5 equiv of NaOz-Bu
[38,39].

In the same year, Taylor and co-workers independently re-
ported synthesis of 2-oxindoles in the presence of
Cu(OAc);-H0 as oxidant (Scheme 1) [40-44]. Experimental
evidence suggests involvement of a free-radical process in the
addition of a-carbonylalkyl radicals to the phenyl ring. The
a-carbonylalkyl radicals were formed by Cu(Il)-mediated oxi-
dation of the respective enolate precursors. In 2010, Yu and
co-workers have reported the synthesis of 3-acetyloxindoles via
AgrO-mediated intramolecular oxidative coupling [45]. For the
past few years, our group is engaged in the development of effi-
cient methodologies for the synthesis of 2-oxindoles with
intriguing ring systems. To this end, recently, we have reported
a transition-metal-free ‘intramolecular-dehydrogenative-cou-

pling' (IDC) strategy to access such 2-oxindole moieties through
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a C-alkylation followed by an oxidative construction of the C—C
bond (Scheme 1) [46]. Applying the aforementioned strategy,
we were able to synthesize several 3-alkyl-2-oxindoles bearing
ester functionalities at the pseudobenzylic position from B-N-
arylamido allyl, methallyl, dimethylallyl, and geranyl esters.
Here, in this article, we disclose the scope and limitations of
'transition-metal-free' IDC of Csp2-H and Csp>-H using iodine
and N-iodosuccinimide (NIS) as oxidants. In addition, we have
also demonstrated the synthetic utility of oxidative coupling
products in the syntheses of 3-substituted-2-oxindoles, via a
decarboxylative protonation on 2-oxindoles bearing an
benzylester or para-methoxybenzyl ester at the 3-position in
presence of a catalytic amount of Pd on activated charcoal. We
have also shown the direct installation of allyl, prenyl, reverse-
prenyl, or geranyl groups at the 3-position of 2-oxindole using
Pd-catalyzed decarboxylative strategies [47].

Results and Discussion

We decided to use iodine as an oxidant for the synthesis of
2-oxindoles [48-53], starting from B-N-arylamido ester 3a and
methyl iodide as the substrates (Table 1). An elaborate optimi-
zation study suggested that the methylation can be done in the
presence of 1.2 equivalents of KO#-Bu and 1.1 equivalents of
methyl iodide. This was accompanied with an oxidative cou-
pling using 1.2 equivalents of KO#-Bu and iodine to afford the
desired product in 65% yield (Table 1, entries 1 and 2). Optimi-
zation studies in search of suitable solvent, potential bases,
oxidants etc. yielded the desired product in good yields i.e.
85%, 88%, and 90% in THF, dioxane, and DMSO, respectively
(Table 1, entries 3, 5, and 8). However, in non-polar aromatic
solvents like xylene, benzene, and toluene, poor yields
(43-49%, Table 1, entries 4, 6, and 7) of products were ob-
served with reactions being unclean (mixture of products) [54].
KOrz-Bu was superior over other bases used in this reaction like

stoichiometric Cu(ll)
Kundig [35], Taylor[40]

0
N J\/Ar/COOR

(1)1 Me Me Taylor [42]
base, then
©\ 1) 'metal-free’
oxidant
" M __ewe |, rix
|'q 3 present study

Scheme 1: Synthesis of 2-oxindoles via oxidative processes.

Me
| Ar/COOR
catalytic Cu(ll) o)
N

I\I/Ie (*)-2
R1
~EWG » transition-metal-free oxidative process
« two C—C bond-forming events
N (0] » wide substrates scope
|
R (+)-4
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Table 1: Optimization of intramolecular-dehydrogenative-coupling (IDC)2.

Beilstein J. Org. Chem. 2016, 12, 1153—-1169.

base (1.2 equiv), Mel (1.1 equiv), solvent, rt, Me‘_/z)
O O then base (1.2 equiv), oxidant, 110 °C ™ NOMe
(LR R e o
N OMe N
Me 33 Me (+)-4a
entry solvent base Alkylations at 25 °C oxidants time % 4ad-c
1. DMF t-BuOK 20 min 1.5 equiv Iy 6h 65%
2. DMF t-BuOK 20 min 1.2 equiv I 3h 62%
3. THF t-BuOK 30 min 1.2 equiv Ip 3h 85%
4. xylene t-BuOK 45 min 1.2 equiv Ip 1h 49%4
5. dioxane t-BuOK 20 min 1.2 equiv Ip 2h 88%
6. benzene t-BuOK 50 min 1.2 equiv I 2h 43%4d
7. toluene t-BuOK 45 min 1.2 equiv I 1h 45%d
8. DMSO t-BuOK 20 min 1.2 equiv I 30 min 90%
9. DMSO NaH 20 min 1.2 equiv Ip 30 min 33%
10. DMSO NaOMe 2h 1.2 equiv Iy 30 min €
1. DMSO K,CO3 1hf - - -
12. DMSO CS,CO3 2h 1.5 equiv Ip 30 min 26%9
13. DMSO t-BuONa 30 min 1.5 equiv o 30 min -9
14, DMSO t-BuOK 15 min 1.2 equiv I3 30 min 90%
15. DMSO t-BuOK 15 min 0.6 equiv I 1h 54%
16. DMSO t-BuOK 15 min 0.3 equiv I 1h 29%
17. DMSO t-BuOK 15 min 1.2 equiv PIDA 30 min 82%
18. DMSO t-BuOK 15 min 1.2 equiv DBDMH" 30 min 16%9
19. DMSO t-BuOK 15 min 1.2 equivICl 30 min 69%
20. DMSO t-BuOK 15 min 1.2 equiv NIS 30 min 84%
21. DMSO t-BuOK 15 min 1.2 equiv NBS 30 min 75%
22. DMSO t-BuOK 15 min 1.2 equiv NCS 30 min 58%
23. DMSO t-BuOK 15 min 1.0 equivTCICA 30 min 62%
24. DMSO t-BuOK 15 min 0.5 equivTCICAI 30 min 56%

@ Entries 1-18 have been reproduced from our preliminary communication (reference [46]. PReactions were carried out on a 0.25 mmol of 3a with
0.275 mmol of methyl iodide in presence of 0.30 mmol of base in 1 mL of solvent at 25 °C for specified time for alkylations and 0.275 mmol of oxidant
in presence of 0.30 mmol of base under heating at 110 °C for oxidative coupling steps, unless noted otherwise. CIsolated yields of 4a after column
chromatography. 9Mixture of products were observed for rest of the mass balance. €C-methylation as major product. fStarting material was recovered
(92%). 9Decomposition of starting materials. "DBDMH (1,3-dibromo-5,5-dimethylhydantoin) as oxidant. 'TCICA (trichloroisocyanuric acid).

NaH, NaOMe, K,CO3, Cs,CO3, and NaOz-Bu (Table 1, entries
9-13). Among other metal-free oxidants, iodosobenzenediac-
etate (PIDA), DBDMH (1,3-dibromo-5,5-dimethylhydantoin),
and ICl afforded 2-oxindole 4a in 82%, 16%, and 69%, respec-
tively (Table 1, entries 17-19). Later, we turned our attention to
N-halo succinimides as potential oxidants in our methodology
[53]. Interestingly, N-iodosuccinimide (NIS), N-bromosuccin-
imide (NBS), and N-chlorosuccinimide (NCS) afforded 4a in
84%, 75%, and 58% yields, respectively (Table 1, entries
20-22). However, trichloroisocyanuric acid (TCICA) is found
to be inefficient in oxidative coupling and afforded 56-62%
yields of 4a (Table 1, entries 23 and 24). In the absence of

iodine or NIS, no product was formed. Eventually, the combina-
tion of 1.2 equivalents of iodine (conditions A) or NIS (condi-
tions B) were found to be the best and chosen for further studies
(Table 1, entries 14 and 20).

Next, the substrate scope of the reaction was explored as shown
in Figure 1. A variety of substrates were prepared by a cou-
pling reaction of N-methyl arylamines and monoalkyl
malonates/cyanoacetic acids. Under optimized conditions A and
B, various B-N-arylamido esters and nitriles (3) were subjected
to a one-pot alkylations using 1.2 equivalents of KO#-Bu to

produce C-alkylated intermediate 5 followed by oxidative cou-
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@\ 0 KOt-Bu, R"X, | X fe) Kﬁt(;Bl(J), %)(()ida_nt, Q&EWG
DMSO, rt, 15 min °C, 30 min .
N NN EWG Ve NJ‘\(EWG Y
|

M R be R RO N9
e e
M
3 (£)-5 ® 44
R = Me, 4a R =Et, 4¢c R=H, 4e
o (A): 88% Ph_ O (A): 70% Ph. O (A): 69%
Me
el (B):69% WA (B): 55% R Wl (B): 60%
OR OR " OMe
o  R=Et4b o o R = OMe, 4f
N (A): 78% N R=t-Bu, 4d N (A): 68%
Me (B): 82% Me (A): 72% Me (B): 61%
(B): 43%
Me_ _Me
R=H, 4g R R=H, 4j
R (A): 90% 4i /O (A): 82%
WwCN  (B):72% wCN (A 549 “"‘<0t-Bu (B): 47%
B): 29%
0 R=Ph, (4h) N O (B): 29% N O R = Bn, 4k
N (A): 72% I ~ (A): 67%
Me Me
Me (B): 43% (B): 62%
R=H, 4l R=H, 4p
(A): 70% (A): 69%
(B): 49% (B): 50%
R = OMe, 4 R = OMe, 4q
(A). 60% (A): 65% Ve (A): 70%
(B): 36% (B): 37% (B): 36%
R=H, 4t
A): 46%
(A)
r . s (B): 45%
(A): 64% OO"B“(A): 65% R ph 4
(B): 33% (B): 38% A): 469
(B): 44%
Nphth
R=H, 4w
o) ' 0O O 0O O
Y R 0 (A): 47% oh Ph
<Me (A)'4:1,2% MeO /<M (B): 42% N O'Bu \ITIJ Me
: e
: M
N O (B)38% =0  R=Ph 4x Me e
Me |\‘/| (A): 42% (£)-5k  ph (£)5v  Nphth
. o,
phth = phthalimido group e (B): 35%

Figure 1: Substrates scope of one-pot ‘transition-metal-free’ IDC. The syntheses of compounds 4a—s according to method A have been reproduced
from reference [46]. Conditions A: KOt-Bu, iodine; conditions B: KOt-Bu, NIS.
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pling using 1.2 equivalents iodine or NIS. Gratifyingly, it was
found that a range of B-N-arylamido esters (3a—s) and B-N-
arylamido ketones (3t—x) underwent intramolecular dehydro-
genative coupling (IDC) under both conditions A and B to
afford a wide range of 2-oxindoles (4a—x) having an all-carbon
quaternary center in high yields. However, we observed that in
case of 2-oxindoles 4v and 4k, a two-step protocol is necessary,
where in first step C-alkylation of B-N-arylamido ketone was
carried out using 1.2 equivalents of KO#-Bu to afford products
5v and 5Kk, respectively (Figure 1), followed by a second oxida-
tive coupling reaction in the presence of iodine or NIS.

We envisioned that the oxidative coupling products containing
benzyl or p-methoxybenzyl ester could be effective intermedi-
ates for the synthesis of 3-monosubstituted 2-oxindoles via
deprotection of the benzyl group followed by decarboxylative
protonation in presence of a catalytic amount of Pd on acti-
vated charcoal under hydrogenolysis. Thus, we explored the
substrate scope using B-N-arylamido benzyl ester or B-N-
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arylamido p-methoxybenzyl ester as starting materials for the
oxidative coupling reaction shown in Figure 2. Towards this
end, B-N-aryl amido benzylester or f-N-arylamido p-methoxy-
benzyl ester 3 were subjected to an one pot alkylation to
generate the intermediate 7 followed by oxidative coupling
reaction using our optimized conditions A and B to furnish
products of type (£)-6 in good yields (Figure 2). For the synthe-
sis of compound (+)-6g, we followed a two-step protocol: In
first step a C-alkylation of B-N-arylamido benzylester in pres-
ence of 1.2 equivalents of NaH and alkylating agent afford
compound (£)-7g in good yields (74%), followed by an oxida-
tive coupling in presence of 1.2 equivalents of KO#-Bu and
iodine or NIS as oxidant.

Next, we focussed our attention to prenylated, reverse-prenyl-
ated, and geranylated hexahydropyrrolo[2,3-b]indole alkaloids
showing broad biological activities [55-61]. For the synthesis of
these compounds, we thought of utilizing the Pd-catalyzed
decarboxylative strategy to install the prenyl, reverse-prenyl, or

. O
DMSO, rt, 15 min °C, 30 min X
] i) / N
LA, L - e
Me Me R" o
3 R=Bn,PMB ()7 ® (£)6
MeO, Me & 0o 0o
/< MeQ Me 4 MeQ Me /{
@L On % " opmB  6b o 6c
o) (A):=T72% (A): = 84% 0 (A): = 76%
N (B): = 56% N (B): = 54% N (B): = 62%
Me Me Bn
Ph
MeO, Me /Z) 7
Q‘L OBn  6d 6o ™ “oPmB of
N O Eg‘;f :jgﬁf’ (A): = 48% N O (A): = 59%
PMB T (B): = 41% Ve (B): = 64%
LR S
6g N OBn
OBn  (A): =54% e
(B): = 53%
£X79 Npnih
phth = phthalimido group 74%

Figure 2: Further substrates scope of one-pot ‘transition metal-free’ IDC. Conditions A: KOt-Bu, iodine; conditions B: KOt-Bu, NIS.
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geranyl group at the 3-position of 2-oxindole starting from the
corresponding B-amido esters such as 8 [47]. This further ex-
tended the methodology to a variety of f-N-arylamido esters
containing allyl, methallyl, dimethylallyl, and geranyl ester
groups (9). It is noteworthy that, the substrate of type 9 could
undergo smooth IDC in the presence of iodine (conditions A) to
provide an access to compounds 8 in synthetically useful yields
(Figure 3).

Me/H

KOt-Bu, R"X, then |,

Beilstein J. Org. Chem. 2016, 12, 1153—-1169.

Noticeably, we could directly construct the 2-oxindoles with a
geranyl group at the 3-position using geranyl bromide as an
alkylating agent. Upon a subsequent oxidative coupling step,
products in good yields (8q—s, Figure 3) were formed using
conditions A. Later, the IDC was extended to substrates having
B-N-arylamido geranyl esters to afford compounds 8t-v
(Figure 3). These compounds could be excellent substrates for

carrying out Tsuji—Trost decarboxylative geranylations/reverse-

7 R
Q ﬁov\H/Me DMSO, 110 °C, 30 min // "/ .
\\ \/\
R'/ N (0] H/Me R
Me

9

O
/
Qo
(0]

R = Me, 8a, 87%
R = allyl, 8b, 64%
R =Bn, 8¢, 67%

R=H, 8g, 72%
R = Ph, 8h, 63%

R =H, 8e, 65%
R = OMe, 8f, 69%

R /23 Me
@ O/\%\Me
N (0]
Me

R = Me, 8j, 72%
R = prenyl, 8k, 70%

R Ph /(Z Me MeO o 9 Me
N O/\/\ Me o 40/\/\ Me
o) MeO o) MeO
N N
Me Me
R =H, 8l, 68% R = Me, 8n, 70%

R = OMe, 8m, 63%

R =Bn, 80, 68%

Me
R/(Z Me = “Me
NS e
,\Il (0]
Me

R = Me, 8t, 64%
R =Bn, 8u, 57%
R = allyl, 8v, 52%

R = Me, 8q, 57%
R = allyl, 8r, 54%

8s, 56%

Figure 3: Substrates scope of ‘transition-metal-free’ IDC using KO#-Bu/l,. Reproduced from [46].
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geranylations [62,63]. However, conditions B (NIS) were found
unsuccessful in case of -N-arylamidoallyl, methallyl, dimethyl-
allyl, and geranyl esters 9. We speculate that the olefin func-
tionality of substrates might be reacting with NIS (conditions B)
faster than iodine (conditions A). Although our iodine-medi-
ated IDC is successful in most of the cases, however, in few
cases we have seen moderate yields of products. Thus, we
decided to carry out IDC in the presence of organic bases as

well.

Thus, for an alternative approach to 2-oxindoles bearing allyl,
methallyl, dimethylallyl, and geranyl esters, we were interested
for IDC using simple organic bases such as triethylamine, pyri-
dine, and DABCO (Table 2) [64]. It was found that IDC can
operate in the presence of organic bases to afford products only
in 25-34% yields of 2-oxindoles (Table 2, entries 1, 2 and 4).
These reactions were always associated with unreacted starting
material (28-51%) and decomposition of the rest of the mass
balance. Interestingly, when the base was changed to DBU
(using 1.5 equiv DBU and 1.2 equiv of iodine) the desired
2-oxindole was isolated in 82% (conditions C).

With this result in hand, we thought of exploring IDC using
C-alkylated substrates 10. For this purpose, a variety of C-alky-
lated B-N-arylamidoallyl, methallyl, dimethylallyl, and geranyl
esters 10 were synthesized in good yields as per Figure 4. These
substrates were then utilized in IDC-promoted by DBU/I; and
the results are summarized in Figure 5. Interestingly, under this
conditions, we can synthesize a variety of 2-oxindoles 8 in
moderate to good yields.

Table 2: IDC in the presence of organic bases. Reproduced from [46].

Beilstein J. Org. Chem. 2016, 12, 1153—-1169.

There are a large number of indole alkaloids bearing a
3-arylated-2-oxindole moiety that are known for their various
biological activities [65-67]. In a quest for such structural scaf-
folds, C-arylated substrates (+)-11a—d were subjected to stan-
dard reaction conditions to afford compound 12a—d (Scheme 2).
To our pleasure, C-arylated B-N-arylamidoesters (+)-11a—d
afforded products (+)-12a—d in 59—89% yield after 1 h under

conditions A and B.

Our synthetic methodology was further explored in the con-
struction of spiro-fused oxindole ring systems (Scheme 3). The
spiro-fused oxindoles such as coerulescine (15a) [68-72], hors-
filine (15b) [73], and elacomine (16), are prevalently found in a
huge number of indole-based alkaloids having analgesic proper-
ties. Our oxidative methodology offered us a direct access to the
core structures of these alkaloids under the optimized IDC
conditions in high yields (Scheme 3).

Next, we thought of carrying out the IDC without alkylations of
compounds 3a and b and 17a and b (Scheme 4). Unfortunately,
we could not isolate products due to decomposition under opti-
mized IDC conditions. It was noticed that changing the solvent
to THF effected very fast (within 5 minutes) dimerization of 3a
and b at room temperature to afford 18a and b as sole products
in 91-93% yield and in up to >20:1 dr (Scheme 4). This shows
that formation of a stabilized tertiary radical probably facili-

tates the IDC process for the syntheses of 2-oxindoles.

However, if a tertiary radical is responsible for the oxidative
process, then one would realize the formation of dimeric

O /\/l\ﬁe Ve ﬁ\ Me
Me = DMSO /\)\Me
+ Base + lodine

N~ SO (1.2 equiv) N 0

I I

Me  (+)-10j Me (£)-8j

entry base time % of 8j % of 10j

1. pyridine 12h 29 30
2. EtsN 12h 25 28
3. DBU 40 min 82 -
4. DABCO 12h 34 51

@Reactions were carried out on a 0.25 mmol of 10j using 0.50 mmol of base and 0.275 mmol of iodine in 1 mL of solvent for specified time.
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Figure 4: C-Alkylation of anilides using KOt-Bu.

2-oxindoles sharing vicinal all-carbon quaternary centers from
dimeric B-N-arylamidoesters 18a and b (Scheme 4). The reason
behind our interest towards this direction was due to the preva-
lence of various dimeric cyclotryptamine alkaloids containing
3a,3a'-bis-pyrrolo[2,3-b]indole subunits (core structure of alka-

Me | M
Me = “Me 0 Me = “Me
SR =
,\‘IO
M

R = Me, 10n, 87% 10p, 79%
R =Bn, 100, 85%

e

H, 10t, 86% e 10v, 82%
Ph, 10u, 84%

loids 22a and b, see, Scheme 5) [74-77], sharing a vicinal all-
carbon quaternary stereogenic centers with extreme steric
congestion at the C3a—C3a' o-bond as well as the attendant
lability of this linkage. Under the optimized conditions, one-pot
dimerization of B-N-arylamido ester 3a and b and 9a took place
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Figure 5: Substrates scope of transition-metal-free’ IDC of C-alkylated anilides using DBU/I5.

in the presence of 1.2 equivalents of KO#Bu and I, followed by
a double IDC on treatment with 1.2 equivalents of KOz-Bu and
I, affording the dimeric 2-oxindoles (+)-19a—c in poor to mod-
erate yields (26—45% yield and 2:1 dr) along with 15-18%
isolation of dimeric B-N-arylamidoesters (+)-18a—c (Scheme 5).

This transformation is an efficient one-pot formation of three

consecutive carbon—carbon bonds. X-ray crystal structure deter-
mination of (+)-19b proved the outcome of the reaction unam-
biguously. It was noteworthy to observe Pd-catalyzed highly
enantio-, chemo-, and diastereoselective double decarboxyla-
tive allylations on dimeric B-N-arylamido allyl ester 19¢ to yield
the enantiopure compounds of type 20a and b in good yields
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Scheme 2: Oxidative coupling of C-arylated anilides (+)-11a—d. The synthesis of 12b as per method A has been reproduced from reference [46].
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N O
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Me 75% (B) . .
R = H, coerulescine (15a) (+)-elacomine (16)
()13 ()14 R = OMe, horsfiline (15b)

Scheme 3: Synthesis of spirocyclic product through IDC The synthesis of 14 as per method A has been reproduced from reference [46]. Conditions
A: KOt-Bu, iodine; conditions B: KO#-Bu, NIS.
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Scheme 4: Dimerization of 3-N-aryl-amidoesters 3a and b. Reproduced from [46].
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80°C,1.5h
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(26-45% yield)
(dr up to 2:1)

R = Me, (¢)-19a and meso-19a,
45% (dr=1.2:1)
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R =Bn, 20b

R = Me, 21a
R =Bn, 21b

22a, R = H, (+)-chimonanthine

22c, (+)-calycanthine

22b, R = Me, (+)-folicanthine

X-ray structure of (+)-19b

‘\ ° . V

;g N

Scheme 5: Synthesis of dimeric 2-oxindoles utilizing IDC. The syntheses of 19a and b have been reproduced from [46].

[78-81]. Especially, enantioenriched 20b is the advanced inter-
mediate for the total syntheses of 3a,3a'-bispyrrolo[2,3-b]indole
alkaloids, chimonanthine (22a), folicanthine (22b), and their re-
arranged skeleton such as calycanthine (22¢) (Scheme 5) [78].

In all the cases, IDC was feasible with substrates having substit-
uents at the carbon atom a- to the amides. This gave a clue for a
radical-mediated process where a single electron transfer (SET)
mechanism might be operating. A tentative mechanism has
been proposed in Scheme 6, the reaction can adopt a SET mech-
anism leading to the intermediate 23a, after C-alkylation. Com-
pound 23a in turn gets converted into intermediate aryl radical
23b. From this intermediate another intermediate aryl carbocat-
ion 23c¢ is formed by transferring a single electron to the
oxidant. Carbocation 23c is stabilized by the amide nitrogen as

shown in 23d. Eventually, in the presence of base, rearomatiza-

tion of 23d takes place to afford the final product of the oxida-
tive coupling reaction.

Kiindig et al. in their oxidative coupling process using 2.2
equivalent of CuCl, showed that it is important to have a
tertiary carbon a- to the amide for the process to be radical
mediated [38,39]. Also, it is well evident from literature that the
oxidation processes using Mn(OAc)3 as oxidant follow a radical
pathway [82-86]. In fact, the reaction of 3a also afforded
2-oxindole 4a in 69% yield when the oxidative coupling was
carried out in presence of 1.2 equiv of Mn(OAc)3 (Scheme 7).
A similar result was also observed when reaction was carried
out using C-methyl B-N-arylamido ester 5a (Scheme 7) [82-86].

However, one can’t rule out the possibility of a substitution

reaction on C-iodo product 24 from the adjacent aryl group
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@f

23a

Scheme 6: Plausible mechanism of ‘transition-metal-free’ IDC The mechanistic consideration in Scheme 6 has been reproduced from [46].

KOt-Bu, Mel, DMSO, tt, 15 min Me“/z)
©\ o O then Mn(OAc)s, 110 °C, 6 h N oM
N OMe 69% yield N O
Me (3a) (+)-4a Me
©\ o O KOt-Bu, DMSO, Me“/z)
N oM Mn(OAc)s, 110 °C, 5 h N ot
Me  Me 63% yield N
(£)-5a (x)-4a Me

Scheme 7: Intramolecular-dehydrogenative-coupling (IDC) of 3a and 5a. Reproduced from [46].

(Scheme 8). Thus, the possibilty of the addition at the 2-posi-
tion of electron-rich N-acylated aniline 3a to the tertiary iodide
intermediate was also investigated. Towards this, we thought of
synthesizing the C-iodo intermediate using N-iodosuccinimide
(NIS) or ICI in the presence of a base. Surprisingly, our all
effort to prepare C-iodo compound 24 in the presence of KOz-
Bu as a base only led to formation of 2-oxindole 4a in 72% and
69% yields, respectively (Scheme 8). Along the same line,
C-methyl B-N-arylamido ester 5a also afforded product 4a in
80-85% yield when the reaction was carried out at elevated
temperature (Scheme 8). We thought there could be the possi-
bility of a substitution reaction of iodide compound 24 pre-
pared in-situ to form directly 2-oxindole 4a under elevated tem-
perature. Thus, it was decided to carry out the C-iodination at
room temperature, where substitution reactions would be
unlikely, considering the fact that the substitution has to occur

at the sterically congested tertiary iodide 24. However, to our
surprise, when C-iodination of 5a was carried out at rt, we
found that it also afforded 2-oxindole 4a in 30-39% yield along
with 43-52% of recovered starting material (Scheme 8) and no
trace of C-iodide 24 was observed. These results suggest that,
NIS and ICI also acts as oxidants and helping in a single elec-
tron transfer (SET) in the oxidative coupling reaction [87,88]. It
is also well evident in the literature that, these can also be used
as oxidants in variety of oxidative coupling reactions [87,88].
Further, oxidative coupling of Sa was carried out in presence of
well-known #-BuOl, which generally goes through a radical-
mediated pathway [89,90]. Towards this, when the oxidative
coupling was carried out in presence of in situ generated #-BuOI
[91], the reaction afforded oxidative coupling product (+)-4a in
68% yield, which is also probably indicating a radical pathway
of the reaction (Scheme 8).
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(69-72% yield)

KOt-Bu, NIS or ICI

DMSO,110 °C, 30 min

(80-85% yield)

KOt-Bu, DMSO,
NIS or ICI, rt, 60 min

DWW
Ao

I\Ille Me
()-5a

(6]
° X
N (0]
Me (+)-4a

72% (with NIS)
69% (with ICI)

o
Me (+)-4a

85% (with NIS)
80% (with ICI)

DWW
N)%OMe

1.1 equiv NIS, (60 min):
1.1 equiv ICI, (60 min):

52% 4a + 30% 5a (recovered)
43% 4a + 39% 5a (recovered)

Me | Me
Me/z (1)-24
OMe (not observed)
(e} |
N |
+)- 1
l\llle (#)-4a '

t-BuOl, PhH Me /O
o o 80 °C, 45 min NS
L
NMCMe 68% yield N~ O
Me Me Me (+)-4a
(+)-5a

Scheme 8: IDC of 3a and 5a using different oxidants. Reproduced from [46].

Shifting our attention towards the synthetic application of our
IDC methodology, we put forward our effort towards the syn-
thesis of 3-alkylated or arylated 2-oxindoles. Towards this, we
subjected to react, the oxidative coupling products (+)-6, (+)-
12¢ and d having benzyl (Bn) or p-methoxybenzyl (PMB)
esters with a catalytic amount of Pd on activated charcoal (10%
Pd on charcoal) under atmospheric pressure of hydrogen gas in
MeOH/EtOH (Scheme 9).

Interestingly, we observed that the oxidative coupling products
undergo deprotection of benzyl or p-methoxybenzyl group and
provided the intermediate carboxylic acid, followed by

decarboxylative protonation in the same pot gave us the desired

products (+)-25a—h in excellent yields (Scheme 9 and
Scheme 10).

Later, we envisioned that the oxidative coupling products
having allyl, methallyl, dimethylallyl esters after Trost—Tsuji
decarboxylative allylations could serve as an interesting plat-
form for complex natural product synthesis after further synthe-
tic elaboration and functionalization. A few substrates were
treated under decarboxylative allylation (DcA) conditions in the
presence of 10 mol % of Pd(PPhj3), in refluxing tetrahydro-
furan (7-8 h), which afforded products 26a—d in up to 99%
yield (Scheme 11). Interestingly, oxidative coupling products
with dimethylallyl esters 8j underwent smooth decarboxylative
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R R
/
o 10% PdIC, Hy (1 atm) woH
O” “Ph MeOH, 1t, 12 h
N0 o
Me (%)-6 Me (%)-25
R Me R=H, R=Bn,
@\—_LH (4)-25a; 97% MeQ Ve H (£)-25c; 92%
O R=OMe, R = PMB
N o N ) !
b (£125b04% \ (+)-25d; 94%

(¥)-25e; 99%

(+)-25f; 94%

Scheme 9: Synthesis of 3-substituted-2-oxindoles from benzyl esters.

"

)-25g; 93% (£)-25h; 79%

10% Pd/C, Hp (1 atm) el
EtOH, rt, 12 h o

(%)-25a; 79%

Scheme 10: 3-Substituted-2-oxindoles from p-methoxybenzyl esters.

prenylation and reverse-prenylation in the presence of 5 mol %
of Pdy(dba); and 15 mol % dppp in refluxing toluene (7-8 h,
96% yields) to afford prenylated (27a) and reverse-prenylated
(27b) structures in 64% and 32% yield, respectively
(Scheme 11) [92,93]. These structures commonly occur in many
hexahydropyrrolo[2,3-b]indole-based alkaloids.

Conclusion
In summary, we have successfully demonstrated the synthesis

of 2-oxindoles bearing an all-carbon quaternary center applying

(£)-25b; 98%

(+)-25€; 98%

a ‘transition-metal-free’ intramolecular dehydrogenative cou-
pling (IDC) strategy. The methodology has been broadly
applied to a wide range of substrates affording 2-oxindoles in
good yields in a facile one-pot C-alkylation concomitant with
oxidative coupling strategy. These products serve as a great
synthetic platform for several indole-based natural products.
The methodology demonstrated here has several advantages: (i)
C-alkylations can be carried in same pot; (ii) simple oxidants
like iodine and N-iodosuccinimide (NIS) could be used in the

absence of any transition metal which may be toxic and (iii)
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R Me O 10 mol % Pd(PPhs)s R Me
C %fo THF, 75 °C, 8 h w
R
N~ O up to 99% vyield N
|
I\I/Ie Me
R=R'=H; (+)-8a R = OMe, R = H; ()-8w (+)-26
R=H, R'=Me; (+)-8g R=OMe, R'=Me; (+)-8x
Me Me MeO, Me
Me Me
NSO N0 NSO NSO
Me Me Me Me
(£)-26a (£)-26b (+)-26¢ (+)-26d
99% yield 85% yield 92% yield 88% yield
Me
Me
4

5 mol % Pd,(dba);
15 mol % dppp

Me © PhMe, 70 °C, 8 h
96% yield

N0

Me

(£)-8j

(£)-27a
64% yield

(+)-27b
32% yield

Scheme 11: Synthetic elaboration using Tsuji—Trost reactions. Reproduced from [46].

substrates with a scope of further functionalization work equally
well. The easy handling and the low cost of the reagents
involved in this synthetic methodology offers profound oppor-
tunities to expand and explore the use of IDC in organic synthe-
sis. Further applications of this strategy are under active investi-
gation in our laboratory.
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A new palladium-catalyzed picolinamide (PA)-directed ortho-iodination reaction of e-C(sp%)—H bonds of y-arylpropylamine sub-

strates is reported. This reaction proceeds selectively with a variety of y-arylpropylamines bearing strongly electron-donating or

withdrawing substituents, complementing our previously reported PA-directed electrophilic aromatic substitution approach to this

transformation. As demonstrated herein, a three step sequence of Pd-catalyzed y-C(sp®)—H arylation, Pd-catalyzed &-C(sp?)—H iodi-

nation, and Cu-catalyzed C—N cyclization enables a streamlined synthesis of tetrahydroquinolines bearing diverse substitution

patterns.

Introduction

Tetrahydroquinoline (THQ) is an important N-heterocyclic scaf-
fold found in many natural products and pharmaceutical agents
[1,2]. Efficient and generally applicable methods for the synthe-
sis of THQs with complex substitution patterns are still in great
demand [3-7]. Recently, we reported a synthetic strategy for
THQs based on picolinamide (PA)-directed sequential C—H
functionalization reactions starting from readily accessible aryl

iodide and alkylamine precursors (Scheme 1) [8]. Alkylpicolin-

amides were first subjected to Pd-catalyzed y-C(sp®)—H aryl-
ation with aryl iodides to form y-arylpropylpicolinamides
[9-20]. These y-arylpropylpicolinamides were then selectively
iodinated at the remote e-C(sp?)—H position via a rarely prece-
dented PA-directed electrophilic aromatic substitution (SgAr)
reaction (Scheme 1, reaction 2) [21,22]. Copper-catalyzed intra-
molecular C—N cyclization of these ortho-iodinated intermedi-

ates provided PA-coupled THQ products in good yields.
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Scheme 1: New synthetic strategy for THQs via PA-directed C-H functionalization.

Although ¢-C—H iodination via directed SgAr proceeds with
excellent yield and mono-selectivity for many y-arylpropylpi-
colinamides, the scope of these PA-directed SgAr reactions is
limited to arenes bearing moderate electron-donating or with-
drawing groups. Arene substrates bearing strongly electron-do-
nating substituents typically gave substantial amounts of unde-
sired iodinated side products via competing innate SgAr pro-
cesses, and arene substrates bearing strongly electron-with-
drawing substituents were often unreactive. Herein, we report
our development of a Pd-catalyzed PA-directed iodination reac-
tion of &-C(sp2)—H bonds of y-arylpropylpicolinamides. This
Pd-catalyzed reaction is complementary in scope to the directed
SgAr iodination approach and allows for the efficient synthesis

of a broad range of THQs with diverse substitution patterns.

Results and Discussion

Methods for metal-catalyzed halogenation of ortho C—H bonds
at the more remote € position are scarce, in contrast to the large
number of ortho C—H halogenation reactions of arenes effected
by more proximal directing groups [23-33]. Fundamentally, it is
challenging to achieve efficient reactions through kinetically
unfavorable seven-membered palladacycle intermediates.
Furthermore, the electrophilic reagents used for C—H halogena-
tion can often react with arenes through undirected SgAr path-
ways, which need to be suppressed for regioselectivity. To
address this issue upfront, we commenced our study of Pd-cata-
lyzed &-C—H halogenation with 3-arylpropylpicolinamide §
bearing a strongly electron-donating OMe group (Table 1, see
Supporting Information File 1 for the preparation of §). Iodina-
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Table 1: Optimization of Pd-catalyzed ortho C-H iodination of 5.2

OMe [* OMe
Pd [cat] | A
H NHPA 24 h Z
5 6

entry reagents (equiv)

1 NIS (1.5), HBF4-EtO5 (4.0)

2 NIS (1.5)

3 Pd(OAc), (10 mol %), NIS (1.5)

4 Pd(OAc), (10 mol %), Nal (1.5), NalOg3 (1.5),
K2S,03 (2.0)

5 Pd(OAc), (10 mol %), 12 (2.0), KoS20g (2)

6 Pd(OAc), (10 mol %), I (2.0), PhI(OAc); (2.0)

7 Pd(OAc), (10 mol %), |2 (2.0), PhlI(OAc), (2.0),
K2CO3 (1.0)

8 Pd(OAc), (10 mol %), I (2.0), PhI(OAc); (2.0),
KHCO3 (2.0)

9 Pd(OAc), (10 mol %), |2 (2.0), PhI(OAc), (2.0),
KHCO3 (1.0)

10 Pd(OAc), (10 mol %), 12 (2.0), PhI(OAc), (2.0),
Na2003 (1 .0)

11 Pd(OAc), (10 mol %), |2 (2.0), PhlI(OAc), (2.0),
KHCO3 (1.0)

12 Pd(OAc), (10 mol %), I (2.0), PhI(OAc), (2.0),
KHCO3 (1.0)

13 I2 (2.0), Phl(OAc); (2.0), KHCO3 (1.0)

Beilstein J. Org. Chem. 2016, 12, 1243-1249.

OMe
+ (3)
NHPA NHPA
| 7

solvent temperature (°C) yield (%)°

6 7
T/DC 0 <2 68
T/D 0 <2 82
chlorobenzene 110 <2 74
n-BuOH 110 <2 <2
DMF 110 <2 60
DMF 110 43 25
DMF 110 14 11
DMF 110 45 12
DMF 110 75 9

(72) (5
DMF 110 80 8
dichloroethane 110 16 58
dioxane 110 13 65
DMF 110 <2 64

aAll screening reactions were carried out in a 10 mL glass vial on a 0.2 mmol scale: Yields are based on 'H NMR analysis of the reaction mixture
using CHyBr, as internal standard; ©T/D: TFA (T)/CH4Cly (D); Yisolated yield.

tion of 5 under our previous SgAr protocol gave undirected
iodination product 7 as the major product; only a trace amount
of ortho-iodination product 6 was detected (Table 1, entries 1
and 2). lodination of 5 under a variety of Pd-catalyzed oxida-
tive conditions gave either low conversion or poor regioselec-
tivity (Table 1, entries 3—5). To our delight, the use of a combi-
nation of 2 equiv of I, and 2 equiv of PhI(OAc), in DMF at
110 °C gave the desired product 6 in good yield and moderate
selectivity. Similar conditions were reported by Yu to effect the
Pd-catalyzed NHTf-directed iodination of 3-C(sp2)—H bonds of
B-phenylethyl triflamides [33]. IOAc generated in situ is
believed to be the active iodinating species. DMF was found to
be the best solvent for this reaction (Table 1, entry 9 vs 11 and
12). Moreover, we found that the choice of alkali carbonate
base was important: replacing K,CO3 with KHCOj3 or Na,COj3
gave notably improved yields and ortho selectivity (Table 1,
entries 9 and 10) [34,35]. By analogy with similar Pd-catalyzed
directed C—H halogenation reactions, we speculate that the cata-
Iytic cycle follows a sequence of C—H palladation, oxidative ad-

dition and reductive elimination [36,37].

With the best conditions in hand (Table 1, entries 9 and 10), we
then examined the substrate scope of this Pd-catalyzed iodina-
tion of y-arylpropylpicolinamides (Table 2). The y-arylpropylpi-
colinamides were prepared from the corresponding N-alkyl-
picolinamides and aryl iodides under our (BnO),PO,H-
promoted Pd-catalyzed y-C(sp3)—H arylation conditions (see
Supporting Information File 1 for details). The substrate scope
was chosen to complement the SgAr method, which is notably
incompatible with NO,, F and OMe substituents. In contrast to
the mono-selectivity of the directed SgAr approach (reaction 2,
Scheme 1), iodination of y-phenylpropylpicolinamide 2 bearing
two equivalent ortho C—H bonds under Pd-catalyzed conditions
A gave a mixture of mono-iodinated 3 and ortho diiodinated
product 4. However, no para-iodinated side product was
formed. With 4 equiv of PhI(OAc),/I, and 1 equiv of KHCO3, 4
can be formed as the major product in 69% yield.

Arenes bearing meta-substituents (e.g., 12) were selectively

iodinated at the less hindered ortho position. Pd-catalyzed iodi-

nation of substrate 15 bearing a strongly electron-withdrawing
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Table 2: Substrate scope of Pd-catalyzed e-C-H iodination and Cu-catalyzed C-N cyclization to form THQs?.

I (2 equiv)
PhI(OAc); (2 equiv)
: KHCO;3 (1 equiv)

Cul (10 mol %)

R—'\ NHPA Pd(OAc), (10 mol %) R CsOAc (2.5 equiv) RI—\
| [ -7 |
= = N
H DMF, 110 °C, 24 h I 'NHPA  DMSO, 90 °C, 20 h N~
(Condition A) PA
C-H arylationP iodination C-N cyclization

Pd catalyzed

©/\LNHPA CE\LNHPA

2 (67%) 3 (mono-l, 47%)
+4 (di-l, 25%)0
mHPA éi\QNHPA
9 (81%) 0 (75%)
mHPHA mHPA
12 (81%) (68%)
©/\LNHPA mNHPA
15 (28%) 6 (68%)
EPA E—PA
18 (60%) 9 (56%)
EPA EPA
21 (95%) 22 (53% or 85%9)

directed SgAr

3 (76%) @(j
+4 (6%) y A
8 (93%)
10 (60%) f:(j\
(o/x = 5:3)¢ N
PA
11 (96%)
13 (50%) \©\/j\
(o/x = 5:4)°
14 (94%
w @O
17 (47%
19 (20%)
(o/x = 1:4)¢
20 (85%
F
NHPA £§j
23 (00%) 24 (78%)

aYields are based on isolated product on a 0.2 mmol scale; Psee reaction 1 in Scheme 1B for conditions for Pd-catalyzed C-H arylation; °di: ortho-
diiodinated isomer, x: mixture of other iodinated isomers; 9conditions B: I, (2 equiv), Phl(OAc), (2 equiv), Pd(OAc), (10 mol %), Na,CO3 (1 equiv),

DMF, 110 °C, 24 h.

NO; group also proceeded smoothly to give 16; this substrate is
unreactive to directed SgAr. The rigid arylnorbornane scaffold
18 is incompatible with directed SgAr, but was iodinated selec-
tively at the ortho position under Pd-catalyzed conditions with-

out the formation of regioisomeric side products. The strong

para-directing effect exerted by aryl fluoride substituents over-
rides directed SgAr selectivity [38,39]. Thus, we observed only
para-iodinated compound 23 when 21 was subjected to the
directed SgAr protocol. In contrast, using our Pd-catalyzed iodi-
nation (conditions B), ortho-iodinated product 22 was obtained
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via Pd-catalyzed iodination as the only product in excellent
yield. The iodinated intermediates could be readily cyclized
under our previously reported Cu-catalyzed conditions to give
PA-coupled THQ products with various substitution patterns in
good yields (Scheme 2) [8].

As shown in Scheme 2, Pd-catalyzed PA-directed e-C—H iodi-
nation can be used in concert with PA-directed y-C—H arylation,
PA-directed SgAr iodination, and undirected SgAr iodination to
quickly access THQs 27-30 bearing iodo groups at different po-
sitions on the arene ring [40-42]. Ortho-diiodinated product 4

Phl
a) Pd-catalyzed
y-C-H arylation
67%

2 "NHPA

b) PA-directed
Pd-catalyzed
e-di-o-iodination
69%

d) Cu-catalyzed

93%

c) e-mono-o-iodination
via PA-directed SgAr
76%

mNHPA
3

directed
C-N cyclization

Beilstein J. Org. Chem. 2016, 12, 1243-1249.

was obtained from 2 in 69% yield using optimized Pd-cata-
lyzed e-C—H iodination conditions, and Cu-catalyzed C-N
cyclization of 4 gave 5-iodo-THQ 27. PA-THQ 8 was suscep-
tible to iodination at two positions. Under undirected SgAr
conditions, 6-iodo-THQ 28 was produced in excellent yield and
regioselectivity. Alternatively, a Pd-catalyzed C—H iodination
reaction of 8 was developed which provides 8-iodo-THQ 29.
Pd-catalyzed C—H arylation of 1 with para-diiodobenzene
under the standard arylation conditions gave 25 in moderate
yield. lodination of 25 via PA-directed SgAr gave diiodinated
compound 26, which was cyclized under Cu catalysis to give

: /I

|

a) Pd-catalyzed

y-C-H arylation, 39%

/©/\LNHPA

25

C) &-mono-o-
iodination
via PA-

SEAI'

| NHPA \ | I NHPA
4 PA 2
d)C-N e) p-iodination f) PA-directed | d)C-N
cyclization via undirected Pd-catalyzed cyclization
69% SeAr, 88% o-iodination, 55% 62% over
2 steps
|
| PA P PA PA
PA
5-1-THQ 27 6-1-THQ 28 8-I-THQ 29 7-1-THQ 30

Scheme 2: Preparation of iodo-substituted THQs via PA-directed C-H functionalization strategy. a) Arl (2 equiv), Pd(OAc)z (10 mol %), (BnO),PO2H
(20 mol %), Ag2CO3 (1.5 equiv), -AmylOH, 110 °C, 24h; b) Pd(OAc), (10 mol %), I (4 equiv), Phl(OAc); (4 equiv), KHCO3 (1 equiv), 130 °C, DMF,
24 h; c) NIS (1.1 equiv), HBF4-OEt; (4), TFA/DCM (1:9), 2.5 mM, 0 °C, 4 h; d) Cul (10 mol %), CsOAc (2.5 equiv), DMSO, Ar, 90 °C, 20 h; e) NIS
(1.1 equiv), TFA/DCM (1:9), 2.5 mM, rt, 16 h; f) Pd(OAc), (15 mol %), NIS (2.5 equiv), a,a,a-trifluorotoluene, Ar, 100 °C, 24 h.
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7-i0do-THQ 30 in good yield. The PA group of 8-iodo-THQ 29
was readily removed with LiBHEt;3 to give 31 (Scheme 3) [10].

N LiBHEt3 (2 equiv)
I N THF, 0 °C, 78%

Iz

29 Z 31

Scheme 3: Removal of PA auxiliary from THQ product.

Conclusion

In summary, we have developed a new palladium-catalyzed
picolinamide (PA)-directed iodination reaction of e-C(sp?)—H
bonds of y-arylpropylamine substrates. This method works well
for arenes with a broad range of substituents and offers a com-
plementary scope to our previously reported PA-directed SgAr
approach. This Pd-catalyzed PA-directed e-C—H iodination can
be used in concert with the PA-directed y-C—H arylation,
PA-directed SgAr iodination, undirected SgAr iodination, and
Cu-catalyzed C—N cyclization to quickly access tetrahydro-
quinolines bearing diverse substitution patterns from readily
accessible starting materials.

Supporting Information

Supporting Information File 1

Detailed synthetic procedures and characterizations of all
new compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-119-S1.pdf]
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We report direct arylation of arylhalides with unactivated sp? C—H bonds in benzene and naphthalene using a copper(I) catalyst

featuring an ambiphilic ligand, (quinolin-8-yl)dimesitylborane. Direct arylation could be achieved with 0.2 mol % catalyst and
3 equivalents of base (KO(#-Bu)) at 80 °C to afford TON ~160—-190 over 40 hours.

Introduction

Coupling of aryl C—C bonds is invaluable in organic synthesis,
and has been the subject of much research with the aim to lower
cost and improve atom efficiency [1-5]. The earliest and most
developed methods involve the reaction of C-M (M = Li, B,
Mg, Si, Sn, Zn) with C—X (X = halide, triflate, tosylate, or aryl-
iodide (as AryI")) using Pd-based catalysts. These methods
achieve coupling of aryl C—C bonds with high activity and
selectivity; however, the reactants are quite expensive and there
is significant opportunity to improve the atom efficiency. Addi-
tionally, there is impetus to utilize less expensive metal cata-
lysts or even metal-free reactions. Recently, there has been
rapid progress toward the use of C—H bonds as a reactive func-
tional group [6]. While it would be highly desirable to utilize
C-H/C—H coupling reactions [7], low reactivity and selectivity

are significant obstacles. The use of directing groups can
improve the selectivity, but could contribute additional reaction
steps and expense. Therefore, C—X/C—H (X = halogen) direct
arylations are an important avenue of investigation that may
represent a balance between cost, activity, and selectivity
[8-13].

The C—X/C—H direct arylation reaction can be achieved with
X = halogen, triflate, tosylate [14], B(OH), [15-20], SnR3 [21],
Si(OR)3 [22], or with the use of aryliodonium salts [23];
wherein halogen atoms represent the most cost-effective and
atom-efficient functional group. The reactions typically utilize
expensive transition metal catalysts (Pd, Rh, Ir) at high load-
ings (typically 10 mol %), and require a large amount of strong
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base (typically 3 equivalents KO(#-Bu)). There has been some
success using inexpensive first-row transition metals (Fe
[24,25], Co [26-28], Ni [29-33], and Cu [34-37]) or an alumi-
num-based metal-organic framework [38], and there are several
reports of metal-free direct arylation reactions in which the
reaction is promoted with 2-3 equivalents KO(#-Bu) and (typi-
cally) 10-30 mol % of an additive [39-48].

The use of ambiphilic molecules as ligands for transition metals
has given rise to an important new class of catalysts [49]. In
previous work from our laboratory, we prepared the intramolec-
ular frustrated Lewis pair 8-quinolyldimesitylborane (1) and its
complexes with Cu(l), Ag(l), and Pd(Il) [50]. Recently, we
reported the Pd(II) complex catalyzed Heck-type C—C coupling
[51]. The observation may implicate reductive elimination
and oxidative addition can cycle repeatedly on the palladium
center coordinated to 1. With this in mind, we sought to utilize
the Cu(I) complex, chloro[8-(dimesitylboryl)quinoline-
kN]copper(I) (2, Scheme 1), and investigate its performance as
a catalyst for direct arylation reactions. We note that compound
2 consists of the ambiphilic ligand 1 coordinated to Cu(I) via
nitrogen atom coordination and an 1n3-BCC interaction [52].
Herein we report the use of the preformed catalyst 2 and
demonstrate good activity for C—X/C-H direct arylation reac-
tions.

Beilstein J. Org. Chem. 2016, 12, 2757-2762.

Mes—B

Scheme 1: Coordination of Cu(l) with the ambiphilic ligand 1 to form
the catalyst 2.

Results and Discussion

The results of direct arylation catalysis are summarized in
Table 1. We performed the reaction of iodobenzene with
benzene/DMF (10:1 v/v) at 80 °C using a catalyst loading of
2 mol % of 2 and 30 equivalents KO(z-Bu) (Table 1, entry 1).
After 10 hours the yield of biphenyl was 94% according to
GC-MS analysis. A control reaction (Table 1, entry 4) of iodo-
benzene with benzene/DMF (10:1 v/v) using 2 mol % Cu(I)Br
and 30 equivalents KO(#-Bu) gave 5% yield of biphenyl after
10 hours. Reactions performed in the absence of catalyst, using
3 or 30 equivalents KO(z-Bu) gave no reaction (Table 1, entries
5 and 6). While the high yield of the direct arylation suggests

Table 1: Coupling reaction of aryl halides with benzene. Reactions were carried out with 4 mL of benzene and 0.4 mL of DMF.

OO

— OO

entry catalyst cat. (mol %) KO(t-Bu) (equiv) X R2 time (h) yield (%)
1 2 2 30 | H 10 94
2 2 2 30 | p-OMe 20 77
3 2 2 30 | p-NO, 20 <1
4 CuBr 2 30 | H 10 5
5 none 0 30 | H 10 0
6 none 0 3 | H 10 0
7 2 2 0 | H 10 0
8 2 0.5 3 | p-OMe 40 70
9 2 0.5 3 | H 40 85
10 2 0.5 3 | p-CH3 40 52
11 2 0.3 3 | 0-OMe 40 53
12 2 0.3 3 | H 40 36
13 2 0.3 3 | p-CH3 40 25
14 2 0.3 3 | p-OH 40 0
15 2 0.3 3 Br m-Cl 40 4
16 2 0.3 3 Br m-CHg 40 8
17 2 0.2 3 | p-OMe 40 33
18 2 0.2 3 I Hb 40 43

aFunctional group on the aryl halide. PReaction of naphthalene (2 g) with iodobenzene and 0.4 mL DMF.
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that the product cannot be exclusively obtained from homocou-
pling of iodobenzene, we performed additional experiments to
demonstrate a heterocoupling pathway. The coupling of
benzene with p-iodoanisole at 2 mol % loading of catalyst 2
was evaluated (Table 1, entry 2). We were pleased to find that
the reaction yielded 4-methoxybiphenyl according to GC-MS
analysis, and the isolated yield after flash column chromatogra-
phy was 77%. Encouraged by these findings, we attempted the
reaction with lower catalyst loadings and 3 equivalents
KO(#-Bu). The reaction of iodobenzene with benzene with cata-
lyst loading of 0.5 mol % gave biphenyl in isolated yield of
85% (Table 1, entry 9). The reaction of p-iodoanisole with
benzene using 0.2 or 0.3 mol % of catalyst 2 gave 4-methoxy-
biphenyl in isolated yields of 33% and 53%, respectively, which
indicate a TON =190 (Table 1, entries 11 and 17). The reaction
of p-iodotoluene and benzene (Table 1, entries 10 and 13) with
3 equivalents KO(#-Bu) gave 4-methylbiphenyl in yields of 25%
and 52% using 0.3 and 0.5 mol % of catalyst 2, respectively
(TON =170 for the latter). The reactions of p-iodophenol
(Table 1, entry 14) or p-nitroiodobenzene (Table 1, entry 3)
with benzene were very sluggish with only trace quantities
(<1% yield) of products. The coupling of m-bromotoluene and
m-bromochlorobenzene with benzene proceeded more slowly
(Table 1, entries 15 and 16). The yields of 3-methylbiphenyl
and 3-chlorobiphenyl at catalyst loading of 0.3 mol % and
3 equivalents KO(#-Bu) were 8% and 4%, respectively. In all of
the reactions, we note that metallic precipitates did not form,
and the solutions did not become dark.

Activation of the sp> C—H bonds in naphthalene was possible as
well. The reaction of iodobenzene in neat naphthalene at 85 °C
using 0.2 mol % catalyst and 3 equivalents KO(#-Bu) gave a
~2:1 ratio of 1-phenylnaphthalene and 2-phenylnaphthalene in a
total yield of 43% (Table 1, entry 18). The observed substitu-
tion ratio is typical of substitutions on naphthalene under kinetic
control that tend to favor the alpha C—H bonds due better reso-
nance stabilization effects [53]. Importantly, we note the alpha

protons are slightly more acidic than the beta protons [54].

The mechanism of Cu catalyzed coupling reactions and, more
specifically, direct arylation have been the subject of intense
interest. Mechanistic models appear to diverge along those
favoring oxidative addition/reductive elimination via Cu(l)/
Cu(IIl) versus proposals favoring a single electron transfer
(SET) pathway [55,56].

In the base-promoted SET mechanism [57], electron donation to
Arl leads to a short-lived radical anion Arl™™ that decomposes to
I and Ar’. The Ar radical undergoes homolytic aromatic substi-
tution with benzene to form a biaryl radical, and deprotonation

gives a biaryl radical anion that transfers one electron to Arl to

Beilstein J. Org. Chem. 2016, 12, 2757-2762.

begin the cycle anew. The mechanism explains the metal-free
direct arylation catalysis, but there has been some question
about the initiation step. As KO(#-Bu) does not have sufficient
reducing power to generate Arl", it has been proposed that ini-
tiation could arise from the reaction of Arl and KO(#-Bu) to
form benzyne or that organic electron donors form in situ with
suitable additives under the basic conditions of the reaction [58-
60]. For example, observation of faster direct arylation in the
presence of DMF led to proposals of deprotonated DMF as one
electron donor [61] or forming a dibasic -enediol in situ as an
electron donor [62].

While the SET mechanism has drawn much interest, our obser-
vation of large rate enhancement upon addition of the
preformed catalyst 2 may be better described with a meta-
lation—deprotonation step followed by oxidative addition/reduc-
tive elimination (Scheme 2) [63]. Thus, +-BuO™ substitutes the
halogen ligand on 2, followed by deprotonation—metalation of
benzene, followed by oxidative addition of the arylhalide, and
finally reductive elimination of the biaryl. The molecule 2 may
be uniquely suited for this pathway. The electron-rich Cu(I) in
the (L-Z)Cu(OR) intermediate may be well-stabilized by boron
as a Z-type ligand, and the mesityl groups surrounding boron
may favor the association of arenes for the deprotonation—meta-
lation and the oxidative addition steps. Wang et al. proposed
concerted metalation—deprotonation via a sigma bond metathe-
sis involving a cyclic 4-membered transition state, followed by
oxidative addition of Arl to Cu(I) [63]. Oxidative addition of
arylhalide to Cu(I) produces Cu(IIl) intermediates, for which
there is substantial evidence [64-67]. However, under catalytic
conditions, there is no requirement that the copper catalyst pass
through an intermediate with a formal oxidation state of +3,
which may undoubtedly have a large activation energy. Rather,
a concerted pathway through a 4-membered transition state will
have less localization of charge. A concerted process for cou-
pling of nucleophiles with arylhalides on copper centers have
been proposed by Bacon [68] and were elaborated by Litvak
[69] who proposed SET within the 4-membered transition state.
It is noteworthy that modern DFT calculations [63] also
produce cyclic transition states.

Conclusion

In conclusion, we observe direct arylation reactions (C—X/C-H;
X = halogen) catalyzed by a Cu(l) center stabilized by an
ambiphilic ligand. The activation of stable sp> C—H bonds in
benzene and naphthalene occurs as a result of the catalysis. We
favor a mechanism involving 4-membered cyclic transition
states for metalation—deprotonation followed by concerted oxi-
dative addition/reductive elimination. The scope of reactivity,
including functional group tolerance on the reactants, types of
C—H bonds that can be activated, selectivity of C—H bond acti-
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Scheme 2: Proposed mechanism of direct arylation catalyzed by 2 (X = Cl/I; Ar = aryl).

vation, further optimization studies, and new catalyst design
will be topics for further study. The initial results are very
encouraging in that an inexpensive copper catalyst at low
loading exhibited good activity for the reaction. The observa-
tion of high activity using a preformed copper catalyst may
assist in the development of new catalysts.

Experimental

General. Compounds 1 and 2 were prepared according to the
literature [50]. All organic reagents and solvents were obtained
from commercial sources and used without further purification.
A GCMS-QP2010SE gas chromatograph—mass spectrometer
(Shimadzu Corp., Kyoto, Japan) was used for GC-MS analyses.
NMR spectra were recorded on an Avance 400 MHz spectrom-
eter (Bruker, Billerica, MA, USA).

Catalysis experiments. A 50 mL roundbottom flask was
charged with 0.5 mmol of aryl halide, benzene (4 mL) and
1.5 mmol of KO(z-Bu). The flask was fitted with a reflux
condenser left open to air. Then, a solution of catalyst dis-
solved in 420 pL. DMF was added to the reaction. The reaction
was then stirred and refluxed for 40 h. The reaction was worked
up by extraction with ether and washed with deionized H;O.
The organic phase was collected and dried over anhydrous sodi-
um sulfate. The residue was purified by flash column chroma-
tography. NMR spectra of isolated products matched well with
the literature.

Supporting Information

Supporting Information File 1

NMR spectra and GC-MS data of the products.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-272-S1.pdf]

Acknowledgements

This work was made possible through funds from the National
Science Foundation grant nos. EPS-0554609 (single crystal
X-ray diffractometer and glovebox), CHE-1229035 (400 MHz
NMR spectrometer), and DGE-0903685 (graduate student
support).

References

1. Diederich, F.; Stang, P. J., Eds. Metal-catalyzed cross-coupling
reactions; Wiley VCH: Weinheim, 1998.

2. Negishi, E. Angew. Chem., Int. Ed. 2011, 50, 6738-6764.
doi:10.1002/anie.201101380

3. Suzuki, A. Angew. Chem., Int. Ed. 2011, 50, 6722—-6737.
doi:10.1002/anie.201101379

4. Hassan, J.; Sévignon, M.; Gozzi, C.; Schulz, E.; Lemaire, M.
Chem. Rev. 2002, 102, 1359—-1470. doi:10.1021/cr000664r

5. Zhao, D.; You, J.; Hu, C. Chem. — Eur. J. 2011, 17, 5466-5492.
doi:10.1002/chem.201003039

2760


http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-12-272-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-12-272-S1.pdf
https://doi.org/10.1002%2Fanie.201101380
https://doi.org/10.1002%2Fanie.201101379
https://doi.org/10.1021%2Fcr000664r
https://doi.org/10.1002%2Fchem.201003039

6. Kuhl, N.; Hopkinson, M. N.; Wencel-Delord, J.; Glorius, F.
Angew. Chem., Int. Ed. 2012, 51, 10236-10254.
doi:10.1002/anie.201203269

7. Cho, S. H,; Kim, J. Y.; Kwak, J.; Chang, S. Chem. Soc. Rev. 2011, 40,
5068-5083. doi:10.1039/c1cs15082k

8. Alberico, D.; Scott, M. E.; Lautens, M. Chem. Rev. 2007, 107,
174-238. doi:10.1021/cr0509760

9. McGlacken, G. P.; Bateman, L. M. Chem. Soc. Rev. 2009, 38,
2447-2464. doi:10.1039/b805701j

10. Ackermann, L.; Vicente, R.; Kapdi, A. R. Angew. Chem., Int. Ed. 2009,
48, 9792-9826. doi:10.1002/anie.200902996

11. Daugulis, O.; Do, H.-Q.; Shabashov, D. Acc. Chem. Res. 2009, 42,
1074-1086. doi:10.1021/ar9000058

12.Mousseau, J. J.; Charette, A. B. Acc. Chem. Res. 2013, 46, 412-424.
doi:10.1021/ar300185z

13.Rossi, R.; Bellina, F.; Lessi, M.; Manzini, C. Adv. Synth. Catal. 2014,
356, 17-117. doi:10.1002/adsc.201300922

14. Ackermann, L.; Althammer, A.; Born, R. Angew. Chem., Int. Ed. 2006,
45, 2619-2622. doi:10.1002/anie.200504450

15.Yang, S.-D.; Sun, C.-L.; Fang, Z,; Li, B.-J.; Li, Y.-Z.; Shi, Z.-J.
Angew. Chem., Int. Ed. 2008, 47, 1473—-1476.
doi:10.1002/anie.200704619

16. Seiple, I. B.; Su, S.; Rodriguez, R. A.; Gianatassio, R.; Fujiwara, Y.;

Sobel, A. L.; Baran, P. S. J. Am. Chem. Soc. 2010, 132, 13194—13196.

doi:10.1021/ja1066459

17.Nishikata, T.; Abela, A. R.; Huang, S.; Lipshutz, B. H.
J. Am. Chem. Soc. 2010, 132, 4978-4979. doi:10.1021/ja910973a

18.Ban, |.; Sudo, T.; Taniguchi, T.; Itami, K. Org. Lett. 2008, 10,
3607-3609. doi:10.1021/018013717

19.Vogler, T.; Studer, A. Org. Lett. 2008, 10, 129-131.
doi:10.1021/01702659a

20.Wen, J.; Zhang, J.; Chen, S.-Y,; Li, J.; Yu, X.-Q.

Angew. Chem., Int. Ed. 2008, 47, 8897-8900.

doi:10.1002/anie.200802526

.Oi, S.; Fukita, S.; Inoue, Y. Chem. Commun. 1998, 2439-2440.

doi:10.1039/a806790b

22.Hachiya, H.; Hirano, K.; Satoh, T.; Miura, M. Angew. Chem., Int. Ed.
2010, 49, 2202-2205. doi:10.1002/anie.200906996

23. Phipps, R. J.; Gaunt, M. J. Science 2009, 323, 1593-1597.
doi:10.1126/science.1169975

24.Vallée, F.; Mousseau, J. J.; Charette, A. B. J. Am. Chem. Soc. 2010,
132, 1514-1516. doi:10.1021/ja910687u

25.Liu, W.; Cao, H.; Lei, A. Angew. Chem., Int. Ed. 2010, 49, 2004—-2008.
doi:10.1002/anie.200906870

26.Liu, W.; Cao, H.; Xin, J.; Jin, L.; Lei, A. Chem. — Eur. J. 2011, 17,
3588-3592. doi:10.1002/chem.201002290

27.Pieber, B.; Cantillo, D.; Kappe, C. O. Chem. — Eur. J. 2012, 18,
5047-5055. doi:10.1002/chem.201103748

28.Chan, T.L.; To, C. T,; Liao, B.-S.; Liu, S.-T.; Chan, K. S.
Eur. J. Inorg. Chem. 2012, 485-489. doi:10.1002/ejic.201100780

29. Canivet, J.; Yamaguchi, J.; Ban, I.; Itami, K. Org. Lett. 2009, 11,
1733-1736. doi:10.1021/019001587

30. Kobayashi, O.; Uraguchi, D.; Yamakawa, T. Org. Lett. 2009, 11,

2679-2682. doi:10.1021/01900778m

.Yamaguchi, J.; Muto, K.; Itami, K. Eur. J. Org. Chem. 2013, 19-30.

doi:10.1002/ejoc.201200914

32.Yamamoto, T.; Muto, K.; Komiyama, M.; Canivet, J.; Yamaguchi, J.;
Itami, K. Chem. — Eur. J. 2011, 17, 10113-10122.
doi:10.1002/chem.201101091

2

=

3

=

Beilstein J. Org. Chem. 2016, 12, 2757-2762.

33.Yokota, A.; Aihara, Y.; Chatani, N. J. Org. Chem. 2014, 79,
11922-11932. doi:10.1021/j0501697n

34.Do, H.-Q.; Daugulis, O. J. Am. Chem. Soc. 2007, 129, 12404—12405.
doi:10.1021/ja075802+

35.Do, H.-Q.; Daugulis, O. J. Am. Chem. Soc. 2008, 130, 1128-1129.
doi:10.1021/ja077862I

36. Yoshizumi, T.; Tsurugi, H.; Satoh, T.; Miura, M. Tetrahedron Lett. 2008,
49, 1598-1600. doi:10.1016/j.tetlet.2008.01.042

37.Liu, W.; Hou, F. Appl. Organomet. Chem. 2015, 29, 368-371.
doi:10.1002/a0c.3300

38.Liu, H.; Yin, B.; Gao, Z.; Li, Y.; Jiang, H. Chem. Commun. 2012, 48,
2033-2035. doi:10.1039/c2cc16790e

39.Yanagisawa, S.; Ueda, K.; Taniguchi, T.; Itami, K. Org. Lett. 2008, 10,
4673-4676. doi:10.1021/018019764

40. Shirakawa, E.; Itoh, K.-i.; Higashino, T.; Hayashi, T. J. Am. Chem. Soc.
2010, 7132, 15537-15539. doi:10.1021/ja1080822

41.Liu, W,; Tian, F.; Wang, X.; Yu, H.; Bi, Y. Chem. Commun. 2013, 49,
2983-2985. doi:10.1039/c3cc40695d

42.Liu, W.; Xu, L.; Bi, Y. RSC Adv. 2014, 4, 44943-44947.
doi:10.1039/C4RA07688E

43.Liu, W.; Xu, L. Tetrahedron 2015, 71, 4974-4981.
doi:10.1016/j.tet.2015.05.082

44.\Wu, Y.; Choy, P. Y.; Kwong, F. Y. Asian J. Org. Chem. 2014, 3,
1262-1265. doi:10.1002/ajoc.201402181

45.Wu, Y.; Choy, P. Y.; Kwong, F. Y. Org. Biomol. Chem. 2014, 12,
6820-6823. doi:10.1039/C40B01211A

46.Dewaniji, A.; Murarka, S.; Curran, D. P.; Studer, A. Org. Lett. 2013, 15,
6102-6105. doi:10.1021/0l402995¢e

47.Ng, Y. S.; Chan, C. S;; Chan, K. S. Tetrahedron Lett. 2012, 53,
3911-3914. doi:10.1016/j.tetlet.2012.05.073

48.Gai, L.; To, C. T.; Chan, K. S. Tetrahedron Lett. 2014, 55, 6373—-6376.
doi:10.1016/j.tetlet.2014.09.131

49. Bouhadir, G.; Bourissou, D. Chem. Soc. Rev. 2016, 45, 1065-1079.
doi:10.1039/C5CS00697J

50.Son, J.-H.; Pudenz, M. A.; Hoefelmeyer, J. D. Dalton Trans. 2010, 39,
11081-11090. doi:10.1039/c0dt00798f

51.Tamang, S. R.; Hoefelmeyer, J. D. Molecules 2015, 20, 12979—-12991.
doi:10.3390/molecules200712979

52.Emslie, D. J. H.; Cowie, B. E.; Kolpin, K. B. Dalton Trans. 2012, 41,
1101-1117. doi:10.1039/C1DT11271F

53.Field, L. D.; Sternhell, S.; Wilton, H. V. J. Chem. Educ. 1999, 76,
1246-1247. doi:10.1021/ed076p 1246

54. Streitwieser, A., Jr.; Lawler, R. G.; Perrin, C. J. Am. Chem. Soc. 1965,
87, 5383-5388. doi:10.1021/ja00951a023

55. Sperotto, E.; van Klink, G. P. M.; van Koten, G.; de Vries, J. G.
Dalton Trans. 2010, 39, 10338-10351. doi:10.1039/c0dt00674b

56. Sambiagio, C.; Marsden, S. P.; Blacker, A. J.; McGowan, P. C.
Chem. Soc. Rev. 2014, 43, 3525-3550. doi:10.1039/c3cs60289¢

57.Studer, A.; Curran, D. P. Angew. Chem., Int. Ed. 2011, 50, 5018-5022.
doi:10.1002/anie.201101597

58.Zhou, S.; Anderson, G. M.; Mondal, B.; Doni, E.; Ironmonger, V.;
Kranz, M.; Tuttle, T.; Murphy, J. A. Chem. Sci. 2014, 5, 476-482.
doi:10.1039/C3SC52315B

59. Patil, M. J. Org. Chem. 2016, 81, 632—639.
doi:10.1021/acs.joc.5b02438

60.Zhang, L.; Yang, H.; Jiao, L. J. Am. Chem. Soc. 2016, 138,
7151-7160. doi:10.1021/jacs.6b03442

61.Drapeau, M. P.; Fabre, |.; Grimaud, L.; Ciofini, I.; Ollevier, T;
Taillefer, M. Angew. Chem., Int. Ed. 2015, 54, 10587—10591.
doi:10.1002/anie.201502332

2761


https://doi.org/10.1002%2Fanie.201203269
https://doi.org/10.1039%2Fc1cs15082k
https://doi.org/10.1021%2Fcr0509760
https://doi.org/10.1039%2Fb805701j
https://doi.org/10.1002%2Fanie.200902996
https://doi.org/10.1021%2Far9000058
https://doi.org/10.1021%2Far300185z
https://doi.org/10.1002%2Fadsc.201300922
https://doi.org/10.1002%2Fanie.200504450
https://doi.org/10.1002%2Fanie.200704619
https://doi.org/10.1021%2Fja1066459
https://doi.org/10.1021%2Fja910973a
https://doi.org/10.1021%2Fol8013717
https://doi.org/10.1021%2Fol702659a
https://doi.org/10.1002%2Fanie.200802526
https://doi.org/10.1039%2Fa806790b
https://doi.org/10.1002%2Fanie.200906996
https://doi.org/10.1126%2Fscience.1169975
https://doi.org/10.1021%2Fja910687u
https://doi.org/10.1002%2Fanie.200906870
https://doi.org/10.1002%2Fchem.201002290
https://doi.org/10.1002%2Fchem.201103748
https://doi.org/10.1002%2Fejic.201100780
https://doi.org/10.1021%2Fol9001587
https://doi.org/10.1021%2Fol900778m
https://doi.org/10.1002%2Fejoc.201200914
https://doi.org/10.1002%2Fchem.201101091
https://doi.org/10.1021%2Fjo501697n
https://doi.org/10.1021%2Fja075802%2B
https://doi.org/10.1021%2Fja077862l
https://doi.org/10.1016%2Fj.tetlet.2008.01.042
https://doi.org/10.1002%2Faoc.3300
https://doi.org/10.1039%2Fc2cc16790e
https://doi.org/10.1021%2Fol8019764
https://doi.org/10.1021%2Fja1080822
https://doi.org/10.1039%2Fc3cc40695d
https://doi.org/10.1039%2FC4RA07688E
https://doi.org/10.1016%2Fj.tet.2015.05.082
https://doi.org/10.1002%2Fajoc.201402181
https://doi.org/10.1039%2FC4OB01211A
https://doi.org/10.1021%2Fol402995e
https://doi.org/10.1016%2Fj.tetlet.2012.05.073
https://doi.org/10.1016%2Fj.tetlet.2014.09.131
https://doi.org/10.1039%2FC5CS00697J
https://doi.org/10.1039%2Fc0dt00798f
https://doi.org/10.3390%2Fmolecules200712979
https://doi.org/10.1039%2FC1DT11271F
https://doi.org/10.1021%2Fed076p1246
https://doi.org/10.1021%2Fja00951a023
https://doi.org/10.1039%2Fc0dt00674b
https://doi.org/10.1039%2Fc3cs60289c
https://doi.org/10.1002%2Fanie.201101597
https://doi.org/10.1039%2FC3SC52315B
https://doi.org/10.1021%2Facs.joc.5b02438
https://doi.org/10.1021%2Fjacs.6b03442
https://doi.org/10.1002%2Fanie.201502332

62.Barham, J. P.; Coulthard, G.; Emery, K. J.; Doni, E.; Cumine, F.;
Nocera, G.; John, M. P.; Berlouis, L. E. A.; McGuire, T.; Tuttle, T;
Murphy, J. A. J. Am. Chem. Soc. 2016, 138, 7402-7410.
doi:10.1021/jacs.6b03282

63.Wang, M.; Fan, T.; Lin, Z. Organometallics 2012, 31, 560-569.
doi:10.1021/om2007612

64. Casitas, A.; Ribas, X. Chem. Sci. 2013, 4, 2301-2318.
doi:10.1039/c3sc21818;j

65. Ichiishi, N.; Canty, A. J.; Yates, B. F.; Sanford, M. S. Organometallics
2014, 33, 5525-5534. doi:10.1021/0m5007903

66. Casitas, A.; Canta, M.; Sola, M.; Costas, M.; Ribas, X.

J. Am. Chem. Soc. 2011, 133, 19386—19392. doi:10.1021/ja2058567

67.Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X.

Chem. Sci. 2010, 1, 326-330. doi:10.1039/c0sc00245¢c
68.Bacon, R. G. R; Hill, H. A. O. J. Chem. Soc. 1964, 1097-1107.
doi:10.1039/jr9640001097
69. Litvak, V. V.; Shein, S. M. Zh. Org. Khim. 1974, 10, 2360-2366.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.12.272

Beilstein J. Org. Chem. 2016, 12, 2757-2762.

2762


https://doi.org/10.1021%2Fjacs.6b03282
https://doi.org/10.1021%2Fom2007612
https://doi.org/10.1039%2Fc3sc21818j
https://doi.org/10.1021%2Fom5007903
https://doi.org/10.1021%2Fja2058567
https://doi.org/10.1039%2Fc0sc00245c
https://doi.org/10.1039%2Fjr9640001097
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.12.272

	References
	Abstract
	Introduction
	Results and Discussion
	Ligand effect of PyC in gold-catalyzed aromatic C–H arylation
	Oxidative C–H arylation of heteroarenes with arylsilanes catalyzed by AuCl(PyC)
	Reaction progress analysis
	Mechanistic considerations
	Oxidation process of gold
	Direct observation and isolation of PyC-gold(III) complex

	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Procedure for the Ir-catalyzed borylation of heteroarenes using 1g

	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Review
	Direct α-C–H lithiation trapping
	Asymmetric direct α-C–H lithiation trapping
	Transition-metal-catalyzed α-C–H functionalization
	Rhodium-catalyzed dehydrogenative carbonylation
	Tantalum-catalyzed hydroaminoalkylation
	Photoredox catalysis
	Copper-catalyzed C–H oxidation
	Free radical approach
	Anodic oxidation strategy


	Conclusion
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	General procedure for the gold-catalyzed alkynylation

	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Review
	Metal carbene C(sp3)–H bond insertions into relatively active C–H bonds
	The C–H bond insertions at the α-positions of oxygen or nitrogen
	C–H bond insertions at the allylic and benzylic positions

	Metal carbene insertion into aliphatic C(sp3)–H bonds of light alkanes

	Conclusion
	Acknowledgements
	References
	Abstract
	Introduction
	Review
	Historic perspective on the carbenoid reaction insertion into X–H bonds
	Mechanism of the carbenoid insertion into the C(sp3)–H bond
	Recent studies concerning the enantioselective carbenoid insertion into C(sp3)–H bonds
	Copper-based chiral catalysts
	Iridium-based chiral catalysts
	Rhodium-based chiral catalysts


	Conclusion
	Acknowledgements
	References
	Abstract
	Introduction
	Review
	Metal-free reactions
	Metal-catalyzed reactions
	Copper
	Rhodium
	Gold
	Platinum
	Tungsten


	Conclusion
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	C–H arylations of arylureas with aryl iodides and arylboronic acids
	Fujiwara–Moritani reactions
	Total synthesis of boscalid® via C–H activation
	Mechanistic insight
	The C–H activation step
	Reactions of palladacycle 6 with Ph–I, PhB(OH)2, and an acrylate
	Regeneration of active catalyst; the roles of additives BQ, AgOAc, and HBF4
	Proposed mechanisms

	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	References

