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ABSTRACT

Miao, Jinmin. Ph.D., Purdue University, May 2016. Studies in Novel Transition-Metal-
Catalyzed Oxidative Coupling Reactions. Professor: Haibo Ge.

Transition-metal-catalyzed oxidative coupling reactions are important tools for the

construction of carbon-carbon (C-C) and carbon-heteroatom (C-X) bonds from simple

starting materials. A series of novel and synthetically useful reactions have been developed
and are herein described.
Palladium-catalyzed chemoselective decarboxylative cross-coupling of benzoic

acids with o-oxocarboxylic acids was realized via an arene sp> C-H functionalization

process. This work represents the first example of transition-metal-catalyzed cross-
coupling reactions with two acids acting in different roles. The synthetic utility of this
method was confirmed by the synthesis of pitofenone, an antispasmodic used in the
combined drug Spasmalgon.

A highly site-selective and diastereoselective fluorination of aliphatic amides via a

palladium—catalyzed bidentate ligand-directed C—H bond functionalization process on

unactivated sp®> carbons was developed. A wide variety of B-fluorinated amino acid
derivatives and aliphatic amides, important motifs in medicinal and agricultural chemistry,

were prepared with palladium acetate as the catalyst and selectfluor as the fluorine source.



The synthesis for cinnolines from N-phenylhydrazones was performed through an
oxidation/cyclization sequence, representing the first copper-catalyzed coupling reaction

of hydrazones through a C(sp®)~H bond functionalization process. The method provides

an environmentally friendly and atom-efficient approach to biologically active cinnoline
derivatives.

A novel rhodium-catalyzed imination of sulfoxides using O-(2,4-dinitrophenyl)-
hydroxylamine was developed under mild conditions with good functional group tolerance.
The reaction provides an efficient access to free NH-sulfoximines, an important structural

unit in a variety of biologically active compounds.



CHAPTER 1. INTRODUCTION

Construction of new carbon-carbon and carbon-heteroatom bonds is essential in
organic chemistry. Traditionally, this process primarily relies on the use of
prefunctionalized substrates, such as alkyl halides, triflates, boron or tin reagents. Despite
its broad application in organic synthesis, the prefunctionalization of the starting materials
usually requires additional synthetic steps, and thus reduces the overall efficiency of the
approach. Moreover, in many cases, stoichiometric amounts of often toxic metal waste are
generated in the process, which constitutes an environmental issue. As a promising tool for
the efficient formation of C-C and C-X bonds, transition-metal-catalyzed direct
functionalization of unreactive C-H bonds has emerged as a major topic of research in
recent years. During the past decade, transition-metal-catalyzed direct C-H
functionalization reactions have emerged as an essential topic in the field of organic
synthetic methodology. Efficient and selective reactions of this type will definitely find
widespread application in natural product research, material sciences, and pharmaceuticals.

In this dissertation, chapters 2-4 describe three novel transition-metal-catalyzed C-
H functionalization reactions that were developed during my graduate research. In chapter

5, a rhodium-catalyzed oxidative coupling reaction of sulfoxides with a nitrene precursor

is discussed.



CHAPTER 2. PALLADIUM-CATALYZED DIRECT ORTHO-ACYLATION OF
BENZOIC ACIDS

(Reproduced in part with permission from Miao, J.-M.; Ge, H.-B. “Palladium-Catalyzed
Chemoselective Decarboxylative Ortho Acylation of Benzoic Acids with a-Oxocarboxylic
Acids”, Org. Lett. 2013, 15, 2930-2933. Copyright 2013 American Chemical Society)

2.1 Introduction
2-Benzoylbenzoic acid derivatives are important intermediates for the synthesis of
various bioactive compounds,! and are often encountered as subunits of many biologically
active compounds? including natural products, pharmaceuticals, and agrochemical

compounds. For example, balanol, a fungal metabolite produced by the fungus Verticillium

Narceine l
{_roor

0.0
HO O
° PRGNS
o}
H o>

Balanol Pitofenone

Figure 2.1 Representative Biologically Active Compounds Containing 2-Acylbezoic
Acid/Ester Moiety.
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balanoides and other fungi, is a potent inhibitor of protein kinase C (PKC);Y* narceine, an
opium alkaloid produced by the Papaver somniferum plant, is a bitter compound with
narcotic effects;?' pitofenone, the key ingredient in Spasmalgon (a combined drug), is an
antispasmodic (Figure 2.1).)¢ Additionally, 2-benzoylbenzoic acids are often used as

functional groups or substrates in photochemistry,® chromatography* and food chemistry.®

H
o ——— R’ O
or ArH, AICl3
this work
o 0
cat Pd 2
1 OH + HO R
R AggCO3
H (0]

Scheme 2.1 Synthesis of 2-Acylbenzoic Acids

previous work

Despite the demonstrated biological importance of 2-acylbenzoic acids, synthetic
methods for these species are far from maturity. The most common routes start from 1,3-
isobenzofurandione derivatives and involve either a nucleophilic addition/elimination
process by organometallic reagents® or a Friedel-Crafts acylation process (Scheme 1.1).’
In many cases, these reactions suffer severely from poor regioselectivity on the
benzofurandione, and thus substituted 2-acylbenzoic acids are difficult to obtain in a
satisfactory yield.%°7¢ Therefore, the need for complementary, concise, and effective
approaches to access these compounds is clear. On the basis of our success on direct ortho
acylation of 2-phenylpyridines and acetanilides,® we proposed that an efficient approach

for the synthesis of 2-acylbenzoic acids could be achieved by decarboxylative cross-


http://en.wikipedia.org/wiki/Protein_kinase_C
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http://en.wikipedia.org/wiki/Papaver_somniferum
http://en.wikipedia.org/wiki/Narcotic
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coupling of benzoic acids with a-oxocarboxylic acids by a Pd(Il)-catalyzed C-H

functionalization process (Scheme 2.1).
Transition-metal-catalyzed cross-coupling reactions remain one of the most

powerful methods for carbon-carbon (C-C) bond formation.® Among these methods,

Pd(0)-catalyzed decarboxylative cross-coupling has recently attracted considerable
attention due to the low cost, ready availability, and environmentally benign properties of
carboxylic acids.® Along with the well-studied benzoic acids, alkyl, alkenyl and alkynyl
acids, a-oxocarboxylates, and oxalates have also been demonstrated as effective substrates,
which enable the installation of a variety of functional groups on aromatic rings.
Furthermore, since Crabtree first reported a direct decarboxylative cross-coupling of arenes

with aromatic acids through a Pd(ll)-catalyzed C-H functionalization process,*' the

method has attracted considerable attention because the prefunctionalization of reaction
substrates is avoided.?

As substrates, benzoic acids have been extensively studied in decarboxylative
cross-coupling reactions by both Pd(0) and Pd(ll) catalysis. It has been demonstrated that
either a silver or copper source could effectively mediate the decarboxylation. On the other
hand, from Yu’s studies, benzoic acid derivatives were fairly stable at high temperature
(130 °C) in the presence of a catalytic amount of a Pd(Il) source and an excess Ag(l)
source.’®* Moreover, a-oxocarboxylic acids, utilized in Goossen’s laboratory in Pd(0)-
catalyzed decarboxylative cross-couplings,** have also been demonstrated as effective
coupling partners in Pd(Il) catalysis in our laboratory with either a silver or persulfate

source as an oxidant and the decarboxylation reagent.®*° It was also noted that, along with



actanilides and  2-phenylpyridines, cyclic enamides'®, O-methyl oximes'/,
phenylacetamides®®, O-phenyl carbamates®®, and 1-(pyrimidin-2-yl)-1H-indoles?® were
also effective substrates for the direct decarboxylative acylation. These results support the
feasibility of chemoselective decarboxylative cross-coupling of benzoic acids with a-
oxocarboxylic acids through Pd(1l) catalysis under well-defined reaction conditions. It is
noteworthy that, although the benzoic acid derivatives have been well studied as the

substrates in metal-catalyzed C-H bond activation reactions,® direct ortho-acylation of

benzoic acids remains a challenge. Furthermore, transition-metal-catalyzed cross-coupling
of two carboxylic acids with different roles in the reaction has not been reported. As part
of our program to develop novel transition-metal-catalyzed cross-coupling reactions with
diverse substrates,®>2! we have developed the synthesis of 2-acylbenzoic acid derivatives
through chemoselective decarboxylative cross-coupling of benzoic acids with o-

oxocarboxylic acids via a palladium-catalyzed C-H bond functionalization process.

2.2 Results and Discussion

Considering that an a-oxocarboxylic acid is a potential source of benzoic acid
through decarboxylation and oxidation, 2-methylbenzoic acid was chosen as the substrate
for the decarboxylative cross-coupling reaction with a-oxocarboxylic acid in the presence
of a catalytic amount of Pd(TFA)2 and an excess amount of Ag2COs as the oxidant and the
decarboxylation reagent on the basis of our previous reports.®2! After an extensive solvent
screening, DME and dioxane were shown to be optimal solvents for this coupling,
providing the desired product in moderate yields (Table 2.1, entries 4 and 5). The following

survey of catalysts indicated that although PdCl2(MeCN)2 and Pd(OAc)2 could also



Table 2.1 Optimization of Reaction Conditions for Acylation?

(@]
{ CO,H cat. Pd, oxidant COzH
+ )kH/OH
Ph 0
solvent

0
1: 2a za
Pd Source
Entry Oxidant (equiv) Solvents (mL)  Yield (%)°
(mol %)
1 Pd(TFA)2 Ag2C03(2.0) DMF trace
2 Pd(TFA)2 Ag2C03(2.0) THF trace
3 Pd(TFA)2 Ag2CO3(2.0) ‘BuOH 32
4 Pd(TFA): Ag2C03(2.0) dioxane 55
5 Pd(TFA)2 Ag2C03(2.0) DME 58
6 PdCl2(PhCN): Ag2C03(2.0) DME trace
7 PdCl2(MeCN): Ag2C03(2.0) DME 41
8 Pd(OAcC)2 Ag2C0O3(2.0) DME 48
9 Pd(TFA)2 Ag20 (2.0) DME 20
10 Pd(TFA)2 AgOACc (2.0) DME 38
11 Pd(TFA)2 (NH4)2520¢ (2.0) DME 0
12° Pd(TFA)2 Ag2CO3(2.0) DME 60
13 Pd(TFA): Ag2C03(3.0) DME 64
144 Pd(TFA), Ag2CO3(3.0) DME 80
15 Pd(TFA)2 Ag2C03(3.0) DME 56
16¢ Pd(TFA): Ag2C03(3.0) dioxane 67

& Conditions: 1a (0.2 mmol), Pd source, oxidants, 2a (0.6 mmol), 2 mL of solvent, 120 °C,
24 h unless otherwise noted. ° Isolated yields. ¢ 48 h. 9 At 150 °C.

catalyze this reaction, Pd(TFA)2 is more effective (entries 7 and 8). A further survey of

oxidants showed that silver carbonate was the best choice. Due to our success in the

decarboxylation of a-oxocarboxylic acids with a persulfate salt®, replacement of Ag2CO3

with K2S20s, Na2S20s, or (NHa4)2S20s was also examined. However, the addition of these



persulfate salts led to the decarboxylation of both acids and no desired product was
obtained (entry 11). Further optimization of reaction conditions showed that although
increasing the reaction time had no apparent effect on this reaction, the yield was
significantly improved by increasing the amount of Ag2COs and raising the reaction
temperature (entries 12-14). It was also noted that the coupling product could be obtained
either with less Pd catalyst or when dioxane was used as the solvent, albeit in lower yields
(entries 15 and 16).

Pd(TFA), (10 mol%

)
_~_COH Q o 905 (30eq) rRZ
L, * »y SN
0,
H DME, 150 °C L
2.3

R
o]
2.1 2.2a
¢ MeO CO,H CO,H
COzH CO,H 2 2
o o 0 (o)
Bh b Ph Ph
2.3a, 80% 2.3b, 51% 2.3c, 70% 2.3d, 85%°
F CO,H Br CO,H Cl CO,H CO,H
Ph Ph Ph Ph
2.3e, 80% 2.3f, 63%¢ 2.39, 71% 2.3h, 75%%°
CO,H CO,H
2 2 CO,H CO,H
cl © FsC © o o
Ph Ph Ph Ph
2.3i, 58% 2.3j, 56%°*° 2.3k, 81%¢ 231, 74%

Scheme 2.2 Substrate Scope of Benzoic Acids*®. @ Conditions: 2.1 (0.2 mmol), Pd(TFA)2
(0.02 mmol), 2.2a (0.6 mmol), Ag2COs (0.6 mmol), 2 mL of DME, 150 °C, 24 h unless
otherwise noted. ° Isolated yields. ¢ 165 °C. 9 130 °C. ¢ 48 h.

With the optimized reaction conditions in hand, we then carried out the substrate

scope study of substituted benzoic acids. As shown in Scheme 2.2, this transformation is



compatible with electron-donating and electron-withdrawing groups substituting the
benzoic acids (2.3a-j), while substrates containing electron-donating groups provided
higher yields than their electron-withdrawing counterparts, with the exception of 2.3e. As
expected, halogens (F, Cl, and Br) were tolerated under the current reaction system,
allowing the further manipulation of the initial products. Furthermore, good yields were

also observed with disubstituted benzoic acids (2.3k,1).

CO,H o Pd(TFA), (10 mol%) CO,H
©,H + J\WOH AGzC03 (3.0 eq) ©,COR
R
o} DME, 150 °C
2.1b 2.2 2.3
Ox©H O<_OH
; o} F Br 0
2.3m, 70% 2.3n, 62%° 2.30, 63%¢ 2.3p, 61%
O~_OH
o} OH 0
o O ® O DUNeA®
OMe F
2.3q, 51% 2.3r, 74%°® 2.3s, 75%¢ 2.3t, 62%'
O._ OH
o 0 OHO
g, ; L, ; ‘ T 10

2.3u, 56% 2.3v, 55%¢ 2.3w, 80%°*° 2.3x, 82%°%°

Scheme 2.3 Substrate Scope of a-Oxocarboxylic Acids®. @ Conditions: 2.1b (0.2 mmol),
Pd(TFA)2 (0.02 mmol), 2.2 (0.6 mmol), Ag2COs (0.6 mmol), 2 mL of DME, 150 °C, 24 h
unless otherwise noted. ° Isolated yields. ¢ 165 °C. ¢ 130 °C.¢ 48 h. F Ag2COs (0.5 mmol).

Next, a substrate scope study for the a-oxocarboxylic acids was carried out. As
shown in Scheme 2.3, electron-rich groups (MeO and Me), and halogens (F, Cl, and Br)

are compatible with the current reaction conditions (2.3m-v). Unfortunately, strong



electron-withdrawing groups are not well tolerated in the current reaction system. As
observed in our previous studies,® there is not significant steric effect with these substrates
(2.3n,0). In contrast, there is a clear electronic effect. Furthermore, the sterically hindered
substrate 2,4,6-trimethylbenzoylformic acid also provided the desired product 2.3x in high
yield.

On the basis of the reports from Yu*?? and our laboratory®?!, a decarboxylative
cross-coupling reaction mechanism is proposed (Scheme 2.4). It is believed that this
transformation starts with the palladation of silver benzoate 2.A into the Pd(I1) intermediate
2.B, which then undergoes a transmetalation step with the acylsilver species 2.C formed
by the silver-mediated decarboxylation of 2.2, to generate the Pd(ll) intermediate 2.D.
Reductive elimination of 2.D provides the silver salt 2.E and Pd(0), which will be

reoxidized into Pd(Il) by Ag2COs. Protonation of intermediate 2.E provides the desired

product 2.3.
COzAg
H
R1
AgP Pd(ll)
2.A
Ad' palladation
2.3
AgO
T =0
Pd(0) Pd'"
R1
2.B
trans- o Ag(l) o
metalation JJ\ JJ\
R?" SAg R2 “CO,H
2.C CO, 2.2

2D

Scheme 2.4 Proposed Mechanism for Acylation
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To demonstrate the synthetic utility of this method, it was applied to the synthesis
of pitofenone (Scheme 2.5). Pd(Il)-catalyzed direct decarboxylative ortho acylation of
benzoic acid with (4-fluorobenzoyl)formic acid provided 2-(4-fluorobenzoyl)benzoic acid
(2.3t) in 62% vyield. Nucleophilic substitution of 2.3t by 1-(2-hydroxyethyl)piperidine,
followed by methylation, produced pitofenone in 91% yield over the two steps. It is
noteworthy that this route also allows the installation of extra substituents on the phenyl
rings, which facilitates the medicinal chemistry study of this compound.

Pd(TFA), (10 mol%) HO. _O
AgCO4 (2.5 eq) Q
ér /©)\’( DME, 150 °C, 20 h O O
2.2t 62% 2.3t "

e
Ho/\/N /O 0]

0
NaH, THF, reflux - rt;
then 2.3t, NaH, THF, rt O O O
2) SOCI,, MeOH, 0 °C - reflux O/\/N

91% over 2 steps

2.4 Pitofenone

Scheme 2.5 Synthesis of Pitofenone

2.3  Summary
In summary, an efficient decarboxylative cross-coupling reaction of benzoic acids

with a-oxocarboxylic acids has been developed via a palladium-catalyzed C-H bond

functionalization process. This transformation is the first example of direct ortho-acylation
of benzoic acids. The method provides an efficient access to 2-acylbenzoic acid derivatives.
Furthermore, the synthesis of pitofenone was also achieved by employing this

transformation as a key step. Compared with the two reported syntheses,i*’! this route
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provides a more efficient approach to access this compound. In addition, this route also
enables the systematic medicinal chemistry study of this compound, which could not be

easily achieved by the current methods.

2.4 Experimental

General Methods. All the solvents and commercially available reagents were
purchased from commercial sources and used directly. For TLC analysis, precoated plates
(w/h F254, Dynamic Adsorbents Inc, 0.25 mm thick) were used; for air-flashed column
chromatography, Flash Silica Gel (Dynamic Adsorbents Inc, 32-63 pm) was used. The H
and *C NMR spectra were obtained on a Bruker 500 MHz NMR Fourier transform
spectrometer. 'H NMR data was reported as: chemical shift (5 ppm), multiplicity, coupling
constant (Hz), and integration. 3C NMR data was reported in terms of chemical shift (&
ppm), multiplicity, and coupling constant (Hz). The infrared spectra were obtained using a
Thermo Nicolet IR 330 Spectrometer. High Resolution Mass (MS) analysis was obtained
using MAT-95 series GC-MS system with Electrospray lonization (ESI).

Preparation of Starting Materials:

Benzoic acids (2.1a-m) and a-oxocarboxylic acids (2.2a, 2.2n, 2.2q and 2.2r) were
purchased from Sigma-Aldrich, TCI, Alfa Aesar or Acros. Other a-oxocarboxylic acids
were prepared from oxidation of corresponding methyl ketones with SeO2 according to the

reported procedure.*
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CO,H CO.H CO,H CO,H CO,H
©/ ©/ MeO i /© F i Br’ i
21a 2.1b 21c 2.1d 2.1e 21f
CO,H CO,H CO,H CO.H CO,H
2 2 2 2 \521
cl CF3
2. 1g 2.1h 2.1i 2.1j 2.1k 211
Br O (@]
OH OH OH
0] (e} (6]
2c 2.2d 2.2e
O e} O
W /@)‘\”/OH /©)\’(0H /@)‘\’(OH
(@]
(0] (o) E
2. 2f 2.2g 2.2h 2.2i
0] (0] (0]
m OH OH OH
(0] (0] 0]
2.2k 2.21 2.2m

Scheme 2.6 Starting Materials for Acylation

General procedure for the decarboxylative acylation recations. A 20 mL oven-
dried pressure tube was charged with benzoic acid (2.1, 0.2 mmol), a-oxocarboxylic acid
(2.2, 0.6 mmol), Pd(TFA)2 (6.6 mg, 0.02 mmol), Ag2COs3 (0.5-0.6 mmol), and DME (2.0
mL). The tube was then sealed and stirred vigorously at 150-165 °C for 24-48 h. After
cooling to room temperature, the reaction mixture was diluted with EtOAc, filtered through

a pad of Celite, and the filtrate was then concentrated in vacuo. The residue was purified
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by flash chromatography on silica gel (gradient elution with 1% AcOH and 8 to 15%
EtOAc in hexanes, v/v) to yield the desired product 2.3.

2-Benzoyl-6-methylbenzoic acid (2.3a). White solid, yield: 80% (150 °C, 24 h,
known compound?). *H NMR (500 MHz, CDCls) &: 2.62 (s, 3H), 7.28-7.31 (m, 2H),
7.37-7.39 (m, 3H), 7.48 (t, J = 7.6 Hz, 1H), 7.60-7.61 (m, 2H); MS (ESI): m/z = 239.1,
[M - H"].

2-Benzoyl-6-chlorobenzoic acid (2.3b). White solid, yield: 51% (150 °C, 12 h,
known compound?). *H NMR (500 MHz, DMSO) &: 7.42-7.45 (m, 2H), 7.52-7.56 (m,
4H), 7.78-7.80 (m, 2H), 13.27 (br s, 1H); MS (ESI): m/z = 259.0, [M — H*].

2-Benzoyl-5-methoxybenzoic acid (2.3c). White solid, yield: 70% (150 °C, 24 h,
known compound?). *H NMR (500 MHz, CDCl3) §: 3.88 (s, 3H), 7.11 (dd, J = 2.6, 8.5
Hz, 1H), 7.33 (d, J = 8.5 Hz, 1H), 7.38 (t, J = 7.8 Hz, 2H), 7.48-7.52 (m, 2H), 7.69 (d, J =
8.5 Hz, 2H), 10.04 (br s, 1H); MS (ESI): m/z = 255.1 [M — H"].

2-Benzoyl-5-methylbenzoic acid (2.3d). White solid, yield: 85% (165 °C, 24 h,
known compound?). *H NMR (500 MHz, CDCls) &: 2.45 (s, 3H), 7.26 (d, J = 7.3 Hz,
1H), 7.38 (t, J = 7.8 Hz, 2H), 7.44 (dd, J = 0.7, 7.8 Hz, 1H), 7.51 (t, J = 7.4 Hz, 1H), 7.69
(dd, J = 0.7, 7.4 Hz, 2H), 7.85 (s, 1H), 11.02 (br s, 1H); MS (ESI): m/z = 239.1, [M -
H*.

2-Benzoyl-5-fluorobenzoic acid (2.3e). White solid, yield: 80% (150 °C, 24 h,
known compound®). *H NMR (500 MHz, CDCls3) &: 7.34-7.45 (m, 4H), 7.56 (t, J=7.4
Hz, 1H), 7.70 (d, J = 8.0 Hz, 2H), 7.75 (dd, J = 2.3, 8.9 Hz, 1H); MS (ESI): m/z = 243.3

[M - H*].



14

2-Benzoyl-5-bromobenzoic acid (2.3f). White solid, yield: 63% (130 °C, 24 h,
known compound®). *H NMR (500 MHz, CDCls) &: 7.26 (d, J = 8.0 Hz, 1H), 7.42 (t, J =
7.5 Hz, 2H), 7.56 (t, J = 7.5 Hz, 1H), 7.69-7.71 (m, 2H), 7.79 (dd, J = 2.0, 8.0 Hz, 1H),
8.21 (d, J = 2.0 Hz, 1H); MS (ESI): m/z = 303.0 [M — H'].

2-Benzoyl-5-chlorobenzoic acid (2.3g). White solid, yield: 71% (150 °C, 24 h,
known compound®). *H NMR (500 MHz, CDCl3) &: 7.32 (d, J=8.2 Hz, 1H), 7.41 (t, J =
7.8 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.63 (dd, J = 2.0, 8.2 Hz, 1H), 7.69 (d, J =7.3 Hz,
2H), 8.03 (d, J = 2.0 Hz, 1H), 10.03 (br s, 1H); MS (ESI): m/z = 259.0 [M - H'].

2-Benzoyl-4-methylbenzoic acid (2.3h). White solid, yield: 75% (150 °C, 48 h,
known compound?). *H NMR (500 MHz, DMSO) &: 2.41 (s, 3H), 7.22 (s, 1H), 7.45-7.51
(m, 3H), 7.60-7.63 (m, 3H), 7.90 (d, J = 8.0 Hz, 1H), 13.00 (br s, 1H); MS (ESI): m/z =
239.3 [M - H*].

2-Benzoyl-4-chlorobenzoic acid (2.3i). Pale yellow solid, yield: 58% (150 °C, 24
h, known compound’). *H NMR (500 MHz, CDCls) &: 7.34 (d, J = 2.0 Hz, 1H), 7.42 (t, J
= 7.5 Hz, 2H), 7.51-7.57 (m, 2H), 7.69 (d, J = 7.5 Hz, 2H), 8.01 (d, J = 8.4 Hz, 1H),
10.14 (br s, 1H); MS (ESI): m/z = 259.0 [M — H"].

2-Benzoyl-4-(trifluoromethyl)benzoic acid (2.3j). White solid, yield: 56%

(165 °C, 48 h, known compound?®). *H NMR (500 MHz, CDCls) &: 7.44 (t, J = 7.5 Hz,
2H), 7.58 (t, J = 7.5 Hz, 1H), 7.64 (s, 1H), 7.70 (d, J = 7.5 Hz, 2H), 7.83 (d, J = 8.0 Hz,
1H), 8.18 (d, J = 8.0 Hz, 1H); MS (ESI): m/z = 293.3 [M - H*].

2-Benzoyl-4,6-dimethylbenzoic acid (2.3k). White solid, yield: 81% (165 °C, 24

h, known compound®). *H NMR (500 MHz, CDCls) &: 2.37 (s, 3H), 2.60 (s, 3H), 7.08 (s,
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1H), 7.11 (s, 1H), 7.38-7.40 (m, 3H), 7.60-7.62 (m, 2H); MS (ESI): m/z = 253.2 [M -
H*].

2-Benzoyl-3,6-dimethylbenzoic acid (2.31). White solid, yield: 74% (150 °C, 24
h, known compound®?). *H NMR (500 MHz, CDCls) &: 2.12 (s, 3H), 2.40 (s, 3H), 7.29 (s,
1H), 7.39 (t, 3 = 7.8 Hz, 2H), 7.51 (t, J = 7.5 Hz, 1H), 7.68 (d, J = 7.5 Hz, 2H), 7.74 (s,
1H), 10.73 (br s, 1H); MS (ESI): m/z = 253.2 [M - H*].

2-(2-Methylbenzoyl)benzoic acid (2.3m). White solid, yield: 70% (150 °C, 24 h,
known compound*?). *H NMR (500 MHz, CDCls) §: 2.61 (s, 3H), 7.09 (d, J = 7.5 Hz,
1H), 7.15 (dd, J = 1.0, 7.7 Hz, 1H), 7.23-7.27 (m, 1H), 7.35 (dt, J = 1.4, 7.5 Hz, 1H), 7.43
(dd, J=0.9, 7.5 Hz, 1H), 7.55 (dt, J = 1.2, 7.6 Hz, 1H), 7.65 (dt, J = 1.2, 7.6 Hz, 1H),
8.10 (dd, J = 0.9, 7.8 Hz, 1H), 9.64 (br s, 1H); MS (ESI): m/z = 239.1 [M - H*].

2-(2-Fluorobenzoyl)benzoic acid (2.3n). White solid, yield: 62% (165°C, 24 h,
known compound®). *H NMR (500 MHz, CDCls) &: 7.02-7.06 (m, 1H), 7.21 (t, J=7.6
Hz, 1H), 7.38 (d, J = 7.6 Hz, 1H), 7.48-7.52 (m, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.65 (t, J =
7.6 Hz, 1H), 7.80 (dt, J = 1.7, 7.6 Hz, 1H), 8.05 (d, J = 7.8 Hz, 1H), 10.82 (br s, 1H); MS
(ESI): m/z =243.3 [M - H].

2-(2-Bromobenzoyl)benzoic acid (2.30). White solid, yield: 63% (130 °C, 24 h,
known compound®). *H NMR (500 MHz, CDCls3) §: 7.29-7.32 (m, 2H), 7.38-7.41 (m,
1H), 7.46 (dd, J = 1.0, 7.4 Hz, 1H), 7.57-7.67 (m, 3H), 7.99 (d, J = 7.4 Hz, 1H); MS
(ESI): m/z = 303.0 [M - H'].

2-(3-Methylbenzoyl)benzoic acid (2.3p). White solid, yield: 61% (150 °C, 24 h,

known compound®). *H NMR (500 MHz, CDCls) §: 2.35 (s, 3H), 7.27 (t, J = 7.7 Hz, 1H),
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7.33-7.35 (m, 2H), 7.45 (d, J = 7.7 Hz, 1H), 7.53-7.56 (m, 2H), 7.64 (dt, J = 1.2, 7.5 Hz,
1H), 8.06 (d, J = 7.7 Hz, 1H), 11.03 (br s, 1H); MS (ESI): m/z = 239.1 [M - H*].
2-(3-Chlorobenzoyl)benzoic acid (2.3q). Pale yellow solid, yield: 51% (150 °C,
24 h, known compound’). *H NMR (500 MHz, CDCls) &: 7.33-7.37 (m, 2H), 7.49-7.51
(m, 1H), 7.55 (d, J = 7.8 Hz, 1H), 7.59 (dt, J = 1.2, 7.8 Hz, 1H), 7.67-7.71 (m, 2H), 8.09
(d, J = 7.8 Hz, 1H); MS (ESI): m/z = 259.0 [M - H"].
2-(4-Methoxybenzoyl)benzoic acid (2.3r). White solid, yield: 74% (165 °C, 48
h, known compound*?). *H NMR (500 MHz, CDCls) &: 3.85 (s, 3H), 6.89 (d, J = 8.9 Hz,
2H), 7.36 (d, J = 7.5 Hz, 1H), 7.56 (dt, J = 1.1, 7.7 Hz, 1H), 7.65 (dt, J = 1.1, 7.5 Hz,
1H), 7.70-7.72 (m, 2H), 8.10 (d, J = 7.8 Hz, 1H); MS (ESI): m/z = 255.1 [M — H*].
2-(4-Methylbenzoyl)benzoic acid (2.3s). White solid, yield: 75% (165 °C, 24 h,
known compound?*?). *H NMR (500 MHz, CDClIs) &: 2.39 (s, 3H), 7.20 (d, J = 8.0 Hz,
2H), 7.34 (dd, J = 0.9, 7.5 Hz, 1H), 7.54 (dt, J = 1.2, 7.5 Hz, 1H), 7.59-7.65 (m, 3H), 8.06
(dd, J = 0.9, 7.8 Hz, 1H), 8.44 (br s, 1H); MS (ESI): m/z = 239.2 [M - H].
2-(4-Fluorobenzoyl)benzoic acid (2.3t). White solid, yield: 62% (150 °C, 24 h,
known compound®). *H NMR (500 MHz, CDCl3) &: 7.05 (t, J = 8.6 Hz, 2H), 7.34 (d, J =
7.2 Hz, 1H), 7.55 (dt, J = 1.0, 7.6 Hz, 1H), 7.64 (dt, J = 1.0, 7.6 Hz, 1H), 7.69-7.72 (m,
2H), 8.04 (d, J = 7.7 Hz, 1H), 11.47 (br s, 1H); MS (ESI): m/z = 243.2 [M - H*].
2-(4-Chlorobenzoyl)benzoic acid (2.3u). Pale yellow solid, yield: 56% (150 °C,
24 h, known compound*?). *H NMR (500 MHz, CDCls) §: 7.35-7.39 (m, 3H), 7.58 (dt, J
= 0.8, 7.7 Hz, 1H), 7.63-7.67 (m, 3H), 8.08 (d, J = 7.8 Hz, 1H), 9.85 (br s, 1H); MS

(ESI): m/z = 259.0 [M - H*].
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2-(4-Bromobenzoyl)benzoic acid (2.3v). White solid, yield: 55% (130 °C, 24 h,
known compound*®). *H NMR (500 MHz, CDCls) §: 7.36 (d, J = 7.5 Hz, 1H), 7.54-7.60
(m, 5H), 7.68 (t, J = 7.4 Hz, 1H), 8.09 (d, J = 7.8 Hz, 1H); MS (ESI): m/z = 303.0 [M +
H*].

2-(2,4-Dimethylbenzoyl)benzoic acid (2.3w). White solid, yield: 80% (165 °C,
48 h, known compound!*). *H NMR (500 MHz, CDCls) &: 2.33 (s, 3H), 2.60 (s, 3H), 6.89
(d, J = 7.9 Hz, 1H), 7.05- 7.08 (m, 2H), 7.40 (dd, J = 0.8, 7.5 Hz, 1H), 7.54 (dt, J = 1.2,
7.5 Hz, 1H), 7.63 (dt, J = 1.2, 7.5 Hz, 1H), 8.02 (dd, J = 0.9, 7.8 Hz, 1H), 8.70 (br s, 1H).
MS (ESI): m/z = 253.3 [M - H7].

2-(2,4,6-Trimethylbenzoyl)benzoic acid (2.3x). White solid, yield: 82%

(165 °C, 48 h, known compound*®). *H NMR (500 MHz, CDCls) &: 2.16 (s, 6H), 2.32 (s,
3H), 6.89 (s, 2H), 7.38 (d, J = 7.5 Hz, 1H), 7.46 (t, J = 1.2, 7.5 Hz, 1H), 7.59 (dt, J = 0.8,
7.5Hz, 1H), 7.83 (d, J = 7.5 Hz, 1H), 9.76 (br s, 1H); MS (ESI): m/z = 267.3 [M — H'].

Procedure for the synthesis of pitofenone. To a suspension of NaH (60%, 32 mg,
0.8 mmol) in dry THF was added 1-(2-hydroxyethyl)piperidine (85 pL, 0.6 mmol) at room
temperature. Then the mixture was refluxed for 30 min. After cooled to room temperature,
the mixture was slowly added a suspension of 3u (73mg, 0.3 mmol) and NaH (60%, 20mg,
0.5 mmol) in dry THF at room temperature. The resulting reaction mixture was stirred
overnight, and then quenched with MeOH. Next, 1M HCI was added to adjust the pH to 2,
and the solvent was removed under vacuo. The residue was dissolved with anhydrous
MeOH (3 mL), and cooled to 0 °C. To this solution was slowly added SOCI2 (280 uL) at
0 °C, and then warmed to room temperature. The reaction mixture was stirred at room

temperature for 2 h, and refluxed for another 2 h. After cooled to room temperature, the
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solvent was evaporated under vacuo, and the residue was dissolved with 1N NaOH, and
extracted with DCM (3 x 10 mL). The organic layer was combined and washed with water,
brine, and dried over anhydrous Na2SOa4. After removal of the solvent, the residue was
purified with flash chromatography (gradient eluent of 1% EtsN and 50% EtOAc in
hexanes, v/v) to give 100 mg of the desired compound pitofenone as a pale yellow oil.
Methyl 2-(4-(2-(piperidin-1-yl)ethoxy)benzoyl)benzoate (pitofenone, 2.4). Pale
yellow solid, yield: 91% (from 3u). *H NMR (500 MHz, CDCls) §: 1.42-1.46 (m, 2H),
1.57-1.61 (m, 4H), 2.49 (br s, 4H), 2.77 (t, J = 6.0 Hz, 2H), 3.63 (s, 3H), 4.14 (t, J = 6.0
Hz, 2H), 6.90 (d, J = 9.0 Hz, 2H), 7.37 (dd, J = 1.1, 7.5 Hz, 1H), 7.54 (dt, J = 1.3, 7.5 Hz,
1H), 7.61 (dt, J = 1.3, 7.5 Hz, 1H), 7.71 (d, J = 9.0 Hz, 2H), 8.04 (dd, J = 1.0, 7.5 Hz,
1H). 3C NMR (125 MHz, CDCls) §: 24.2, 26.0, 52.2, 55.1, 57.7, 66.3, 114.3,127.7,
129.1, 129.3, 130.1, 130.2, 131.6, 132.3, 142.1, 162.9, 166.5, 195.8. IR (neat) v 3067,
2934, 2852, 2786, 1916, 1726, 1666, 1560, 1576, 1508, 1281, 1255 cm™; Ms (ESI): m/z

=368.3[M + H'].
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CHAPTER 3. PALLADIUM-CATALYZED SITE-SELECTIVE FLUORINATION OF
UNACTIVATED SP® C-H BONDS

(Reproduced in part with permission from Miao, J.-M.; Yang, K.; Kurek, M.; Ge, H.-B.
“Palladium-Catalyzed Site-Selective Fluorination of Unactivated C(sp®)—H Bonds”, Org.
Lett. 2015, 17, 3738-3741. Copyright 2015 American Chemical Society)

3.1 Introduction

Fluorine substitution is of great interest in the fields of medicinal chemistry,
agricultural chemistry, and material science.! Fluorination affects nearly all physical and
chemical properties including stability, solubility, lipophilicity, conformation, and
bioavailability compared to the parent molecules.? It has been estimated that fluorine-
containing molecules account for about 25% of all pharmaceuticals and 30-40% of
agrochemicals, including three of the top five best-selling drugs in 2013.2 Furthermore, the
importance of fluorine in medical imaging technologies has also been demonstrated.*
Therefore, the discovery of selective incorporation methods for fluorine atoms into
biologically relevant organic molecules has been an active research area in organic
chemistry over the past 40 years.®

Transition metal-catalyzed C—H functionalization has been extensively studied in

the past decades due to the avoidance of the prefunctionalization step in this process
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compared to the classical approaches.® Within this reaction class, site-selective direct
fluorination of aromatic C—H bonds has been documented recently via a palladium or
copper catalysis.” Despite a challenging process, transition metal-catalyzed direct
fluorination of sp® carbons has also been established.2 Copper,® iron,’® manganese,!
palladium,*? silver,'® and vanadium®* have all been demonstrated as effective catalysts in
this process. However, current studies on unactivated sp® C—H bonds suffer from low to
moderate site-selectivity. In addition, fluorination on C—H bonds of the relatively reactive
benzylic or allylic sp® carbons is typically favored over that on unactivated sp® bonds,
which limits the potential applications of this approach. Inspired by the Pd-catalyzed
ligand-directed C—H functionalization of unactivated B-sp® carbons of amides,*® we have
investigated the direct site-selective fluorination of a-amino acid derivatives and aliphatic

amides via palladium catalysis with the assistance of a bidentate directing group.

3.2 Results and Discussion

Fluorinated amino acids have attracted considerable attention in the past decades
due to the importance of these compounds in medicinal chemistry research.® Current
synthetic methods of these molecules primarily rely on the nucleophilic substitution
reaction, which requires pre-installation of a functional group to the C—H bonds.'” In order
to provide a direct synthetic approach for fluorinating unactivated sp® carbons, we began
our investigation on palladium-catalyzed fluorination of amino acid derivatives with the
assistance of a bidentate ligand. Although 8-aminoquinoline has been widely used as a
directing group for transition metal-catalyzed C—H functionalization, electrophilic

aromatic substitution on this moiety could be a potential problem with an electrophilic
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fluorine reagent. Therefore, 2-(pyridin-2-yl)isopropyl amine!® was chosen as the directing
group for fluorination of the 2-aminobutyric acid derivative 3.1a (Scheme 1). Initial studies
showed that the desired B-fluorinated product 3.2a could be obtained with 1-chloromethyl-
4-fluoro-1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate)  (Selectfluor) as the
fluorinating reagent in dichloroethane (entry 1). To our delight, the reaction yield was
significantly improved with the addition of AgOAc or Ag2COs (entries 3 and 4). Next, an
extensive solvent screening was carried out, and the mixture of dichloroethane and
isobutyronitrile proved to be optimal, providing 3.2a in 38% yield (entry 11). Further
screening of the palladium catalysts showed that Pd(OAc)2 is optimal although several
other catalysts could also provide the desired product (entries 13-15). Interestingly, the
addition of Mn(OAc)2 or Fe(OAc)2 significantly improved the reaction yield, with 0.3
equivalents of Fe(OAc)2 giving the best result (entries 16-18). As we expected, this reaction
showed a high site-selectivity by favoring f-C—H bonds due to the preference of the
formation of a five-membered ring intermediate in the cyclopalladation step. Delightfully,
a high diastereoselectivity was also observed by favoring the anti diastereoisomer. It is
noteworthy that only low to moderate diastereoselectivities have been reported in previous
Pd-catalyzed sp®> C—H functionalization of linear aliphatic a-amino acids with relatively
small functional groups, such as Me!®?, OMe!"® and Oac'®. It should be mentioned that
under the optimized conditions, 2-(1,3-dioxoisoindolin-2-yl)-N-(quinolin-8-yl)butanamide
with 8-aminoquinoline as the bidentate directing group failed to provide the corresponding

B—fluorinated product.
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Table 3.1 Optimization of Reaction Conditions for Fluorination?

f cat. Pd, F source (2.5 equiv) E o
N | addiive Mﬁ%
NPhth solvent, 150 °C, air NPhth' N
3.1a 3.2a
Entry ~Pd Source Additive (equiv) Solvents (mL) Yield (%)°
(20 mol %)
1 Pd(OAC)2 - DCE (3.0) trace
2 Pd(OAC)2 AgNOs (2.0) DCE (3.0) trace
3 Pd(OAc): AgOAC (2.0) DCE (3.0) 21
4 Pd(OAC): Ag2CO3 (2.0) DCE (3.0) 25
5  Pd(OAC): Na>COs (2.0) DCE (3.0) -
6  Pd(OAC): K2COs (2.0) DCE (3.0) -
7 Pd(OAC): Ag2C03 (2.0) MeCN (3.0) -
8  Pd(OAC): Ag2C03 (2.0) DME (3.0) 18
9 Pd(OAcC)2 Ag2CO3(2.0) chloroform (3.0) 5
10  Pd(OAc): Ag2CO3 (2.0) DCE (3.0)/MeCN (0.3) 31
11 Pd(OAc): Ag2C03 (2.0) DCE (3.0)/PrCN (0.3) 38
12 Pd(OAc): Ag2CO3 (2.0) DCE (3.0)/'BUCN (0.3) 33
13 Pd(TFA): Ag2CO3 (2.0) DCE (3.0)/PrCN (0.3) 29
14 Pd(acac)2 Ag2C03(2.0) DCE (3.0)/'PrCN (0.3) 12
15 PACI2 Ag2C03 (2.0) DCE (3.0)/PrCN (0.3) 6
16 Pd(OAc) ,\AAr?(Zggg)(f('f_)é) DCE (30)/PICN (0.3) 44
17 Pd(OAc): é%g%;ﬁlog) DCE (3.0)/PrCN (03) 56
18 Pd(OAC) FAG%ZOC/SSZ(%OO%’) DCE (3.0)/PrCN (0.3)  80(76)
0 . oo -
20 Pd(OAc): Fe(OAcC)2(0.3) DMF 27

& Reaction conditions: 3.1a (0.30 mmol), Pd source (10 mol %), F source (2.5 equiv),
Ag2COs (2.0 equiv), additive, solvent, 150 °C, air, 14 h. ® Yields are based on 3.1a,
determined by *H NMR.  Isolated yield, dr = 7:1. Selectfluor=1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate).
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o (PIP) Pd(OAc),(10 mol %) F O
Selectfluor (2.5 equiv) R _PIP
R’ N = | R’ N
NPhthH NI Fe(OAp)Z (0.3 eq.), AgoCO5 (2.0 eq.) NPhthH
'PrCN, DCE, 150 °C, air
3.1 3.2
F O F F F
_PIP - _PIP - _PIP Ph -~ _PIP
NPhth NPhth NPhth NPhth
Abu, 3.2a, 76% Nva, 3.2b, 73% 3.2¢, 70% Homophe, 3.2d, 76%°
dr=7:1 dr=28:1 dr=9:1 dr > 19:1
F o £ 9 F o £ 9
PhthNNN,PIP G‘\‘\J\N/PIP ©/\‘)LN,P|P WN,PIP
3 H H H H
N. NPhth
NPhth Cbz NPhth F
Lys, 3.2e, 65%° 3.2f, 82% Phe, 3.2g, 85%° FPhe, 3.2h, 65%
dr > 19:1 dr>19:1 dr > 19:1 dr>19:1
F O F O E O F o)
o _PIP - _PIP ' _PIP :
/@/\‘)‘\H M” W” N,PIP
NPhth NPhth NPhth H
Cl Br O,N NPhth
ClPhe, 3.2i, 72% BrPhe, 3.2j, 73% NO,Phe, 3.2k, 61% Naphthylala, 3.21, 53%
dr>19:1 dr>19:1 dr>19:1 dr>19:1

Scheme 3.1 Scope of Amino Acid Derivatives*®. 2 Reaction conditions: 3.1 (0.30 mmol),
Pd(OAC)2 (10 mol %), Selectfluor (2.5 equiv), Ag2COs (2.0 equiv), Fe(OAc)2 (0.3 equiv),
'PrCN (300 pL), 3.0 mL DCE, 150 °C, air, 14 h. ° Isolated yields. ¢ 0.25 equiv of Fe(OAC)z.
d Without Fe(OAC)2. PIP = 2-(pyridin-2-yl)isopropyl.

With optimized conditions in hand, the scope of amino acids was studied (Scheme
3.1). As expected, good yields were obtained with linear aliphatic amino acid derivatives
with high diastereoselectivities (3.2a-e). In addition, the cyclic amino acid derivative 3.1f
was an effective substrate, affording the desired product 3.2f in 82% yield. Moreover, a
predominant preference of functionalizing B-C—H bonds over the relatively reactive
benzylic y-C—H bonds was also observed (3.2d), distinguishing this process from the
current direct fluorination methods which favor the benzylic C—H bonds. Furthermore,

phenylalanine and naphthylalanine derivatives were also effective substrates, providing the
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corresponding B-fluorinated amino acid derivatives in good vyields with excellent
diastereoselectivities (3.2g-1).
Additionally, the structure and absolute configuration of the phenylalanine

derivative L-3.2g (CCDC no. 1052086) were confirmed with X-ray analysis (Figure 3.1).

Phe, L-3.2g

Figure 3.1 X-Ray crystal structure of L-3.2¢g

Next, substrate scope study of non-amino acid aliphatic amides was carried out. As
shown in Scheme 3.2, both linear and o-branched aliphatic amides afforded the desired
products in good vyields under modified reaction conditions (3.4a-1). Similarly,
functionalization of B-C—H bonds was favored over the relatively reactive benzylic y- or
0-C—H bonds (3.4d and 3.4e). As expected, high diastereoselectivity was also observed
with a-branched aliphatic amides (3.4g-1). Furthermore, it was found that the current
process favored functionalization of f-C—H bonds of the sp® carbons over y-C—H bonds of
the sp? carbons, indicating that formation of a five-membered ring intermediate is preferred

to the six-membered ring intermediate in the cyclopalladation step (3.4k and 3.41).
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H O Pd(OAC),(10 mol %)
R1J\)kN/p|P Selectfluor (2.5 equiv) \)k
> H Fe(OAc), (0.75 equiv), Ag,CO3 (2.0 equiv)
R MeCN, DCE, 150 °C, air
3.3 3 4
F O F O £ 0 F O
_PIP _PIP -PIP ph _PIP
/l\)J\N WJ\N O/'\)J\N \/l\)J\N
H 10 H H H
3.4a,81% 3.4b, 80% 3.4c, 75% 3.4d, 91%
F O F O F O F Q
' _PIP ' _PIP
2 H H ipr H ipr H
3.4e, 71%° 3.4f, 72%¢ 3.49, 73% 3.4h, 54%°
dr>19:1 dr > 19:1
F O F O F O FE O
_PIP - _PIP ' _PIP - _PIP
Et N Ph N N N
H H H H
3.4i,71% 3.4j, 60%° 3.4k, 74%' 3.41,72%
dr>19:1 dr>19:1 dr =51 dr>19:1

Scheme 3.2 Scope of Aliphatic Amides*®. # Reaction conditions: 3.3 (0.30 mmol),
Pd(OAC)2 (10 mol %), Selectfluor (2.5 equiv), Ag2COs (2.0 equiv), Fe(OAC)2 (0.75 equiv),
MeCN (400 pL), 3.0 mL DCE, 150 °C, air, 14 h. ® Isolated yields. ¢ 3.0 equiv Selectfluor.
40.2 equiv Fe(OAC)2. ¢ No Fe(OAcC)2. F 0.5 equiv Fe(OAC)2. PIP = 2-(pyridin-2-yl)isopropyl.

To further demonstrate the synthetic utility of this fluorination method, removal of

the protecting and the directing group PIP was carried out, and the corresponding products

were obtained in good yields (Scheme 3.3).

F O F O
” MeOH H
NPhth 65 °C NH

3.2g .
91% yield
1) Ac,O/AcOH
NaNO,, -15 °C
2) LiOH, 30% H,O
NPhth 3; N82803 e NPhth
3.2g 3.6

65% overall yield

Scheme 3.3 Removal of Protecting Group and Directing Group
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In addition, no apparent epimerization of the a-chiral center was observed during
the fluorination of the D-2-(1,3-dioxoisoindolin-2-yl)-3-phenyl-N-(2-(pyridin-2-

yl)propan-2-yl)propanamide (D-1g) (Scheme 3.4).

H (0] Pd(OACc),(10 mol %) F (0]
_PIp  Selectfluor (2.5 equiv) _PIP
- N > - N
NPhthH _AngO3 (2.0 equiv) NPhthH
'PrCN, DCE, 150 °C
D-3.1g D-3.2g
98% ee 98% ee

Scheme 3.4 Synthesis of D-3.2¢g

On the basis of the above obtained results and the previous reports,”*?*2 a plausible
reaction mechanism is proposed (Scheme 3.5). Coordination of amide 3.1 or 3.3 to a
palladium species followed by a base-promoted ligand exchange process in the presence
of MeCN or 'PrCN produces the palladium complex 3.A. Subsequently, cyclometalation
of the palladium complex 3.A occurs to generate the intermediate 3.B via a C—H bond
activation process. Oxidative addition of the intermediate 3.B with Selectfluor provides the
palladium (1V) species 3.C, which then gives rise to the final product 3.2 or 3.4 via
reductive elimination followed by ligand dissociation.?* Although the exact role of Ag2COs
in the reaction is not clear, it is believed that this species participates in the ligand exchange
and subsequent C—H bond cleavage steps by acting as a base, and also possibly promotes
the oxidative addition of Selectfluor to the intermediate 3.B. On the other hand, the role of
Fe(OAC): in the reaction could be the promotion of releasing the Pd(ll) species from the

intermediate 3.D.
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3.20r3.4 3.10r3.3

Fe(OAc), \Q«
F o H O
1
R%'}‘m R1J\‘)k,}l /l
R® Pd-"Ny R?2  Pdi--N

L L 7
RCN
3|D 3'A
base
(0]
(0]
N
2,. —
R? L\’}l — R% ||3d||N
PIN A/
HIF L\ 7 ‘\—{ R .
3.C fCl '

A o
o7 7o
F/

Selectfluor

Scheme 3.5 Proposed Catalytic Cycle for p—Fluorination

3.3  Summary

In summary, the palladium-catalyzed, ligand-directed, highly site-selective
fluorination of amino acid derivatives and aliphatic amides was developed via an sp® C—H
bond functionalization process. This reaction featues good diastereoselectivity and
functional group compatibility. Additionally, a great preference for functionalizing the
C—H bonds of B-sp® carbons over those of relatively reactive y-sp? or benzylic sp® carbons
was observed. As mentioned earlier, current methods for the direct fluorination of
unactivated sp?® carbons suffer from poor site-selectivity, incompatibility with benzylic
carbons, and low diastereoselectivity in many cases. Therefore, this reported process

provides a complementary and advantageous approach to access fluorine-containing
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organic molecules. The detailed mechanistic study of this transformation is currently

underway in our laboratory.

3.4 Experimental

0
/\)J\ \/\)J\ _PIP
N
NPhtH! NPhtH!
3.1a 3.1b
0
PhthNN C‘*N/PIP
H
* NPht! N cpy
3.4
0
N
H
NPhtH" NPhtf
34 3.4
0
/\)L \M/\)J\ _PIP
N
10 H
3.3b
0
PIP _PIP
N o
H
3.3e 3.3f
0
_PIP
Ph N
H
3.3]

Scheme 3.6 Starting Materials for Fluorination
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General Methods. All solvents and commercially available reagents were

purchased from commercial sources and used directly. Thin layer chromatography (TLC)

was performed on EMD precoated plates (silica gel 60 F254, Art 5715) and visualized by

fluorescence quenching under UV light. Column chromatography was performed on EMD
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Silica Gel 60 (200-300 Mesh) using a forced flow of 0.5—1.0 bar. *H and 3C NMR spectra
were obtained on a Bruker 500 MHz NMR Fourier transform spectrometer (500 MHz and
125 MHz, respectively) or a Bruker AVANCE 111-400 spectrometer (400 MHz and 100
MHz, respectively) using tetramethylsilane as an internal reference, and chemical shifts (3)
and coupling constants (J) were expressed in ppm and Hz, respectively. Infrared spectra
were obtained using a Thermo Nicolet IR 330 spectrometer or a Nicolet 6700
spectrophotometer and reported as wave number (cm™). Mass (MS) analysis was obtained
using Agilent 1100 series LC/MSD system with Electrospray lonization (ESI). Mass
(HRMS) analysis was obtained using Agilent 6200 Accurate-Mass TOF LC/MS system
with Electrospray lonization (ESI).

Preparation of Starting Materials (Scheme 3.6):

Starting materials 3.1g%, 3.3a, 3.3d, and 3.3f%® were prepared according to
literature procedures. 2-(Pyridin-2-yl)isopropylamine was prepared according to literature
procedures.?*

General procedure for protection of amino acids (3.1a-3.1e and 3.1h-3.11):

In a round-bottom flask fitted with Dean-Stark apparatus and a reflux condenser, phthalic
acid anhydride (1.48 g, 10 mmol) and appropriate amino acids (10 mmol, or 20 mmol for
lysine) were refluxed in toluene in the presence of 0.1 mL triethylamine overnight. The
organic solvents were removed under reduced pressure to get a sticky oily mass. Water was
added to this oily mass and the mixture was acidified with hydrochloric acid, and stirred
for 30 min to get a white solid. This product was filtered off, washed with water, and dried

in vacuo to give a target N-phthaloyl amino acid.®
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General procedure for synthesis of substrates 3.3g, h, i, j, and I: A solution of
LDA (10 mmol) in THF was prepared from diisopropylamine (1.5 mL, 10.7 mmol) and
2.5 M n-BuLi in hexane (4.0 mL, 10 mmol) at -78 °C. To this LDA solution, the
corresponding carboxylate ethyl ester (10 mmol) was added dropwise at -78 °C, and the
mixture was stirred at this temperature for 1 h. Alkyl halide (15 mmol) was then added
dropwise to the solution at -78 °C. After the addition, the mixture was warmed to room
temperature and stirred overnight. Then the mixture was quenched with water at 0 °C,
and extracted with Et20 (15 mL x 3). The combined organic layer was washed with
brine, dried over MgSOQ4, and evaporated in vacuo to give the crude esters.?

To the ester was added a solution of NaOH (2 M, 8.0 mL) and methanol (10 mL).
The mixture was stirred overnight at 60 °C. After removal of methanol in vacuo, the pH of
the mixture was adjusted to 2 with 3.0 M HCI. The mixture was then saturated with NaCl
and extracted with Et2O (15 mL x 3). The combined organic layer was washed with brine,
dried over MgSQs4, and evaporated in vacuo to give the crude carboxylic acid, which was
used directly for the coupling with 2-(pyridin-2-yl)isopropylamine without further
purification.?

General Procedure for amide synthesis:
Acyl chlorides were prepared by following a reported procedure.?” Carboxylic acid (12
mmol), thionyl chloride (4.4 mL, 60 mmol) and 3 drops of DMF were reacted in toluene
(20 mL) at 80 °C in a 100 ml round-bottom flask equipped with a condenser and a stir bar
for 4-5 h. After the reaction, toluene and the excess of thionyl chloride were removed by
vacuum distillation. The crude residual acyl chloride was dissolved in anhydrous CH2Cl2

for the next reaction.
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2-(Pyridin-2-yl)isopropylamine (10 mmol) and 2,6-lutidine were dissolved in
anhydrous CH2Cl2 (25 mL) in a 100 ml round-bottom flask followed by dropwise addition
of acyl chloride solution in CH2Cl2 through cannula. The reaction mixture was stirred
overnight. The reaction was diluted with CH2Cl2 (25 mL), washed by aqueous 1.0 M HCI
(20 mL), saturated NaHCOs3 aqueous solution (20 mL), brine (30 mL), and dried over
Na2SO4. The organic solvent was removed by evaporation. Purification by column
chromatography afforded pure amides.

2-(1,3-Dioxoisoindolin-2-yl)-N-(2-(pyridin-2-yl)propan-2-yl)butanamide
(3.1a). White solid, overall yield from 2-aminobutyric acid: 2.10 g, 72%. *H NMR (500
MHz, CDCl3)  8.61 (br s, 1H), 8.25 (d, J = 4.5 Hz, 1H), 7.90-7.86 (m, 2H), 7.77-7.73 (m,
2H), 7.72-7.67 (m, 1H), 7.40 (d, J = 8.0 Hz, 1H), 7.16-7.11 (m, 1H), 4.81 (dd, J = 11.0,
5.5 Hz, 1H), 2.48-2.28 (m, 2H), 1.76 (s, 3H), 1.75 (s, 3H), 0.99 (t, J = 7.5 Hz, 3H). *C
NMR (125 MHz, CDCls) 6168.17, 167.37,164.13, 147.25, 137.22, 134.12, 131.85, 123.37,
121.86, 119.39, 56.60, 56.55, 27.36, 27.24, 22.00, 11.21. IR (neat) v (cm™) 3326, 3058,
2975, 2934, 1774, 1715, 1593, 1514, 1470, 1432, 1384, 1093, 897, 787, 720. HRMS (ESI,
m/z): calcd. for C20H22N303 (M+H)™: 352.1661, found: 352.1655.

2-(1,3-Dioxoisoindolin-2-yl)-N-(2-(pyridin-2-yl)propan-2-yl)pentanamide
(3.1b). White solid, overall yield from norvaline: 2.16 g, 71%. *H NMR (500 MHz, CDCls)
§ 8.55 (br s, 1H), 8.23 (dd, J = 5.0, 1.0 Hz, 1H), 7.90-7.85 (m, 2H), 7.76-7.65 (m, 3H),
7.37 (d, J = 8.0 Hz, 1H), 7.15-7.09 (m, 1H), 4.88 (dd, J = 11.5, 5.0 Hz, 1H), 2.48-2.38 (m,
1H), 2.22-2.14 (m, 1H), 1.74 (s, 3H), 1.74 (s, 3H), 1.43-1.32 (m, 2H), 0.98 (t, J = 7.5 Hz,
3H). 3C NMR (125 MHz, CDCls) ¢ 168.21, 167.55, 164.21, 147.27, 137.22, 134.05,

131.94, 123.43, 121.85, 119.42, 56.57, 54.76, 30.61, 27.37, 27.25, 19.92, 13.51. IR (neat)
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© (cm™) 3327, 2964, 2933, 3873, 1774, 1714, 1678, 1513, 1469, 1383, 787, 720. HRMS
(ESI, m/z): calcd. for Ca1H24N30s (M+H)*: 366.1818, found: 366.1825.
2-(1,3-Dioxoisoindolin-2-yl)-N-(2-(pyridin-2-yl)propan-2-yl)octanamide (3.1c).
White solid, overall yield from 2-aminooctanoic acid: 2.32 g, 68%. *H NMR (500 MHz,
CDCls) 6 8,57 (br s, 1H), 8.24-8.21 (m, 1H), 7.91-7.85 (m, 2H), 7.77-7.73 (m, 2H), 7.71-
7.67 (m, 1H), 7.38 (d, J = 8.0 Hz, 1H), 7.14-7.10 (m, 1H), 5.72-5.56 (m, 1H), 4.87 (dd, J
=11.0, 5.0 Hz, 1H), 2.47-2.38 (m, 1H), 2.28-2.20 (m, 1H), 1.75 (s, 3H), 1.74 (s, 3H), 1.44-
1.20 (m, 7H), 0.85 (t, J = 7.0 Hz, 3H). *C NMR (125 MHz, CDCls) & 168.18, 167.55,
164.21,147.26,137.21,134.07,131.94, 123.42, 121.84, 119.41, 56.57, 55.11, 31.58, 28.69,
28.63, 27.37, 27.25, 26.66, 22.52, 14.01. IR (neat) © (cmt) 3328, 3057, 2956, 2928, 2857,
1775, 1715, 1681, 1514, 1432, 1382, 1085, 997, 787, 720. HRMS (ESI, m/z): calcd. for
C24H30N303 (M+H)*: 408.2287, found: 408.2273.
2-(1,3-Dioxoisoindolin-2-yl)-4-phenyl-N-(2-(pyridin-2-yl)propan-2-
yl)butanamide (3.1d). White solid, overall yield from homophenylalanine: 2.50 g, 70%.
IH NMR (500 MHz, CDCls) & 8.58 (br s, 1H), 8.17-8.14 (m, 1H), 7.85-7.81 (m, 2H), 7.73-
7.68 (m, 2H), 7.67-7.62 (m, 1H), 7.35 (d, J = 8.0 Hz, 1H), 7.20-7.16 (m, 4H), 7.10-7.04
(m, 2H), 4.91 (dd, J = 11.0, 4.5 Hz, 1H), 2.87-2.57 (m, 4H), 1.72 (s, 6H). 3C NMR (125
MHz, CDCls) ¢ 168.05, 167.19, 164.00, 147.16, 140.44, 137.20, 134.04, 131.80, 128.37,
128.31, 125.93, 123.31, 121.81, 119.33, 56.51, 54.81, 33.07, 29.92, 27.29, 27.20. IR (neat)
v (cm™) 3324, 3060, 2979, 2931, 1775, 1715, 1594, 1514, 1470, 1452, 1432, 1381, 1266,
997, 876, 787, 769, 719, 700. HRMS (ESI, m/z): calcd. for C26H26N303 (M+H)*: 428.1974,

found: 428.1964.
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2,6-Bis(1,3-dioxoisoindolin-2-yl)-N-(2-(pyridin-2-yl)propan-2-yl)hexanamide
(3.1e). White solid, overall yield from lysine: 2.84 g, 65%. *H NMR (500 MHz, CDCl3) &
8.55 (br s, 1H), 8.23-8.20 (m, 1H), 7.87-7.83 (m, 2H), 7.80-7.65 (m, 7H), 7.36 (d, J = 8.5
Hz, 1H), 7.14-7.09 (m, 1H), 4.84 (dd, J = 11.0, 5.0 Hz, 1H), 3.67 (t, J = 7.5 Hz, 2H), 2.50-
2.40 (m, 1H), 2.35-2.26 (m, 1H), 1.86-1.66 (m, 8H), 1.47-1.35 (m, 2H). 3C NMR (125
MHz, CDCls) ¢ 168.30, 168.12, 167.16, 164.12, 147.27, 137.19, 134.06, 133.84, 132.09,
131.90, 123.46, 123.16, 121.84, 119.38, 56.57, 54.75, 37.61, 28.21, 28.02, 27.35, 27.22,
24.05. IR (neat) d (cm™) 3327, 3058, 2977, 2937, 1773, 1713, 1570, 1468, 1382, 1036, 890,
788, 720. HRMS (ESI, m/z): calcd. for CaoH2sN4Os (M+H)*: 525.2138, found: 525.2145.

Benzyl 2-((2-(pyridin-2-yl)propan-2-yl)carbamoyl)piperidine-1-carboxylate
(3.1f). Colorless oil, yield from Cbz-2-piperidinecarboxylic acid: 2.42 g, 76%. *H NMR
(500 MHz, CDCl3) § 8.47-8.28 (m, 2H), 7.71-7.64 (m, 1H), 7.45-7.10 (m, 7H), 5.34-5.05
(m, 2H), 4.94-4.76 (m, 1H), 4.31-4.11 (m, 1H), 3.13-2.96 (m, 1H), 2.40-2.32 (m, 1H), 1.77-
1.35 (m, 11H). 3C NMR (125 MHz, CDCls) 6 169.43, 164.43, 156.36, 155.66, 147.65,
137.02, 136.73, 128.44, 127.94, 127.70, 121.77, 119.27, 67.35, 56.39, 56.04, 55.49, 42.19,
41.96, 27.51, 27.29, 26.12, 25.85, 25.07, 20.48. IR (neat) © (cm™) 3332, 3061, 2939, 2861,
1699, 1592, 1506, 1472, 1418, 1357, 1257, 1199, 1044, 829, 843, 766, 735, 698. HRMS
(ESI, m/z): calcd. for C22H28N30s (M+H)*: 382.2123, found: 382.2128.

2-(1,3-Dioxoisoindolin-2-yl)-3-(4-fluorophenyl)-N-(2-(pyridin-2-yl)propan-2-
yl)propanamide (3.1h). White solid, overall yield from 4-fluoro-phenylalanine: 2.37 g,
66%. 'H NMR (400 MHz, CDCl3) §8.64 (s, 1H), 8.10 (d, J = 4.4 Hz, 1H), 7.83-7.81(m,
2H), 7.73-7.67 (m, 3H), 7.37 (d, J = 8.0 Hz, 1H), 7.20-7.17 (m, 2H), 7.13-7.08 (m, 1H),

6.88 (t, J = 8.4 Hz, 2H), 5.16 (dd, J = 10.4, 6.0 Hz, 1H), 3.69-3.63 (M, 2H), 1.76 (s, 6H).13C
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NMR (100 MHz, CDCls) ¢ 167.88, 166.65, 163.88, 161.66 (d, J = 243.0 Hz), 146.99,
137.45, 134.12, 133.04 (d, J = 3.0 Hz), 131.59, 130.42 (d, J = 8.0 Hz), 123.44, 121.94,
119.48, 115.40 (d, J = 22.0 Hz), 56.56, 55.99, 33.79, 27.30, 27.22. *F NMR (376 MHz,
CDCls) -111.02 (d, J = 4.9 Hz), -162.8. IR (KBr) b (cm™) 3320, 3059, 2980, 2934, 1776,
1716, 1680, 1510, 1471, 1382, 1223, 1108, 788, 721. HRMS (ESI, m/z): calcd. for
CasH22FN3NaOsz (M+Na)™: 454.1543, found: 454.1537.
3-(4-Chlorophenyl)-2-(1,3-dioxoisoindolin-2-yl)-N-(2-(pyridin-2-yl)propan-2-
yl)propanamide (3.1i). White solid?3, overall yield from 4-chloro-phenylalanine: 2.50 g,
67%. 'H NMR (500 MHz, CDCls) 6 8.61 (br s, 1H), 8.09-8.05 (m, 1H), 7.82-7.78 (m, 2H),
7.73-7.65 (m, 3H), 7.35 (d, J = 10.0 Hz, 1H), 7.18-7.13 (m, 4H), 7.11-7.07 (m, 1H), 5.15
(dd, J = 10.5, 6.5 Hz, 1H), 3.68-3.58 (m, 2H), 1.75 (s, 3H), 1.74 (s, 3H). 1*C NMR (125
MHz, CDCls) ¢ 167.88, 166.50, 163.95, 147.11, 137.28, 135.93, 134.13, 132.53, 131.62,
130.29, 128.72, 123.48, 121.89, 119.38, 56.6, 55.81, 33.97, 27.26, 27.24. IR (neat) v (cm"
1Y3317, 2978, 2930, 1776, 1714, 1679, 1512, 1492, 1469, 1381, 1092, 1015, 961, 875, 786,
720. Ms (ESI): m/z = 448.1 [M+H]".
3-(4-Bromophenyl)-2-(1,3-dioxoisoindolin-2-yl)-N-(2-(pyridin-2-yl)propan-2-
ylpropanamide (3.1j). White solid, overall yield from 4-bromo-phenylalanine: 2.80 g,
68%. 'H NMR (400 MHz, CDCl3) ¢ 8.60 (s, 1H), 8.16 (d, J = 3.2 Hz, 1H), 7.84-7.72 (m,
5H), 7.43 (d, J = 7.6 Hz, 1H), 7.33 (d, J = 8.4 Hz, 2H), 7.21-7.18 (m, 1H), 7.12 (d, J = 8.4
Hz, 2H), 5.17 (dd, J = 10.0, 6.8 Hz, 1H), 3.71-3.60 (m, 2H), 1.76 (s, 6H). 13C NMR (100
MHz, CDCls) ¢ 167.87, 166.63, 163.70, 146.70, 137.86, 136.40, 134.14, 131.65, 131.59,
130.68, 123.49, 122.08, 120.64, 119.68, 56.49, 55.66, 34.02, 27.31, 27.19. °F NMR (376

MHz, CDCls) 164.6. IR (KBr) © (cm™) 3321, 3029, 2980, 2933, 1776, 1716, 1681, 1513,
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1382, 1112, 1012, 876, 786, 721, 530. HRMS (ESI, m/z): calcd. for C2sH22BrNsNaOs
(M+Na)*: 514.0742, found: 514.0717.

2-(1,3-Dioxoisoindolin-2-yl)-3-(4-nitrophenyl)-N-(2-(pyridin-2-yl)propan-2-
yl)propanamide (3.1k). Pink solid, overall yield from 4-nitro-phenylalanine: 2.22 g, 58%.
IH NMR (400 MHz, CDCls) & 8.67 (s, 1H), 8.10-8.07 (m, 3H), 7.84-7.70 (m, 5H), 7.46-
7.42 (m, 3H), 7.22-7.19 (m, 1H), 5.25 (dd, J = 11.2, 6.0 Hz, 1H), 3.87-3.75 (m, 2H), 1.80
(s, 6H). *C NMR (100 MHz, CDCls) & 167.73, 166.08, 163.61, 146.83, 146.78, 145.51,
137.71,134.38, 131.38, 129.86, 123.75, 123.58, 122.08, 119.56, 56.51, 55.23, 34.41, 27.21,
27.19. F NMR (376 MHz, CDCl3) 168.7. IR (KBr) © (cm™) 3317, 3059, 2981, 2934, 1776,
1715, 1597, 1519, 1346, 1111, 1087, 886, 787, 721, 557. HRMS (ESI, m/z): calcd. for
C2sH22NsNaOs (M+Na)™: 481.1488, found: 481.1461.

2-(1,3-Dioxoisoindolin-2-yl)-3-(naphthalen-2-yl)-N-(2-(pyridin-2-yl)propan-2-
yl)propanamide (3.1l). White solid, overall yield from 2-naphthylalanine: 2.12 g, 55%.
IH NMR (400 MHz, CDCl3) §8.65 (s, 1H), 8.02 (d, J = 2.8 Hz, 1H), 7.82-7.63 (m, 9H),
7.45-7.35 (m, 4H), 7.09-7.04 (m, 1H), 5.38 (dd, J = 9.2, 7.2 Hz, 1H), 3.90-3.84 (m, 2H),
1.79 (s, 6H). *C NMR (100 MHz, CDCIs) ¢ 168.02, 166.89, 163.83, 146.98, 137.45,
134.92, 134.03, 133.48, 132.34, 131.65, 128.36, 127.77, 127.60, 127.57, 126.97, 125.96,
125.54, 123.38, 121.93, 119.46, 56.65, 55.91, 34.92, 27.36, 27.31. °F NMR (376 MHz,
CDCls3) 162.6. IR (KBr) © (cm™) 3320, 3055, 2979, 2932, 1775, 1715, 1676, 1510, 1382,
1099, 874, 788, 720, 479. HRMS (ESI, m/z): calcd. for C290H2sN3NaO3z (M+Na)*: 486.1794,
found: 486.1784.

N-(2-(Pyridin-2-yl)propan-2-yl)butyramide (3.3a). Colorless oil?, yield from

butyric acid: 1.75 g, 85%. *H NMR (500 MHz, CDClIs) ¢ 8.53-8.49 (m, 1H), 7.73-7.67 (m,
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2H), 7.41 (d, J = 8.0 Hz, 1H), 7.21-7.17 (m, 1H), 2.24 (t, J = 7.5 Hz, 2 H), 1.76 (s, 6H),
1.74-1.65 (m, 2H), 0.97 (t, J = 7.5 Hz, 3H). 3C NMR (125 MHz, CDCls) 6 172.24, 164.73,
147.60, 137.04, 121.80, 119.50, 56.36, 39.77, 27.56, 19.21, 13.74. IR (neat) o (cm™) 3312,
3062, 2964, 2932, 2872, 1650, 1591, 1569, 1542, 1475, 1430, 1379, 1291, 1214, 1127, 993,
787, 748, 623. Ms (ESI): m/z = 207.2 [M+H]".

N-(2-(Pyridin-2-yl)propan-2-yl)tetradecanamide (3.3b). White solid, yield from
myristic acid: 2.84 g, 82%. *H NMR (500 MHz, CDCIs) 6 8.52-8.49 (m, 1H), 7.73-7.68
(m, 2H), 7.42-7.38 (m, 1H), 7.20-7.16 (m, 1H), 2.25 (t, J = 7.5 Hz, 2H), 1.76 (s, 6H), 1.70-
1.62 (m, 2H), 1.36-1.20 (m, 19H), 0.88 (t, J = 7.0 Hz, 3H). 3C NMR (125 MHz, CDCl5)
0172.40,164.76, 147.60, 137.01, 121.77, 119.49, 56.35, 37.86, 31.93, 29.69, 29.66, 29.64,
29.53, 29.36, 27.56, 25.81, 22.69. IR (neat) d (cm™t) 3317, 3066, 2954, 2919, 2872, 2850,
1646, 1547, 1473, 1464, 1355, 784, 747, 647, 621. HRMS (ESI, m/z): calcd. for C22H3sN20
(M+H)*: 347.3062, found: 347.3065.

3-Cyclopentyl-N-(2-(pyridin-2-yl)propan-2-yl)propanamide (3.3c). White solid,
yield from cyclopentanepropionic acid: 2.23 g, 86%. *H NMR (500 MHz, CDCls) § 8.53-
8.50 (m, 1H), 7.73-7.65 (m, 2H), 7.40 (d, J = 8.0 Hz, 1H), 7.21-7.16 (m, 1H), 2.30-2.24
(m, 2H), 1.84-1.45 (m, 15H), 1.18-1.07 (m, 2H). 3C NMR (125 MHz, CDCl3) 6 172.51,
164.75, 147.62, 137.03, 121.79, 119.50, 56.34, 39.82, 37.15, 32.52, 31.99, 27.55, 25.18.
IR (neat) b (cm™) 3310, 3062, 2948, 2865, 1651, 1591, 1542, 1474, 1430, 1380, 1328,
1292, 1207, 1126, 993, 786, 747, 623. HRMS (ESI, m/z): calcd. for C16H2sN20 (M+H)™:
261.1967, found: 261.1956.

5-Phenyl-N-(2-(pyridin-2-yl)propan-2-yl)pentanamide (3.3e). White solid,

yield from 5-phenylvaleric acid 2.20 g, 74%. *H NMR (500 MHz, CDCls) ¢ 8.51-8.48 (m,
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1H), 7.73-7.66 (m, 2H), 7.38 (d, J = 8.0 Hz, 1H), 7.27-7.23 (m, 2H), 7.18-7.13 (m, 4H),
2.64 (t,J = 7.0 Hz, 2H), 2.28 (t, J = 7.5 Hz, 2H), 1.77-1.63 (m, 10H). 3C NMR (125 MHz,
CDCls) 0 172.06, 164.64, 147.58, 142.41, 137.03, 128.40, 128.26, 125.66, 121.79, 119.47,
56.36, 37.56, 35.76, 31.07, 27.54, 25.44. IR (neat) © (cm?) 3317, 3004, 2919, 2850, 1647,
1547, 1464, 1428, 1175, 784, 747, 647. HRMS (ESI, m/z): calcd. for C19H2sN20 (M+H)*:
297.1967, found: 297.1964.

2-1sopropyl-N-(2-(pyridin-2-yl)propan-2-yl)pentanamide (3.3g). White solid,
overall yield from ethyl isovalerate and n-iodopropane: 1.05 g, 48%. *H NMR (500 MHz,
CDCl3) § 8.53-8.47 (m, 1H), 7.82 (br s, 1H), 7.73-7.68 (m, 1H), 7.41 (d, J = 8.0 Hz, 1H),
7.20-7.16 (m, 1H), 1.85-1.72 (m, 8H), 1.65-1.55 (m, 1H), 1.50-1.20 (m, 3H), 1.00-0.87 (m,
8H).13C NMR (125 MHz, CDCls) 6 174.51, 164.84, 147.55, 136.96, 121.74, 119.54, 56.43,
55.72,32.70, 30.98, 27.50, 27.47, 21.07, 21.02, 20.57, 14.32. IR (neat) d (cmt) 3308, 3052,
2955, 2933, 2870, 1644, 1593, 1541, 1476, 1428, 1380, 1271, 1234, 1125, 788, 750, 738,
666, 624. HRMS (ESI, m/z): calcd. for C16H27N20 (M+H)™: 263.2123, found: 261.2119.

2-Benzyl-3-methyl-N-(2-(pyridin-2-yl)propan-2-yl)butanamide (3.3h). White
solid, overall yield from ethyl isovalerate and benzyl bromide: 1.09 g, 42%. *H NMR (500
MHz, CDCls) & 8.43-8.40 (m, 1H), 7.62-7.56 (m, 1H), 7.29 (br s, 1H), 7.23-7.18 (m, 4H),
7.17-7.14 (m, 1H), 7.13-7.08 (m, 2H), 2.89-2.84 (m, 2H), 2.14-2.08 (m, 1H), 1.98-1.90 (m,
1H), 1.62 (s, 3H), 1.49 (s, 3H), 1.07 (d, J = 6.5 Hz, 3H), 1.01 (d, J = 7.0 Hz, 3H). 3C NMR
(125 MHz, CDCls) ¢ 173.03, 164.60, 147.45, 140.66, 136.75, 129.19, 128.12, 125.82,
121.52, 119.37, 57.84, 56.43, 36.62, 30.95, 27.42, 27.34, 20.76. IR (neat) © (cm™) 3335,
2967, 2931, 2871, 1651, 1593, 1569, 1509, 1473, 1430, 1379, 1227, 1126, 786, 746, 700,

623. HRMS (ESI, m/z): calcd. for C20H27N20 (M+H)": 311.2123, found: 311.2121.
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2-Cyclohexyl-N-(2-(pyridin-2-yl)propan-2-yl)pentanamide (3.3i). White solid,
overall yield from ethyl 2-cyclohexylacetate and n-iodopropane: 1.39 g, 55%. *H NMR
(500 MHz, CDCls) 6 8.51 (d, J = 4.5 Hz, 1H), 7.79 (br s, 1H), 7.73-7.68 (m, 1H), 7.40 (d,
J =8.0 Hz, 1H), 7.20-7.16 (m, 1H), 1.89-1.83 (m, 2H), 1.78-1.30 (m, 14H), 1.27-0.86 (m,
9H). *C NMR (125 MHz, CDCl3) 6 174.51, 164.84, 147.54, 136.96, 121.73, 119.55, 56.44,
54.80, 40.36, 32.23, 31.29, 30.95, 27.55, 27.49, 26.60, 26.47, 26.37, 21.02, 14.33. IR (neat)
v (cm™) 3303, 3007, 2928, 2851, 1644, 1542, 1477, 1429, 1358, 1252, 1224, 787, 749.
HRMS (ESI, m/z): calcd. for C1sH31N20 (M+H)*: 303.2436, found: 303.2435.

2-Cyclohexyl-3-phenyl-N-(2-(pyridin-2-yl)propan-2-yl)propanamide  (3.3j).
White solid, overall yield from ethyl 2-cyclohexylacetate and benzyl bromide: 1.52 g, 52%.
IH NMR (500 MHz, CDCls) § 8.43-8.40 (m, 1H), 7.61-7.56 (m, 1H), 7.28 (br s, 1H), 7.22-
7.07 (m, 7H), 2.92-2.81 (m, 2H), 2.17-2.10 (m, 1H), 1.99-1.93 (m, 1H), 1.83-1.57 (m, 8H),
1.47 (s, 3H), 1.32-1.02 (m, 5H). 3C NMR (125 MHz, CDCls) 6 173.01, 164.62, 147.47,
140.75, 136.75, 129.23, 128.10, 125.78, 121.52, 119.37, 57.06, 56.43, 40.39, 36.22, 31.13,
31.09, 27.48, 27.24, 26.56, 26.47, 26.35. IR (neat) © (cm™) 3317, 2925, 2851, 1649, 1592,
1535, 1497, 1473, 1449, 1430, 1379, 1248, 1211, 1125, 784, 745, 700, 673. HRMS (ESI,
m/z): calcd. for C23H31N20 (M+H)*: 351.2436, found: 351.2433.

2-Phenyl-N-(2-(pyridin-2-yl)propan-2-yl)butanamide (3.3k). White solid, yield
from 2-phenylbutyric acid: 2.12 g, 75%. *H NMR (500 MHz, CDCls) ¢ 8.46-8.43 (m, 1H),
7.74 (br s, 1H), 7.68-7.63 (m, 1H), 7.38-7.29 (m, 5H), 7.26-7.21 (m, 1H), 7.16-7.12 (m,
1H), 3.32 (t, J = 7.5 Hz, 1H), 2.22-2.13 (m, 1H), 1.85-1.74 (m, 1H), 1.72 (s, 3H), 1.66 (s,
3H), 0.92 (t, J = 7.5Hz, 3H). ®°C NMR (125 MHz, CDCls) § 172.53, 164.61, 147.55, 140.71,

136.93, 128.54, 127.96, 126.80, 121.70, 119.37, 56.47, 56.12, 27.54, 27.38, 26.70, 12.42.
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IR (neat) © (cm™) 3327, 2966, 2932, 2874, 1655, 1592, 1570, 1505, 1473, 1452, 1431,
1275, 1222, 1127, 786, 747, 731, 699. HRMS (ESI, m/z): calcd. for CisH23N20 (M+H)*:
283.1810, found: 283.1807.
2-(Naphthalen-1-yl)-N-(2-(pyridin-2-yl)propan-2-yl)butanamide (3.3l). White
solid, overall yield from ethyl 2-naphthylacetate and iodoethane: 2.16 g, 65%. *H NMR
(400 MHz, CDCls) 6 8.42 (d, J = 4.4 Hz, 1H), 7.87-7.83 (m, 5H), 7.71-7.66 (m, 1H), 7.56
(d, J=9.2 Hz, 1H), 7.51-7.46 (m, 2H), 7.35 (d, J = 8.4 Hz, 1H), 7.17 (dd, J = 6.8, 5.2 Hz,
1H), 3.54 (t, J = 7.6 Hz, 1H), 2.32-2.25 (m, 1H), 1.98-1.87 (m, 1H), 1.76 (s, 3H), 1.69 (s,
3H), 0.97 (t, J = 7.2 Hz, 3H). $3C NMR (100 MHz, CDCls) 6 172.57, 164.37, 147.15,
138.19, 137.45, 133.57, 132.58, 128.25, 127.83, 127.62, 126.77, 126.19, 125.97, 125.56,
121.88, 119.62, 56.40, 56.06, 27.46, 26.62, 12.46. °F NMR (376 MHz, CDCls) 171.0. IR
(KBr)  (cm) 3326, 3054, 2966, 2932, 2873, 1656, 1506, 1473, 1380, 1127, 815, 748,
478. HRMS (ESI, m/z): calcd. for C22H2sN20 (M+H)*: 333.1967, found: 333.1969.
General procedure for Palladium-Catalyzed p-Fluorination of Amides:
An oven-dried 50 mL Schlenk flask was charged with Pd(OAc)2 (6.7 mg, 0.03 mmol),
Selectfluor (265.7 mg, 0.75 mmol), Ag2COs (165.4 mg, 0.6 mmol) and Fe(OAc)z2, and then
a solution of amide (3.1 or 3.3, 0.30 mmol) in DCE (3.0 mL) was added, followed by
addition of 'PrCN or MeCN. The vial was sealed, and the reaction mixture was stirred
vigorously at 150 °C for 14 h. The mixture was cooled to room temperature, diluted with
EtOAc (10 mL), filtered through a celite pad, and concentrated in vacuo. The residue was
purified by flash chromatography on silica gel (gradient eluent of 5~20% acetone in

hexanes, v/v) to give the desired product.
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2-(1,3-Dioxoisoindolin-2-yl)-3-fluoro-N-(2-(pyridin-2-yl)propan-2-
yl)butanamide (3.2a + 3.2a%), 84.2 mg, 76% vyield (d.r. = 7:1), with 0.3 equivalents of
Fe(OAc)2and 300 pL of 'PrCN. Compound 3.2a: white solid; *H NMR (500 MHz, CDCls)
58.62 (d, J = 7.5 Hz, 1H), 8.49-8.46 (m, 1H), 7.89-7.84 (m, 2H), 7.75-7.66 (m, 3H), 7.38
(d, J =8.0 Hz, 1H), 7.18-7.14 (m, 1H), 5.86-5.70 (m, 1H), 4.91 (dd, J = 14.5, 9.0 Hz, 1H),
1.77 (s, 3H), 1.74 (s, 3H), 1.44 (dd, J = 25.0, 6.0 Hz, 3H). 1*C NMR (125 MHz, CDCl3) §
167.94, 164.88, 164.08, 147.75, 137.06, 134.26, 131.90, 123.72, 121.86, 119.28, 88.68 (d,
J = 164.8 Hz), 57.68 (d, J = 30.5 Hz), 57.38, 27.51, 27.42, 19.08 (d, J = 22.0 Hz). *°F
NMR (470 MHz, CDCl3) §-171.9 (m, 1F). IR (neat) © (cm'*) 3364, 3324, 2984, 2936, 2912,
1773, 1716, 1684, 1520, 1471, 1455, 1389, 1335, 1297, 1116, 1090, 913, 887, 789, 717,
652. HRMS (ESI, m/z): calcd. for C20H21FN3O3 (M+H)*: 370.1567, found: 370.1568.
Compound 3.2a’: white solid; *H NMR (500 MHz, CDCls) ¢ 8.60 (br s, 1H), 8.24-8.21 (m,
1H), 7.94-7.89 (m, 2H), 7.79-7.74 (m, 2H), 7.70-7.65 (m, 1H), 7.35 (d, J = 8.0 Hz, 1H),
7.13-7.09 (m, 1H), 5.62-5.55(m, 1H), 4.87 (dd, J = 10.0, 9.0 Hz, 1H), 1.73 (s, 6H), 1.63
(dd, J = 10.0, 6.5, 3H). 3C NMR (125 MHz, CDCls) ¢ 167.78, 164.65, 163.87, 147.47,
137.15, 134.27, 131.83, 123.68, 121.89, 119.32, 86.31 (d, J = 172.9 Hz), 59.33 (d, J = 20.0
Hz), 56.88, 27.26 (d, J =28.9 Hz), 19.67 (d, J = 21.3 Hz). IR (neat) v (cm™) 3313, 2956,
2924, 2853, 1772, 1718, 1684, 1521, 1472, 1457, 1385, 1297, 1125, 1067, 913, 886, 788,
719, 668. 1%F NMR (470 MHz, CDCls) 6 -191.7 (m, 1F). HRMS (ESI, m/z): calcd. for
C20H21FN303 (M+H)*: 370.1567, found: 370.1570.
2-(1,3-Dioxoisoindolin-2-yl)-3-fluoro-N-(2-(pyridin-2-yl)propan-2-

yl)pentanamide (3.2b + 3.2b”). 84.0 mg, 73% vyield (d.r. = 8:1), with 0.3 equivalents of

Fe(OAc)2and 300 pL of 'PrCN. Compound 3.2b: white solid; *H NMR (500 MHz, CDCls)
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58.59 (d, J = 6.5 Hz, 1H), 8.50 (br s, 1H), 7.90-7.83 (m, 2H), 7.76-7.66 (m, 3H), 7.42-7.36
(m, 1H), 7.20-7.14 (m, 1H), 5.70-5.53 (m, 1H), 5.00-4.92 (m, 1H), 1.87-1.56 (m, 8H), 1.05
(t, J = 6.5 Hz, 3H). 3C NMR (125 MHz, CDCl3) 6 167.99, 165.09, 164.11, 147.81, 137.05,
134.24,131.94, 123.70, 121.85, 119.28, 92.37 (d, J = 165.3 Hz), 57.42, 56.09 (d, J = 30.9
Hz), 27.52, 27.46, 25.79 (d, J = 20.8), 8.26 (d, J = 4.3 Hz). IR (neat) © (cm™) 3323, 2976,
2928, 1779, 1718, 1681, 1513, 1470, 1384, 1362, 1100, 1077, 671. **F NMR (470 MHz,
CDCl3) ¢ -183.6 (m, 1F). HRMS (ESI, m/z): calcd. for C21H23FN3O3z (M+H)*: 384.1723,
found: 384.1725. Compound 3.2b’: white solid; *H NMR (500 MHz, CDCls) & 8.58 (br s,
1H), 8.23-8.20 (m, 1H), 7.93-7.88 (m, 2H), 7.79-7.64 (m, 2H), 7.70-7.66 (m, 1H), 7.35 (d,
J = 8.5 Hz, 1H) 7.13-7.09 (m, 1H), 5.48-5.33 (m, 1H), 5.00-4.92 (dd, J = 10.5, 8.5 Hz,
1H), 2.13-1.97 (m, 1H), 1.88-1.68 (m, 7H), 1.11 (t, J = 7.5 Hz, 3H). 3C NMR (125 MHz,
CDCls) 0 167.82, 164.88, 164.82, 163.86, 147.45, 137.15, 134.26, 131.81, 123.67, 121.88,
119.32, 90.52 (d, J = 175.6 Hz), 57.57 (d, J = 19.6 Hz), 56.87, 27.27 (d, J = 28.3 Hz),
26.67 (d, J = 20.3 Hz), 9.23 (d, J = 4.1 Hz). IR (neat) © (cm) 3317, 3060, 2975, 2926,
2852, 1773, 1721, 1685, 1512, 1471, 1380, 1294, 1194, 1075, 788, 719. °F NMR (470
MHz, CDCl3) ¢ -190.7 (m, 1F). HRMS (ESI, m/z): calcd. for C2:H23FN3O3 (M+H)™:
384.1723, found: 384.1728.
2-(1,3-Dioxoisoindolin-2-yl)-3-fluoro-N-(2-(pyridin-2-yl)propan-2-

yl)octanamide 3.2c + 3.2¢”). 89.4 mg, 70% vyield (d.r. = 9:1), with 0.3 equivalents of
Fe(OAc)2and 300 pL of 'PrCN. Compound 3.2¢: White solid; *H NMR (500 MHz, CDCls)
§8.56 (d, J = 7.5 Hz, 1H), 8.49 (d, J = 3.5 Hz, 1H), 7.89-7.84 (m, 2H), 7.75-7.65 (m, 3H),
7.38 (d, J = 8.0 Hz, 1H), 7.17-7.14 (m, 1H), 5.74-5.55 (m, 1H), 4.94 (dd, J = 13.0, 10.0,

1H), 1.78-1.45 (m, 10H), 1.34-1.20 (m, 4H), 0.88-0.82 (m, 3H). 3C NMR (125 MHz,
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CDCls) 6 167.98, 165.08, 164.19, 147.84, 137.02, 134.21, 132.00, 123.72, 121.83, 119.27,
91.61 (d, J = 166.9 Hz), 57.46, 56.51 (d, J = 30.8 Hz), 32.68 (d, J = 20.5 Hz), 31.41, 27.55,
27.48,23.78 (d, J = 2.9 Hz), 22.45, 13.89. IR (neat) b (cm™) 3328, 3058, 2956, 2928, 1775,
1715, 1682, 1594, 1514, 1379, 1360, 1335, 1267, 1201, 1193, 1125, 1085, 997, 877, 787,
719, 650. 1%F NMR (470 MHz, CDCls) 6 -181.6 (m, 1F). HRMS (ESI, m/z): calcd. for
C24H20FN303 (M+H)*: 426.2193, found: 426.2190. Compound 3.2¢”: white solid; *H NMR
(500 MHz, CDCls) 6 8.57 (br s, 1H), 8.24-8.20 (m, 1H), 7.93-7.87 (m, 2H), 7.79-7.73 (m,
2H), 7.69-7.64 (m, 1H), 7.35 (d, J = 8.0 Hz, 1H), 7.13-7.09 (m, 1H), 5.53-5.38 (m, 1H),
491 (dd, J = 10.5, 8.5, 1H), 2.07-1.90 (m, 1H), 1.81-1.45 (m, 9H), 1.38-1.24 (m, 4H),
0.91-0.85 (m, 3H). 3C NMR (125 MHz, CDCl3) 6 167.83, 164.87, 163.89, 147.45, 137.13,
134.25, 131.82, 123.70, 121.88, 119.32, 89.52 (d, J = 175.5 Hz), 57.94 (d, J = 19.9 Hz),
56.88, 33.48 (d, J = 20.0 Hz), 31.51, 27.41, 27.15, 24.63 (d, J = 2.5 Hz), 22.52, 13.99. IR
(neat) d (cm'®) 3314, 2955, 2926, 2857, 1773, 1718, 1684, 1594, 1520, 1381, 1195, 1125,
1086, 997, 875, 787, 719, 668. 1°F NMR (470 MHz, CDCls) 6 -190.6 (m, 1F). HRMS (ESI,
m/z): calcd. for C24H20FN3Os (M+H)™: 426.2193, found: 426.2198.
2-(1,3-Dioxoisoindolin-2-yl)-3-fluoro-4-phenyl-N-(2-(pyridin-2-yl)propan-2-

yl)butanamide (3.2d). White solid, 101.6 mg, 76% vyield, with 0.25 equivalents of
Fe(OAc)2 and 300 pL of iPrCN. 'H NMR (500 MHz, CDCls) § 8.51 (d, J = 7.5 Hz, 1H),
8.47-8.43 (m, 1H), 7.88-7.84 (m, 2H), 7.76-7.71 (m, 2H), 7.70-7.65 (m, 1H), 7.36 (d, J =
9.5 Hz, 1H), 7.27-7.13 (m, 6H), 5.96-5.80 (m, 1H), 4.98 (dd, J = 13.5, 9.5 Hz, 1H), 3.16-
2.90 (M, 2H), 1.74 (s, 3H), 1.72 (s, 3H). 23C NMR (125 MHz, CDCls) J 167.94, 164.74,
164.00, 147.80, 137.02, 135.61, 135.60, 134.24, 131.91, 129.51, 128.46, 126.87, 123.71,

121.82,119.22, 91.62 (d, J = 169.9 Hz), 57.45, 56.60 (d, J = 30.5 Hz), 39.38 (d, J = 20.8),
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27.46, 27.45. IR (neat) © (cm™) 3325, 3061, 3030, 2980, 2923, 1779, 1717, 1682, 1513,
1471, 1385, 1336, 1124, 1088, 996, 787, 750, 723, 702, 650. °F NMR (470 MHz, CDCls)
0 -179.1 (m, 1F). HRMS (ESI, m/z): calcd. for C2sH25FN3O3 (M+H)*: 446.1880, found:
446.1890.

2,6-Bis(1,3-dioxoisoindolin-2-yl)-3-fluoro-N-(2-(pyridin-2-yl)propan-2-
yl)hexanamide (3.2e). White solid, 105.8 mg,: 65% yield, with 0.25 equivalents of
Fe(OAc)2and 300 L of iPrCN. 'H NMR (500 MHz, CDCls) & 8.60 (d, J = 7.5 Hz, 1 H),
8.48-8.45 (m, 1H), 7.87-7.82 (m, 2H), 7.79-7.66 (m, 7H), 7.37 (d, J = 8.0 Hz, 1H), 7.18-
7.14 (m, 1H), 5.75-5.58 (m, 1H), 4.93 (dd, J = 14.0, 9.0 Hz, 1H), 3.68 (t, J = 8.0 Hz, 2H),
2.02-1.64 (m, 10H), 1.60 (s, 1H). 3C NMR (125 MHz, CDCls) J 168.21, 167.94, 164.74,
164.04, 147.77, 137.05, 134.23, 133.88, 132.05, 131.92, 123.76, 123.21, 121.85, 119.25,
91.01 (d, J = 168.3 Hz), 57.42, 56.38 (d, J = 30.6 Hz), 37.51, 30.08 (d, J = 20.5 Hz), 27.48,
27.42,23.49 (d, J = 2.9 Hz). IR (neat) o (cm™) 3321, 3059, 2977, 2933, 1774, 1683, 1613,
1571, 1451, 1433, 1393, 1382, 1268, 1088, 1040, 996, 881, 788, 734, 720. °F NMR (470
MHz, CDCl3) ¢ -181.8 (m, 1F). HRMS (ESI, m/z): calcd. for C3oH28FN4Os (M+H)":
543.2044, found: 543.2044.

Benzyl 3-fluoro-2-((2-(pyridin-2-yl)propan-2-yl)carbamoyl)piperidine-1-
carboxylate (3.2f). Colorless oil, 98.3 mg,: 82% vyield, with 0.3 equivalents of Fe(OAc)2
and 300 pL of 'PrCN. 'H NMR (500 MHz, CDCls) § 8.50-8.44 (m, 1H), 8.04 (br s, 1H),
7.70-7.63 (M, 1H), 7.41-7.22 (m, 6H), 7.17-7.12 (m, 1H), 5.23-4.69 (m, 4H), 4.07-3.85 (m,
1H), 3.36-3.23 (m, 1H), 2.08-1.93 (m, 1H), 1.85-1.66 (m, 7H), 1.65-1.50 (m, 1H). *C
NMR (125 MHz, CDCls) 6 166.54, 164.27, 156.34, 147.80, 136.92, 136.42, 128.46, 128.02,

127.87, 121.74, 119.28, 89.15 (d, J = 178.9 Hz), 67.61, 57.09 (2C), 40.33, 27.55, 26.15,
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22.59. IR (neat) v (cm™) 3335, 3062, 2953, 2870, 1683, 1592, 1570, 1514, 1430, 1357,
1261, 1158, 1114, 1038, 996, 894, 787, 735, 698. 1°F NMR (470 MHz, CDCls) 6 -179.0
(m, 1F). HRMS (ESI, m/z): calcd. for C22H27FN3Os (M+H)*: 400.2036, found: 400.2038.
2-(1,3-Dioxoisoindolin-2-yl)-3-fluoro-3-phenyl-N-(2-(pyridin-2-yl)propan-2-
yl)propanamide (3.2g). White solid, 110.0 mg, 85% yield, with no Fe(OAc)2and 300 pL
of 'IPrCN. 'H NMR (500 MHz, CDCl3) 6 8.84 (d, J = 7.5 Hz, 1H), 8.51-8.48 (m, 1H), 7.74-
7.68 (m, 3H), 7.63-7.58 (M, 2H), 7.45-7.40 (m, 3H), 7.30-7.23 (m, 3H), 7.20-7.16 (m, 1H),
6.55 (dd, J = 47.5, 9.5 Hz, 1H), 5.34 (dd, J = 14.5, 9.5 Hz, 1H), 1.83 (s, 3H), 1.79 (s, 3H).
13C NMR (125 MHz, CDCls) § 167.40, 164.63 (d, J = 1.9 Hz), 164.07, 147.77, 137.11,
135.59 (d, J = 18.9 Hz), 134.00, 131.57, 129.66, 128.60, 127.19 (d, J = 10.9 Hz), 123.48,
121.91, 119.31, 92.00 (d, J = 168.9 Hz), 57.49, 56.78 (d, J = 35.5 Hz), 27.53, 27.45. IR
(neat) © (cm™) 3316, 3062, 2977, 2924, 2853, 1778, 1718, 1682, 1594, 1514, 1471, 1389,
1296, 1264, 1194, 1122, 1088, 997, 957, 787, 749, 722, 700. °F NMR (470 MHz, CDCls)
0 -164.1 (m, 1F). HRMS (ESI, m/z): calcd. for C2sH23FN3Os (M+H)*: 432.1723, found:
432.1725.
2-(1,3-Dioxoisoindolin-2-yl)-3-fluoro-3-(4-fluorophenyl)-N-(2-(pyridin-2-

yl)propan-2-yl)propanamide (3.2h). Colorless oil, 87.6 mg, 65% yield, with 0.3
equivalents of Fe(OAc)2 and 300 pL of 'PrCN. *H NMR (400 MHz, CDCls3) 6 8.84 (d, J =
5.6 Hz, 1H), 8.53 (d, J = 4.0 Hz, 1H), 7.80-7.65 (m, 5H), 7.45- 742 (m, 3H), 7.26- 7.23 (m,
1H), 6.98 (t, J = 8.4 Hz, 2H), 6.57 (dd, J = 47.6, 9.6 Hz, 1H), 5.33 (dd, J = 14.4, 9.6 Hz,
1H), 1.85 (s, 3H), 1.81 (s, 3H). 3C NMR (100 MHz, CDCls) 6 167.36, 164.58 (d, J = 2.0
Hz), 163.71, 163.26 (dd, J = 247.0, 3.0 Hz), 147.29, 137.77, 134.15, 131.54 (dd, J =19.0,

4.0 Hz), 131.46, 129.24 (dd, J =8.0, 5.0 Hz), 123.58, 122.17, 119.66, 115.72 (d, J = 21.0
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Hz), 91.27 (d, J = 170.0 Hz), 57.32, 56.68 (d, J = 36.0 Hz), 27.49, 27.43. IR (KBr) & (cm’
1y 3315, 3058, 2980, 2929, 1779, 1717, 1684, 1514, 1386, 1228, 1122, 998, 841, 721, 566,
528. F NMR (376 MHz, CDCl3) ¢ -111.0, 162.8. HRMS (ESI, m/z): calcd. for
CasH21F2N3NaOs (M+H)*: 472.1449, found: 472.1436.
3-(4-Chlorophenyl)-2-(1,3-dioxoisoindolin-2-yl)-3-fluoro-N-(2-(pyridin-2-
yl)propan-2-yl)propanamide (3.2i). White solid, 100.6 mg, 72% vyield, with 0.3
equivalents of Fe(OAc)2 and 300 pL of 'PrCN. *H NMR (500 MHz, CDCls) ¢ 8.87 (d, J =
6.5 Hz, 1H), 8.50-8.47 (m, 1H), 7.75-7.69 (m, 3H), 7.67-7.62 (m, 2H), 7.42-7.35 (m, 3H),
7.28-7.24 (m, 2H), 7.21-7.17 (m, 1H), 6.54 (dd, J = 48.0, 9.5 Hz, 1H), 5.29 (dd, J = 15.0,
9.5 Hz, 1H), 1.82 (s, 3H), 1.78 (s, 3H). 13C NMR (125 MHz, CDCls) 6 167.43, 164.33 (d,
J=2.3Hz),163.70, 147.71,137.17, 135.59 (d, J = 3.4 Hz), 134.23 (d, J = 12.6 Hz), 134.12,
131.50, 128.93, 128.61 (d, J = 5.4 Hz), 123.62, 121.97, 119.32, 91.27 (d, J = 169.6 Hz),
57.47, 56.71 (d, J = 35.9 Hz), 27.48, 27.40. IR (neat) © (cm™) 3332, 3060, 2880, 2936,
1781, 1722, 1679, 1596, 1469, 1392, 1124, 1090, 836, 786, 751, 718. °F NMR (470 MHz,
CDCl3) § -164.3 (m, 1F). HRMS (ESI, m/z): calcd. for C2sH22CIFNzO3 (M+H)*: 466.1334,
found: 466.1336.
3-(4-Bromophenyl)-2-(1,3-dioxoisoindolin-2-yl)-3-fluoro-N-(2-(pyridin-2-

yl)propan-2-yl)propanamide (3.2j). White solid, 111.8 mg, 73% vyield, with 0.3
equivalents of Fe(OAc)2 and 300 pL of 'PrCN. *H NMR (400 MHz, CDCls) 6 8.87 (d, J =
6.4 Hz, 1H), 8.51 (d, J = 4.4 Hz, 1H), 7.76-7.66 (m, 5H), 7.43 (d, J = 8.4 Hz, 3H), 7.33
(dd, J = 8.4, 1.2 Hz, 2H), 7.22 (dd, J = 7.2, 5.2 Hz, 1H), 6.55 (dd, J = 47.6, 9.6 Hz, 1H),
5.31 (dd, J = 14.4, 9.6 Hz, 1H), 1.84 (s, 3H), 1.80 (s, 3H). 3C NMR (100 MHz, CDCl3) §

167.42, 164.41 (d, J = 2.0 Hz), 163.77, 147.43, 137.57, 134.67 (d, J = 19.0 Hz), 134.20,
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131.88, 131.48, 128.88 (d, J = 5.0 Hz), 123.91 (d, J = 4.0 Hz), 123.64, 122.11, 119.53,
91.28 (d, J = 169.0 Hz), 57.38, 56.63 (d, J = 35.0 Hz) 27.48, 27.42. IR (KBr) o (cm™)
3314, 3059, 2981, 2929, 1779, 1720, 1685, 1514, 1385, 1013, 724. *F NMR (376 MHz,
CDCl3) ¢ -164.6. HRMS (ESI, m/z): calcd. for C2sH2:BrFN3NaOs (M+Na)*: 532.0648,
found: 532.0629.
2-(1,3-Dioxoisoindolin-2-yl)-3-fluoro-3-(4-nitrophenyl)-N-(2-(pyridin-2-
yl)propan-2-yl)propanamide (3.2k). White solid, 87.2 mg, 61% yield, with 0.3
equivalents of Fe(OAc)2 and 300 pL of 'PrCN. *H NMR (400 MHz, CDCl3) 6 8.94 (d, J =
5.6 Hz, 1H), 8.46 (d, J = 4.8 Hz, 1H), 8.15 (d, J = 8.4 Hz, 2H), 7.77-7.73 (m, 3H), 7.70-
7.63 (m, 4H), 7.43 (d, J = 8.0 Hz, 1H), 7.23-7.20 (m, 1H), 6.69 (dd, J = 47.6, 9.6 Hz, 1H),
5.33 (dd, J = 15.2, 9.6 Hz, 1H), 1.84 (s, 3H), 1.80 (s, 3H). *C NMR (100 MHz, CDCls) §
167.39, 163.88 (d, J = 1.0 Hz), 163.63, 148.50 (d, J = 3.0 Hz), 147.33, 142.55 (d, J = 19.0
Hz), 137.65, 134.43, 131.30, 128.11 (d, J = 6.0 Hz), 123.82, 123.76, 122.18, 119.55, 90.58
(d, J = 172.0 Hz), 57.36, 56.73 (d, J = 34.0 Hz), 27.40, 27.35. IR (KBr) © (cm™) 3318,
3061, 2981, 2922, 1779, 1718, 1683, 1526, 1471, 1383, 1348, 1126, 1017, 1000, 853, 787,
722. °F NMR (376 MHz, CDCls) ¢ -168.7. HRMS (ESI, m/z): calcd. for C2sH21FN4NaOs
(M+Na)™: 499.1394, found: 499.1384.
2-(1,3-Dioxoisoindolin-2-yl)-3-fluoro-3-(naphthalen-2-yl)-N-(2-(pyridin-2-

yl)propan-2-yl)propanamide (3.2). White solid, 76.6 mg, 53% vyield, with 0.3
equivalents of Fe(OAc)z and 300 pL of 'PrCN. *H NMR (400 MHz, CDCls) 6 *H NMR
(400 MHz, CDCls) § 8.90 (d, J = 7.2 Hz, 1H), 8.55 (d, J = 4.4 Hz, 1H), 7.92 (s, 1H), 7.84-
7.75 (m, 4H), 7.70-7.68 (m, 2H), 7.62-7.57 (m, 3H), 7.49-7.46 (m, 3H), 7.23 (dd, J = 7.2,

5.2 Hz, 1H), 6.76 (dd, J = 47.6, 9.6 Hz, 1H), 5.52 (dd, J = 14.4, 9.6 Hz, 1H), 1.88 (s, 3H),
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1.84 (s, 3H). 3C NMR (100 MHz, CDCls) 6 167.45, 164.93 (d, J = 2.0 Hz), 163.56, 147.02,
138.21, 134.00, 133.79 (d, J = 2.0 Hz), 132.80 (d, J = 19.0 Hz), 132.75, 131.50, 128.81,
128.40, 127.92 (d, J = 7.0 Hz), 127.68, 126.85, 126.38, 123.61 (d, J = 4.0 Hz), 123.52,
122.30, 119.89, 92.23 (d, J = 169.0 Hz), 57.29, 56.57 (d, J = 36.0 Hz), 27.53. IR (KBr) ©
(cmt) 3315, 3058, 2979, 2930, 1778, 1716, 1682, 1514, 1471, 1385, 1266, 1127, 997,
751,723, 553. F NMR (376 MHz, CDCIs) § -162.6. HRMS (ESI, m/z): calcd. for
C29H24FN3NaO3s (M+Na)*: 504.1691, found:504.1699.
3-Fluoro-N-(2-(pyridin-2-yl)propan-2-yl)butanamide (3.4a). Colorless oil, 54.5
mg, 81% yield, with 0.75 equivalents of Fe(OAc)2 and 400 pL of MeCN. *H NMR (500
MHz, CDCl3) J 8.53-8.49 (m, 1H), 7.88 (br s, 1H), 7.74-7.69 (m, 1H), 7.40 (d, J = 8.0 Hz,
1H), 7.21-7.17 (m, 1H), 5.22-5.05 (m, 1H), 2.70-2.60 (m, 1H), 2.55-2.43 (m, 1H), 1.76 (s,
3H), 1.76 (s, 3H), 1.43 (dd, J = 24.0, 6.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) § 168.39,
164.36, 147.65, 137.09, 121.87, 119.42, 88.16 (d, J = 164.8 Hz), 56.72, 45.33 (d, J = 17.8
Hz), 27.51, 27.48, 20.88 (d, J = 22.0 Hz). IR (neat) d (cm™®) 3318, 3063, 2981, 2934, 2872,
1737, 1651, 1591, 1538, 1383, 1319, 1230, 1128, 1058, 994, 926, 837, 788, 749, 700. 1°F
NMR (470 MHz, CDCls) & -172.1 (m, 1F). HRMS (ESI, m/z): calcd. for Ci2H1sFN20
(M+H)*: 225.1403, found: 225.1406.
3-Fluoro-N-(2-(pyridin-2-yl)propan-2-yl)tetradecanamide (3.4b). White solid,
87.5 mg, 80% yield, with 0.75 equivalents of Fe(OAc)2 and 400 pL of MeCN. *H NMR
(500 MHz, CDCls) 6 8.53-8.49 (m, 1H), 7.83 (br s, 1H), 7.73-7.66 (m, 1H), 7.40 (d, J =
8.0 Hz, 1H), 7.21-7.15 (m, 1H), 5.05-4.87 (m, 1H), 2.65-2.40 (m, 2H), 1.82-1.55 (m, 8H),
1.53-1.15 (m, 18 H), 0.92-0.85 (m, 3H). 3C NMR (125 MHz, CDCls) 6 168.62 (d, J = 4.4

Hz), 164.48, 147.70, 137.04, 121.83, 119.42, 91.55 (d, J = 167.3 Hz), 56.77, 43.88 (d, J =
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22.5Hz), 35.03 (d, J = 20.4), 29.65, 29.63, 29.55, 29.50, 29.37, 29.35, 27.55, 27.51, 24.97
(d, J=4.3 Hz), 22.69, 14.10. IR (neat) v (cm™*) 3318, 3064, 2923, 2853, 1651, 1591, 1545,
1473, 1431, 1579, 1206, 1127, 1048, 993, 786, 747, 74. °F NMR (470 MHz, CDCls) 6 -
179.1 (m, 1F). HRMS (ESI, m/z): calcd. for C22H3sFN2O (M+H)*: 365.2968, found:
365.2974.

3-Cyclopentyl-3-fluoro-N-(2-(pyridin-2-yl)propan-2-yl)propanamide  (3.4c).
White solid, 62.6 mg, 75% yield, with 0.75 equivalents of Fe(OAc)zand 400 pL of MeCN.
IH NMR (500 MHz, CDCl3) § 8.53-8.49 (m, 1H), 7.83 (br s, 1H), 7.73-7.66 (m, 1H), 7.40
(d, J = 8.0 Hz, 1H), 7.20-7.15 (m, 1H), 4.87-4.72 (m, 1H), 2.62-2.45 (m, 2H), 2.17-2.04
(m, 1H), 1.85-1.45 (m, 13H), 1.35-1.23 (m, 1H). 13C NMR (125 MHz, CDCls) ¢ 168.85 (d,
J=2.0Hz),164.42,147.68, 137.06, 121.83, 119.43, 94.53 (d, J = 169.4 Hz), 56.76, 44.07
(d, J =19.1 Hz), 43.06 (d, J = 22.9 Hz), 28.52 (d, J = 6.4 Hz), 28.07 (d, J = 3.3 Hz), 27.55,
27.49, 25.64, 25.61. IR (neat) o (cm™) 3317, 3062, 2956, 2869, 1651, 1591, 1544, 1474,
1431, 1380, 1207, 1127, 1048, 1023, 995, 857, 787, 748, 622. 1°F NMR (470 MHz, CDCl=)
0 -180.3 (m, 1F). HRMS (ESI, m/z): calcd. for Ci6H24FN2O (M+H)": 225.1873, found:
279.1867.

3-Fluoro-4-phenyl-N-(2-(pyridin-2-yl)propan-2-yl)butanamide (3.4d). White
solid, 82.0 mg, 91% yield, with 0.75 equivalents of Fe(OAc)2 and 400 pL of MeCN. *H
NMR (500 MHz, CDCl3) § 8.50 (d, J = 5.0 Hz, 1H), 7.82 (br s, 1H), 7.73-7.68 (m, 1H),
7.39 (d, J = 8.0 Hz, 1H), 7.33-7.22 (m, 5H), 7.21-7.16 (m, 1H), 5.28-5.12 (m, 1H), 3.03
(dd, J = 23.0, 6.0 Hz, 2H), 2.71-2.46 (m, 2H), 1.76 (s, 3H), 1.75 (s, 3H). 1*C NMR (125
MHz, CDCls) ¢ 168.28, 164.29, 147.64, 137.10, 136.48, 129.59, 128.49, 126.76, 121.88,

119.42, 91.46 (d, J = 170.9 Hz), 56.76, 42.86 (d, J = 22.5 Hz), 41.17 (d, J = 20.9 Hz),
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27.51, 27.47. IR (neat) © (cm™!) 3318, 3062, 3029, 2926, 2855, 1653, 1591, 1543, 1512,
1474, 1430, 1380, 1204, 1127, 1031, 997, 787, 748, 700. °F NMR (470 MHz, CDCl3) ¢ -
188.9 (m, 1F). HRMS (ESI, m/z): calcd. for CisH22FN2O (M+H)*: 301.1716, found:
301.1723.

3-Fluoro-5-phenyl-N-(2-(pyridin-2-yl)propan-2-yl)pentanamide (3.4e). White
solid, 67.0 mg, 71% vyield, with 3.0 equivalents. of Selectfluor, 0.75 equivalents of
Fe(OAc)2 and 400 pL of MeCN. 'H NMR (500 MHz, CDCls) & 8.52-8.49 (m, 1H), 7.87
(br s, 1H), 7.73-7.67 (m, 1H), 7.41-7.38 (m, 1H), 7.30-7.25 (m, 2H), 7.22-7.16 (m, 4H),
5.08-4.92 (m, 1H), 2.89-2.43 (m, 4H), 2.11-1.86 (m, 2H), 1.76 (s, 3H), 1.75 (s, 3H). 3C
NMR (125 MHz, CDCls) § 168.30 (d, J = 4.6 Hz), 164.31, 147.64, 141.17, 137.09, 128.48,
128.44, 126.04, 121.88, 119.42, 90.70 (d, J = 168.0 Hz), 56.73, 43.76 (d, J = 22.5 Hz),
36.78 (d, J = 20.8 Hz), 31.26 (d, J = 4.4 Hz), 27.48. IR (neat) © (cm™) 3309, 2964, 2926,
2852, 1645, 1592, 1537, 1471, 1429, 1274, 1127, 956, 787, 749, 622. °F NMR (470 MHz,
CDCl3) 6 -180.9 (m, 1F). HRMS (ESI, m/z): calcd. for CisH24FN20 (M+H)*: 315.1873,
found: 315.1876.

3-Fluoro-3-phenyl-N-(2-(pyridin-2-yl)propan-2-yl)propanamide (3.4f). White
solid, 61.8 mg, 72% vyield, with 0.2 equivalents of Fe(OAc)2 and 400 uL of MeCN. *H
NMR (500 MHz, CDCls) 6 8.51-8.48 (m, 1H), 7.89 (br s, 1H), 7.72-7.67 (m, 1H), 7.41-
7.30 (m, 6H), 7.20-7.16 (m, 1H), 5.99 (ddd, J = 47.0, 9.0, 4.0 Hz, 1H), 2.99-2.90 (m, 1H),
2.79-2.66 (m, 1H), 1.77 (s, 3H), 1.72 (s, 3H). 3C NMR (125 MHz, CDCls) § 167. 80 (d, J
=4.1Hz),164.24,147.59, 139.37 (d, J = 19.4 Hz), 137.10, 128.57, 128.53 (d, J = 1.5 Hz),
125.52 (d, J = 6.9 Hz), 121.88, 119.41, 91.51 (d, J = 170.3 Hz), 56.79, 45.91 (d, J = 25.4

Hz), 27.46, 27.44. IR (neat) © (cm) 3316, 3064, 2978, 1652, 1590, 1544, 1513, 1474,
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1431, 1380, 1216, 1127, 1015, 994, 787, 748, 699. °F NMR (470 MHz, CDCls3) § -174.5
(m, 1F). HRMS (ESI, m/z): calcd. for C17H20FN20 (M+H)*: 287.1560, found: 287.1554.
3-Fluoro-2-isopropyl-N-(2-(pyridin-2-yl)propan-2-yl)pentanamide (3.49).
White solid, 61.4 mg, 73% yield, with 0.75 equivalents of Fe(OAc)2and 400 pL of MeCN.
IH NMR (500 MHz, CDCl3) § 8.53-8.50 (m, 1H), 7.86 (br s, 1H), 7.72-7.67 (m, 1H), 7.40
(d, J = 8.0 Hz, 1H), 7.18-7.14 (m, 1H), 4.78-4.63 (m, 1H), 2.14-1.96 (m, 2H), 1.84 (m,
8H), 1.07-0.99 (m, 9H). 3C NMR (125 MHz, CDCls) J 170.78, 164.67, 147.73, 136.86,
121.70, 119.47, 94.08 (d, J = 170.9 Hz), 59.83 (d, J = 19 Hz), 56.61, 27.72 (d, J = 5.3 Hz),
27.58, 27.27, 26.06 (d, J = 21.4 Hz), 20.84, 20.38, 9.97 (d, J = 5.5 Hz). IR (neat) © (cm)
3318, 3062, 3029, 2926, 2855, 1653, 1591, 1543, 1512, 1474, 1430, 1380, 1204, 1127,
1031, 997, 787, 748, 700. 1°F NMR (470 MHz, CDCl3) 6 -190.8 (m, 1F). HRMS (ESI, m/z):
calcd. for C16H26FN20 (M+H)™: 281.2029, found: 281.2031.
2-(Fluoro(phenyl)methyl)-3-methyl-N-(2-(pyridin-2-yl)propan-2-
yl)butanamide (3.4h). White solid, 53.2 mg, 54% yield, with no Fe(OAc)zand 400 uL of
MeCN. H NMR (500 MHz, CDCl3) § 8.52-8.49 (m, 1H), 7.85 (br s, 1H), 7.69-7.64 (m,
1H), 7.43-7.28 (m, 6H), 7.19-7.15 (m, 1H), 5.82 (dd, J = 46.0, 7.5 Hz, 1H), 2.57-2.48 (m,
1H), 1.85-1.63 (m, 7H), 1.07-0.93 (m, 6H). 3C NMR (125 MHz, CDCl3) 6 169.75, 164.56,
147.56, 138.16 (d, J = 19.9 Hz), 136.94, 128.57 (d, J = 1.5 Hz), 128.45, 128.46 (d, J = 6.4
Hz), 121.71, 119.47, 93.86 (d, J = 171.0 Hz), 60.27 (d, J = 21.8 Hz), 56.77, 27.59 (d, J =
6.5 Hz), 27.55, 27.28, 21.61, 19.06. IR (neat)  (cm™) 3339, 3062, 2965, 2932, 2873, 1743,
1668, 1592, 1508, 1473, 1454, 1379, 1218, 1127, 1049, 995, 864, 787, 749, 700. F NMR
(470 MHz, CDCls) 6 -176.9 (m, 1F). HRMS (ESI, m/z): calcd. for CaoH26FN20 (M+H)*:

329.2029, found: 329.2043.
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2-(Fluoro(phenyl)methyl)-3-methyl-N-(2-(pyridin-2-yl)propan-2-
yl)butanamide (3.4i). White solid, 68.3 mg, 71% yield, with 0.75 equivalents of Fe(OAc)2
and 400 pL of MeCN. *H NMR (500 MHz, CDCls) ¢ 8.54-8.50 (m, 1H), 7.84 (br s, 1H),
7.72-7.66 (m, 1H), 7.40 (d, J = 8.0 Hz, 1H), 7.19-7.15 (m, 1H), 4.81-4.66 (m, 1H), 2.14-
2.03 (M, 1H), 1.96-1.90 (m, 1H), 1.82-1.60 (m, 13H), 1.36-0.97 (m, 8H). 1*C NMR (125
MHz, CDCls) ¢ 170.78, 164.68, 147.73, 136.85, 121.70, 119.48, 93.49 (d, J = 170.9 Hz),
58.89 (d, J = 19.0 Hz), 56.63, 37.03 (d, J = 4.8 Hz), 31.10, 30.57, 27.63, 27.32, 26.40,
26.26 (2C), 26.08, 25.91, 9.98 (d, J = 5.5 Hz). IR (neat) © (cm™) 3309, 2964, 2926, 2852,
1645, 1592, 1537, 1477, 1429, 1274, 1127, 956, 787, 749, 622. 1°F NMR (470 MHz, CDCls)
0 -190.5 (m, 1F). HRMS (ESI, m/z): calcd. for C19H30FN20 (M+H)*: 321.2342, found:
321.2340.
2-Cyclohexyl-3-fluoro-3-phenyl-N-(2-(pyridin-2-yl)propan-2-yl)propanamide

(3.4j). White solid, 66.3 mg, 60% yield, with no Fe(OAc)2 and 400 pL of MeCN. *H NMR
(500 MHz, CDCls) 6 8.53-8.50 (m, 1H), 7.82 (br s, 1H), 7.68-7.64 (m, 1H), 7.41-7.28 (m,
6H), 7.18-7.15 (m, 1H), 5.86 (dd, J = 46.0, 7.5 Hz, 1H), 2.54 (dt, J = 20.0, 7.0 Hz, 1H),
1.80-1.43 (m, 12H), 1.30-1.00 (m, 5H). 3C NMR (125 MHz, CDCls) 5 169.84, 164.56,
147.56, 138.28 (d, J = 19.9 Hz), 136.92, 128.47 (d, J = 1.5 Hz), 128.41, 126.33 (d, J = 6.8
Hz), 121.69, 119.47, 93.28 (d, J = 171.5 Hz), 60.00 (d, J = 21.9 Hz), 56.75, 37.22 (d, J =
5.8 Hz), 31.85, 29.65, 27.54, 27.32, 26.43, 26.29. IR (neat) © (cm™) 3337, 3062, 2928,
2852, 1740, 1688, 1654, 1592, 1508, 1473, 1450, 1431, 1378, 1216, 1126, 1066, 994, 968,
786, 747, 699. 1°F NMR (470 MHz, CDCls) § -178.2 (m, 1F). HRMS (ESI, m/z): calcd. for

Ca23H30FN20 (M+H)*: 369.2342, found: 369.2335.
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3-Fluoro-2-phenyl-N-(2-(pyridin-2-yl)propan-2-yl)butanamide (3.4k + 3.4k”),
66.7 mg, 74% yield (d.r. = 5:1), with 0.5 equivalents of Fe(OAc)z and 400 puL of MeCN.
Compound 3.4k: white solid; *H NMR (500 MHz, CDCls) ¢ 8.49-8.46 (m, 1H), 7.92 (br s,
1H), 7.69-7.64 (m, 1H), 7.43-7.39 (m, 2H), 7.35-7.27 (m, 4H), 7.18-7.14 (m, 1H), 5.40-
5.24 (m, 1H), 3.56 (dd, J = 11.0, 9.0 Hz, 1H), 1.77 (s, 3H), 1.66 (s, 3H), 1.21 (dd, J = 24.0,
6.0 Hz, 3H). 3C NMR (125 MHz, CDCls) 6 169.72, 164.33, 147.53, 137.01, 136.20 (d, J
= 10.0 Hz), 128.74, 128.46, 127.65, 121.77, 119.37, 91.34 (d, J = 169.3 Hz), 60.57 (d, J
= 22.5 Hz), 56.77, 27.55, 27.31, 18.87 (d, J = 22.0 Hz). IR (neat) © (cm™) 3326, 3061,
2862, 2933, 1659, 1592, 1539, 1506, 1474, 1381, 1266, 1127, 1078, 994, 868, 786, 748,
700. F NMR (470 MHz, CDCls) 6 -171.3 (m, 1F). HRMS (ESI, m/z): calcd. for
C18H22FN20 (M+H)*: 301.1716, found: 301.1703.

3-Fluoro-2-(naphthalen-1-yl)-N-(2-(pyridin-2-yl)propan-2-yl)butanamide
(3.41). White solid, 75.7 mg,: 72% yield, with 0.75 equivalents of Fe(OAc)2 and 400 pL of
MeCN. *H NMR (400 MHz, CDCl3) 6 *H NMR (400 MHz, CDCl3) & 8.50-8.48 (m, 1H),
8.03 (s, 1H), 7.93 (s, 1H), 7.88-7.83 (m, 3H), 7.68 (td, J = 7.6, 1.6 Hz, 1H), 7.59 (dd, J =
8.4, 1.6 Hz, 1H), 7.53-7.47 (m, 2H), 7.36 (d, J = 8.4 Hz, 1H), 7.20-7.17 (m, 1H), 5.56-5.38
(m, 1H), 3.78 (dd, J = 10.8, 9.2 Hz, 1H), 1.81 (s, 3H), 1.69 (s, 3H), 1.26 (dd, J = 24.4, 6.4
Hz, 3H). 3C NMR (100 MHz, CDCls) 6169.81 (d, J = 2.0 Hz), 164.10, 147.19, 137.45,
133.65 (d, J = 2.0 Hz), 133.45, 132.84, 128.46, 127.95, 127.63, 127.49, 126.32, 126.21,
126.02, 121.93, 119.59, 91.37 (d, J = 169.0 Hz), 60.52 (d, J = 23.0 Hz), 56.73, 27.45 (d,
J = 18.0 Hz), 18.99 (d, J = 21.0 Hz). IR (KBr) & (cm) 3325, 3056, 2981, 2932, 1718,
1661, 1508, 1382, 1132, 1074, 790, 750. °F NMR (376 MHz, CDCIs) 6 -171.0. HRMS

(ESI, m/z): calcd. for C22H23FN2NaO (M+Na)*: 373.1692, found: 373.1691.
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Deprotection of product 3.2g. To a 35 mL oven-dried pressure tube, 3.29 (129.3g,
0.3 mmol, 1.0 equiv) and hydrazine hydrate (30.0 mg, 0.6 mmol, 2.0 equiv) were dissolved
in 2 mL of MeOH. The tube was then sealed and stirred at 65 ° C for 10 h. After the reaction,
the solvent was removed. The crude product was dissolved in 20 mL DCM, and
undissolved solid was filtered. The filtrate was concentrated in vacuo, and the residue was
purified by flash chromatography on silica gel to yield the desired product 3.5. Colorless
oil, 82.3 mg, 91% yield. *H NMR (400 MHz, CDCl3) 6 8.77 (s, 1H), 8.50 (d, J = 4.4 Hz,
1H), 7.70 — 7. 66 (m, 1H), 7.41 — 7.30 (m, 6H), 7.17 (dd, J = 7.2, 5.2 Hz, 1H), 6.23 (dd, J
=45.2, 4.0 Hz, 1H), 4.01 (dd, J = 12.4, 4.0 Hz, 1H), 1.70 (s, 3H), 1.74 (s, 3H), 1.60 (s, 2H).
13C NMR (100 MHz, CDCls) 6 169.56 (d, J = 11.1 Hz), 164.36, 147.96, 136.84, 135.47 (d,
J =21.0 Hz), 128.50, 128.33, 126.21 (d, J = 8.4 Hz), 121.74, 119.32, 93.89 (d, J = 173.5
Hz), 60.04 (d, J = 25.9 Hz), 56.48, 27.46, 27.25. 1°F NMR (376 MHz, CDCls) -188.33. IR
(KBr) © (cm™) 3312, 3291, 3063, 2980, 2933, 1667, 1511, 1474, 1126, 913, 747, 705, 557
cm™. HRMS (ESI, m/z): calcd. for C17H1oFN3O (M-H)™: 300.1518, found: 300.1531.

Cleavage of directing group. To a solution of 3.2g (129 mg, 0.3 mmol) in acetic
acid (0.5 mL) mixed with acetic anhydride (2.5 mL) in -15 °C was slowly added NaNO-
(420 mg, 6.2 mmol) in portions over 1.5 hour. After stirring for 3 days at -15 °C, the
reaction was poured into a mixture of ice and water. The mixture was extracted with cold
ether. The organic phase was then washed with icy water for 4 times and dried with
anhydrous Na2SOxs in an ice bath. The solvent was removed under reduce pressure at 0 °C.
The residue was dissolved in THF (5 mL) mixed with H20 (2 mL) and cooled to -15 °C.
Then H202 (30% in water, 0.6 ml), followed by lithium hydroxide (144 mg, 6.0 mmol) was

added to the reaction. The mixture was stirred at -15 °C for 3 hours and then at 0 °C for
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another 3 hours. Finally, the mixture was treated with aqueous Na2SOs (170 mg in 2 mL
H20), followed by acidification with HCI (1M) to pH 2-3. The mixture was extracted with
ether and the organic layer was then washed with brine, dried over anhydrous Naz2SOa4. The
filtrate was concentrated in vacuo, and the residue was purified by flash chromatography
on silica gel to yield the desired product 3.6. Yellow solid, 61.1 mg 65% yield. 'H NMR
(400 MHz, CDCl3) 7.76 — 7.67 (m, 4H), 7.34 (d, J = 4.8 Hz, 2H), 7.25 — 7.24 (m, 3H), 6.37
(dd, J = 46.6, 8.4 Hz, 1H), 5.34 (dd, J = 15.4, 8.4 Hz, 1H). 13C NMR (100 MHz, CDCl3) §
171.38, 166.55, 134.99 (d, J = 19.6 Hz), 134.36, 131.15, 129.57 (d, J = 1.9 Hz), 128.48,
126.92 (d, J = 5.6 Hz), 123.70, 90.53 (d, J = 177.5 Hz), 54.50 (d, J = 35.6 Hz). °F NMR
(376 MHz, CDCls) -170.11. IR (KBr) & (cm™) 3005, 2989, 1778, 1717, 1471, 1391, 1275,
1260, 913, 750, 647 cm™*. HRMS (ESI, m/z): calcd. for Ci7H111FNO4 (M-H)": 312.0687,

found: 312.0682.
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CHAPTER 4. SYNTHESIS OF CINNOLINES VIA COPPER-CATALYZED
AEROBIC DEHYDROGENATIVE CYCLIZATION OF N-METHYL-N-
PHENYLHYDRAZONES

(Reproduced in part with permission from Zhang, G.-W.; Miao, J.-M.; Zhao, Y.; Ge, H.-
B. “Synthesis of Cinnolines via Copper-Catalyzed Aerobic Dehydrogenative Cyclization
of N-Methyl-N-phenylhydrazones”, Angew. Chem. Int. Ed. 2012, 51, 8318-8321.
Copyright 2012 John Wiley & Sons, Inc.)

4.1 Introduction

Selective carbon-carbon (C-C) bond formation is one of the most important
processes in organic chemistry since it enables key steps in the synthesis of complex
organic molecules from simple precursors. Traditionally, the construction of C-C bonds
relies primarily on prefunctionalized substrates, which usually requires additional synthetic
steps, and thus reduces the overall efficiency of this transformation.! For this reason, C-C
bond forming reactions through transition-metal-catalyzed direct functionalization of
relatively unreactive C—H bonds have emerged as a major topic of research in organic
chemistry.2 Among them, copper-catalyzed aerobic dehydrogenative coupling reactions
from two carbon-hydrogen (C—H) bonds have received a renewed interest in recent years

with the following inherent advantages: maximizing atom economy by avoiding

prefunctionalization of the coupling partners, and avoidance of toxic byproducts
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with molecular oxygen as the sole oxidant.® Since the discovery of the over 140 years old
Glaser reaction, the oxidative dimerization of terminal alkynes,* many efforts have been

devoted into this field to construct new C-C bonds and a number of copper-catalyzed
aerobic dehydrogenative coupling reactions via an sp or sp?> C-H bond functionalization

process have been developed, including oxidative dimerization of phenols,® naphthols® and
electron-deficient arenes,” cross-coupling of terminal alkynes with electron-deficient
arenes,® and intramolecular dehydrogenative cyclization of anilides.® In comparison, the
development of copper-catalyzed aerobic dehydrogenative coupling on sp® carbons is still
in its infancy and the current advances suffer severely from the restricted substrate scope,
namely only substrates with the sp® carbon adjacent to a heteroatom*® or malonic amide
derivatives.! During our investigation of transition-metal-catalyzed coupling reactions
including the synthesis of pyrazolines from hydrazones,'? N-methyl-N-phenylhydrazones
were discovered as unprecedented substrates for copper-catalyzed aerobic intramolecular
dehydrogenative cyclization for the formation of cinnolines, a privileged structure in
medicines, and many medicinal compounds with a broad range of biological activities
including antibacterial, anti-cancer, antifungal, antihypertensive, antiinflammatory, and

anti-ulcer activities.®

4.2 Results and Discussion

Our investigation began with the oxidative cyclization of 1-methyl-1-phenyl-2-(1-
phenylethylidene)hydrazine (4.1a) with catalytic CuSOa in the presence of 1 atm Oz. To

our delight, the cyclization reaction was successful with DMF, DMA or DCE as the solvent,
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albeit in low yields (Table 4.1, entries 1-3). The following extensive catalyst screening
showed that although other Cu" and Cu' sources could catalyze the cyclization of 4.1a,
none of these catalysts improved the yield (entries 8-16). Subsequently, a series of
nucleophilic bases, such as pyridine, DMAP, and DABCO, were screened. However, none
of these bases improved the yield. Interestingly, the yield was increased by the addition of
an acid along with excess pyridine, and the optimal results were obtained with 1 equivalent
of CFsSOsH and 3.5 equivalent of pyridine (entry 22). It is worth mentioning that the
methyl group on the nitrogen is required for this reaction since 1-phenyl-2-(1-
phenylethylidene)hydrazine gave less than 10% yield of the desired product due to the

decomposition of the starting material under the current reaction conditions.

Table 4.1 Optimization of Reaction Conditions for Cinnolines Synthesis?

|L\ /JiH cat. Cu, O, (1 atm) N°N
@ " o solvent, 110 °C = Ph
:1a 4.2a
Entry Cu Source Additive Solvents  Yield (%)°

1 CuS04(20) - DMF 37
2 CuS04(20) - DMA 32
3 CuS04(20) - CH3CN 30
4 CuSO04(20) ) OMSO -
> CuS04(20) - NMP trace
6 CuS04(20) - DMF trace
; _ : DMF 0
8 Cu(OAC)2 (20) - DMF 22
9 CuBr2 (20) - DMF 20
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10 CuCl2(20) - DMF 19
1 CuF2 (20) i DMF 17
12 Cu(OH)2CO0s3(20) - DMF 16
13 Cul (20) - DMF 15
14 CuBr-DMS (20) i DMF 12
15 CuSOs4 (20) - DMF 25
16 CuSOs4 (20) - DMF 22
17 CuSO0s4 (20) Py (3.5)/CF3SOsH (1) DMF 73
18 CuSOs4 (20) Py (3.5)/TsOH (1) DMF 55
19 CuSOs4 (10)/

Cul (10) Py (3.5)/CFsCO:zH (1) DMF 47
20 CuSOs4 (10)/

Cul (10) Py (3.5)/AcOH (1) DMF 43
21 CuSOs4 (10)/

Cul (10) Py (3.5)/PhCO2H (1) DMF 42
29 CuSOq4 (1.5)/ b

Cul (7.5) Py (3.5)/CF3CO2H (1) DMF 83(80)
23 CuSOs (1.5)/

Cul (5) Py (3.5)/CF3CO2H (1) DMF 70

24 CuSOs4 (1.5)/

Cul (7.5) Py (3.5)/CF3CO2H (1) DMF 20

&Conditions: 4.1a (0.3 mmol), Cu source, additive, Oz (1 atm), 3 mL of solvent, 110 °C,

14 h unless otherwise noted. ® Isolated yields. ¢ Under air.

As shown in Scheme 4.1, this transformation is compatible with electron-rich and

electron-deficient N-phenyl ring (Scheme 4.1, 4.2b-0). There is no apparent electronic or

steric effect on this ring, and good to high yields of products were obtained with either an

electron-donating or electron-withdrawing group substituted substrate on the p-, m-, or o-

position. It was noted that the m-OMe, Me, or Br substituted substrates gave a mixture of

p- and o-products (4.2h-j), favoring the p-products while the more hindered 'Pr group and

the electron-withdrawing CN group substituted substrates provided only the single p-
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products (4.2k and 4.2l). As expected, halogens (F, Cl, and Br) were tolerated under the

current reaction system, allowing for the further manipulation of the initial products.

CuSO, (1.5 mol%), Cul (7.5 mol%) Ney
R1

Ro CF3SO3H (1 eq), Py (3.5 eq) Z R,
O, (1 atm), DMF, 110 °C

4.2
N. N
Cl = Ph Br = Ph

4.2b, 72% 4.2c, 82% 4.2d, 88% 4.2e, 91%
N
N MeO N. N
= = = Ph
N Ph  FsC Ph Ph
C OMe
4.2f, 92%° 4.2g, 95%° 4.2h1+4.2h2, 78%(5:1)"
N=N e Ph
WAL 2‘/ ROGH
4.2i1+4.2i2, 62% (2.5:1) 4.2j1+4.2j2, 68% (1.7:1)
Pr N QMe T
> NC N. N
4.2k, 60%* 4.21, 73%° 4.2m, 88% 4.2n, 76%°

Scheme 4.1 Scope of N-Methyl-N-phenylhydrazones (1)*°.  Conditions: 4.1 (0.3 mmol),
CuSOs (1.5 mol%), Cul (7.5 mol%), Py (3.5 eq), CF3SOsH (1.0 eq), Oz (1 atm), 3 mL of
DMF, 110 °C, 14 h unless otherwise noted. ° Isolated yields. ¢ The reaction was run at
150 °C for 20 h. ¢ The reaction was run at 95 °C for 48 h.

In contrast, there is an electronic effect on the other phenyl ring (Scheme 4.2, 4.2g-
z). Generally, strong electron-donating groups on this ring provide higher yields than
strong electron-withdrawing groups. It should be mentioned that replacement of this phenyl
group with an alkyl group gave only trace amount of product, due to the decomposition of

the starting material under the oxidative conditions. It was also observed that this reaction
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was completely prohibited with the introduction of an alkyl group on the a-carbon to the

imine moiety (4.2ac).

H
| CuSO0, (1.5 mol%), Cul (7.5 mol%) ANV
NV R R4
Rﬂ{:[ 2 CF3SO3H (1 eq), Py (3.5 eq) Z R,
H 0, (1 atm), DMF, 110 °C
4.1 4.2
CN N=N
o M ove
Z>ph
4.20, 47%°¢ 4.2p, 64% 4.2q, 77% 4.2r, 61%9
N=N N=N N=N
‘JOF ‘JOC' ‘JO&
4.2s 80% 4.2t, 78% 4.2u, 72%
N=N N=N N=N N=N
- v o™ Q/ — - ,O
CF,
4.2v, 53% 42w, 75% 4.2x, 61% 4.2y, 90%
F
NN N=N N=N
) O Dalha®
4.2z, 82% 4.2aa, 96% 4.2ab, 67%¢

Scheme 4.2 Scope of N-Methyl-N-phenylhydrazones (2)*°. 2 Conditions: 1 (0.3 mmol),
CuSOs4 (1.5 mol%), Cul (7.5 mol%), Py (3.5 eq), CF3SOsH (1.0 eq), Oz (1 atm), 3 mL of
DMF, 110 °C, 14 h unless otherwise noted. ° Isolated yields. ¢ The reaction was run at
150 °C for 20 h. 9 The reaction was run at 95 °C for 48h.

It is noteworthy that a small amount of 2-(N-methyl-N-phenylhydrazono)-2-
phenylacetaldehyde (4.3) was isolated along with the desired product 4.2a from the
reaction of 1-methyl-1-phenyl-2-(1-phenylethylidene)hydrazine (4.1a) under the current

reaction conditions. Furthermore, treatment of 4.3 under the cyclization reaction conditions

provided 4.1a in 90% yield (Scheme 4.3).
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Ph
lll\ /)\’//O CuSO, (1.5 mol%), Cul (7.5 mol%) Neyg
N
©[ g CF3SO3H (1 eq), Py (3.5 eq) Zph
H 0, (1 atm), DMF, 110 °C .
4.3 4.2a, 90% yield

Scheme 4.3. Cyclization of 2-(N-Methyl-N-phenylhydrazono)-2-phenylacetaldehyde

To further probe the reaction mechanism, deuterium-labeling experiments were
conducted (Scheme 4.4). No significant kinetic isotope effect was observed in the
reaction of [D1]-1a, thus suggesting that the arene C(sp?)-H bond cleavage might not be

involved in the rate-determining step.'*

Ph
D | Ph D
N. /)\fo CuS0, (1.5 mol%), Cul (7.5 mol%) N = N
N N + N
H CF3SO3H (1 eq), Py (3.5 eq) _
H 0, (1 atm), DMF, 110 °C Ph !

kH/kD =1.2:1

Scheme 4.4. Deuterium-Labeling Experiments

Based on the above observation, the cyclization reaction mechanism of N-methyl-
N-phenyl-2-(1-phenylethylidene)hydrazine (4.1a) is proposed (Scheme 4.5). It is believed
that this transformation starts with the oxidation of 4.1a into 2-(N-Methyl-N-
phenylhydrazono)-2-phenylacetaldehyde (4.3) through a copper-catalyzed process in the
presence of oxygen.® Copper-assisted Freidel-Crafts-type cyclization of 4.3 generates the
intermediate VII. Activation of VII by a copper species, followed by the loss of the
hydroxyl group and subsequent methyl group by nucleophilic substitution of iodine

provides the desired product 4.2a.
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©/ @/ N” Ph ©/N\N Ph

2
| l
(0] | N St
2 N. oot
[Cu"oH | L N [Cu) <N b
[Cu”
4.3 v v
N
2 \N Icu CUN -[Cu"oH (N\
| o | “ N —4.2a
HO\[CU”]
Vil IX

Scheme 4.5 Proposed Mechanism for Cinnoline Synthesis.

4.3 Summary
In summary, an efficient Cu-catalyzed aerobic dehydrogenative intramolecular
cyclization reaction of N-methyl-N-phenylhydrazones has been developed via a

sequential sp® C—H oxidation, cyclization, and aromatization process. This transformation
is the first example of copper-catalyzed coupling reactions of hydrazones via a sp® C-H

bond functionalization pathway. This novel method provides an efficient access to

cinnoline derivatives.

4.4  Experimental
General Methods. All the solvents and commercially available reagents were

purchased from commercial sources and used directly. For TLC analysis, precoated plates
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(w/h F254, Dynamic Adsorbents Inc, 0.25 mm thick) were used; for air-flashed column
chromatography, Flash Silica Gel (Dynamic Adsorbents Inc, 32-63 pm) was used. The H
and *C NMR spectra were obtained on a Bruker 500 MHz NMR Fourier transform
spectrometer. 'H NMR data was reported as: chemical shift (5 ppm), multiplicity, coupling
constant (Hz), and integration. 3C NMR data was reported in terms of chemical shift (&
ppm), multiplicity, and coupling constant (Hz). The infrared spectra were obtained using a
Thermo Nicolet IR 330 Spectrometer. Mass (MS) analysis was obtained using Agilent
1100 series LC/MSD system with Electrospray lonization (ESI).

General procedure for the preparation of N-methyl-N-phenylhydrazones 4.1a-
4.1e, 4.1g-4.1k, 4.1m-4.1n, and 4.1p-4.1ab®'7:
A 250 mL three-necked flask was charged with 50 mL anhydrous ethanol, ketone (20
mmol), acyl hydrazine (25 mmol) and acetic acid (114.4 pL, 2 mmol). The reaction mixture
was then refluxed for 2-4 h (monitored by TLC). After removal of ethanol, the residue was
dissolved in ethyl acetate (100 mL), washed with a mixture of acetic acid (100 mL) and
water (100 mL), and the organic phase was dried over Na2SO4 and concentrated under
vacuum. The hydrazone, which was usually obtained in nearly quantitative yield, was used
directly for the next step without further purification.

To a solution of hydrazone (5 mmol) in dry THF (20 mL) was added NaH (95%,
1.2 g, 47.5 mmol) at 0 °C. The mixture was stirred for 15 min, and then methyl iodide (7.5
mmol) was added dropwise. After stirring at room temperature for 3 h, the reaction mixture
was refluxed for another 2 h. The reaction mixture was cooled to the room temperature,
and then the solvent was removed under reduced pressure. The residue was diluted with

water (15 mL), extracted with ether (25 mL x 3), and dried over Na2SOa. After removal of
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the solvent, the residue was purified by flash chromatography column on silica gel
(gradient eluent of EtOAC in hexanes: 1 ~ 5%, v/v) to yield the product 1 as a yellow oil.
1-Methyl-2-(1-phenylethylidene)-1-(p-tolyl)hydrazine (4.1b). Yellow oil, yield:
85% (from ketone). *H NMR (500 MHz, CDCls, a mixture of (Z/E) isomers in ratio ca.
4.3:1, the minor isomer is marked with an *) 3: 2.28 (s, 3H), 2.31 (s, 3H), 3.15 (s, 3H), 6.88
(d, J = 5.0 Hz, 2H), 7.08 (d, J = 5.0 Hz, 2H), 7.40-7.41 (m, 3H), 7.88-7.91 (m, 2H); 1.75*
(s, 3H), 2.41* (s, 3H), 3.40* (s, 3H), 7.23-7.38* (m, 5H), 7.54* (d, J = 5.0 Hz, 2H), 7.72*
(d, J=5.0 Hz, 2H); *3C NMR (125 MHz, CDCl3) &: 16.4, 20.5, 43.5, 116.1, 122.6, 126.6,
128.3, 129.4, 129.6, 138.4, 149.4, 164.6; 21.4*, 24.5*, 51.8*, 116.1*, 126.7*, 127.8%*,
128.3*,129.6*, 141.3*, 141.5%, 149.8*, 164.6*; IR (neat) 0 (cm™*) 3050, 2953, 1510, 1493,
1457, 1376, 1363, 1309, 1095, 1070, 819, 760; MS (ESI): m/z = 239.3 [M + H'].
1-(4-Fluorophenyl)-1-methyl-2-(1-phenylethylidene)hydrazine (4.1c). Yellow
oil, yield: 91% (from ketone). *H NMR (500 MHz, CDCls) &: 2.32 (s, 3H), 3.10 (s, 3H),
6.91-6.99 (m, 4H), 7.40-7.41 (m, 3H), 7.87-7.89 (m, 2H); 2*C NMR (125 MHz, CDCls) 5:
16.4, 43.4,115.3 (d, Jcr = 21.2 Hz), 117.1 (d, Jcr = 7.5 Hz), 126.6 (d, Jcr = 10.0 Hz), 128.3,
129.8, 138.2, 148.1, 157.5 (d, Jcr = 236.2 Hz), 165.1; IR (neat) © (cm™) 3054, 2963, 2874,
1608, 1505, 1445, 1364, 1223, 1101, 827; MS (ESI): m/z = 243.3 [M + H"].
1-(4-Chlorophenyl)-1-methyl-2-(1-phenylethylidene)hydrazine (4.1d). Yellow
oil, yield: 83% (from ketone). *H NMR (500 MHz, CDCls) &: 2.36 (s, 3H), 3.14 (s, 3H),
6.89 (d, J = 10.0 Hz, 2H), 7.22 (d, J = 10.0 Hz, 2H), 7.42-7.43 (m, 3H), 7.89-7.91 (M, 2H);
13C NMR (125 MHz, CDCl3) §: 16.5,42.5, 116.5, 124.8, 126.6, 128.4, 128.6, 130.0, 138.0,
149.9, 165.9; IR (neat) © (cm™) 3059, 2963, 2875, 1593, 1490, 1445, 1315, 1098, 1069,

822; MS (ESI): m/z = 260.3 [M + H'].
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1-(4-Bromophenyl)-1-methyl-2-(1-phenylethylidene)hydrazine (4.1e). Yellow
oil, yield: 76% (from ketone). *H NMR (500 MHz, CDCls) &: 2.26 (s, 3H), 3.04 (s, 3H),
6.74-6.75 (m, 2H), 7.26-7.28 (m, 2H), 7.32-7.35 (m, 3H), 7.80-7.82 (m, 2H); 3C NMR
(125 MHz, CDCls) &: 15.5, 41.3, 111.2, 115.8, 125.6, 127.4, 129.0, 130.5, 136.9, 149.2,
165.0; IR (neat) © (cm™) 3058, 2962, 2874, 1588, 1487, 1315, 1097, 1074, 819; MS (ESI):
m/z = 305.3 [M + H].

1-Methyl-2-(1-phenylethylidene)-1-(4-(trifluoromethyl)phenyl)hydrazine
(4.1g). Yellow oil, yield: 95% (from ketone). *H NMR (500 MHz, CDCls) &: 2.38 (s, 3H),
3.20 (s, 3H), 6.96 (d, J = 10.0 Hz, 2H), 7.42-7.46 (m, 3H), 7.50 (d, J = 10.0 Hz, 2H), 7.92-
7.94 (m, 2H); 3C NMR (125 MHz, CDCl3) &: 16.6, 41.6, 116.5, 120.9 (q, Jcr = 32.5 Hz),
125.0 (q, Jcr = 268.7 Hz), 126.1 (q, Jcr = 3.7 Hz), 126.8, 128.5, 130.3, 137.7, 153.1, 167.3;
IR (neat) © (cm™) 3058, 2965, 2881, 1613, 1577, 1519, 1325, 1160, 1111, 1068, 830, 761;
MS (ESI): m/z =293.3 [M + H].

1-(3-Methoxyphenyl)-1-methyl-2-(1-phenylethylidene)hydrazine (4.1h).
Yellow oil, yield: 79% (from ketone). *H NMR (500 MHz, CDClIs) &: 2.36 (s, 3H), 3.16 (s,
3H), 3.79 (s, 3H), 6.46-6.48 (m, 1H), 6.54-6.59 (M, 2H), 7.17-7.20 (M, 1H), 7.41-7.43 (m,
3H), 7.90-7.92 (m, 2H); 3C NMR (125 MHz, CDCls) &: 16.9, 42.6, 55.1, 101.8, 106.0,
108.1, 126.6, 128.3,129.5, 129.8, 138.2, 152.6, 160.3, 165.6; IR (neat) v (cm™) 3059, 2997,
2958, 2833, 1599, 1490, 1465, 1445, 1363, 1315, 1288, 1220, 1048, 994; MS (ESI): m/z =
255.3 [M + H'].

1-Methyl-2-(1-phenylethylidene)-1-(m-tolyl)hydrazine (4.1i). Yellow oil, yield:
86% (from ketone). 'H NMR (500 MHz, CDCls) §: 2.33 (s, 3H), 2.34 (s, 3H), 3.16 (s, 3H),

6.72-6.78 (M, 3H), 7.15-7.18 (m, 1H), 7.42-7.43 (m, 3H), 7.91-7.92 (m, 2H); 3C NMR
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(125 MHz, CDCls) &: 16.4, 21.8, 42.8, 112.6, 116.3, 120.9, 126.6, 128.3, 128.6, 129.7,
138.3, 138.5, 151.3, 165.3; IR (neat) b (cm™) 3039, 2961, 2869, 1602, 1583, 1489, 1444,
1315, 1101, 995; MS (ESI): m/z = 239.3 [M + H™].
1-(3-Bromophenyl)-1-methyl-2-(1-phenylethylidene)hydrazine (4.1j). Yellow
oil, yield: 85% (from ketone). *H NMR (500 MHz, CDCls) &: 2.37 (s, 3H), 3.14 (s, 3H),
6.85-6.87 (M, 1H), 6.99-7.00 (m, 1H), 7.09-7.14 (m, 2H), 7.43-7.46 (m, 3H), 7.90-7.92 (m,
2H); 1*C NMR (125 MHz, CDCls) &: 16.5, 42.1, 113.5, 117.9, 122.5, 122.9, 126.7, 128.4,
130.0, 130.1, 137.9, 152.3, 166.7; IR (neat) v (cm™) 3061, 2965, 2874, 1588, 1558, 1477,
1444, 1321, 1100, 986; MS (ESI): m/z = 305.4 [M + H"].
1-(3-Isopropylphenyl)-1-methyl-2-(1-phenylethylidene)hydrazine (4.1Kk).
Yellow oil, yield: 72% (from ketone). *H NMR (500 MHz, CDCls) &: 1.25 (d, J = 10.0 Hz,
6 H), 2.34 (s, 3H), 2.83-2.90 (m, 1H), 3.17 (s, 3 H), 6.79-6.84 (m, 3H), 7.19-7.22 (m, 1H),
7.41-7.43 (m, 3H), 7.90-7.92 (m, 2H); 3C NMR (125 MHz, CDCls) &: 16.6, 24.1, 34.5,
42.9,113.3,114.0, 118.3, 126.7, 128.4, 128.8, 129.8, 138.4, 149.7, 151.4, 165.1; IR (neat)
v (cm™) 3056, 2959, 2924, 2868, 1601, 1581, 1484, 1458, 1381, 1362, 1310, 1099, 1026,
938, 774; MS (ESI): m/z = 267.3 [M + H"].
1-(2-Methoxyphenyl)-1-methyl-2-(1-phenylethylidene)hydrazine (4.1m).
Yellow oil, yield: 77% (from ketone). *H NMR (500 MHz, CDClIs) &: 1.98 (s, 3H), 3.24 (s,
3H), 3.94 (s, 3 H), 6.83-6.87 (m, 1H), 6.93-6.95 (M, 1H), 7.03-7.10 (M, 2H), 7.36-7.40 (m,
3H), 7.77-7.79 (m, 2H); 3C NMR (125 MHz, CDCls) &: 17.0, 47.0, 55.6, 111.7, 121.1,
121.4,124.4,126.3,128.3,129.0, 139.2, 142.5, 151.9, 160.0; IR (neat) b (cm™*) 3059, 2960,
2866, 1589, 1493, 1455, 1363, 1281, 1123, 1103, 1026, 917; MS (ESI): m/z = 255.3 [M +

H*].
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1-(2-Chlorophenyl)-1-methyl-2-(1-phenylethylidene)hydrazine (4.1n). Yellow
oil, yield: 88% (from ketone). *H NMR (500 MHz, CDCls) &: 2.04 (s, 3H), 3.20 (s, 3H),
7.00-7.03 (m, 1H), 7.15-7.18 (m, 1H), 7.24- 7.29 (m, 1H), 7.36-7.41 (m, 4H), 7.77-7.79
(m, 2H); 3C NMR (125 MHz, CDCls) &: 16.9, 46.8, 123.2, 125.0, 126.5, 127.8, 128.4,
128.5, 129.4, 130.6, 138.8, 150.9, 161.8; IR (neat)  (cmt) 3061, 2964, 2862, 1585, 1473,
1443, 1273, 1050, 915, 757; MS (ESI): m/z = 260.5 [M + H™].
1-Methyl-1-(naphthalen-1-yl)-2-(1-phenylethylidene)hydrazine (4.1p). Yellow
oil, yield: 65% (from ketone). *H NMR (500 MHz, CDCls) &: 1.97 (s, 3H), 3.34 (s, 3H),
7.28-7.30 (M, 1H), 7.33-7.41 (m, 4H), 7.49- 7.56 (m, 2H), 7.59 (d, J = 10.0 Hz, 1H), 7.80-
7.86 (m, 3H), 8.36 (d, J = 10.0 Hz, 1H); 13C NMR (125 MHz, CDCls) §: 17.0, 48.8, 117.7,
123.4, 124.4, 125.8, 125.9, 126.0, 126.4, 128.3 (2C), 128.6, 129.1, 134.8, 139.1, 151.0,
160.4; IR (neat) v (cm™) 3055, 2960, 2878, 1592, 1573, 1493, 1461, 1445, 1388, 1332,
1299, 1021, 1013, 913, 791; MS (ESI): m/z = 275.4 [M + H*].
1-Methyl-1-phenyl-2-(1-(p-tolyl)ethylidene)hydrazine (4.1q). Yellow oil, yield:
86% (from ketone). 'H NMR (500 MHz, CDClz) &: 2.33 (s, 3H), 3.14 (s, 3H), 3.86 (s, 3H),
6.87-6.90 (m, 1H), 6.93-6.95 (m, 4H), 7.25-7.28 (m, 2H), 7.89 (d, J = 10.0 Hz, 2H); *C
NMR (125 MHz, CDCls) 6: 16.1, 42.6, 55.4, 113.7, 115.2, 119.7, 128.2, 128.8, 130.8,
151.4, 161.1, 165.7; IR (neat) © (cm™) 3057, 3001, 2960, 2836, 1597, 1511, 1492, 1311,
1253, 1176, 1029, 834; MS (ESI): m/z = 255.4 [M + H*].
2-(1-(4-Methoxyphenyl)ethylidene)-1-methyl-1-phenylhydrazine (4.1r).
Yellow oil, yield: 82% (from ketone). *H NMR (500 MHz, CDClIs) &: 2.34 (s, 3H), 2.40 (s,
3H), 3.15 (s, 3H), 6.87-6.96 (m, 3H), 7.22 (d, J = 5.0 Hz, 2H), 7.26-7.29 (m, 2H), 7.81 (d,

J = 5.0 Hz, 2H); C NMR (125 MHz, CDCls) &: 16.4, 21.4, 42.6, 115.4, 119.9, 126.7,
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128.9, 129.1, 135.5, 140.0, 151.4, 165.8; IR (neat)  (cm*) 3058, 2921, 1683, 1591, 1492,
1314, 1096, 817; MS (ESI): m/z = 239.4 [M + H"].
2-(1-(4-Fluorophenyl)ethylidene)-1-methyl-1-phenylhydrazine (4.1s). Yellow
oil, yield: 95% (from ketone). *H NMR (500 MHz, CDCls) &: 2.32 (s, 3H), 3.15 (s, 3H),
6.89-6.96 (M, 3H), 7.07-7.11 (m, 2H), 7.24-7.29 (m, 2H), 7.89-7.92 (m, 2H); 3C NMR
(125 MHz, CDCl3) 8: 16.4, 42.7, 115.2 (d, Jcr = 21.2 Hz), 115.5, 120.1, 128.5 (d, Jcr = 8.7
Hz), 128.8, 134.4 (d, Jcr = 3.7 Hz), 151.2, 163.9 (d, Jcr = 248.7 Hz), 164.3; IR (neat) ©
(cm™) 3061, 2962, 2873, 1598, 1540, 1508, 1405, 1313, 1158, 837; MS (ESI): m/z = 243.4
[M+ H™].
2-(1-(4-Chlorophenyl)ethylidene)-1-methyl-1-phenylhydrazine (4.1t). Yellow
oil, yield: 92% (from ketone). *H NMR (500 MHz, CDCls) &: 2.30 (s, 3H), 3.16 (s, 3H),
6.89-6.96 (M, 3H), 7.28-7.29 (m, 2H), 7.37 (d, J = 10.0 Hz, 2H), 7.84 (d, J = 10.0 Hz, 2H);
13C NMR (125 MHz, CDCl3) 8: 16.4,42.9, 115.6, 120.2, 127.9, 128.5, 128.8, 135.8, 136.7,
151.2, 163.7; IR (neat) © (cm™) 3059, 2918, 2873, 1598, 1579, 1465, 1398, 1278, 1179,
1091, 1028, 995; MS (ESI): m/z = 260.3 [M + H"].
2-(1-(4-Bromophenyl)ethylidene)-1-methyl-1-phenylhydrazine (4.1u). Yellow
oil, yield: 86% (from ketone). *H NMR (500 MHz, CDCls) &: 2.30 (s, 3H), 3.16 (s, 3H),
6.89-6.96 (M, 3H), 7.28-7.29 (m, 2H), 7.52 (d, J = 5.0 Hz, 2H), 7.77 (d, J = 5.0 Hz, 2H);
13C NMR (125 MHz, CDCl3) : 16.4,42.9, 115.6, 120.3, 124.1, 128.1, 128.8, 131.4, 137.1,
151.2, 163.5; IR (neat) © (cm™) 3058, 3024, 2873, 1598, 1492, 1393, 1315, 1278, 1077,
1008; MS (ESI): m/z = 304.1 [M + H*].
4-(1-(2-Methyl-2-phenylhydrazono)ethyl)benzonitrile (4.1v). Yellow oil, yield:

93% (from ketone). H NMR (500 MHz, CDCls) &: 2.23 (s, 3 H), 3.16 (s, 3H), 6.89-6.93
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(m, 3H), 7.17-7.24 (m, 2H), 7.61 (d, J = 10.0 Hz, 2H), 7.92 (d, J = 10.0 Hz, 2H); 3C NMR
(125 MHz, CDCls) &: 15.8, 42.7, 111.7, 115.1, 117.7, 119.9, 125.9, 127.9, 131.0, 141.5,
150.0, 159.4; IR (neat) © (cm'®) 3060, 2963, 2806, 1599, 1578, 1529, 1492, 1275, 1179,
1028, 913; MS (ESI): m/z = 250.4 [M + H].
1-Methyl-1-phenyl-2-(1-(m-tolyl)ethylidene)hydrazine (4.1w). Yellow oil, yield:
86% (from ketone). 'H NMR (500 MHz, CDCls) §: 2.34 (s, 3H), 2.41 (s, 3H), 3.16 (s, 3H),
6.89-6.97 (m, 3H), 7.23-7.32 (m, 4H), 7.67 (d, J = 10.0 Hz, 1H), 7.76 (s, 1H); 3C NMR
(125 MHz, CDCls) &: 16.6, 21.4, 42.6, 115.4, 120.0, 123.9, 127.2, 128.2, 128.8, 130.6,
138.0, 138.2, 151.2, 166.1; IR (neat) © (cmt) 3058, 2958, 2923, 1598, 1491, 1362, 1315,
1096, 1071, 1028, 994, 752; MS (ESI): m/z = 239.4 [M + H"].
1-Methyl-1-phenyl-2-(1-(3-(trifluoromethyl)phenyl)ethylidene)hydrazine
(4.1x). Yellow oil, yield: 93% (from ketone). *H NMR (500 MHz, CDCls) &: 2.35 (s, 3H),
3.21 (s, 3H), 6.92-7.00 (m, 3H), 7.28-7.32 (m, 2H), 7.51-7.57 (m, 1H), 7.67 (d, J = 5.0 Hz,
1H), 8.10 (d, J = 5.0 Hz, 1H), 8.15 (s, 1H); *C NMR (125 MHz, CDCls) &: 16.6, 43.3,
115.9, 120.6, 122.7, 123.3 (g, Jor = 3.7 Hz), 124.1 (q, Jcr = 270.0 Hz), 126.2 (q, Jor = 3.7
Hz), 128.8, 128.9, 129.7, 139.1, 151.2, 162.6; IR (neat) © (cm™) 3064, 2965, 2877, 1599,
1492, 1336, 1308, 1265, 1167, 1071, 803; MS (ESI): m/z =293.4 [M + H].
1-Methyl-1-phenyl-2-(1-(o-tolyl)ethylidene)hydrazine (4.1y). Yellow oil, yield:
80% (from ketone). *H NMR (500 MHz, CDCls, a mixture of (Z/E) isomers in ratio ca. 5:3,
the minor one is marked with an *) 8: 2.27 (s, 3H), 2.43 (s, 3H), 3.18 (s, 3H), 6.70-6.84 (m,
3H), 7.11-7.34 (m, 6H); 2.17* (s, 3H), 2.37* (s, 3H), 2.74* (s, 3H), 6.70-6.84* (m, 3H),
7.11-7.34* (m, 6H); °C NMR (125 MHz, CDCls) §: 20.3, 20.5, 43.0, 115.9, 120.3, 125.9,

127.7,128.5, 128.9, 130.9, 135.1, 139.8, 151.4, 169.9; 19.8*, 25.8*, 40.8*, 114.6*, 119.5%,



79

125.7*, 126.6*, 128.1*, 128.7*, 130.3*, 134.3*, 139.4*, 150.9*, 162.3*; IR (neat) v (cm"
1) 3059, 2960, 2870, 1597, 1493, 1453, 1312, 1094, 752; MS (ESI): m/z = 239.4 [M + H].
2-(1-(2-Fluorophenyl)ethylidene)-1-methyl-1-phenylhydrazine (4.1z). Yellow
oil, yield: 89% (from ketone). *H NMR (500 MHz, CDCls) &: 2.34 (d, J = 5.0 Hz, 3H),
3.19 (s, 3H), 6.91-6.95 (m, 1H), 6.99-7.00 (m, 2H), 7.09-7.13 (m, 1H), 7.17-7.20 (m, 1H),
7.28-7.31 (m, 2H), 7.34-7.39 (m, 1H), 7.75-7.79 (m, 1H); 3C NMR (125 MHz, CDCls) &:
19.7 (d, Jcr = 5.0 Hz), 42.8, 115.8, 116.1 (d, Jcr = 22.5 Hz), 120, 124.2 (d, Jcr = 3.7 Hz),
127.4 (d, Jcr = 12.5 Hz), 128.8, 129.6 (d, Jcr = 2.5 Hz), 130.8 (d, Jcr = 8.7 Hz), 151.1,
160.7 (d, Jcr = 247.5 Hz), 163.9; IR (neat) v (cm™) 3061, 2966, 2873, 1598, 1581, 1490,
1450, 1317, 1287, 1095, 1029, 995, 826; MS (ESI): m/z = 243.3 [M + H™].
2-(1-(2,4-Dimethylphenyl)ethylidene)-1-methyl-1-phenylhydrazine  (4.1aa).
Yellow oil, yield: 81% (from ketone). *H NMR (500 MHz, CDCls, a mixture of (Z/E)
isomers in ratio ca. 2:1, the minor one is marked with an *) &: 2.25 (s, 3H), 2.32 (s, 3H),
2.42 (s, 3H), 3.15 (s, 3H), 6.87-6.90 (M, 1H), 6.97-7.04 (m, 5H), 7.22-7.28 (M, 2H); 2.12*
(s, 3H), 2.30* (s, 3H), 2.34* (s, 3H), 2.73* (s, 3H), 6.70-6.84* (m, 3H), 6.97-7.04* (m,
2H), 7.22-7.28* (m, 3H); 13C NMR (125 MHz, CDCls) &: 20.3, 20.6, 21.2, 42.9, 115.8,
120.2, 126.5, 127.8, 128.9, 131.7, 135.1, 136.9, 138.3, 151.4, 170.0; 19.8*, 20.6*, 25.9%,
40.6*, 114.4*, 119.4*, 126.4*, 126.5*, 128.7*, 131.1*, 134.2*, 136.5*, 137.8*, 150.9%*,
162.7*; IR (neat) v (cm™) 3058, 2960, 2869, 1597, 1494, 1451, 1312, 1287, 1094, 1029,
877; MS (ESI): m/z = 253.4 [M + H™].
1-Methyl-2-(1-(naphthalen-2-yl)ethylidene)-1-phenylhydrazine (4.1ab).
Yellow solid, yield: 80% (from ketone). *H NMR (500 MHz, CDCls) §: 2.47 (s, 3H), 3.23

(s, 3H), 6.90-7.03 (m, 3H), 7.28-7.32 (m, 2H), 7.49- 7.53 (m, 2H), 7.85-7.90 (m, 3H), 8.22-
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8.24 (m, 2H); *C NMR (125 MHz, CDCl3) 8: 16.5,42.9, 115.6, 120.1, 123.9, 126.3, 126.7,
126.8, 127.7, 127.9, 128.7, 128.9, 133.1, 134.1, 135.7, 151.4, 164.9; IR (neat) ¥ (cm™)
3057, 2962, 2872, 1598, 1491, 1368, 1313, 1234, 1154, 1094, 1066, 859; MS (ESI): m/z =
275.4 [M + H].

General procedure for the preparation of N-methyl-N-phenylhydrazones 4.1f,
4.11, and 4.10"
A 50-mL Schlenk tube was charged with tris(dibenzylideneacetone)dipalladium(0) (4.6 mg,
0.005 mmol), 1,1'-ferrocenediyl-bis(diphenylphosphine) (5.5 mg, 0.01 mmol), and
Zn(CN)2 (42.3 mg, 0.36 mmol). Then N-bromophenyl-N-methylhydrazone (91.0 mg, 0.3
mmol) in DMF (3 mL) was added, and the vial was evacuated and filled with argon. After
stirring at 120-150 °C for 20 h, the reaction mixture was cooled to room temperature,
diluted with EtOAc (15 mL) and filtered through a pad of Celite. The filtrate was washed
with water (20 mL x 3) to remove the DMF. The organic phase was dried over Na2SOs4,
concentrated, and the residue was purified by flash chromatography on silica (gradient
eluent of EtOAC in hexanes: 4 ~ 5%, v/v) to yield the desired product as a yellow oil.

4-(1-Methyl-2-(1-phenylethylidene)hydrazinyl)benzonitrile (4.1f). Yellow oil,
yield: 72% (from 4.1e). *H NMR (500 MHz, CDCls) &: 2.37 (s, 3H), 3.20 (s, 3H), 6.88-
6.91 (m, 2H), 7.41-7.90 (m, 5H), 7.91-7.93 (m, 2H); 3C NMR (125 MHz, CDCl3) &: 16.7,
41.0,100.7,113.7,120.2, 126.7, 128.5, 130.5, 133.0, 137.2, 152.9, 168.1; IR (neat) v (cm
Y3057, 2920, 2881, 2215, 1603, 1572, 1509, 1464, 1335, 1176, 1098, 828; MS (ESI): m/z
=250.2 [M + H"].

3-(1-Methyl-2-(1-phenylethylidene)hydrazinyl)benzonitrile (4.11). Yellow oil,

yield: 82% (from 4.1j). H NMR (500 MHz, CDCl3) &: 2.39 (s, 3H), 3.15 (s, 3H), 7.12-
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7.15 (m, 2H), 7.20 (s, 1H), 7.31-7.34 (m, 1H), 7.43-7.46 (m, 3H), 7.90-7.92 (m, 2H); 13C
NMR (125 MHz, CDCl3) o: 16.6, 41.7, 112.6, 117.7, 118.8, 119.5, 122.8, 126.7, 128.5,
129.5, 130.4, 137.9, 151.3, 167.3; IR (neat) © (cm™*) 3065, 2967, 2878, 2227, 1595, 1576,
1487, 1444, 1364, 1329, 1293, 1100, 1073, 997; MS (ESI): m/z = 250.2 [M + H*].

2-(1-Methyl-2-(1-phenylethylidene)hydrazinyl)benzonitrile (4.10). Yellow oll,
yield: 73% (from ketone). *H NMR (500 MHz, CDCls) &: 2.38 (s, 3H), 3.21 (s, 3H), 7.00-
7.03 (m, 1H), 7.28 (d, J = 5.0 Hz, 1H), 7.39- 7.42 (m, 3H), 7.44-7.47 (m, 1H), 7.57-7.59
(m, 1H), 7.86-7.88 (M, 2H); 13C NMR (125 MHz, CDCl3) 8: 16.9, 44.2,104.2, 118.1, 118.5,
121.9,126.8,128.4, 130.1, 133.3, 134.5, 137.7, 155.3, 167.6; IR (neat) d (cmt) 3061, 2965,
2922, 2877, 2219, 1595, 1445, 1364, 1293, 1064, 760; MS (ESI): m/z = 250.4 [M + H™].

General procedure for the dehydrogenative cyclization recations
A 50-mL Schlenk tube was charged with N-methyl-N-phenylhydrazones (4, 0.3 mmol),
CuSO4 (1.0 mg, 0.0045 mmol), Cul (4.2 mg, 0.0225 mmol), Py (84.4 uL, 1.05 mmol), and
DMF (2.7 mL). Then the solution of CF3SOsH (26.5 pL, 0.3 mmol) in DMF (0.3 mL) was
slowly added. The vial was evacuated and filled with 1 atm O3, and stirred rigorously at
95-150 °C for 14-48 h. After removal of the solvent, the residue was purified by flash
chromatography on silica gel (gradient eluent of 5% EtOAc and 1% EtsN in hexanes, v/v)
to give the desired product as a colorless or pale yellow solid.

3-Phenylcinnoline (4.2a). Pale yellow solid (known compound®®), yield: 80%. 'H
NMR (500 MHz, CDCl3) &: 7.46-7.48 (m, 1H), 7.52-7.55 (m, 2H), 7.68-7.83 (m, 3H), 8.11
(s, 1H), 8.23 (d, J = 10.0 Hz, 2H), 8.52 (d, J = 10.0 Hz, 1H); 2*C NMR (125 MHz, CDCls)

0: 118.7, 126.4, 127.0, 127.2, 129.0, 129.4, 129.7, 130.2, 131.2, 136.9, 149.8, 153.4.
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6-Methyl-3-phenylcinnoline (4.2b). Pale yellow solid, yield: 72%. *H NMR (500
MHz, CDCls) §: 7.47-7.63 (m, 5H), 8.06 (s, 1H), 8.23 (d, J = 10.0 Hz, 2H), 8.42 (d, J = 5.0
Hz, 1H); *C NMR (125 MHz, CDCls) &: 22.1, 118.2, 125.3, 126.7, 127.2, 129.0, 129.3,
129.5, 132.8, 137.1, 141.9, 149.0, 153.4; IR (neat) © (cm™) 3056, 2922, 2852, 1733, 1717,
1695, 1652, 1558, 1521, 1456, 819; MS (ESI): m/z = 221.3 [M + H™].

6-Fluoro-3-phenylcinnoline (4.2c). Pale yellow solid, yield: 82%. *H NMR (500
MHz, CDCl3) &: 7.44-7.46 (m, 1H), 7.48-7.52 (m, 1H), 7.54-7.59 (m, 3H), 8.11 (s, 1H),
8.22-8.24 (m, 2H), 8.56-8.59 (m, 1H); 3C NMR (125 MHz, CDCls) &: 109.6 (d, Jcr = 22.5
Hz), 118.3 (d, Jcr = 6.2 Hz), 121.4 (d, Jcr = 27.5 Hz), 127.3, 127.9 (d, Jcr = 1.2 Hz), 129.1,
129.7, 133.2 (d, Jcr = 10.0 Hz), 136.5, 147.9, 153.6, 163.1 (d, Jcr = 255.0 Hz); IR (neat) ©
(cm™) 3045, 3019, 1626, 1481, 1455, 1175, 913; MS (ESI): m/z = 225.3 [M + H*].

6-Chloro-3-phenylcinnoline (4.2d). Pale yellow solid, yield: 88%. *H NMR (500
MHz, CDCls) &: 7.47-7.56 (m, 3H), 7.69-7.71 (m, 1H), 7.81-7.82 (m, 1H), 8.03 (s, 1H),
8.21 (d, J = 10.0 Hz, 2H), 8.46 (d, J = 5.0 Hz, 1H); 3C NMR (125 MHz, CDCl3) &: 117.5,
125.5,127.1,127.3,129.1, 129.7,131.4, 131.5, 136.4, 137.5, 148.1, 153.9; IR (neat) v (cm’
1Y3035, 2923, 1733, 1700, 1684, 1606, 1490, 1295, 1103, 908; MS (ESI): m/z = 242.3 [M
+H].

6-Bromo-3-phenylcinnoline (4.2e). Pale yellow solid, yield: 91%. *H NMR (500
MHz, CDCls) &: 7.47-7.55 (m, 3H), 7.83 (d, J = 10.0 Hz, 1H), 8.01-8.02 (m, 2H), 8.21 (d,
J=10.0 Hz, 2H), 8.38 (d, J = 10.0 Hz, 1H); $3C NMR (125 MHz, CDCl3) §: 117.3, 126.2,
127.3, 127.4, 128.9, 129.1, 129.7, 131.4, 133.9, 136.3, 148.2, 153.9; IR (neat) v (cm™)

3035, 2922, 1700, 1684, 1652, 1558, 1540, 1449, 824; MS (ESI): m/z = 258.3 [M + H"].
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3-Phenylcinnoline-6-carbonitrile (4.2f). Pale yellow solid, yield: 92%. *H NMR
(500 MHz, CDCls) 6: 7.54-7.63 (m, 3H), 7.94-7.96 (m, 1H), 8.21 (s, 1H), 8.27 (d, J = 5.0
Hz, 2H), 8.33 (s, 1H), 8.70 (d, J = 5.0 Hz, 1H); 3C NMR (125 MHz, CDCl3) §: 115.1,
117.9,118.0, 125.6, 127.4,129.3, 130.2, 130.3, 131.6, 133.8, 135.9, 148.9, 154.9; IR (neat)
o (cmY) 3769, 3669, 1733, 1717, 1652, 1558, 1540, 1506, 1456; MS (ESI): m/z = 232.4[M
+H'].

3-Phenyl-6-(trifluoromethyl)cinnoline (4.2g). Pale yellow solid, yield: 95%. *H
NMR (500 MHz, CDCls) &: 7.49-7.57 (m, 3H), 7.94-7.96 (m, 1H), 8.20-8.24 (m, 4H), 8.67
(d, J = 10.0 Hz, 1H); 23C NMR (125 MHz, CDCls) &: 119.0, 123.3 (q, Jcr = 271.2 Hz),
125.4 (g, Jer = 5.0 Hz), 125.5, 125.7 (q, Jcr = 3.7 Hz), 127.3, 129.2, 129.9, 131.3, 132.6
(0, Jcr = 32.5 Hz), 136.1, 149.7, 154.5; IR (neat) © (cm™) 3050, 3035, 1573, 1362, 1265,
1122, 921; MS (ESI): m/z = 275.3 [M + H*].

7-Methoxy-3-phenylcinnoline  (4.2h1) and 5-methoxy-3-phenylcinnoline
(4.2h2). Pale yellow solid, yield: 78%. *H NMR (500 MHz, CDCls, a mixture of isomers
4.2h1 and 4.2h2 in ratio ca. 5:1, the minor one is marked with an *) 3: 4.02 (s, 3H), 7.36-
7.38 (M, 1H), 7.45-7.49 (m, 1H), 7.52-7.57 (m, 2H), 7.72-7.76 (m, 2H), 8.06 (s, 1H), 8.19-
8.21 (m, 2H); 4.03* (s, 3H), 6.95* (d, J = 10.0 Hz, 1H), 7.45-7.49* (m, 1H), 7.52-7.57*
(m, 2H), 7.65-7.69* (m, 1H), 8.10* (d, J = 10.0 Hz, 1H), 8.26-8.28* (m, 2H), 8.52* (s, 1H);
13C NMR (125 MHz, CDCls) 8: 55.8,105.7,118.9, 122.4, 125.7, 126.9, 128.0, 128.9, 129.1,
137.1, 151.3, 152.6, 160.9; 55.9*, 107.3*, 113.9%, 120.0*, 122.4*, 127.2*, 128.8*, 129.2*,
130.1*, 131.4*, 150.2*, 153.3*, 154.3*; IR (neat) © (cm™) 3066, 2936, 2850, 1620, 1577,

1452, 1266, 1112, 1024, 903; MS (ESI): m/z = 237.3 [M + H™].
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7-Methyl-3-phenylcinnoline (4.2i1) and 5-methyl-3-phenylcinnoline (4.2i2).
Pale yellow solid, yield: 62%. *H NMR (500 MHz, CDCls, a mixture of isomers 4.2i1 and
4.2i2 in ratio ca. 2.2:1, the minor one is marked with an *) &: 2.74 (s, 3H), 7.48-7.52 (m,
1H), 7.54-7.59 (m, 3H), 7.68-7.71 (m, 1H), 8.23-8.27 (m, 3H), 8.40 (d, J = 5.0 Hz, 1H);
2.63* (s, 3H), 7.48-7.52* (m, 1H), 7.54- 7.59* (m, 3H), 7.77* (d, J = 10.0 Hz, 1H), 8.23-
8.27* (m, 3H), 8.31* (s, 1H); 3C NMR (125 MHz, CDCls) &: 17.8, 115.7, 127.1, 127.9,
129.0, 129.3, 129.8, 131.1, 133.8, 134.1, 137.3, 150.1, 153.3; 22.0*, 118.6*, 124.7*,
126.1*, 126.5*, 128.2*, 128.8,* 129.0*, 129.2*, 131.6*, 140.8*, 150.1*, 153.3*; IR (neat)
o (cm'™) 3059, 2921, 2857, 1733, 1717, 1695, 1615, 1451, 1317, 1110, 892; MS (ESI): m/z
=221.3[M + H].

7-Bromo-3-phenylcinnoline (4.2j1) and 5-bromo-3-phenylcinnoline (4.2j2).
Pale yellow solid, yield: 68%. *H NMR (500 MHz, CDClIs, a mixture of isomers 4.2j1 and
4.2j2 in ratio ca. 1.7:1, the minor one is marked with an *) &: 7.51-7.61 (m, 3H), 7.67- 7.70
(m, 1H), 8.00 (d, J = 5.0 Hz, 1H), 8.29-8.31 (M, 2H), 8.43 (s, 1H), 8.55 (d, J = 5.0 Hz, 1H);
7.51-7.61* (m, 3H), 7.74-7.81* (m, 2H), 8.13* (s, 1H), 8.23-8.24* (m, 2H), 8.74* (s, 1H);
13C NMR (125 MHz, CDCl3) 8: 117.7,127.5,129.1 (2C), 129.7, 129.8, 130.4, 131.9, 134.4,
136.5, 150.2, 154.6; 118.4*, 121.2*, 124.0*, 125.1*, 126.5*, 128.0*, 128.4,* 128.5*,
131.9%, 136.4*, 150.0*, 153.8*; IR (neat) © (cm™) 3024, 1565, 1438, 1307, 1100, 817; MS
(ES): m/z =286.2 [M + H™].

7-1sopropyl-3-phenylcinnoline (4.2k). Pale yellow solid, yield: 60%. *H NMR
(500 MHz, CDCl3) &: 1.41 (d, J = 5.0 Hz, 6H), 3.16-3.23 (m, 1H), 7.47-7.50 (m, 1H), 7.55-
7.58 (m, 2H), 7.65- 7.67 (m, 1H), 7.81 (d, J = 10.0 Hz, 1H), 8.13 (s, 1H), 8.24 (d, J = 10.0

Hz, 2H), 8.36 (s, 1H); 3C NMR (125 MHz, CDCI3) §: 23.4, 34.4, 118.6, 125.1, 125.4,
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126.7,127.1,129.0, 129.2, 131.7, 137.1, 150.3, 151.5, 153.1; IR (neat) © (cm*) 3057, 2961,
2927, 2870, 1695, 1586, 1577, 1540, 1113, 903; MS (ESI): m/z = 249.3 [M + H"].

3-Phenylcinnoline-7-carbonitrile (4.21). Pale yellow solid, yield: 73%. *H NMR
(500 MHz, CDCl3) §: 7.55-7.64 (m, 3H), 7.89-7.92 (m, 1 H), 8.19-8.21 (m, 1H), 8.31-8.33
(m, 2H), 8.45 (s, 1H), 8.84 (d, J = 10.0 Hz, 1H); 13C NMR (125 MHz, CDCls) &: 110.1,
115.4,115.5,126.5,127.6,129.1, 129.3, 130.4, 135.4, 135.7, 137.6, 148.4, 155.0; IR (neat)
o (cm?) 3064, 2924, 1733, 1717, 1684, 1616, 1521, 1313, 1105, 893; MS (ESI): m/z =
232.4 [M + H*.

8-Methoxy-3-phenylcinnoline (4.2m). Pale yellow solid, yield: 88%. *H NMR
(500 MHz, CDCls) &: 4.16 (s, 3H), 7.05 (d, J = 10.0 Hz, 1H), 7.37 (d, J = 5.0 Hz, 1H),
7.46-7.64 (m, 4H), 8.06 (s, 1H), 8.25 (d, J = 5.0 Hz, 2H); 13C NMR (125 MHz, CDCls) :
56.2,107.9, 118.3, 118.4, 127.2, 127.8, 129.0, 129.4, 131.9, 136.9, 142.8, 153.9, 156.2; IR
(neat) © (cm'™) 3062, 2934, 2848, 1684, 1614, 1551, 1454, 1429, 1390, 1282, 1109; MS
(ESI): m/z =237.4 [M + HT].

8-Chloro-3-phenylcinnoline (4.2n). Pale yellow solid, yield: 76%. *H NMR (500
MHz, CDCls) &: 7.48-7.51 (m, 1H), 7.54-7.57 (m, 2H), 7.61-7.64 (m, 1H), 7.77-7.78 (m,
1H), 7.84-7.86 (m, 1H), 8.13 (s, 1H), 8.26 (d, J = 10.0 Hz, 2H); *C NMR (125 MHz,
CDCl3)0:118.4,126.2,127.2,128.1,129.1, 129.8,130.2, 131.2, 134.9, 136.2, 145.9, 154.1;
IR (neat) b (cm™) 3063, 2923, 2851, 1698, 1610, 1588, 1111, 989; MS (ESI): m/z = 242.3
M+ HY.

3-Phenylcinnoline-8-carbonitrile (4.20). Pale yellow solid, yield: 47%. *H NMR
(500 MHz, CDCls) &: 7.54-7.62 (m, 3H), 7.82-7.85 (m, 1H), 8.15-8.16 (m, 1H), 8.23-8.25

(m, 1H), 8.25 (s, 1H), 8.28-8.31 (m, 2H); 13C NMR (125 MHz, CDCls) §: 114.1, 115.7,
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118.4,126.6, 127.4,129.3, 130.2, 130.3, 132.1, 135.8, 136.6, 147.8, 155.2; IR (neat) v (cm’
1y 2925, 2854, 1733, 1700, 1684, 1646, 1576, 1558, 1512; MS (ESI): m/z = 232.4 [M +
H*].

3-Phenylbenzo[h]cinnoline (4.2p). Pale yellow solid, yield: 64%. *H NMR (500
MHz, CDCls) &: 7.49-7.53 (m, 1H), 7.56-7.59 (m, 2H), 7.64 (d, J = 10 Hz, 1H), 7.76-7.79
(m, 1H), 7.83- 7.86 (m, 1H), 7.90-7.95 (m, 2H), 8.16 (s, 1H), 8.28-8.30 (m, 2H), 9.62 (d, J
=10 Hz, 1H); ®°C NMR (125 MHz, CDCls3) &: 119.4, 123.7, 124.2, 126.4, 127.1, 128.2,
128.6, 129.1, 129.4, 129.6, 129.9, 133.2, 133.3, 136.8, 147.6, 155.3; IR (neat) © (cm™)
3750, 3675, 3058, 2924, 2852, 1772, 1733, 1675, 1646, 1540, 1465, 1441, 1386, 1261, 903,
805, 771, 753; MS (ESI): m/z = 257.4 [M + H*].

3-(p-Tolyl)cinnoline (4.2q). Pale yellow solid, yield: 61%. *H NMR (500 MHz,
CDCl3) &: 3.87 (s, 3H), 7.04-7.07 (m, 2H), 7.66-7.76 (m, 2H), 7.80 (d, J = 10.0 Hz, 1H),
8.04 (s, 1H), 8.18-8.21 (m, 2H), 8.50 (d, J = 10.0 Hz, 1H); 13C NMR (125 MHz, CDCls) 5:
55.3,114.4,117.8, 126.5, 126.8, 128.5, 129.4, 129.7, 129.8, 131.1, 149.6, 153.1, 160.8; IR
(neat) © (cm™*) 3060, 2936, 2836, 1772, 1700, 1606, 1515, 1438, 1292, 1258, 1175, 1035,
1020, 832; MS (ESI): m/z = 237.3 [M + H*].

3-(4-Methoxyphenyl)cinnoline (4.2r). Pale yellow solid, yield: 77%. *H NMR
(500 MHz, CDCls) &: 2.43 (s, 3H), 7.35 (d, J = 5.0 Hz, 2H), 7.68-7.83 (m, 3H), 8.09 (s,
1H), 8.13 (d, J = 5.0 Hz, 2H), 8.52 (d, J = 10.0 Hz, 1H); 3C NMR (125 MHz, CDCls) 5:
21.3, 118.2, 126.5, 126.9, 127.1, 129.7 (2C), 130.0, 131.0, 134.1, 139.5, 149.7, 153.4; IR
(neat) © (cm™*) 3038, 2916, 2854, 1772, 1739, 1717, 1610, 1540, 1437, 1328, 1183, 1096;

MS (ESI): m/z = 221.3 [M + H™].
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3-(4-Fluorophenyl)cinnoline (4.2s). Pale yellow solid, yield: 80%. *H NMR (500
MHz, CDCl3) &: 7.21-7.27 (m, 2H), 7.71-7.75 (m, 1H), 7.79-7.85 (m, 2H), 8.10 (s, 1H),
8.21-8.23 (m, 2H), 8.53 (d, J = 10.0 Hz, 1H); 3C NMR (125 MHz, CDCls) 5: 116.1 (d, Jcr
=21.2 Hz), 118.4, 126.4, 126.9, 129.1 (d, Jcr = 8.7 Hz), 129.8, 130.3, 131.4, 133.1 (d, J cr
= 3.7 Hz), 149.8 (d, Jcr = 2.5 Hz), 152.5 (d, Jcr = 25.0 Hz), 163.8 (d, Jcr = 247.5 Hz): IR
(neat) © (cm™) 3057, 2923, 1733, 1717, 1699, 1652, 1588, 1513, 1231, 833; MS (ESI): m/z
=225.3[M + H].

3-(4-Chlorophenyl)cinnoline (4.2t). Pale yellow solid, yield: 78%. *H NMR (500
MHz, CDCls) &: 7.50-7.53 (m, 2H), 7.73-7.76 (m, 1H), 7.80-7.86 (m, 2H), 8.12 (s, 1H),
8.17-8.19 (m, 2H), 8.54 (d, J = 10.0 Hz, 1H); 3C NMR (125 MHz, CDCls) §: 118.6, 126.3,
126.9, 128.4, 129.2, 129.8, 130.4, 131.5, 135.3, 135.7, 149.9, 152.2; IR (neat) © (cm™)
3033, 2923, 1736, 1652, 1599, 1558, 1496, 1091; MS (ESI): m/z =242.3 [M + H™].

3-(4-Bromophenyl)cinnoline (4.2u). Pale yellow solid, yield: 72%. *H NMR (500
MHz, CDCls) &: 7.65-7.67 (m, 2H), 7.73-7.76 (m, 1H), 7.80-7.86 (m, 2H), 8.10-8.12 (m,
3H), 8.54 (d, J = 10.0 Hz, 1H); *C NMR (125 MHz, CDCl3) : 118.5, 124.0, 126.3, 126.9,
128.7,129.8, 130.5, 131.4, 132.2, 135.8, 149.9, 152.3; IR (neat) © (cm™) 3035, 2922, 1700,
1684, 1652, 1593, 1558, 1540, 1495, 826; MS (ESI): m/z = 286.1 [M + H™].

4-(Cinnolin-3-yl)benzonitrile (4.2v). Pale yellow solid, yield: 53%. *H NMR (500
MHz, CDCl3) &: 7.80-7.86 (m, 3H), 7.89-7.94 (m, 2H), 8.25 (s, 1H), 8.39 (d, J = 10.0 Hz,
2H), 8.60 (d, J =10.0 Hz, 1H); *C NMR (125 MHz, CDCl3) 8: 113.0, 118.6, 119.7, 126.1,
127.1,127.7,129.9,131.2,131.8, 132.8, 141.1, 150.2, 151.3; IR (neat) v (cm™) 3744, 3648,

1733, 1717, 1652, 1558, 1540, 843; MS (ESI): m/z = 232.4 [M + H™].
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3-(m-Tolyl)cinnoline (4.2w). Pale yellow solid, yield: 75%. *H NMR (500 MHz,
CDCl3) 8: 2.48 (s, 3H), 7.26-7.30 (m, 1H), 7.42-7.45 (m, 1H), 7.70-7.85 (m, 3H), 8.01 (d,
J=5.0 Hz, 1H), 8.09 (s, 1H), 8.13 (s, 1H), 8.54 (d, J = 10.0 Hz, 1H); 3C NMR (125 MHz,
CDCls) 5:21.6,118.7, 124.5,126.5, 126.9, 128.0, 128.9, 129.8, 130.1, 130.2, 131.2, 136.8,
138.7, 149.8, 153.6; IR (neat) © (cm™) 3055, 2956, 2920, 2853, 1699, 1684, 1617, 1581,
1495, 1439, 1321, 1178, 1100, 798; MS (ESI): m/z =221.2 [M + H"].

3-(3-(Trifluoromethyl)phenyl)cinnoline (4.2x). Pale yellow solid, yield: 61%. *H
NMR (500 MHz, CDCl3) &: 7.67-7.80 (m, 3H), 7.84-7.92 (m, 2H), 8.22 (s, 1H), 8.45 (d, J
= 5.0 Hz, 1H), 8.53 (s, 1H), 8.58 (d, J = 10.0 Hz, 1H); 3C NMR (125 MHz, CDCls) &:
119.1, 124.0 (q, Jcr = 3.7 Hz), 124.1 (q, Jcr = 271.2 Hz), 126.0 (q, Jcr = 3.7 Hz), 126.3,
127.1, 129.6, 129.9, 130.4, 130.8, 131.4, 131.6, 137.7, 150.1, 151.9; IR (neat) © (cm™)
3769, 3758, 1733, 1700, 1646, 1558, 1540, 1456, 1341, 1307, 1112, 1070, 754; MS (ESI):
m/z = 275.3 [M + H*].

3-(o-Tolyl)cinnoline (4.2y). Pale yellow solid, yield: 90%. *H NMR (500 MHz,
CDCl3) &: 2.4 (s, 3H), 7.33-7.40 (m, 3H), 7.54 (d, J = 5.0 Hz, 1H), 7.73-7.77 (m, 1H),
7.82-7.86 (m, 2H), 7.90 (s, 1H), 8.58 (d, J = 10.0 Hz, 1H); 3C NMR (125 MHz, CDCl3) 5:
20.5, 122.2, 126.0, 126.1, 126.8, 128.9, 129.8, 130.3, 130.5, 131.0, 131.2, 136.6, 137.6,
149.3, 156.1; IR (neat) © (cm™) 3058, 3022, 2957, 2924, 1717, 1603, 1472, 1321, 1241,
1119, 1092, 967; MS (ESI): m/z = 221.3 [M + H"].

3-(2-Fluorophenyl)cinnoline (4.2z). Colorless solid, yield: 82%. *H NMR (500
MHz, CDCls) &: 7.22-7.27 (m, 1H), 7.36-7.39 (m, 1H), 7.44-7.48 (m, 1H), 7.74-7.77 (m,
1H), 7.83-7.88 (m, 2H), 8.34 (s, 1H), 8.41-8.44 (m, 1H), 8.56 (d, J = 10.0 Hz, 1H); *C

NMR (125 MHz, CDCls) &: 116.3 (d, Jcr = 22.5 Hz), 122.9 (d, Jer = 10.0 Hz), 124.8 (d,
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Jor = 3.7 Hz), 125.0 (d, Jcr = 11.2 Hz), 125.9, 127.5 (d, Jcr = 15.1 Hz), 127.2, 129.7, 130.6,
131.0 (d, Jor = 8.7 Hz), 131.3, 131.4 (d, Jcr = 2.5 Hz), 149.5 (d, Jcr = 25.0 Hz), 160.7 (d,
Jer = 247.5 Hz); IR (neat) © (cm™) 3062, 1733, 1717, 1684, 1576, 1569, 1489, 1455, 1204,
909; MS (ESI): m/z =225.3 [M + H'].

3-(2,4-Dimethylphenyl)cinnoline (4.2aa). Yellow oil, yield: 96%. *H NMR (500
MHz, CDCls) &: 2.40 (s, 3 H), 2.42 (s, 3H), 7.15-7.18 (m, 2H), 7.45 (d, J = 10.0 Hz, 1H),
7.71-7.75 (m, 1H), 7.80-7.84 (m, 2H), 7.87 (s, 1H), 8.56 (d, J = 10.0 Hz, 1H); 13C NMR
(125 MHz, CDCls) &: 20.5, 21.2, 122.1, 126.1, 126.8, 126.9, 129.7, 130.2, 130.4, 131.1,
131.2, 134.8, 136.4, 138.7, 149.2, 156.2; IR (neat)  (cm*) 3035, 3013, 2955, 2920, 2856,
2925, 1733, 1669, 1615, 1583, 1558, 1472, 1326, 1125, 968; MS (ESI): m/z = 235.4 [M +
H*].

3-(Naphthalen-2-yl)cinnoline (4.2ab). Pale yellow solid, yield: 67%. *H NMR
(500 MHz, CDCls) &: 7.49-7.52 (m, 2H), 7.67-7.70 (m, 1H), 7.75-7.78 (m, 1H), 7.81-7.87
(m, 2H), 7.95-7.98 (m, 2H), 8.20 (s, 1H), 8.31 (d, J = 5.0 Hz, 1H), 8.53 (d, J = 10.0 Hz,
1H), 8.73 (s, 1H); 3C NMR (125 MHz, CDCl3) &: 118.8, 124.4, 126.4, 126.5, 126.8 (2C),
126.9, 127.7, 128.7 (2C), 129.8, 130.2, 131.2, 133.5, 133.7, 134.1, 149.8, 153.2; IR (neat)
© (cm™) 3055, 1653, 1617, 1583, 1506, 1470, 1436, 1094, 896; MS (ESI): m/z = 257.3 [M
+H].

Experimental procedure for the transformation of 4.3 to 4.2a
A 50-mL Schlenk tube was charged with 4.3 (71.4 mg, 0.3 mmol), CuSOa4 (1.0 mg, 0.0045
mmol), Cul (4.2 mg, 0.0225 mmol), pyridine (84.4 pL, 1.05 mmol), and DMF (2.7 mL).
Then the solution of CFsSOsH (26.5 pL, 0.3 mmol) in DMF (0.3 mL) was slowly added.

The vial was evacuated and filled with 1 atm Oz, and stirred rigorously at 110 °C for 14h.
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After removal of the solvent, the residue was purified by flash chromatography on silica
gel (gradient eluent of 5% EtOAc and 1% EtsN in hexanes, v/v) to give 4.2a in 90% yield.

2-(2-Methyl-2-phenylhydrazono)-2-phenylacetaldehyde (4.3). Brown solid. *H
NMR (500 MHz, CDCls) §: 3.15 (s, 3H), 7.09-7.12 (m, 1H), 7.26-7.28 (m, 2H), 7.36-7.42
(m, 5H), 7.44-7.46 (m, 2H), 9.70 (s, 1H); 3C NMR (125 MHz, CDCls) §: 42.1, 117.0,
123.6,127.9,128.6, 129.1, 129.6, 133.2, 141.8, 148.0, 191.7; IR (neat) © (cmt) 3058, 2731,

2699, 1693, 1585, 1431, 893; MS (ESI): m/z =239.4 [M + H'].
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CHAPTER 5. RHODIUM-CATALYZED DIRECT SYNTHESIS OF SULFOXIMINES
FROM SULFOXIDES

(Reproduced in part with permission from Miao, J.-M.; Richards, N. G. J.; Ge, H.-B.
“Rhodium-Catalyzed Direct Synthesis of Unprotected NH-Sulfoximines from Sulfoxides”,
Chem. Commun. 2014, 50, 9687-9689. Copyright 2014 Royal Society of Chemistry)

5.1 Introduction

NH

2 \/
T 9_ ? <N \N 'S
R1 //,'/S\—N—I?—O
Me OH o N N
(HOCH,) 3CNH3
Me

OH OH

5.1:R' = NH;*, R = COO"
5.2: R'=NH;*, R?=H

RU 31156 (sudexanox, 5.3)

Sulfoxaflor (5.4) BAY 1000394

Figure 5.1 Bioactive Sulfoximines
Sulfoximines have recently attracted great attention in biochemistry and medicinal

chemistry because of their versatile chemical properties and diverse bioactivities.! Since

the discovery of the first sulfoximine, methionine sulfoximine, a number of bioactive
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compounds containing a sulfoximine moiety in the pharmacophore have been reported
(Figure 5.1). For example, compound 5.1 and 5.2 are transition-state-analogue inhibitors
of L-asparagine synthetase;? sudexanox (RU31156, 5.3) was selected for clinic studies as
a prophylactic antiasthmatic;® sulfoxaflor (5.4) is the first commercially available
sulfoximine insecticide;* Bay 1000394 (5.5) is an excellent cyclin-dependent kinase
inhibitor, which is currently being evaluated in a Phase | clinical trial for activity against
advanced solid tumors;® finally, one of the enantiomers of 5.6 shows good anti-proliferative
activity against various cancer cell lines.®

Traditional methods

0 NaN3 H,SO, o)

S R s (5.1)
R'°R? R R?
or MSH
(explosive)
Tye's method
0 _
7 M] O\\s”N Ns PhSH O\\SNH (5.2)
R'2R2  phiNNs R'R? Gs,co, R'TR?
Bolm's method
Rh, Ag or Fe _R3
('s? 8T QN base | O N o)
R1°°R2 PhI(OAc), R1° R2 R'"TR?
R3NH,
H ) R3= CF;CO or Ns
IS wor
(IS? cat. Rh O\\S/’NH (5.4)
R'~'R2 DPH R'"R?

Scheme 5.1 Preparation of Unprotected NH-Sulfoximines

Among the small number of synthetic strategies for preparing sulfoximines, the
most straightforward approach employs direct imination of sulfoxides (Scheme 5.1).
However, traditional methods require the usage of either toxic or potentially explosive

reagents, such as the combination of NaNs and sulfuric acid,” or O-mesitylene
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sulfonylhydroxylamine (MSH) (eq. 5.1).% To overcome these drawbacks, considerable
efforts have been devoted to developing transition metal-catalyzed sulfoxide imination,
with significant progress being achieved in recent years.® For example, Tye reported the
synthesis of sulfoximines by copper-catalyzed imination of sulfoxides with PhI=NNs (Ns
= para-nitrobenzenesulfonyl) and Ph1=NSes (Ses = trimethylsilylethylsulfonyl) (eq. 5.2);
Bolm discovered that this process could be efficiently performed via rhodium®", silver®, or
iron®™ catalysis using iminoiodinanes generated in-situ from the oxidation of amides by
PhI(OAC)2 (eq. 5.3). In spite of this powerful approach, the transition metal-catalyzed
imination of sulfoxides gives protected sulfoximines, requiring an additional step for
removal of the undesired protecting group. Inspired by a recent report from Kirti and co-
workers describing the rhodium-catalyzed synthesis of unprotected NH-aziridines from
olefins using O-(2,4-dinitrophenyl)hydroxylamine (DPH),° we have developed the first
transition metal-catalyzed direct synthesis of free NH-sulfoximines from sulfoxides under

mild conditions (eq. 5.4).

5.2 Results and Discussion
Our investigation began with direct imination of phenyl methyl sulfoxide using 1.5
eq. of O-(2,4-dinitrophenyl)hydroxylamine (DPH) in the presence of 2.5 mol % of
Rh2(esp)2 at room temperature. After screening a large number of solvents, trifluoroethanol
(TFE) was found to be optimal, giving the desired free NH-sulfoximine product 5.8a in 61%
yield (Table 5.1, entry 1). Further screening of Rh(ll) catalysts revealed that this process

could also be catalyzed by Rh2(OAC)4, albeit with lower efficiency (entry 11). Additionally,
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Rh(1) did not show catalytic activity in the imination reaction (entry 13).1° Finally, using

an increased amount of DPH gave an optimal yield for the imination reaction (entry 19).

Table 5.1 Optimization of Reaction Conditions for Sulfoximination?

» Rh (2.5 mol%) O, NH NO>
S.., DPH S,
©/ solvent, N, rt ©/ OZNOO\NHZ
5.7a 5.8a DPH
Entry  Pd catalyst Equiv of DPH Solvent Yield (%)°

1 Rhz(esp)2 15 TFE 61
2 Rhz(esp)2 1.5 MeOH 32
3 Rhz(esp)z2 1.5 MeCN 48
4 Rhz(esp)z2 1.5 nPrCN 44
5 Rhz(esp)2 15 PhCN 42
6 Rhz(esp)2 1.5 EtOH 30
7 Rhz(esp)z2 1.5 iPrOH 22

8 Rhz(esp)z2 1.5 tBuOH trace
9 Rhz(esp)2 15 HFIP 39
10 Rh2(esp)2 1.5 DCM 12
11 Rh2(OAC)4 1.5 TFE 23

12 Rh2(TFA)4 1.5 TFE trace
13 Rh(PPhs)sCl 1.5 TFE 0
14 Rhz(oct)s 1.5 TFE 0
15° Rhz(esp)2 1.5 TFE 50
16¢ Rhz(esp)2 15 TFE 60
17 Rhz(esp)2 1.0 TFE 48
18 Rhz(esp)z2 2.0 TFE 72
19 Rhz(esp): 3.0 TFE 78

2Reactions were conducted on a 0.3 mmol scale. Conditions: 5.7a (0.3 mmol), Rh
catalyst (2.5 mol %), DPH (1 -3 equiv), 3 ml solvent, room temperature under N2
atmosphere, 22 h unless otherwise noted. ° Isolated yields. €40 °C. 90 °C. DPH = O-(2,4-
dinitrophenyl)hydroxylamine. esp = a,0,a’,a’-tetramethyl-1,3-benzenedipropanoate. TFE



= 2,2,2-tifluoroethanol. HFIP = hexafluoroisopropanol. The substrate and product are

racemic mixtures.

Rhy(esp)s (2.5%)
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Scheme 5.2 Scope of Sulfoxides. Reactions were conducted on a 0.3 mmol scale.
Conditions: 5.7 (0.3 mmol), Rhz(esp)2 (0.0075 mmol, 2.5 mol%), DPH (0.9 mmol, 3.0 eq.),
TFE (3 ml, 0.1 M), room temperature, N2 atmosphere, 22 h. The substrates and products

are racemic mixtures.

With optimized conditions in hand, we evaluated the generality of the method using

a variety of sulfoxides as substrates (Scheme 5.2). As expected, functional groups such as

methyl, halogen (ClI, Br), or an acyl group on the phenyl ring were well tolerated (5.8a-h).
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Not surprisingly, the para-acyl substituted sulfoxide led to a lower yield, perhaps as a result
of the electron-withdrawing effect of the acyl group acting to decrease the reactivity of
sulfoxide (5.8e). Furthermore, an apparent steric effect was observed in the imination
reaction because significantly lower yields were observed with sulfoxides bearing a
substituent at the ortho position of the phenyl ring (5.8g and 5.8h). The nature of the aryl
sulfoxide was not limited, however, to the phenyl ring and naphthanyl. Electron-rich 2-
thiophenyl, and electron-deficient 2-pyridyl methyl sulfoxides were also found to be
effective substrates for the Rh(ll)-catalyzed imination reaction (5.8i-1). On the other hand,
1-naphthyl and 2-pyridyl methyl sulfoxides provided only modest yields, presumably due
to steric and electronic factors, respectively (5.8i and 5.81). In an important observation for
the preparation of sulfoximine-based small molecules, the methyl group on the phenyl
methyl sulfoxide could be successfully replaced by other alkyl groups, including the
cyclopropyl group, to afford the corresponding sulfoximines in high yields (5.8m-p).
Interestingly, when phenyl allyl sulfoxide was employed in the reaction, selective
sulfoximination was favoured over aziridination (5.8q).1°

In addition, diaryl sulfoximines could be effectively prepared with this method
from the corresponding sulfoxides (5.8r and 5.8s), and we were pleased to find that both
acyclic and cyclic dialkyl sulfoxides were compatible with this reaction (5.8t and 5.8u).

Although the reaction mechanism of this transformation has not been investigated,
it is likely that a rhodium-nitrene species is an intermediate based on prior literature
reports.®™° Thus, coordination of DPH to Rhz(esp)2, followed by loss of dinitrophenol,
likely generates a reactive nitrene intermediate, which then oxidizes the metal-coordinated

sulfoxide to the corresponding sulfoximine.
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5.3 Summary
In summary, a novel, efficient, and safe method for the preparation of free NH-
sulfoximines has been developed via rhodium-catalyzed imination of sulfoxides using O-
(2,4-dinitrophenyl)hydroxylamine. This new approach features mild conditions and good
functional group tolerance, which should permit its application to the synthesis of

structurally complex sulfoximines with agrochemical and clinical utility.¢

5.4 Experimental

General Methods. All the solvents and commercially available reagents were
purchased from commercial sources and used directly. For TLC analysis, precoated plates
(w/h F254, Dynamic Adsorbents Inc, 0.25 mm thick) were used; for air-flashed column
chromatography, Flash Silica Gel (Dynamic Adsorbents Inc, 32-63 pm) was used. The H
and *C NMR spectra were obtained on a Bruker 500 MHz NMR Fourier transform
spectrometer. 'H NMR data was reported as: chemical shift (5 ppm), multiplicity, coupling
constant (Hz), and integration. 3C NMR data was reported in terms of chemical shift (5
ppm), multiplicity, and coupling constant (Hz). The infrared spectra were obtained using a
Thermo Nicolet IR 330 Spectrometer. Mass (MS) analysis was obtained using Agilent
1100 series LC/MSD system with Electrospray lonization (ESI). O-(2,4-
Dinitrophenyl)hydroxylamine (DPH) was purchased from Matrix Sci. and used directly.

Preparation of Starting Materials (Scheme 5.3):
Sulfoxides 5.7a, 5.7b, 5.7p, 5.7r, 5.7s, 5.7t, and 5.7u were purchased from Sigma-Aldrich,
TCI, Alfa Aesar, or MP Biomedicals. 5.7c, 5.7d, 5.7e, 5.7f, 5.7g, 5.7h, 5.7i, 5.7}, 5.7I,

5.7m, 5.7n, 5.70 and 5.7q were prepared from the corresponding thiophenols by the
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addition of alkyl bromides or iodides,*2 followed by the oxidation with t-BuOOH according
to the reported procedure.'® 5.7k was prepared by the oxidation of the corresponding

sulfide based on the reported protocol.

O. ,NH
O, NH Ny \\ N \\ N Vg”
O Q Q Y@ )
5.7a 5.7b 5.7e
o H \\,, o NH o\ NH Oy NH
=~ oo
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o, NH 0, NH o NH O NH (0N NH
O, NH 2
S S\ | AN S\ S\/ S\/\ Y W
7 N
5.7k 5.71 5.7m 5.70 5.7p
O. NH O, NH 0
% / // /NH
OO0 Q Q@ JQ 5
5.7q 5.7r 5.7u

Scheme 5.3 Starting Materials for Racemic Sulfoximination

General procedure for the imination of sulfoxides. An oven-dried schlenk flask
was charged with Rhz(esp)2 (11.4 mg, 0.015 mmol) and DPH (0.9 mmol), and then a
solution of sulfoxide (5.7, 0.3 mmol) in CFsCH20OH was added under nitrogen flow. The
reaction mixture was stirred at 0 °C for 2 h under nitrogen, and then warmed to room
temperature and stirred for another 20 h. The reaction mixture was diluted with EtOAc,

filtered through a pad of Celite, and the filtrate was concentrated in vacuo. The residue was
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purified by flash chromatography on silica gel (hexane/EtOAc 4:1~1:2, v/v) to yield the
desired product 5.8.
S-Methyl-S-phenylsulfoximine (5.8a, racemic, known compound!4). Yellow oil,
yield: 78%. 'H NMR (500 MHz, CDCls) J: 2.69 (br s, 1 H), 3.08 (s, 3H), 7.51-7.56 (m,
2H), 7.57-7.62 (m, 1H), 7.97-8.01 (m, 2H). 3C NMR (125 MHz, CDCls) §: 46.5, 127.9,
129.5, 133.3, 143.9. MS (ESI): m/z = 156.1, [M + H*].
S-Methyl-S-(4-methylphenyl)sulfoximine (5.8b, racemic). Yellow oil, vyield:
84%. *H NMR (500 MHz, CDCls) 6: 2.42 (s, 3H), 2.50 (br s, 1H), 3.06 (s, 3H), 7.32 (d, J
= 8.0 Hz, 2H), 7.86 (d, J = 8.0 Hz, 2H). 1*C NMR (125 MHz, CDCls) 6: 21.8, 46.6, 128.0,
130.1, 140.9, 144.2. IR (neat) © (cm™) 3271, 3060, 3025, 2926, 1539, 1455, 1409, 1224,
1097, 1004, 1027, 799, 750, 625, 525; MS (ESI): m/z = 170.1, [M + H™].
S-Methyl-S-(4-chlorophenyl)sulfoximine (5.8c, racemic). Yellow oil, yield: 90%.
'H NMR (500 MHz, CDCls) §: 2.72 (br s, 1H), 3.09 (s, 3H), 7.51 (d, J = 8.5 Hz, 2H), 7.94
(d, J = 8.5 Hz, 2H). C NMR (125 MHz, CDCls) ¢: 46.6, 129.6, 129.9, 140.1, 142.5. IR
(neat) © (cm™*) 3269, 3086, 3019, 2926, 1580, 1470, 1409, 1393, 1321, 1225, 1085, 1002,
829, 762, 731, 557, 519; MS (ESI): m/z = 190.0, [M + H*].
S-Methyl-S-(4-bromophenyl)sulfoximine (5.8d, racemic). Yellow oil, yield: 86%.
IH NMR (500 MHz, CDCls) &: 2.71 (br s, 1H), 3.07 (s, 3H), 7.67 (d, J = 8.5 Hz, 2H), 7.85
(d, J = 8.5 Hz, 2H). C NMR (125 MHz, CDCls) ¢: 46.5, 128.5, 129.6, 132.8, 142.9. IR
(neat) © (cm™) 3268, 3084, 3015, 2926, 2853, 1572, 1472, 1387, 1321, 1225, 1093, 1066,
999, 823, 760, 717; MS (ESI): m/z = 234.0, 236.0, [M + H].
S-Methyl-S-(4-acetylphenyl)sulfoximine (5.8e, racemic). Yellow solid, yield:

58%. 'H NMR (500 MHz, CDCls) 6: 2.63 (s, 3H), 2.74 (s, 3H), 7.72 (d, J = 8.5 Hz, 2H),
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8.08 (d, J = 8.5 Hz, 2H). 13C NMR (125 MHz, CDCls) 6: 27.1, 44.1, 124.0, 129.4, 139.4,
151.3, 197.3. IR (neat) © (cm™) 3084, 2990, 2912, 2851, 1675, 1425, 1396, 1362, 1295,
1269, 1092, 1047, 959, 828, 596; MS (ESI): m/z = 198.1, [M + H*].
S-Methyl-S-(3-methylphenyl)sulfoximine (5.8f, racemic). Yellow oil, yield: 88%.
IH NMR (500 MHz, CDCls) 6: 2.23-2.67 (br s, 1H), 2.45 (s, 3H), 3.08 (s, 3H), 7.38-7.44
(m, 2H), 7.76-7.82 (m, 2H). 3C NMR (125 MHz, CDCls) §: 21.6, 46.5, 125.1, 128.3, 129.4,
134.1, 139.8, 143.7. IR (neat) v (cm™) 3271, 3061, 3021, 2925, 1599, 1477, 1411, 1321,
1226, 1094, 1019, 993, 792, 750, 687; MS (ESI): m/z = 170.1, [M + H™].
S-Methyl-S-(2-methylphenyl)sulfoximine (5.8g, racemic). Yellow oil, yield:
36%. *H NMR (500 MHz, CDCls) &; 2.71-2.77 (br s, 1H), 2.76 (s, 3H), 3.13 (s, 3H), 7.28-
7.37 (m, 2H), 7.44-7.50 (m, 1H), 8.09 (d, J = 7.5 Hz, 1H). 13C NMR (125 MHz, CDCls) 6
21.1, 44.9, 127.0, 129.7, 133.2, 133.3, 137.8, 142.0. IR (neat) © (cm™?) 3272, 3059, 3015,
2928, 2854, 1470, 1456, 1410, 1319, 1274, 1222, 1195, 1069, 1003, 768, 747; MS (ESI):
m/z = 170.1, [M + H'].
S-Methyl-S-(2-chlorophenyl)sulfoximine (5.8h, racemic). Yellow oil, yield: 32%.
IH NMR (500 MHz, CDCls) 6: 2.91 (br s, 1H), 3.30 (s, 3H), 7.42-7.47 (m, 1H), 7.49-7.55
(m, 2H), 8.17 (d, J = 7.5 Hz, 1H). 3C NMR (125 MHz, CDCl3) 6: 43.8, 127.7, 131.0, 132.4,
132.7, 134.3, 141.3. IR (neat) © (cm™) 3273, 3084, 3008, 2928, 2853, 1576, 1450, 1431,
1319, 1231, 1118, 1050, 1003, 959, 755; MS (ESI): m/z = 190.0, [M + H'].
S-Methyl-S-(naphth-2-yl)sulfoximine (5.8i, racemic). Yellow solid, yield: 38%.
IH NMR (500 MHz, CDCls) 6: 2.98 (br s, 1H), 3.28 (s, 3H), 7.56-7.64 (m, 2H), 7.67-7.72
(m, 1H), 7.97 (d, J = 8.0 Hz, 1H), 8.09 (d, J = 8.0 Hz, 1H), 8.38 (dd, J = 1.0, 8.0 Hz, 1H),

8.99 (d, J = 8.5 Hz, 1H). 13C NMR (125 MHz, CDCl3) 5: 45.3, 124.8, 125.0, 127.2, 128.7,
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129.3, 129.6, 130.0, 134.8, 134.9, 139.0. IR (neat) © (cm'?) 3272, 3059, 3010, 2927, 2854,
1592, 1506, 1225, 1019, 952, 807, 772, 750; MS (ESI): m/z = 206.1, [M + H*].

S-Methyl-S-(naphth-1-yl)sulfoximine (5.8j, racemic). Yellow solid, yield: 70%.
IH NMR (500 MHz, CDCls) 6: 2.79 (br s, 1H), 3.16 (s, 3H), 7.58-7.67 (m, 2H), 7.92 (d, J
=8.5 Hz, 1H), 7.94-8.00 (m, 3H), 8.56 (s, 1H). 3C NMR (125 MHz, CDCls) J: 46.5, 123.2,
127.9,128.2, 129.3 (2C), 129.6, 129.9, 132.6, 135.3, 140.7. IR (neat)  (cm™) 3264, 3050,
3034, 3014, 2931, 1584, 1407, 1343, 1324, 1222, 1123, 1076, 1004, 948, 823, 760, 631,
MS (ESI): m/z = 206.1, [M + H™].

S-Methyl-S-(thiophen-2-yl)sulfoximine (5.8k, racemic). Yellow oil, yield: 75%.
IH NMR (500 MHz, CDCls) 6: 3.10 (br s, 1H), 3.23 (s, 3H), 7.08-7.12 (m, 1H), 7.63-7.67
(m, 2H). 23C NMR (125 MHz, CDCls) §: 47.9, 128.2, 133.5, 133.8, 146.3. IR (neat) © (cm
Y3267, 3091, 3021, 2926, 1506, 1404, 1342, 1321, 1225, 1096, 1024, 994, 854, 731, 568;
MS (ESI): m/z = 162.0, [M + H™].

S-Methyl-S-(pyridin-2-yl)sulfoximine (5.81, racemic). Yellow oil, yield: 56%. 'H
NMR (500 MHz, CDCls) &: 2.84 (br s, 1H), 3.26 (s, 3H), 7.48-7.53 (m, 1H), 7.91-7.97 (m,
1H), 8.13 (d, J = 8.0 Hz, 1H), 8.73 (d, J = 4.5 Hz, 1H). 3C NMR (125 MHz, CDCl5) &
42.7,121.4, 127.0, 138.6, 150.4, 161.0. IR (neat) b (cm™) 3262, 3013, 2925, 2853, 1655,
1578, 1454, 1426, 1317, 1223, 1136, 1068, 1014, 991, 783, 756, 511; MS (ESI): m/z =
157.0, [M + H'].

S-Ethyl-S-phenylsulfoximine (5.8m, racemic). Yellow oil, yield: 90%. 'H NMR
(500 MHz, CDCls) 6: 1.21-1.26 (m, 3H), 2.61 (br s, 1H), 3.15 (g, J = 7.5 Hz, 2H), 7.50-
7.56 (M, 2H), 7.57-7.63 (m, 1H), 7.95 (d, J = 8.0 Hz, 2H). 3C NMR (125 MHz, CDCl3) 6:

7.1, 51.1, 127.8, 128.4, 132.3, 140.7. IR (neat) © (cm™) 3269, 3063, 2976, 2937, 2877,
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1647, 1583, 1477, 1446, 1409, 1380, 1231, 1201, 1098, 973, 761, 721, 691, 674, 568, 510;
MS (ESI): m/z = 170.1, [M + H"].

S-Propyl-S-phenylsulfoximine (5.8n, racemic). Yellow solid, yield: 94%. H
NMR (500 MHz, CDCls) 6: 0.94 (t, J = 7.5 Hz, 3H), 1.59-1.80 (m, 2H), 2.58 (br s, 1H),
3.03-3.15 (m, 2H), 7.49-7.54 (m, 2 H), 7.56-7.61 (m, 1H), 7.94 (d, J = 7.5 Hz, 2H). 3°C
NMR (125 MHz, CDCls) 8: 13.1, 17.2, 59.5, 128.7, 129.4, 133.3, 142.4. IR (neat)  (cm™)
3268, 3063, 2969, 2935, 2877, 1701, 1446, 1406, 1224, 1100, 985, 754, 690, 572, 544, 510;
MS (ESI): m/z =184.1, [M + H].

S-1sopropyl-S-phenylsulfoximine (5.80, racemic). Yellow solid, yield: 92%. *H
NMR (500 MHz, CDCl3) 6: 1.21-1.34 (m, 6H), 2.41 (br s, 1H), 3.19-3.29 (m, 1H), 7.50-
7.56 (m, 2H), 7.58-7.63 (m, 1H), 7.94 (d, J = 7.5 Hz, 2H). 13C NMR (125 MHz, CDCls) 6:
16.3, 16.7, 56.8, 129.3, 129.7, 133.3, 140.2. IR (neat) © (cm™) 3270, 3063, 2975, 2929,
2872, 1666, 1467, 1445, 1385, 1366, 1261, 1214, 1105, 978, 759, 716, 692, 650, 565, 548,
MS (ESI): m/z = 184.1, [M + H'].

S-Cyclopropyl-S-phenylsulfoximine (5.8p, racemic). Yellow oil, yield: 80%. 'H
NMR (500 MHz, CDCls) §: 0.85-0.94 (m, 1 H), 0.99-1.07 (m, 1H), 1.13-1.21 (m, 1H),
1.33-1.41 (m, 1H), 2.32-2.62 (m, 2H), 7.49-7.55 (m, 2H), 7.56-7.61 (m, 1H), 7.95 (d, J =
7.5 Hz, 2H). BC NMR (125 MHz, CDCls) 6: 5.9, 6.3, 34.5, 128.1, 129.4, 133.0, 143.5. IR
(neat) © (cm™) 3267, 3060, 3015, 2924, 2853, 1477, 1445, 1418, 1305, 1224, 1188, 1096,
984, 884, 827, 758, 718, 690, 562, 525; MS (ESI): m/z = 182.1, [M + H'].

S-Allyl-S-phenylsulfoximine (5.8q, racemic). Yellow oil, yield: 76%. *H NMR
(500 MHz, CDCls) 5: 2.84 (br s, 1H), 3.78-3.90 (m, 2H), 5.13 (d, J = 17.0 Hz, 1H), 5.33

(d, J = 1.0 Hz, 1H), 5.78-5.88 (m, 1H), 7.51-7.56 (M, 2H), 7.59-7.64 (m, 1H), 7.95 (m, 2H).
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13C NMR (125 MHz, CDCls) 6: 62.8, 124.7, 125.7, 129.1, 129.3, 133.5, 141.2. MS (ESI):
m/z = 182.1, [M + H'].

S,S-Diphenylsulfoximine (5.8r, racemic). Yellow solid, yield: 90%. *H NMR (500
MHz, CDCls) 6: 3.07 (br s, 1H), 7.42-7.52 (m, 6H), 8.03 (d, J = 7.5 Hz, 4H). 3C NMR
(125 MHz, CDCls) 6: 128.1,129.4, 132.8, 143.6. IR (neat) © (cm™) 3269, 3062, 3003, 2923,
1583, 1476, 1447, 1230, 1129, 1094, 1069, 980, 760, 721, 688, 569, 542; MS (ESI): m/z =
218.1, [M + H*].

S,S-Di(4-methyl-phenyl)sulfoximine (5.8s, racemic). Yellow solid, yield: 84%.
IH NMR (500 MHz, CDCls) &: 2.37 (s, 6H), 2.97 (br s, 1H), 7.26 (d, J = 8.0 Hz, 4H), 7.91
(d, J = 8.0 Hz, 4H). C NMR (125 MHz, CDCls) ¢6: 21.8, 128.2, 130.1, 141.1, 143.6. IR
(neat) © (cm™) 3272, 3060, 3027, 2956, 2923, 2855, 720, 1596, 1491, 1450, 1401, 1380,
1228, 1130, 1095, 1019, 977, 818, 662, 623, 541; MS (ESI): m/z = 246.1, [M + H'].

S,S-Dibenzylsulfoximine (5.8t, racemic). Yellow solid, yield: 74%. *H NMR (500
MHz, CDCls) &: 4.17 (d, J = 8.0 Hz, 2H), 4.28 (d, J = 8.0 Hz, 2H), 7.39-7.42 (m, 5H). 13C
NMR (125 MHz, CDCls) 6: 60.8, 128.2, 129.2, 129.3, 131.4. IR (neat) © (cm™) 3250, 3086,
3064, 3030, 2976, 2919, 1493, 1455, 1417, 1259, 1246, 1156, 1150, 1073, 1039, 776, 697,
586; MS (ESI): m/z = 246.1, [M + H™].

S,S-Tetramethylenesulfoximine (5.8u, racemic). Yellow oil, yield: 70%. *H NMR
(500 MHz, CDCl3) 6: 2.19-2.29 (m, 4H), 2.75 (br s, 1H), 3.06-3.16 (m 4H). 3C NMR (125
MHz, CDCls) d: 24.3, 55.7. IR (neat) © (cm™) 3386, 3262, 2951, 2926, 2876, 2854, 1654,
1603, 1448, 1416, 1110, 1138, 1078, 1009, 895, 796, 720; MS (ESI): m/z = 120.0, [M +

H*].
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Appendix A

Crystallographic Data for L-2.2g
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Figure A 1 Crystallographic Structure of L-2.2¢g

Table A 1 Crystallographic Data and Structure Refinement for L-2.2g

Identification code b

Empirical formula Cos Ho F N3 O
Formula weight 431.46
Temperature 293(2) K
Wavelength 0.71073 A

Crystal system, space group

Monoclinic, P21/N

Unit cell dimensions

a=11.943(2) A alpha =90 deg.
b =12.618(3) A beta =90.20(3) deg.
c =14.512(3) A gamma = 90 deg.

Volume 2186.9(8) A3
Z, Calculated density 4,1.310 Mg/m"3
Absorption coefficient 0.093 mm~-1
F(000) 904
Crystal size 0.30 x 0.20 x 0.10 mm

Theta range for data collection

2.14 to 25.42 deg.

Limiting indices

0<=h<=14, 0<=k<=15, -17<=I<=17

Reflections collected / unique

Completeness to theta = 25.42 99.7 %

Absorption correction Psi-scan

Max. and min. transmission 0.9907 and 0.9726

Refinement method Full-matrix least-squares on F*2
Data / restraints / parameters 4026 /0/289

Goodness-of-fit on F2 1.006

Final R indices [1>2sigma(l)]

R1 =0.0676, wR2 = 0.1345

R indices (all data)

R1=0.1521, wR2 = 0.1626

Largest diff. peak and hole

0.263 and -0.189 e.A"-3
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Appendix B NOESY Spectra of 3.2f

"

H!-H* and H!-H® correlations were observed.

H!-H?2 correlation was not observed.
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Figure B 1 NOESY Spectra of 3.2f
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Appendix C  HPLC Data for 3.1g and 3.29

Chiral Stationary phase: Chiralpak ® AD-H, n-hexane/isopropanol = 92:8, 0.70 mL/min

Signal: VWD1 A, Wavelength=210 nm.
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Figure C 1 HPLC Spectra of D,L-3.1g

Table C 1 HPLC Data for D,L-3.1g

Retention Time Area Area%

48.277 87030121 49.70

55.221 88064648 50.30
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Figure C 2 HPLC Spectra of D-3.1g

Table C 2 HPLC Data for D-3.1g

Retention Time Area Area%

50.277 1569630 1.01

55.883 153665691 98.99
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Chiral Stationary phase: Chiralpak ® AD-H, n-hexane/isopropanol = 75:25, 1.00 mL/min

Signal: VWD1 A, Wavelength=210 nm
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Figure C 3 HPLC Spectra of D,L-3.2g

Table C 3 HPLC Data for D,L-3.29

Retention Time Area Area%

8.288 15865404 50.12

17.536 15791706 49.88

24

1000

750

250

-250



1000

500

Minutes

Figure C 4 HPLC Spectra of D-3.29

Table C 4 HPLC Data for D-3.2g

Retention Time Area Area%

8.261 20995719 98.76

17.664 264478 1.24
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'H NMR and *C NMR Spectra
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0zyz—

094
143
E6Z'L
662L:
LOEY
B9E'L
9EL
08¢
BEEY:
06E"L
E9b'Z
BabL
PEb L
965'L:
209°¢,
"y

CO,H

2.3a

35 3.0 25 20 15 1.0 0.5 0.0

4.0

4.5

95 90 B85 8.0 75 70 65 60 55 5.0
1 (ppm)

10.0

8k L
v L
TEv L
vEv'L o
Seb L A
ecb'L
Sob' L |
1542
815 L
125
vES' L )
nmm»%
€5

245 L
6v5 ¢
655 £
6L
z8e¢
v6e L
64

ELTET —

CO,H

2.3b

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (oom)

12,5 11.5 10.5 9.5

13.5



120

S88E—

8€0°01T —

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

5.5

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

10.5

BT —

81011 —

CO,H

2.3d

105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05
f1 (ppm)

11.0



121

092" ¢

CO,H

F

2.3e

95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5 0.0
f1 (ppm)

10.0

S8
09T¢;
e
B0
LS
BEFL
RS
5L
BSSE
iS¢
LGS
169¢
6L

18L¢:
S8
T08' ¢
L0T 8
nes

.

A
3

L

7

CO,H

Br.

2.3f

9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

10.0



122

STEL
TEEL
B66E L
pivL
0Ep'L
8ES'L
ssL
L9SL
PI9L
619,
1€9°L
SES'L

8LS'L
089'L W.
S69°L
620'8
EEO'8

Te00r —

CO,H

Cl

Ph

2.3g

9.0 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 10 05 00
fi (ppm)

9.5

10.5

op'e —

8124
6vbL
SobL o
R
8Lb'L A
£6b°L
8054
L6672
0094 ~
gL
a9e
6194 4
vI9L
£29¢
pES L
2684
80627

—Nfr

86671 —

CO,H

2.3h

40 35 30 25 20 15 10 05 0.0

55 50 45

6.5 6.0

1 (ppm)

85 80 75 7.0

12.5 11.5 10.5 9.5 9.0

13.5



123

09z¢
BEEe
et
e0b
81¥e
PEPL
e15¢
915¢
625¢
£65¢
8Es¢
WS¢
T
955¢
895
0e5¢E
€25

98¢
SSW.
E0L¢E

B66L
51 Qwv

LETOT—

CO,H

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 10 05 00 -0.5
f1 (ppm)

10.5

09z £
PIv L
BEP'L
G5k L
bag'L
BeS'L
E65' L
b9 L
[L0NS
QL
ETEL
BEB' L
b

061" 8

9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
f1 (ppm)

9.5



124

B9E T—
565 —

180¢
e
eﬁ.n/
mﬁm.s./
eom.nw
BEEL
L65'¢
PO
L0we
19
SI9¢

CO,H

2.3k

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

0.5

are—

v —

€EL0T —

CO,H

Ph
231

11,0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)

11.5



125

ENFE— —

L40¢
260'¢
L00'¢
FRIL
WL
098¢
29re
LbTE

092 ¢
TEEL
EEEYL
IHEL

8bEC
09€'¢ ]
£96¢
12
v e
agh e
8K (@]
8g5¢
ovs ¢4
€55
5554
895°¢
125¢4
0g¢
2e9¢
b
Py
099¢
299¢

zoo
008
8108
[0

OH

E¥T6—

2.3m

0 95 90 85 80 %5 70 65 60 55 S0 45 40 35 30 25 20 15 10 05 0.0
f1 (ppm)

10.5

0z
250
o
650
861
vIzTe
62it
092¢
et
e
18¥¢
L s
16¥
SobE |
Lok
805 ¢
015~
si5¢~
wsitd
55
95 ¢}
155¢
25
£69¢
¢
£99°¢
S84t
884t
08¢
08¢
atee
618¢
ov0's:
5508

B8 01—

110 105 10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 10 05 0.0 -0.5
f1 (ppm)

11.5



126

09T
682
L6TY
E0E°Y
804
LAtars
GLEL
EBE'Y
TeEyL

o'
9g's

b9 e]
120
£65¢

56564
885 ¢
065 ¢4
0944
509°¢

91944
1294
€694
9ET¢

6b9'
269 |

€994
R
2o
Y

2.30

95 90 85 80 75 70 65 60 S5 50 45 40 35 30 25 20 L5 10 05 00 -0
f1 (ppm)

10.0

1SET—

£5TL
8ITL
£8TL

FEEL
BEEL
SHEL
182
ESEL

e
9252
825
WS
S
65524
29
529
L6920
0w

8947
wmm_hn\
608
sa0e

SEOIT—

2.3p

60 55 S50 45 40 35 30 25 20 15 10 05 0.0
f1 (ppm)

6.5

1.5 110 105 100 95 90 85 80 75

12.0



127

cee's
EVEL
Z5€'s
5EL
65€'¢
£9°¢
6982
i’
2ib's
bl
6L
905"z
05'
e
2S¢
L55'¢
945'e
8L5'¢
165'4
€651
90924
809°1
299"
699"
289'
89"
00¢' £~

L

e L]
08°L

S80°8
aaﬁ.mv

H
oO

Cl

2.3q

10.0 9.3 9.0 8.5 8.0 73 70 6.3 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.3 0.0
f1 (ppm)

10.5

PSTE—

588 9~
g
790
B9€ hl/
EEW
6552
059'¢
awwh/
Ty

OMe

2.3r

A

i

1.0 0.5 0.0

1.5

6.0 55 50 45 40 35 3.0 25 20
f1 (ppm)

6.5

9.5 9.0 8.5 8.0 75 7.0

10.0



128

688 E—

2.3s

100 o5 90 85 80 75 70 65 60 55 S50 45 40 35 30 25 20 15 1.0 05 00
f1 (ppm)

10.5

B 11—

115 11.0 105 100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 ¢ (G.D ) 5.3 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 05 0.0
1 (ppm

12.0



129

LPEL

ELEE
06E'L

£95°¢
#I5E

BLSY
65
S65'¢
TETL
059¢;
#SE
09
T9Y Ly
594N

LEF L~
069¢-
«Qﬂ.sM
9408
608

Laa

BFE 6

Cl

H
OO

2.3u

105 10.0 95 9.0 8.5 8.0 75 70 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 05 0.0
f1 (ppm)

11.0

09T'¢;
BRE'L
E9E'Y
s
WL
855'¢
Z95°¢
SE5E
z85¢
665
»Iv L
BLHY
E6YE:
BB
B0 B

Br

2.3v

I

7

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 2.5 2.0 15 1.0 0.5 0.0
f1 (ppm)

10.0



130

SZET—

v E—

£8

BrO' L
BI0°L
bL0° L
09 L
{142
#6EL
L0 L
60K £
Tes L
1472
9E5 ¢
BES L
155°¢
#5854
919°L
BI9L:
1Egs
EEY L
b9 £
Bb9' £

o1s
:e.ww
520°

b0 g—

2.3w

JUJL__%L

95 9.0 85 8.0 75 7.0 6.5 60 55 50 45 40 3.5 3.0 25 2.0 15 1.0 05 0.0
f1 (ppm)

10.0

651" L=
BIET—

689 9—
092" £
umm.h./
D6E nw
06E L
B

'L
8L
B45L
185°¢
F6S L
S65L:
609
019¢
L18L
ZEBL

96—

iy

2.3x

95 90 85 80 75 70 65 60 55 S0 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)

10.0



131

PITH'T
LEER'T
Sbbb'T

T88S'T
208s'T V

S165'T
620S'T
4197

€680C —
€95L°C
¥89L'T V
mommm

£LEQE —

[Aasd
€8ET'H W
vomﬁv

ces9~,
7
105 /
i85
oorst
ot

8269
sore W
N

mmS,m
mmmc,m “\-
8vE0'8

MeO

SAOUY'S

2.4 pitofenone

2.0 1.5 1.0 0.5

2.5

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
f1 (nom)

7.5

8.0

8.5

9.0

ST'PC ~
¥6'ST —

0TS —
60'SG —
eSS —

T€'99 —

08'9L
SO'LL W
Q€L

EEVIT —

oLt
TTez /
PEEZ
TTOE
veoe
19T€T
ezl
02Kt —

S8T9T —
Ly'98T —

14561 —

2.4 pitofenone

-10

200 190 180 170 160 150 140 130 120 110 ¢ %00 ) 90 80 70 c0 50 40 30 20 10
1 (ppm

210



132

9460
166 :Wm
00 T

Bbe T
5601
BIE'T
TIET
£
9zET
o T
052
55E 2
59E' 2
08E' 24
96E 24
o1
a1
sz 7]
eeb
86K T
£ T
5 T
oKz
ST

EBL
F08 b
518
QT8 b

T
EEL L
ZEr' s
9EL L
LEDE
£
APLE
OB d_

Wiy
GQM.
et
biE'L
Sm.hw.
s8g'e
wee
0578

609 8—

—Z

zT O

3.1a

2.0 1.5 1.0

2.5

3.5

8.5 8.0 75 70 6.5 6.0 5.5 5.0 4.5 40
1 (ppm)

9.0

B0 TT—

0EE—
Wit
EQELT

Z55'95;
00995

BBE BIT~_
S5 TET—
99 EZ1-"

058 1E1—
BITPET—
EETLET—

BPTLPT—

LT PIT~

TEE LT~
L1891

3.1a

-10

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60 50 40 30 20 10
1 (ppm)

210



133

1960
oka.ow

BEE:
Smuw
s

LEET
KK.TV'
zor'E
697" L
[¥iak-
BET' T
PET T
LBTE
E0Z' T
LT
P T
BIF T
9EF T
L

998"
LEXE
LLERS
4%

AL
9T L
TEFE
e
S9E L~
e
[
B NW.

8547
048 f—

BIT'®
mmw.mw
LET

Bb5' 8—

3.1b

oA

8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

2.0

SOSET-—
BTE'eT—

ShELE
:m.hm\.Y
B9 0E~"

B5L b5~
EL5'95

P BT T~
PR TET—
EEF EZT—"

ZHE TET—
PEOPETT
9Nz LET—

T T —
BOZPIT~

BPSL9T-
L0z 891"

-10

200 190 180 170 160 150 140 130 120 110 . %DD ) a0 80 70 60 50 40 30 20 10
1 (ppm

210



134

9E8 D
3 _H_V.

e
=

LEET
0SE'T

We
BT
1IC T
TEZ'T
LET'T
obT T
BbT' T
8BS
89T
BLZ'T
BBE" T
BBE' -
80K T
TIFE
LTH T
0ER T
SEF T
BER T
S T
LSF T

158
198" b
EL8P
[

PITE
9L
BEE:
9z
BEF L
TEF
BEL' L
el L
TEE

e
sh.hk
e
mmm.hW.
z68's
6178
12w
bzt mw
1678

045 8—

3.1c

3.0 2.5 2.0 1.5 10 0.5 0.0

35

8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0
f1 (ppm)

8.5

TP
15T
099 mm/.
amm.RWw
99ELE
TE9'8E
P BE
Emdm\

LT85~
£9595-"

LB BT T~
THETET—
BIFEZT-"

BEG TET—
BO0PET
01z ET—

T T —
0T FIT~

085°£9T~_
b1 891-7

3.1c

-10

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

210



135

bz T—
BO9

£19°29
91924
529 24
629 2
BET 74
7592
099 2-4
Ty T
£89 2+
BEY 2]
€07 24
5174
120 24
8es 74
05£ 2]
s9s )
608 7]
£ 7
By

E28T

TEE

SER T

ez

St8 T

LBE b
Q06" b
BT6 b
BIE P

65029
990°L
890°¢-
0L
LL0E
1802
T60°L
E60°¢-
BAT'L
LT
GBI
GBI'L
LEEL
e
§aFs
9z8 h./.
nmm.hw.

EVE'L

P18
8b1°8
551" 8
£51°8

Li5'8—

3.1d

0.0

0.5

1.0

2.0

2.5

3.0

3.5

4.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

SBTLE

sazei
L) mw\.
n0Ee”

E18F5—
905’95

AZE'BIT
(3¢ :~N
S0E'EZT—
BT GET=—
T1E821
S9€'821
1617
0F0 PET
867 NE\.
i

EOTéPT—

Bhb' E9T~_
98T LT~ _
1508917

3.1d

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
f1 (ppm)

210



136

EI¥ 1
omv.ﬁW
i
LT
660 1—
a1
EDE'Z
4142
LIET
TEET
9zE T
TEEZ
[
[
Lot T
[
gk
agrzd

Tey m:/

999°E

089 E: e

LI
958" b

b
vmm.vW ZT O

£0F & O
[
LT L
BTz
[ o
bEN'E: -

3.1e

[
EErs
bSE'L
1552
10es
VAL
08—

SIT'8
9z WV
SET' 8
9z B

156 8—

0.5

1.0

1.5

2.0

2.5

3.0

4.0

5.0

6.0

6.5

7.0

7.5

8.0

8.5

9.0

ES0F L
122
ESELT
EZO'BE:
0BT

PILE—

PEEE G
ELG'95

BLEBIT
ovm.ﬁnﬁ#

SSTEZT—=
#o mnT\\
SEEIET
0607 ZET
QEREET
zon wmﬁ“

Tel'ET

LT HPT—

02T H9T
09r noﬁ#

ST 89T
Z0E moﬁLJ-

3.1e

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 a0 8o 70 60
f1 (ppm)

210



137

T
05571
ELST
LB5'T
097

LI
aba' T -
E99'T
SELT
BEL T

S5E
T8 "

S50 E~_
Lwe"

BET b
90—

DERH
hna.v‘/
mB.m./.
LIT G
ZET' S
051 5—¢
nmﬁ.m%
861 m;\

875

9T L-

mmm.h/
mﬂm.h‘/.
zse hw

BOE L=
mmm.hl\l

899'L
mmm.hW
L69'L

£PE B
SEb 8—

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

1 (ppm)

000° ==

(Ao T
b5 LT~

BZE Db

8805~
SHT'T 9

ETT99,

50949~

LEW BB~
89868

BT 61 T—
DL T2T=—

248 EET
E20° mnﬁw
EOP BLT

TIF 96T~
226 9ET~"

B i T

SEE 95T—

EOTHIT—
9ES 99T

3.1f

.

-10

200 190 180 170 160 150 140 130 120 110 . %DD ) a0 80 70 60 50 40 30 20 10
1 (ppm

210



138

oL —

TEVE
O
mS.MW
(B3

LA RS
(LY
1'%
anrs

R
ERED
S06"F

LAl
810
oL
FRI'L
0614
VBT L)
E9E'L
144
EEL'L
M~
060"
o

£9'8—

(o]

3.1h
"H NMR (400 MHz, CDCl3)

e

3.5

4.0

4.5
£1 (ppa)

i

6.0

]

BES B0

8.0

I LT
Saa.hﬁv.

E6L'EE—

g2
&
S

A.E_._om
—.oa.hnw
IR

sl g1l
w0ssi17
86l 1—
17—
SEPETI="
HLE0E |
ey
265" 1E1—
g....z%
PEOEE]
:_.3_‘\.‘

Sk LE]

s O 1 —

L
R0~
CLREI—
ELE ]
AL L1

3.1h
3C NMR (100 MHz, CDClg)

0

1 (g

100

T
160

170




139

T
ST

LITE
LU
BHIE
ESTE

DET' &
EFT' S
TET' S
+OT° 5

E80°L
80 L
E260°L
#60°L
£60°L
660" L
L0rE
- s
EEYT
PPEL—
e
mom.h‘/
m—m.h%
GO0 g
TR
L8
B0 8
08 8

079 g

3.1

J

I

0.0

0.5

1.0

1.5

2.0

2.5

3.5

4.0

5.0

2.5

6.0

70

7.5

8.0

8.3

9.0

SETUT
BEELE:

LIGEE—

01855~
o5 95"

BLEGIT
omm.ﬁﬁ#
mkv.mmf/
S1£ 821
BB 0ET
0z9 ﬁEW
SI5'ZET—
PEVPET-T
8E6 mmd%

EBELET

T —

EPEEIT
#0585 99T~
94891~

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 90 80 70 &0
f1 (ppm)

210



140

g REEZ 3248
N
0 0 &
NH =
N
Br
o)
3.1j
"H NMR (400 MHz, CDCl3)
1
il
]
B.ID 8.‘:} S.‘O 'Ii '.ID 6:5 6,‘0 5.‘: 5.‘0 d.‘IE I.‘D 3\.‘:} 3.‘0 258 2:0 1‘5 1.‘0 0.‘,1 U.ID —EI..
f1 (pp=
558 £ E¥¥EFsgEqg = 2 an
SEE Fiizee ANAS 2se 3 3 s
VT [ N - (V) [~
N
[ lle) / \
NH =
N
Br
o]
3.1j
3C NMR (100 MHz, CDCl)
II "
]
1
¥ Ui I |
1!!.'! L%D J.t":l.'l 11‘50 J.;U 1:‘10 L;‘U 110 1(’)0 9") E;J T.U E.D c':lJ JKIJ Z:U lrL'l

1 G



141

3 sstamemesas e pzmaEss :
[ L e T

N
NH —
N
(¢}

3.1k
"H NMR (400 MHz, CDClj)

8.0 &5 &80 7.5 o 6.5 6.0 55 5.0 4.5 4.0 3.8 30 28 2.0 :l.lu :llu- 0.‘3 Dlr.l —¢I.:‘:
£1 (ppa
ZES EE2% 2283 ZgFE% 58 i s =23
43 §$% Eiza anss L 34 3 o
VT 7 Ve TANT AP - (W) I
N
0 7 \
NH =
N
o)
3.1k
3C NMR (100 MHz, CDCl3)
1 ]
]
]
i ' W I
0 l‘ | —
160 1é0 1;0 J.ISO 1:"10 1;0 1:‘!0 I“I‘U 1 ;lO léﬂ 'JIJ S;J .‘.0 Eb 5.0 éID 3:3 2‘0 1IEI 6



142

(L
mm.u/
'

3.1
TH NMR (400 MHz, CDCl3)

-

3.0

5

.0

£1 (gpa)

10.5 0.0 9.5 8.0

Lo

0ELT
PoE LT

GlowPE—

SI6'GE~
W oL

HLE9L
L1 ._E_.W
DSLL

B 6L
HAITI
GLEEL]
CECCTI
ST
0691
LS AL
1091
L AT
198217
IS 1El—=

WETEl %
SEFEE]
STOwEl

TTHVEL
ESPLE
86" [ =

EERED]~—
[88'99 1~
Gloga-—=

3.11

3C NMR (100 MHz, CDCl)

£1 (ppad

T T T T T T T T T
180 7 160 150 140 130 120 110 100

T
180




143

556" 0
06 QV
Py
£99'7
LT
z69'T
L0LT
BTLT

W
LELT
8541

EIT'T
BET nV

szl

SLTE
LAV
SEI'L
981 L
[el) o
EOI'L
BEIL
T0E' L
EBE L
Elgs
£69°L
B0 L
[A Yy
bEEL

5058
L0858
805" 8
0158
+15°8
9158
8158
6158

0.5

1.5

2.0

2.5

3.0

3.5

4.0

2.0

3.3

6.0

6.5

7.0

25

8.0

8.5

LELET— -

TIZET~— -

B554E— -

994 6E— —

PIE'IS— -

©
(@]
S 61T — ——_—
964 121— -—

GEDLET— —

E09LpT— -

PELPIT—

QET ELT—

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 7 60
f1 (ppm)

210



144

E98°0:
L1:3 QW
TEE 0

0sz T
SEW
567 T
ateT

ZETT—
S58 F—

SEC T
sz nW
LT

L1903
TP
BLT L
rere
PRI
981,
BOT"L
Ll e
ZHEL
POEL
96E°L
O£

134
voce
s
Bles

€058
5058
£05'8
8058
£15°8
5758
9158
81588

2.0 1.5 1.0

2.5

3.5

7.0 6.5 6.0 5.5 5.0 4.5 4.0
f1 (ppm)

7.5

8.5

9.0

HbEl
pra)

9E9EE;
Z59'6E;
19968
SZHTE—

95FLE—

Z5E'95—

S8 BIT—
PELTET—

GO0°LET—

E09LpT—

95 #9T—

BGE 4T

10

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60
f1 (ppm)

210



145

605 T
PIST
EZS T
965 T
665 T
2097
T3
b1
51979
+29 14
65974
91
28974
069 7§
EDL T
5L T4
EBL Ty

E6L T~
o1

95z 7
697 T -
(3 -
80T

|

SLTE
9L
SBI'L
98I L
[ol) o
oL

BOEL

=

56E' L~ = u
-

:v.h.\
269's
969'£
B0 L
e
EZL L
LELE

2158
ET5'8:
058 B
T8

0.5 0.0

1.0

7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0
f1 (ppm)

8.0

8152
LT
GG TE~,
S152E~"
HTULE~—
TZ8BE—

SEE'95—

20861 T-—
0B TET—

OEDLET—

9T LT

ESL POT—

S05'ZLT—

3.3c

-10

200 190 180 170 160 150 140 130 120 110 f][.UD ) 80 80 70 60 50 40 30 20 10
1 (ppm

210



146

959°T:
599° T
ELOT
(4L
LB9T
LT
BOET
ETLT
BTLT
e
ST

1922
ohn.nw
06Z &

5292
BEY NV

+59 nL_\

(A4
£SPL
BSI'L
EOT'L
£are
9L
ELPE
BLT'L
1§19
b’ L
PREL
§82L
L£927L
04z L
9LEL
ELika
889'L
169'L
E0L L
047
SBF B
LBF 8
88K B
it 8
S’ 8-
96+ B
B 8
0058

3.3e

7.0 6.5 6.0 5.5 5.0 4 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

7.5

8.5 8.0

9.0

9EP SE
9e5 42"
L90TE—
S54GE~_
8BS E——

BEE' 95—

99 BET~_
ThL 12T~
B5YSTTI~

852 821
ook mmﬁv

omo.mmT\-

SOF 21—
mnm.hvﬂ./.

EFIPIT—

190 g1 —

3.3e

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 _ 100 _ 90 80 70 60
f1 (ppm)

210



147

968 1
0160
5261
LE6 0
8560
045 1
SHZ Ty
15T 7]
BSE 1)
99z 1]
1oz T
LT Ty
sz 14
85e 1
£9g 74
g 14
sep 74
e
9t 1]
8 1
285 T
TES T
E09' T
2097
T
19T
0L
6O T
9187
et
BIE T
PERT

e
ELT L
L1905
EBI'L
98I L
BBI'L
Ll s
BT
00" L~
e
069°L
B9
9047 ¢
B0<" L
128
8248
S18°L

L0858
mom.mw
9158

N
HoN
3.3g

0.5

1.5

2.0

2.5

3.0

3.5

4.0

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

TEERT—

ELS'0E;
[ RW.r
90T
TLFET
ELL TS

946 0E—"
a69ze~

A Fa-1- LN
9zb'95~"

9ES BET—
LELTET—

296" 9ET

TS5 pT—

THEPIT——

EISbel—

N
HoN
3.3g

-10

200 190 180 170 160 150 140 130 120 110 fl][.UEI ) 80 80 70 60 50 40 30 20 10
ppm

210



148

S00°7
BI0°T

8907
ﬁmo.ﬁ%-

T T

j{t 3o
956 1
960' 2
807
e
PITE
azr'e
0Tz
el

98T
548 NW
[t e

E6O" £
PO
EOL L
POFE
01 h._
01T
4
61T 4
RS
ELi e
BT £
#9104
061" £+
902" £
o1 th
4z,
lisa
085 -
E65°L
565
£09° £

T 8
ETH 8
fats:
AT’ 8
[E
[}
v 8
LR

“_JuL,._A ‘_LL

7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 05
f1 (ppm)

8.0

9.0

85408—

BEZEE:
KT
$56'0E~"

Y 9E—

EEP 95~
BERES—"

99E BT T
CZS 1ET—
EZB 2T~
[TAR A SN
061 BET—"

L 9ET—
T99 0pT—

L ipT—

F09'HIT—

LT ELT—

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 7O 60
f1 (ppm)

210



149

BEE nT_
P15 4
Lo T_
£10' 79
0ED T
260 74
[IR2
ST 74
YT
LTS
122 1+
BEZ T+
T T

8k’ 1
SEF T
19514

v

209 74
21914
£2914
b9 14
25914
597
891
ore 14
g1
e
743
9EL T
991
LE T
SbE T
PEET
8581
Tog T
9981
587
€887

T
[ F130s
[:1972
SBI'L
s
SHI°L
LB L
9BE"L-
m:“.hw
889'L
269
PO L
L0847
(AP
EZL L
boe L

L0858
915 mU.

2.5 2.0 1.5 1.0 0.5 0.0

3.0

5.0 4 4.0
f1 (ppm)

5.5

8.0 75 7.0 6.5 6.0

8.5

i 2
Wﬁmw
BB L
55T

W6 OE:
BT ~mv
ZETEE:

E9E Ob—

08 E5—
SER' 95

05561 T-—
EELTET—

L£56'9ET

ERSLPT—

PrEPIT—

ZI5bel—

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 60
f1 (ppm)

210



150

290 7_
9501
L0 T
2111
mmﬂ.ﬂ._
567 74
i 14
2z 14
09z 14
£92 1+
PLT T
E6T T4k
Zeb T

29 1 ¥
SEY jﬁ
Nef% -
B9 T -
169 1"

261"

EET'E
L
3
EST' T

1432
EbO T
L% 42 ___3
698 —
gz
988 ¢
£06'Z
413

§60°L-
£B0°E
HOT' L
L0T° L
e
TET' L
a3
BaI'L

BGIL
Toee ———

BOE £

g w
D8s's _

265 L

§65°L
£09°¢

2T 8
[
aTk’ 8
L1 —
zor s
P 8
52 8
L8

0.5

1.5

2.0

2.5

3.0

3.5

4.0

5.0

55

6.0

6.5

7.0

7.5

8.5

9.0

TLE BT
915 11—
S4S2TA_
SB0 BET~_
BZE BET—"

L 9ET—
G O T—

99K b1 —

0z9paT—

TI0ET—

3.3]

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60
f1 (ppm)

210



151

1060
916 :./r
TEG'D:

z99'1

mmh.ﬁn/
mom.ﬁw
E8T

mmm.ﬁ\
EET'E

abT" Y
zo1
697"
5410
£
061"
Oz T

00E'E
mﬁm.mw
DEEE

L

EEL L
SET':
EbL s
eI s
B
050 s
85I
09r' £
PELE
9z’
[
LEE
e s
Sb' -
25E' -
557
85z
19z s
667"
ToE s
L0E' L
o1e o
s
B1E
61t/
27E' £
EEE A
£EE £
29E" £
€2
BLE (-8

=4

P9
E59°L
mmm.h\

9eL" L

BEF B
0+ 8
(AL
EFF B
Bbb' 8
LE:
T&b" 8
E5b 84

2.5 2.0 1.5 1.0

3.0

75 7.0 6.5 6.0 55 5.0 4 4.0
f1 (ppm)

8.0

2.0

LI ET—

LA mm../.

BLEET
BESLE:

STT95~_
(2L

S9E' BT~
POL 12T
£03'921

856 L2T~=
9E5 821~

FEGIET
ETL ORT—

PSR T—

ZT9paT—

LIS EET—

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60
f1 (ppm)

210



152

Us'E
Ibs'E
5t

§89' 1

ElF"
Wi

3.3l
"H NMR (400 MHz, CDCly)

oo -0.5

0.5

4.0

£1 (oo

(22004 by

PO~
i

S90°9%

5190
EL0LL
[EE

1296l
88 1T1
95 °5L1
L96'SEL
161921
0L

OZ9° LTI
1E8°LT1
IPTREI

Qm.n._um
m.h.p._._%
£5 L]
BIBEL
L ibI—

PLEWI—

WweTLl—

3.31
13C NMR (100 MHz, CDCl3)

=10




153

20K T
0zk T
B85 T
T T
s T~
s9r 1"

SEE
E06'#
PTG b

jiid

92L&
EELS
BEL &
LTy
1586

A5
TERS
LER S
EbE' S
P8 G

9
B9T° L
[ a3
BLTL
[:1992
HEIL
94E L
ZHE'L

0EL £
95 hW.
i

E98'L
BLBL

Zib' 8
i B
S0 8
L4
o8 8
+ob 8
58K 8
LBP 8
1198
929° 8

3.2a

0.0

0.5

1.0

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
f1 (ppm)

7.5

8.0

BBE'BT
0LTeT

LIVET
oﬂmhwv

BLELG
mehmv
BOL LS

PIOBE~
EBET

BLT BT T~
E98 [ZT—
BILEZT

E0G TET—
EGTPET—
190 LET—

LT

FEO AT~
SeE BT
0p6 ¢91-"

3.2a

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 a0 80 70 60
f1 (ppm)

210



154

565 T+
8091,

99T

BEYT:
8L T

TEEP
898 #
:m.vv
BB EY

EL5'5
185G
985§
E65' S
BES' S
599° 6
L6
289 54
6895

P69 54
2y

P
LT L
BIT L
LET L
BET'L
oz

3.2a'

w.
BSE" £~k
096 £
a9¢° £+
P
05 L

[t
028
BIT' 8
0ET B

865 8—

1.0 0.5 0.0

1.5

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0
f1 (ppm)

9.0

8BE6T
8561

[ A
0BELE

2BEI5~_
B
vis

91958~
66698~

BIE BT T
PEEIET—
EBYEZT~"

OE8'IET~—
SOTPET—
T8I LET—

L P T—

048 E9T~
859591~
PaL AT~

3.2a'

-10

60 50 40 30 20

70

200 190 180 170 160 150 140 130 120 110 _ 100 _ 90
f1 (ppm)

210



155

zs0T—

L29T
ZH T
£59°7

PeOT
£89°7

v
[ ﬁ%
98T

BEG b
E96 vV

mmm.v..\

£S5 5
onm.mw
9855
1595
mmo.mN
589° 5

S1's
e
TBE Lo
ehe e
589';
10¢¢
0Es £

LEL 1
298
B98'L-

#05
B85 8
109 mV

3.2b

i

5.0

M

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5
f1 (ppm)

8.5 8.0 7.5 7.0 6.5 6.0 5.5

2.0

(AT
94z mv.

E0LST
698'5Z:
95k £
BISLT

0£6'S5:
nﬁm.omv
m;hm\

0T b~
HOEE~"

BLT BT T~
TS IET—
004 EZT—"

SER TET—
BETPET—
050 LET—

608 T

TIT#aT~
680° 591"
586491

wi

3.2b

-10

200 190 180 170 160 150 140 130 120 110 f][.UD ) 80 80 70 60 50 40 30 20 10
1 (ppm

210



156

TEOT
ary

s

LT
ELET
LT
GIET

B80T
682 T
w6eT
zo8' 14
o 14
o1e 1
a1E 14
308
mmmi
PSET
2
€661
so0z
Pz
LEDT
BT
990z
e
ez
980z
S60°E
e
9Ire

06 -
TZ6 b
SZ6F
g
THE'§
PEE'S
BEE'S:
1o 5
PEF S
0¥k 5
TS
L5 G

660'q

s
BOT'L
T
1L
9Ire
BELL
9Er'L

[
e
i

e
ETT 8
mﬁ.mW-
£17 B

+85 8—

1!

_

2.0 1.5 1.0 0.5 0.0 -0.5

2.5

3.5

6.0

6.5

7.0

7.5

8.5

9.0

it
Ao

S859Z
LT
SSTLE
BELT

mom.omn/n

16425
mvmhmuw

TZE6E~_
9T T

TEE BT T~
BB TET——
899 EZT~"

ETEIET—
29T PET—
08T LET—

L i T—

POREAT:
:m.wﬁw
088491

Em.hoﬁl\-

-10

200 190 180 170 160 150 140 130 120 110 f %DU ) 80 80 70 60 50 40 30 20 10
1 (ppm

210



157

58 01—
9T
LBTT
00s' 1
TsT
LEST
b5 T
55T
5097
FAL S
0ETT
0T
£89'7
LELT
[ Tat)

B

ETE b
ZEGH
BEG P
656

65 5—
69 5—

ESI'L
mmﬂ.hw
LT L

98—
ELEL

Het
Nmn.hW-
BEL L
298°L
nmm.hN
E4B L
LI
L 8

055" 8
5958

3.2¢

0.5

1.0

1.5

2.0

25

3.0

4.0

5.0

5.5

6.0

6.5

7.0

7.5

8.0

9.0

MBFET—

05H 2L
89r mm./.
ThLEL:
08F4E
9 ELE
GOBTE—

0y Nmﬂ.
99, 2E

BZ5'95
PLL9S:

ssves’

BEGDG~
ELTE-

P BT~
QIETET—
BILEET—

TO0ZET—
ETZPET—
9I0LET—

b8 I T—

PO AT~
a0 591"
646791~

3.2c

-10

200 180 180 170 160 150 140 130 120 110 f ][.UU ) 80 a0 70 60 50 40 30 20 10
1 (ppm

210



158

08
5880

aego/
FH T
wﬁm.b
FIE T
BZE 1)
eee 1]
BEE T+
95 14
705 14
+15 14
225 14
665 14
a1
8z 14
05 14
09 14
B9L T
086 1]
b6 1
056 T_
286 T
EB' T
100
G600
L0 Z
920
FEO T

L i

T

988
E06'+
06
i

ZBE' S
0K 5

@ov.m%
TS
SBF 5
i’ 5

Z05'5
L0585
61554

L60°L
660°L-
Lo
GOT" £y
[ ws
IV
LN L~
BEL

3.2¢'

-

TPE i
74
GQM.
'L

468 f_

9T 8
EN.NW.
SIT &

995 8—

.

I

i

)

0.0

0.5

1.5

4.0 3.5 3.0 2.5 2.0

4.5
f1 (ppm)

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

9.0

BBEET=—

BTSZL
SITFE:
SETFE
SPTLT:
EIvLT
805 TE~T
EDFEE:
EQS'EE:

LL89G \

85825~
avass

94794

TETLL

12888~
SZE0E~"

EEE BT T—
LB TET—
G99 ECT—T

TEFTET—
ESTHET—
EET(ET—

bab i T—

LT EIT~
Tempar~"
9zg'£a1~"

3.2¢'

-10

60 50 40 30 20 10

70

200 190 180 170 160 150 140 130 120 110 _ 100 _ 90
f1 (ppm)

210



159

act
9ELT
0Tz
9Tz
BE T
586 Z
0T
£86' T
666 T
BE
S0 E
80E
PO E
SITE
e
ST
ZsrE
8k
T
6L
66
0EE's
[TES
LER'S
5
¥ 5
LI5S
YT &
vee 5|
T 5
THE 5
565
856 5
sers
LErE
L
E
0sI's
Isrs
B5I's
Tors
9ers
[y
sers
061z
PEEL
90z' 3
ozz'e
[
ebe's
TSz
[
no's
9z
6bE'L
90
[
£99's
Segs
Be9's
069 ¢4
6971
12
62 s
e £

3.2d

GE'L:
G L
E5¢°L
95¢' ¢
(4204
S
258 L
858"
£98'¢-
6982
b B
TSF 8
50 B
P8
G5B
oK B
[
Pop g
6k B
158

i

0.0

0.5

1.5

2.0

2.5

3.0

3.5

4.0

5.0

2.0

6.0

6.5

70

79

8.0

9.0

Brb LT
oanwv
BT BE:
mwv.mmv

284°95
9Z£95:

b hmk\

B Db~
EDE'Z6~"

0ET6IT

omm.ﬂwﬁ./
A7) mmﬁ./
mmm.mwﬁlﬂ
£k BZT

oﬁm.mnﬁ#
TG TET~_

LI0LET

Bl T

100 #9T~_
by paT-"
SE6 9T

3.2d

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 7O 60
f1 (ppm)

210



160

BES T
e
B s T
pEET
(338
zse T
POE'T
98T
(1332
L68' T
06T
0t T
916 T
226 14
BPE T_
65673
695 74
46 T4
086 74
5861
566 1

899'E:
[4:2) m%
269 E:
B0+
L2
LEB
556 -
L0965
z19's
PTG
DEY S
ThY' 5
5085
s
s s
BEL S
Obs 5
IS0
ES L
Tars
B9 L
9oy
89 L
941
BLL L
TOE'
LB L r
ga9 . F
449
EBY L
889’
#69 L
0L
90¢ ¢
B0
1L
9L
VEL L
0E¢' £
PEL L
e e
B h._
15¢° 6
[
19¢° ¢4
wecl
e
08¢ £
98¢ £
578" £
428 £ f
SER L

N

3.2e

TeE' L
Ll
2saged
o 8
5968
LOP' 8
69K 8
Eib" 84
S B
Lib 8
5658
o798

wl

0.5 0.0

1.0

3.0 2.5 2.0

3.5

8.5 8.0 75 70 6.5 6.0 5.5 5.0 4.5 4.0
f1 (ppm)

9.0

BIFET
TOSET
BIVLT
08y £
BBE'6T:
29T°DE:

505 L~

55295
AN

005'95—
avesd

PEE DG~
08916~

PSZET T,
PSETZT
EITELT—
serezi
STE'TET
SPOTEET
TEEEET
EET'BET:
BP0 ET

Tl kT

PPOTPIT
(7 wﬁ;'/
BEG 9T
0Tz 89t

3.2e

-10

40 30 20 10

50

200 190 180 170 160 150 140 130 120 110 100 90 80 70
1 (ppm)

210



161

985 T~
1ert

Py
oae 1"

PI0

90E" £~
600 F—

E9L -
mmm.v./.
010 s
IS
hmﬁ.mw

T8 S—F
90z m\u

Z51s
19z h/.
98e'L-
EEE'L
0SE'L~F
soe e
159°F
mom.hWr
189 s

b0’ 8

98—

|
I 3

O
0}
N
N
H
E
3.2f
L1
L

|

8.5 8.0 75 70 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

9.0

265 22—
2519~
[P

BZEDb—

BB0LG—

509£9—

LEF B
B9FEE"

PEI 6T T—
L TET—

[ A

EOb BZT

TH 9ET~_
226 91"

BB T

GEE' 95—

EOT'PIT—
9E5 99—

-10

200 190 180 170 160 150 140 130 120 110 f %DU ) 80 80 70 60 50 40 30 20 10
1 (ppm

210



162

068 T~
BbZE T

BIE'S:
BEE'S:
BFE'S
L9E' S

98 9
mom.own
85 9-F
[hi¥:
626 L
TER £
#09°¢
g
S19°L
229

6692
50¢° ¢
[ Fe
are e

Tk 8
Ebb" 8
Sk B
EDS' 8
+05' 8

PEF B~
154

3.2g

M

i

i

0.0

0.5

1.5

2.0

2.5

3.0

35

4.0

5.0

5.5

6.5

7.0

7.5

8.0

8.5

9.0

15°4E
9ESLE:

FETIS
BT&'95

wovesd

EZETh-o
PETET

TIEGIT

v;.ﬁmﬁ/
EBF EZT
PO LET
&0z Rd%
09 BZ 1L

T eET—
TESTET="

vs.vﬂ\
fmmma
Sw.mﬂ
TITZET

LRI S

FLOFIT
9z9 va
THIFIT
BHE'£9T

L

3.2g

|

|

120

l

|

|

|

-10

30 20 10

40

W0 80 &0 70 &0
f1 (ppm)

110

200 190 180 170 160 150 140 130

210



163

=
=

8=
Y2

L
GEL'L
SPLL
ESL'L

Lo
s
g
EPE'

3.2h
TH NMR (400 MHz, CDCl)

A K

oo

(8-

Lo

0

2.5

0

£1 (el

».:..R
.E..hnv.

B0
GEH05
LIE'LS

LELIL
0S0'LL
OE'LL

b 06—
Lires=—

S1ocnl

;.Mh._U-
§55611—
WIEl—

Bl

3.2h
3C NMR (100 MHz, CDCl3)

i

T
90
1 (ppa)

T
100

T
110

T T T
160 180 140

T
I

T
150



164

BLE T
681"

[Py
BB G
00E' S
BIES

B9
LiP 9
LS mﬂ
53

B9 L
BOE'L
299 L
B¥9'L
E59' £
659°L
BEL L
SEL L
e’ £
Grd L

EBF 8
L
i 8
(A
i 8

+58° 8-
£98°8;

VOpEEs Ranias

M

—Z

ZTO

cl
FY
o}

3.2i

i

I

0.0

15

2.0

2.5

3.0

3.5

4.0

5.0

6.0

6.5

7.0

7.5

8.0

8.5

2.0

BREET:
vmv.nmv

89595

#5895
ohv.nmk\

565 06~
256 16—

0ZEBIT

[ 5/
FE9 EZT
985 821"
879821
DEG BET
205 16T
el vmuu/.
o1 .,EWr
LLEVET

b5 SET
509'SET
99T LET

orLsib1—

956'€91
EZE vm:W.
OFE #91

mmv.mmﬁ.\.

Cl

—Z

ZzT O

FY
o}

3.2i

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 7O 60
f1 (ppm)

210



165

__..—..___u
E.SU-

B0
w.E_.amLu.M.\
BLE'LS

5L 9L
g.hnv
SEE'LL

Lo 96V 06—~ 7N
rm 176 —

3.2j
H NMR (400 MHz, CDCls)

3.2j
3C NMR (100 MHz, CDCl3)

0
1 (pp)

&

100

110

120

DESGI T
=]
0
. B
ILSLEL

(S

BOLED
Oa—...—..a—/
P9l

= aviold

A A

130

140

1

| I
160 150

7

1

180




166

EDE'S
ﬁm.mv
IFE'S
IS

i
L'

i

[A30°
160°L
Wil
a1k
=L

"
E9N°
L
S8

s>

3.2k
"H NMR (400 MHz, CDCl3)

LPE'LE
nn._...__uvv

655705
P06'9%
OIS

TLL9L
06 LL
Hiw'LL

120 68~
16—

Edl
:_.ﬁﬂ_/
Gh.un_W
TR

L0

a..ﬁ_v
662 1E1+"
STREL~”
b9 LE1="
05 Il

Dol
6T LP 1~

o

mm_u.u..o_
o@m.ao—w
TREEI1L

LEE"L91 S

3.2k
3C NMR (100 MHz, CDCl3)

|

-0

T
%0
1 (ppad

T
100

T T T
140 130 120

T
150

T
160

T
i

I




167

ST00—

3.2
H NMR (400 MHz, CDCl3)

B.0

&5

8.0

lEs'LE—

LBE'9G
WL
Pol LS

TLLIL
§.h—v
B LL

SBE 16~
ety
STEETI
RS ETL
SOELL
L |
e
6L9°

L1}
SR
s 1ET
_u.h.nr.—M

GLLEE]
Lol 'tel
[l

L0 ikl—

PIs eIl
cﬁg.vﬂw
() s
ESP LT

3.21
13C NMR (100 MHz, CDCl3)

=10

]

80

110

130

T
150

T
160

1

f1 (pp=



168

QEE'T
B0k T
T
a5k’ T
8T
vwh.ﬁv
EbF T
&b T
EH T
I8k T
05 L
115
TES' T
05T
S19°C
TES T
O L
BH9 T
099z
E99°C
£9E
69T

T4 5
80
S80S
BB0° S
605
L60° S
s
607"
T
L8
143
181
+87
(i[53
E6T
967
S0T 5

L

BLT L
18
: a4
T6LL
BOT"L
9BI
#02° L
902" £
BOE L
o—v.h\
969'£
00e e
FAPYS
S1¢
2L L
TEL L
3:F4

B80S 8
605 mw.
8158

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

5.0

5.5

6.0

6.5

7.0

7.5

8.5

9.0

S6£0T
60T

Bk LT
A05'LT

Ok 2"t
m?.mvv

§T£'95—

E0S'LB~
zees-"

B2 BT T—
0 rer—

SB0LET—

259 i T—

Z9EPIT~
S9E 89T
£0b 89T

N
H
3.4a

-10

200 190 180 170 160 150 140 130 120 110 f][.UD ) 80 80 70 60 50 40 30 20 10
1 (ppm

210



169

8980
Nmm.ow
BEEF
ToK ﬁ./.
m#.ﬁ‘/
18K ﬁk
9991
BT
SIET—

09 ﬁﬁ
BLET

SHF T
LT
0I5z
QES' T

GES T
TL8'T
L85 T
e
819C
TESE
8O L

SI6 ¥
GBI

[ALy
9t mH

LT L
31992
S6I°L
#92°L
£9z NV

THE L~
e

069°¢
mon.hW
Tz

BE8'L

605" 8
E15 mWy
£158

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

5.0

5.5

6.0

6.5

7.0

5

8.0

8.5

9.0

[
sy

£AEHT
Z05°BE:
(A T

EETHT-
k9 mm\
BIE'TE

PhLER
vhm.mvv

ELL95—

08806~
L

Ler 61—
EERTET—

Th0LET—

0L i T—

SEF B9~
509897
Dwm.mn:V

-10

200 190 180 170 160 150 140 130 120 110 f][.UD ) 80 80 70 60 50 40 30 20 10
1 (ppm

210



170

- o .
35 5 5g &g
R asg B
[ Ay
F O
\M)\)L ~
10 H |
N~
3.4b
3C DEPT 90 (125 MHz, CDClj)
I
I ]
I
210 200 190 180 170 160 150 140 130 120 110 p ](.UEI ) 20 80 70 60 50 40 30 20 10 0 -10
1 (ppm
2 g 28 5z = 2w Zzsezesgos -
= B e 52 o o5 Sgggizess g
k& & g3 B E $F fRfERSARGE E
1 AT ' S e

\M)F\i

N N
10 |
Hﬁ/\;

13C DEPT 135 (125 MHz, CDCl3)

3.4b

210

200

190

180

170

160

150

140

130

120

110

T
100
f1 (ppm)

90

80

70



171

9L
W
ESL b
S0
L9
LY
EER
THEP
BFEH
958
E98' b
TLE b

ZLVE
ELP L
T8IE
EBI L
981 &
BRI L
96T £
BBI' £
SHE f—e
sl
EB9 L
504

B0 L
e
928 L

1158
2158
+15 8
6158
1258

X
=

F O
O)\)LN ‘
H N
3.4c

1

0.0

0.5

1.0

8.0 7.5 7.0 6.5 6.0 5.5 50 4.5 4.0 3.5 3.0 2.5 20
f1 (ppm)

8.5

809'5Z
SE9'SE:
6BF T
~mm.nmﬂ|

Z50°'8E;
BL08Z
8ok 8L
6b5 8Z

LLBER
S5TEb:
66 Eb
[ RS

294'95—

BB EB—
O 56—

TEF BIT—
DERTET—

SE0LET—

0894k T—

[ A1
T8 891
£58'891

X
=

G)\)’L ‘
H
3.4c

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 60
f1 (ppm)

210



172

147,653
137.076
—121 835
—119.439
_—95.206
~~-93.850
44,138
43985

<

3.4c
3C DEPT 90 (125MHz, CDCl3)

T T T T T T T T T T
210 200 180 180 170 160 150 140 130 120 110 f](.UD ) 80 80 70 60 50 40 30 20 10 0 -10
1 (ppm

2 5 5% EE SEGZZEEEESGS
& B B o . FrmNExE @R e
P %) RS
F O
G)\/LLN ‘ X
H
N2
3.4c
3C DEPT 135 (125MHz, CDCl3)
|
I
]
1
1
|
. " I ) |
e O Aty
i
210 200 190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)



173

BT
ESET
LT

agp' T
£05E
515 2+
LES T
ks T
£95°T
WS T
85T
965 24
009z
(AL
919z
DEY T

sz

W

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

3.0

5.2

6.0

6.5

7.0

7.5

8.0

8.5

9.0

kLT
0ISET

0907+
LT
ELLTh
ESE T

85£'95—

0806~
HTTE

435N
648121
954 92T
E«.mnﬁ/
b BZ T
gog szt
28v 9E T
915 9ET
S60'/ET

EbY i T—

BB PIT~
547897
TIE moﬁVu

-10

200 190 180 170 160 150 140 130 120 110 f][.UD ) 90 80 70 60 50 40 30 20 10
1 (ppm

210



174

ST
mmh.ﬁk
606" T -
245 ﬁw.
DEG' T
T
vmo.w\\\1
LE
B T
[
BOS' T
195
695 Z
LET T
+59
LT
058
EER'T:
TT
TEEL

LI
56 vw.
E96" b
EFD' S
Ts0° mN-
090 5

9L
LAV
981" L
oI
102" L
90z £
292
TLE'L
18z s
PHEL
EBEL
S8E°L
£BE'L
TOb' L
EOP' L

e

969" £
B0 L
e
24

A6k 8
L6k 8
Bk 8
1058
5058
£05'8
6058
0158

N T
N
3.4e

il

M

;LLLU

0.0

0.5

1.0

2.5 2.0

3.0

4.0

3
f1 (ppm)

5.0

6.0

70 6.5

7.5

8.0

9.0

EBb LT~
PETE
6L ﬁmv
969'9€-
298°9E:

£9TER
L EEP-

SZ&95—

PLO06~
B9E'TE

02K 61 T~_
BB TZT~
SED mwT/u

Tk 82T
£8P mwﬁv
PO0EET—

AT T—

BEY fpT—

90E"PIT~
582 89T
ZEE moﬁv

3.4e

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 _ 100 _ 90 80 70 60
f1 (ppm)

210



175

EZL T~
[/t

BT
LB T
B0 T
e
WL T
H5LT
SELT
EBL T
ST6° T
EEG T
b’ -
96" -
LN
66" T

4266
£E6'6
466
5566
£20°9
109
09
B3
sare
881
D6r'e
B61°s
noz'e
£9E's
Bece
Teee

589°L
689°L-
104 ¢
PO L
9L s

aek’ 8
06k 8
b 8-
bk 8
Bk 8
005" 8
058
ED5' 8

e =

3.4f

n

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

2.5

6.0

6.5

7.0

L5

8.0

8.5

9.0

LEVET
L1 hwv

0185
ANETS

06£'95—

LI T
BBIZe—"

mov.m:
mmm Rﬁy
PEb SIT
6P5 GLT

ze5 8zt
vmm.mwﬁWv
595 8ZT
200 BT~

S6ZBET
05k GET

0BG i T

OB BT~
8449t
518491

—Z

ZT

3.4f

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 20 80 70 60
f1 (ppm)

210



176

51 E
BSI'L
£90° L
BAT'L
LT L
PV L
EBIL
L1 s
SEE'L
Hes
189
EB9'L
969" £
B0 L

8058
0158
1158
E158
8158
0Z5'8

-

70 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
1 (ppm)

75

9.0

BbE' b
Z66

L9E0T
vvm.om/
ELE'ST
vvﬂ.mwk
TETLT
SEGLT
869
Db LLT

809'95~_
5085
60665

BBE'EG~
S94p ="

T 6T T—
BOLTZT-—

EO8'9ET—

ZEL e T—

699 H9T—

¥BE0LT—

F O
N
HoN
3.4¢g

-10

200 190 180 170 160 150 140 130 120 110 ¢ %UU ) a0 80 70 60 50 40 30 20 10
1 (ppm

210



177

147,727
136 856
—121.699
——119 466
94761
03394
59.905
59,753
27.736
27694

Y v
F O
: . ~
HoN
3.4g
13C DEPT 90 (125 MHz, CDCl3)
I
I
]
210 200 190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)
| 37 Y Y

F o
DN
HoN

3.4g
3C DEPT 135 (125 MHz, CDCl3) |

T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 %DD ) 90 80 70 60 50 40 30 20 10 o -10
1 (ppm



178

e
98L G
E98° 5
b4f2
[iFaa
(i
BLT L
EBI'L
E2E'L
PEEL
BEE'L
BPE'L
S9E°L
BLE'L
TOF' L
A
959°¢-
6592
T

S49°L
£89 h&
£PE'L
905’8
B80S 8
+15 8

158
L1588

—2Z
ZT
<
o <
)
Wi

2.0 1.5 Lo 0.5 0.0

2.5

4.0 3.5

4.5
f1 (ppm)

5.5 5.0

6.0

6.5

7.5 7.0

8.0

9.0

E90BT—
MITE—

SEELE
B SLE
895LE
0294E

ELL9G~
181°09
mmm.oov

BT EB~
HSEE—

89K 611
moh.ﬁmﬂ./.
ﬁmv.omﬁ/
nmv.omﬂk.
Skb 82T
+95 mEWv
9:5'821
EFG 9ET
oho.mﬂW
SEZBET

B85 P T—

LEGFAT—

15 691T—

-10

200 190 180 170 160 150 140 130 120 110 . %DD ) a0 80 70 60 50 40 30 20 10
1 (ppm

210



179

£10T
;o.L_
0T
P50 T
ze01
62074
£67' 1
29774
67 19
122 14
PZ T
14T 14|
267 T
726 1)

THY T,
99 T—F

]

T T
£99'14)
52914
wec14f
GELS T
Sbe 14
85: 14
Tt
P6s 1
£26' 14
b 74
Fadi) Nx_
a5 z
590'Z
FLOE
POV
EIT T
a3
TEV'E

LOTF
989" b
SH' P
EOL b
A%
ELLb
ZBL
06+
BB b
s0a !

(11921
0ar's
BAT'L-
04
ELT'L
SLUE
EBI'L
SBI'L
EBE'L
7
FhLE

089'£
269
969'£
mvm.hl\

E158
5758
9158
8158
EZ5'8:
5258
9258
8258

3.4i

e

0.5

9.0 8.5 8.0 75 7.0 65 6.0 5.5 5.0 4.0 3.5 3.0 25 2.0 1.5
f1 (ppm)

9.5

2966
e eE
652 92
66E 92
weee
829z
895 DE-
w1IE

ETOLE:
0S0°¢E:

TEQ'95~,
ETE'8S;
59685

e~
PLTPET

B BET—
B TET-—

6¥E 9ET—

L2LEPT—

F8IPIT—

ELLDLT—

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60
f1 (ppm)

210



180

e 2 oo

¥ 2 s £g g2 iz

& # ] <o @ o =

2 = =3 5 g8 B
VI N Y v

F O
- RN
HooN

3.4i

3C DEPT 90 (125 MHz, CDCl3)

T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

-
=)
=}
s
1=}

f1 (ppm)
~ wm
I 2 g2e oo = =g T2 TEAREER. S
= 2 oo e i) ] @, 25 —uHamINcEg g
S 8 R 22 o ] 22 SoEnitas =
B B 5 g N g2 ER mRERRSREQ
] Y/ Y Y Y I

F o
, RN
HoN

3.4i

3C DEPT 135 (125 MHz, CDCl3)

T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 f %DU ) 90 80 70 60 50 40 30 20 10 0 -10
1 (ppm



181

S80
280
FE0 T

007 19
hB.T_
€171
£E67 14
9T 14
£57 14
69T T
9T T
FET T4
657 T+

#BS T
66T
BB T
[0 ﬁ/

ZELT
BEL T
BLE ﬁN
EBLT
105
SIS E
BI5' T
5T

955
05

808’5
EZ8 S
006" 5
il
ELT'L
SLUE
EBI'L
E1E'L
EIEL
BEE'L
IE'L
T9E°L
9LE'L
68E°L
POP L
ESTL
989'L
899'f
249
EEE'L

9058
L0858
605§
0158

5158
£15°8
6158
0I5 8

3.5 3.0 2.5 2.0 1.5 10

4.0

5
f1 (ppm)

8.5 8.0 75 7.0 6.5 6.0 5.5

9.0

EBE 9L
PEL'IT
PEELT:
BES /L
mvwmn\
S8 TE
PETLE:
0bELE

PG
A2 1
£80'09

TS T
PIBEGT

T m:/.
TEYICT
mgm.mmﬂ./
9sE mnﬁ%.
ZIF BZT
99k mnﬁW‘
Bb°BIT
96 9E T~

00Z'BET
6SEBET

198 i T—

295" 9T~

OER B9T—

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 a0 80 70 60
f1 (ppm)

210



182

WuWry
GBI T
SITT
LET'T

+99 T—
592 1—

THE'E:
655 E
E95'E:
185 E

TG
65T 5
+OT' 5
TS
QTG
BT G
BB G
TOE'S:
ObE'S:
ZEE' S
L5E'S
S9E' 5
ES
LIE'S
ZBE'S:

Wrd

08E'L-
BT L
PIEL
ZEEL
SEEL
BEE'L
BEE'L
EPEL
1L
PEp L
LT
AN

999'L-
699'7

16—
[
A

Pt 8
LE
[a:: )
EBP 8

sored

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

8.0

8.5

EBLBT
656'8T

BOELE
ESSLT

EL£9G~
BE' D9
65909

$99°06~
BT0Z6~"

ZLEBIT—
bLLTET
ES94ET
65k 82T
EPLBIT
09T 9ET
ObZ 9ET:
0T0¢ET

NSRS

BES P T—

BEEHIT—

22691 —

3.4k

-10

200 190 180 170 160 150 140 130 120 110 f][.UD ) 80 80 70 60 50 40 30 20 10
1 (ppm

210



(wdd) 11
S0 0T ST 0e N4 e SE oy St s 5SS 09 S9 L SL e S8 0e

0o

1.1?—1

116

300

050
31.4'9JE

051-T
3.05-

R

F o F o

' NS NS
HN/+ HN/

3.4k 3.4K"
TH NMR (500 MHz, CDCl3)

183

3.583
3.565
3.561
3.543

1.764
1.719
1668
1.664

1.455
}1.442
:\1—1.40?

1,395

1.237

1224

1.188

1.176



184

LTl
EET'I
Ly
LAl
b
L

3.41
TH NMR (400 MHz, CDCl3)

Ny

0.0

30

4.0

B
£1 (pa)

88l
ss061>

BT
S.w..__hv

L~
£y
Q..Q.SV

E..__..ﬁ
.&d.h‘.w
PLELL

Pragy
oe=

1657611
B61EL
09I
BIC 9L
0ZE 91
LTl
TEYLEI
I56°LE1
o 8T 1
HEBTEI~

_..vv_».r._%.
%.mm_
g.mm—\
5k LE]

GELLPl—

T0'ba—
96d'681
a_x.%_u.r

S

3.4
TH NMR (400 MHz, CDCls)

=10

T
100
1 (ppm)

T
110

T T T T
180 160 130 120

T
200

T
210




185

665" [~
B9 [~
[

TRG'E
906°E
Loy
L0

X
=

N

o]
N
NH, 1
3.5

F

"H NMR (400 MHz, CDCl3)

LrTLT
wmv.hmv

GLP 96~
£16°68
:.ﬁ.owv.

STLOL
m#c.hhv
09€"LL

STO'E6~
i 6"

43 m:y

198°GE]
0Ls me
9E8'9E]

SSO'LRI—
196 %91~

GOS"GIT
ik %_V.

(o}

E

X
=

|
N

N
H

NH,

3.5
13C NMR (100 MHz, CDCl3)

|

-10

30 20 10

40

80

T
90

T
110

T
200

T
210

£1 (ppm)



186

REEYRTIRAAL  BIEE
WEpES YY
: :

3.6
"H NMR (400 MHz, CDCl3)

8.0 85 8.0 7.6 7.0 6.5 G0 65 5.0 4.8 a0 3.8 3.0 a5 2.0 LG Lo 0.5 0.0
1 (ppa)

& 0 o e E o en o<
ER =3 E k= e =
= 8 —o =% ¥= < < g
g2 EC B =X :
[ Vo N
N
OH
3.6
13C NMR (100 MHz, CDCly)
J
1 ]
]
1 il
. | It |
s bmA Ao 0 i i koo ¥ i j, o A
T T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

£1 (ppm)



187

Moy 8- 3012
am-hd -4-me

50

4.1b

&0 75 L] 65 60 55 50 45 40 35 i 5 1] 15 ] o5 LiT]
L {pem}
Mayis- 1012
sm-nhi-4-me
[ j\ N
N
4.1b

T Frsaent



188

Mg 2B- 2002
-4
F\©\
|
4.1c
r r L i
T T . T T T T T T T T T T T T T T T
BE B0 5 L] &5 6.0 55 50 4.5 40 a5 Lt 2.5 0 15 1.0 L1 0.0
11 fppem)
May28-2012
am-shl-4F
F\©\
N'N\
|
4.1c
. | . i
T T T T T T T T T T T T . T T r T T T
180 170 150 150 140 130 120 110 BO L &0 ] “0 ] 20 10 |



Ma27-3012
wmenhl-d-d

189

4.1d
T T T T T T T J T
&0 15 EL 65 50 45 a5 ER L5 ] 0.5 0.
1 fjspm})
HanyhE-2012
sl
Cl
\©\ -N
N
I
4.1d
. ahe - . "
T T T T T T T T T T T T T T
180 Lr 60 L50 30 Lo 10 Lo 0 L EL 20 L o



190

Mayil5- 2012
-

] E] T 6.5 L 5.8 50 435 4.0 R i 3.8 8 1.5 LR 0.5 on
1 (pp=)
May05-2012
SMH-BR

L
NN
|
4.1e
] ] " 1 | 1 1 L
M GE0 15 b4 130 W0 486 0 @ W e % 4 W W 9 0



191

My 272012
FreehZdgr
L
N’N\
I
4.1f
L 1 o '] L
8 75 70 6 &0 55 50 as a 1s 10 25 20 Ls Y s oo
1 {ppem)
Mayd 72012
el -
L
N’N\
I
4.1f
| i
1 wm 8 150w 10 12 u0 wo s s M e s 40 ;@ oam ¢



192

MayZ7-B0E2
sm-nhd-4-cfd
N'N\
I
4.1g
| J "
-IS ﬂ:lil 'JIJ I-.II ISIS i:ﬂ '5:5 SI -llﬂ 1:0 ]Ii ilﬂ EIS I:ﬂ I.IS I.:ll i-lﬁ Q:I'.I
1 {pem)
Mayb- 2012
e nh-4cl3
F3C\©\
N'N\
I
4.1g
| .
T T T T T T T T T I - - - 5 o -



193

MagZy-2l2
-3

559

4.1h

8.0 15 ] 65 60 55 50 4:5 40 3:5 0 L5 10 1.5 10 as o

11 (ppem)
May26-2011
sm-ph-3-me

4.1h




My ET-2012
i - Faori

194

4.1i
L W
T T T T T T v T T T T
L 2] 5 i 6.5 6.0 5.5 O 4.5
1 {pem)
May26-2002
wm-ehl- 30
/[ j\ _N
MeO l\ll N
4.1i
- ) 1] ]
R T T an

£



195

Mz 273013
a3

L
Br lil N
4.1j

S | I

&

B2 B0 TH T6 T4 73 7O GB B6 64 63 60 S8 56 54 5.?1';;2“:41 46 44 4 40 38 k6 R4 BRI 30 1A 36 14 11 LD 1

Mary2e- 2002
il B

_N

4.1j

i L




196

MayZ7-2012
el Jipr

JEl R T W

T v T - T v T T v ¥ v T T v T T 8 T - T r T - T T Y T T
L] 23 T 6.5 60 L a0 4.5 40 ER £l ] 0 L ] a3 o
1 (ppm)
May26-2012
wr-nhl-3-ipr

W/@\,N
N
|
4.1k
I|
19 W9 10 150 180 13 120 10 100 9 W W e s 4 % @ W (



197

May27-2012
sm-nh-3-n
JIOWSS
NC 'il ~N
4.11
L .luh p .

T T T T T T T T T T T T T T T T T T
BS a0 5 T &5 &0 55 50 a5 a0 a5 0 15 R ] 15 10 0s oo
11 {pem)

May27- 2012
sm-nhi-J-n

IO S

NC l\ll N

4.11
‘. | ‘“ ‘ | .

T T T T T T T T T T T T T T T T T T
17 150 150 ] 130 L3 140 L ] 50 ] k1] ] w0 ]



198

Mary 272012
st Tome

Bao 3 o (L.} b 55 5.0 45 A0 s p 1] 5 il 15 ] [ A-] -8
11 dnomi
My 262012
sm-nhl-Z-ome
N
N ~N
OMe l
4.1m




199

Mayd7-2012
smerhz-2d
©\N,N\w/©
a |
4.1n
T Ll T T T T T T T T L T T T T T
0.5 &0 LS e &5 6.0 55 50 4.5 40 k5 an PR (8] e - T1]
11 {pgam)
Myt 2012
smephz-2-dl
©\N'N\\‘/©
Cl l
4.1n
T T A B o 0



Moy Z7P-H1L2
wmenhd-2-om

200

May27-2012
sm-phl-in

B 0 180 150 M0 130 20 80

100

T1 fe



201

Pay27-3012
sm-ph-4-ome
CL -
|
4.1q
I I | S A . J | S T— -
T T T T T T T T T T T T T T T T T
&o 15 O 6.5 60 55 5.0 45 40 35 in 25 Fdi] L5 1.0 os oo
F1 Cppm}

My i1
e o T

CL
N’N\
|

4.1q




202

Py 26201
sm-ph-d-me-agan

T T T T T T T T T T T T T
an 5 [ ] &3 b 5.5 =0 45 42 15 0 15 2.0
11 {pem)
Apri0-2012
4+-me




Aprl2-2012
&1

203

N
|
4.1s
—Jq-_q_ L - N, . q.J —
T T T T T T T T T T T T T T T T T T T T T T T T T
B.2 T TE T4 7T TO EB 6.4 6.0 56 52 LE-] 4.4 is 3z 24 20 LB
T (pem)
Aprl2-1012
4+
L F
N/NYQ
|
4.1s
|‘| | | l i A Ly |
T N L] T T T T T M T M M M M T
I 150 150 140 12 10 LD o



204

MayZ7- 1
]
N,Nj/©/
I
4.1t
1 L i N 11 " |
T T T T T T T T T T T T T T T T T
L4 4] -] [ 8 6.0 55 e 45 40 L] ] 2.5 0 1% ] 05 ng
1 {ppm}
May27-2002
wm-ph-d-l
Cl
N
|
4.1t
i 1 Ll I. .
T v T T T T T T T T T T T T T T T T T
160 )] 160 150 (] 13 120 ] 10 i B0 * L] 0 40 b ) b} Hi] ]

1 ppm)



205

Aprii-2012
Aor

CL §
N’N\
|
4.1u

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
B3 BD B B T4 72 D BB B& B4 B2 BO 5B 56 54 51 50 48 46 44 4T 40 38 36 34 12 10 XB 26 24 EX 2D 1B LB
1 {ppm])

A 103012
e}

Br
©\ _N
N ~N

4.1u

th ] e EL] ] 13 ] L L] o0 & e 0 Eol 40 X 0 w o



206

My -1
sm-ph-4-on
L R
|
4.1v
i b i J.
T T T T T T T T T T T T T T T L] T
L 15 o b5 L1 5.5 50 45 4.0 35 Jo 25 20 15 e (=K. ol
11 [ppm]
My d 72012
Feph—-m
L N
N~ N\
|
4.1v
Ww
T T L] T T T L T T T L T ¥ T L
(] 160 150 140 (5] 1o 90 L ] 60 50 a0 k] Fiil (L] =]



207

Aprid-2012
ez

S
|
41w

_H.AJII_.J\_H_Jlr‘. - in - J._,.._,_nll'l._.,.._._._._g.._,l_,.....-lillha.. I

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
o 7B TE P4 T2 7O BE GBE 64 62 G0 5B 56 54 52 50 48 46 44 42 40 38 16 34 32 30 2B X6 24 22 D
1 drerant

Mpri4-B0LE
T
SN
|
4.1w
. : e -nljﬂ-ﬁl-um
T T T L T L] T T L] L] L] L] T T T L]
1%, 160 150 8] 5 120 e j1ce] ] L] n -] E2] - k] ] Hi L]
11, {ppm}



208

May27-2012
smph 3c
[ )\ N
’il > CF3
4.1x
Sl il U d
86 % MW &% &0 %5 %8 45 40 3% 30 28 e 1% 18 65 08
11 {ppm)
Mery - 2012
ar-pie 3003
N
@LT @
4.1x
1 Ll uJ| :
Yo 0 150 e 1% 1@ Mo w0 %0 ' n @ 5 w 0 20 w0



209

My 7-2012
sm-ph-2-ma

4.1y

_— N I (40N h__ ._l
T T T v T T T T T T T T T ¥ T T
t1] 1] [X] 1] 55 5.0 45 40 1 30 25 ] 1.5 1.0 0% 00
1 (ppemi)
Mary 22012
- 2
©\N,N\
|
4.1y
T T T T T T T T T T T T T T T T T T T T T T T
M0 0 150 180 190 150 850 440 430 1M 110 180 S0 280 20 60 S50 4 M Wm0 10

1 {peam}



210

May26- 2012
sm-pitt-2-{-again

as LA 75 70 B.5 LX) 5.5 50 4.5

4.1z

r
e



211

May27-2012
g1 8-me
N N
I
4.1aa
| J I . . i
¥ T T L] L] T Ll ¥ L T L T L] L] T L L]
L] 75 w 1] 60 55 5.0 a5 4.0 35 o 25 0 15 Lo s s
11 (pprm)
Mgy ?-2012
sm-ph-2, 4-me
N ~N
I
4.1aa
T T T T T T T T T T T T T T T T T T T T
190 180 1M 160 150 L] 130 1 118 mn 1] L ] £l b ] ] il ]



Myl ?-2012
sm-ph-1-0p

212

Sy

4.1ab
- J _FJI__JM_J;._IJ. M S — _J__,-._.__ i
T T T T T T T T T T T T T T T T T T
B.5 B 75 m BS 60 5% 50 45 4.0 15 1o 5 0 15 10 0s oo
Il (ppm)
My ie-2012
wph 3 ep
‘ 4.1ab |
T T T T T T T T T T T T T T T T T
1M 150 L5x 140 130 120 110 10 ] 90 B M ] 50 40 30 a0 pie) o



213

May2E-2002
sm-ph-h

S R - - 1 I

10 150 w1 1 110 0o



214

M- 2012
pro-nh2-4-me

__LUJU | I A

L& LY 15 m 6.5 6.0 &5 &0 Al a8 3.5 30 1.5 1o 15 L4 0.5
1 Frsml

May(9-2012
pro-nh2-4-me
| ‘ ‘ ! Ll . L i
T T T T T T T T T T T T T T T T T
180 150 140 130 1x 119 m m Lol] 50 w n 0 i o



215

Myl 1-2012
whjeh-4-

A . N [ .

Mayl1-2012
rhanh-pro—4-1

T
1 10] 150 14} 130 120 110 100 90 L] n L] 30 ) » 20 1 L]
f1 foomb



216

May10-2012
rhnh-d-d

Eain. . L

— 1 T T 1 T L L v T

&5 8.0 15 ] 1] 60 1 50 45 a0 35 an +11 0 L5 10 05 o0
1 {ppm)

Marylo-2012

rédnbbegl




Myl 2002
pri-ahl4-be

217

P |
T T T T T T T T T T T T T T T
as &0 75 7o &5 6O 55 50 45 4.0 is 30 25 1.5 1@
T1 [pgm)
May09- 2013
pro-mhZ-4-br
| L 1 i
T T T T T T T T T T T
&0 150 140 130 120 1o 100 10 i 11 a

11 {ppm)



218

May23-2012
peo-nhznh-4cn

8.0 b5 LN] 15 ra L] L.1] 25 50 4.5 40 15 Jan 25 Lo LS Lo 0.5 L)
f1 (ppm}

My 5- 112

[ R R ]

F T T T T T J T T T T 1 T T T T T T

o ] L5 140 1w Lrd 1o L] =0 40 E 20 n Q



My 15-2002
nih2nh-3-cf3-160

219

B0 5% 56 45 40 3% % 2% 2o 1% 10 0%
11 {pom)
Haryi5-2003
po-nE iy
‘ | ‘ 1[‘ AL, .
150 140 130 120 110 L) L1 L] 50 A0 m 0
1 (ppm}



220

May10-2012
whirh-J-ome
: J . ) .
T T T T T T T T T T T T T T T T T T
B LR} 5 o &5 (1) i5 5.0 4.3 4.0 kS k0 b3 20 LS L0 -1} ol
1 {ppm)

Myl l-2012
rhZrh-proe3-ome

4.2h1 4.2h2




221

Maryl7-2012
peo-nhnb-3-ma

4.2i1 4.2i2

BS BED 15 Ta B.5 B0 55 50 45 4.0 315 10 25 0 L5 Lo 05 oo

p—

Mgl ®-2012
pro-nhlnh-3-me

) - - - |
180 150 140 130 120 110 100 50 L] b B0 50 40 n m 10 |
f1 {ppm)



222

Blarg LE- 3012
peo-nhinh-3-be
4.2j1 4.2j2
T T T T T T T T T T T T T T T T
a0 as 20 15 m BS 6O 5 50 45 4.0 is g 5 20 1.5
11 {ppm)
Myl 82002
pro-nhinh-3-br-again
4.2j1 4.2j2
i ‘ l | » e N
T T T T T T T T T T T T T T T T T
LBD i50 i40 130 130 (5] Hii L] byl -] 50 L] & -] b ] i]



223

May25- 2002
peo-nhdnh- 3-ige-agan

iPr

4.2k

Maw15-2012
pro-niknhl-J-ipr-sganegan

iPr

4.2k




224

MayLE-2012
pro-ehZeh-3-cn
- | .. —
T T T T T T T T T T T T T T T T T T T T
a5 2.0 &5 L1 75 20 6.5 &0 55 50 45 4.0 15 0 15 10 L5 1o 0.5 o
11 {ppm)
May 162012
pro-nidni-J-on
— . )
T T T T T r T T 1 T T T T T T T
180 150 150 130 120 e 100 L] b L 50 A0 n 20 i1
f1 {ppm)



225

Marg1-p2
nihZnirI-Dme

__J]llL[_ R ]

Bo 5 2] a5 L] LL 50 4.5 4.0 35 i ¥ ] 2.5 2.0 L5 LD s om
11 {pom)
Mayll-2012
- roe2 i
ad L o " L _
T T T T T T T T T T T T T T T T T T
i 10 150 140 130 120 i Lo B 50 40 k1 ) 20 jle) o



226

May15-2012
pro-nb2nb-2ed

e —_— I T e N

83 80 75 70 85 80 55 50 a5 a8 15 x5 5 0 13
1l

Maryl5-012
peo-nint-2dl

b 160 150 140 130 120 1o 1w



227

Hary 13- 3113
pre-nPlink Jon

T T T T T T T T T T v T T T T T T T
&5 [T TS 1] 65 &0 55 L] a5 a0 25 o 15 0 15 ] s T
T2 (ppm)

May2S-2002
pro-mhinh-2-again

e e (L EE . S}

160 150 140 130 130 1o 100 W0 &1 ] &0 50 A0 E1} m ] ']
F1 (o)



228

May25-2012
pro-nhnh-1-np

T
o k2] 0 B3 B0 (5] 0 b3 ] 33

My 25-201E
preninhd-1-ng
N il
T v T T T v T T v L T L T g T g T P ¥ —
160 150 140 1 12 1o ] 0 | ] ] 1] 50 a0 L mn b1



229

Ape24-3012
Ao

T T T T T T T T T T T T T T T T T T
B.S 5D 15 ] 65 (1) 55 50 o5 4.0 35 L1 ] 15 20 15 Lo 0s oL
P e—
A la-2013
A-pma
‘ | | L
T T T T T T T T T T T T T T T T T T T T T
iro 160 150 140 130 120 11 & 50 40 3 ¥. ] 1] o

BO
11, (ppm)



Aprig-2012
A-re-pro

230

A |
T T T T T T T T T T T T T T T T T T
&5 8.0 5 L 6.5 6.0 55 50 45 a0 a5 1) 15 10 15 18 11 oo
-
Bprig-2012
A s
[l . | ,
T L L] T T T T T T L] T T T T
160 150 140 1% 120 1] 100 0 50 a0 ] 20 m [

11 foom}



Agr13-NLE
&-f-pro

231

as an 1.5 0 65 &l 55 50 45 35 30 0s oL
11 (ppm}
Apil8-BI12
Apra
4.2s
T T T T T T T T T T T T T
1m0 160 150 140 130 120 IT] 100 B0 ] [}



232

Agr13-101E
a-chpn

__I_IUJ_L_ N B

a0 L] B B L2 6.5 68 i3 50 45 49 ER ) o 3 FL 15 2 ad L

AprlF-H1E

A-cl-pin

| | ‘ | L

150 140 130 120 110 100 ] Bo M ] 50 4 1] n 1° [1]

i



233

Ape2l-JAl
A-bw-pro

LX) L] LT 5 B 6.5 &0 55 50 4% 40 15 30 25 L 1.5 L0 0% .
1 tpom}

g l-2012
Ay
A i )
T T T T —T T T — —T T T v T T T T —T
Hi] 150 iad 130 L3 (5] 100 o -] 50 L] k1] F.i] 11] i)



234

dprig-2012
defepen

T

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
BE B6 B4 B2 BD 7B TE T4 T2 70 B8 G656 G4 62 G0 5B 56 54 52 50 48 46 44 42 40 38 36 34 32 30 2B 16 14
1 drrwny

Bl $-3013




235

ApriS-2012
i
i A i
T T T T T T T T T T T T T T T T T T
B.5 8o 75 o] 6.5 [0 55 5.0 45 40 is kEi] 15 0 L5 10 (157 oo
11 [ppam]
Aprl5-101E
I-me-pro
L . L .
T T T o T T T T T - T ad T r T T T T T T T ' T T T T T T
1] (L] 4l 130 ] 110 L] ] bl ] 58 & £ F ] i L]



Ap26-2012
Ffb-pe

236

- - - L —t
T T T T T T T T T T T T T T T T T T
as an 15 o 65 6D 55 50 4.5 40 is 30 5 FEi] 1.5 1o 0.5 [T
1 {ppm)
Aprlt-2012
TodEprn

| —— i
T J T T T T T T T T
10 15 L4 10 120 10 1 By o0 1] L]

11 ipomi



237

Apadl-boLk
2-me-pro
L
=N
N
4.2y
. . ) g I
T T T T T T T T T T T T T T T T T T T
5.0 B.5 8.0 TS5 o 6.5 (] 55 5.0 45 4.0 s i) 25 28 15 10 s oL
1 Ernamt
derll-2002
2-me-pio
L
=N
N
4.2y
| " ) L i ]
T T T T T T T T T T T T T T T T T T
1% 163 150 140 130 120 11 Lo L} i &0 50 E ] m i) 10 o



238

Aprid-2012
2-F-pro

_UULAL_ T |

2 BS BO 5 70 bS5 [-X1] 55 50 5 40 is an 5 20 15 LD os L]

Aprl4-2002
2P

H N 1 .




239

Apr-2012
2 A-ma
L | .
T T T T T T T T T T T T T T T T T T T
90 as &0 [A] o 65 [0 55 50 45 40 is 1o 25 20 15 10 s [+ %]
Y fremy
Ape 24011
24-me




240

[ = pdEriiiirg
Toppro

T T T T T T T T T T T T T T T T T T T
a0 BS Bl 75 il ] 6.5 & 55 50 45 4.0 15 30 25 0 15 Lo 0s o
T1 [ppaeri}
Aprdl-2L
2-np-pio

T T T
160 150 ] 130 120 Ll 1ia)



241

E6Y'E—

280 E—

S15°¢
b5
SP5'L
Z85'¢
hmm,mw
(AL
L
866’ (L

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

9.5

68 I —

SOT°LL
ﬁm.hhv
¥I9LL

BbE LZ1—
85621~
PIEEET—

598 b1 —

O, NH

5.8a

-10

50 40 30 20 10

60

200 190 180 170 160 150 140 130 120 110 100 90 80
f1 (ppm)

210



242

- . .
i B&88 & £3
g8 HES 3 i
VN i ¥
O, NH
~N
5.8b
1
JL
_J ! e 1
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
23 e " = -
T T J 1
O, NH
~N
5.8b
I
I
1
|
1
210 200 190 180 170 160 150 140 130 120 110 100 90 70 60 50 40 30 20 10 0 -10

f1 (ppm)



243

cn  me = = n
g8 OR 3 g 2
xR B3 A - A
' Vol | |
. . J
15 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
68 ER zs3 2
g2 & RRE ]
W v N |
\ 1
il
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10

f1 (ppm)



244

emMTrn o v o
AEAE B = 2
B258 =B 8 ~
hhv r~ = T

T T T T T T T T T T T T T T T T T T T T

T T
10.5 10.0 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0

14291
_~13280
129562
~-12853

77.11
— 6 A7

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 f %00 ) a0 80 70 60 50 40 30 20 10 0 -10
1 (ppm



245

LTV T—
BEL T

097 f—

nee
th.hv

b2
T

o, NH
~N

5.8e

3.0 25 2.0 15 1.0 0.5 0.0

3.5

4.5
f1 (ppm)

3.0

5.5

9.5 9.0 8.5 8.0 7.5 7.0

10.0

Teoe—

SZUbb—

SOLLL
09€LL
oL

LROPIT—

SEPBZ1—

ToreET—

94T 15—

62 L61—

O, NH
~

5.8e

——

-10

50 40 30 20 10

60

200 190 180 170 160 150 140 130 120 110 100 90 80
f1 (ppm)

210



246

L2 E—

09T’ £
SIEL
DEE' L
BEEL

0LEL
BSk £
09 £
Edb'L
Sk’ L
L1
06k £
980"

Tor

L

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)

10.0

EFTE—

ZESW—

8-.««
gm.nnw
PITLL

190 S21—

£ 6zl
LITPET~—

TERGET—
169 Ep1—

5.8f

-10

50 40 30 20 10

60

200 190 180 170 160 150 140 130 120 110 100 90 80
f1 (ppm)

210



247

864 E—

LTV E=—

09z'L
SIEL
DEE'L
BEE'L
FSE'L
0LEL
85k L
09 L
EdrL
SiF L

06t £

980' 8
mmn,va
e

o, NH

5.8g

0.0

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

.0.0

PSOTZ—

g —

SONLL
sm.hhv
PIgLL

286'921—
S99 61"
607 EET

158 mn_u1
PR LET"
SE0 T~

O, NH

5.8g

-10

30 20 10

40

70

200 190 180 170 160 150 140 130 120 110 _ 100 _ 90
f1 (ppm)

210



248

806'L—

bOEE—

09z'L
STv' L
L1303
BEW L
'L
Sbb' L
L s
8Sb'L

005 £
EISE
9IS°L
9z5'¢:
DES' £
[0
b5 L-

£91'8:
nh_.nV-

—

9.5 9.0 85 8.0 75 7.0 6.5 6.0 5.5 50 45 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
f1 (ppm)

10.0

BHEP—

SoTLe
gL nv
PITLL

EELLZT
_avem_./
2IE'TET
_aﬂn:v
FIE -.m_‘.\
GEE ThI—

-10

200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10
f1 (ppm)

210



249

S46'T—

UL E—

i
MSNW
P9
869 4—
5962

80
£01'8

0LE
ELE
S8€
£85°8

1868
8669

J

9.5 9.0 8.5 8.0 7.5 7.0 65 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 20 1.5 ] 05 0.0
f1 (ppm)

100

S6TSh—

90124
SHRW_
E19LL

ezt
[ mn_k
9zt
28y wn_J)rr

arE mndﬂ
£95°621
556621
TLE¥ET
wmo.em_\

656'8ET

ii

|

-10

0 100 9 80 70 60 50 40 30 20 10
f1 (ppm)

11

200 190 180 170 160 150 140 130 120

210



250

S T—

9T E—

1%
ey
B6YL—

S96'£-
\

£BUB
me—.wk

0ée' g
ELEE
SBE'E
£8E'8

1868~
8668~

9.5 9.0 8.5 8.0 7.5 70 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

100

BoW Ik —

S-.nn
Smﬁhw
SI9EL

ESIELT
OB LZT
s
POz Gzl
EZEBIT-
TET62T
BSEBIT
LETZET
SEESET
L)

RO

-10

50 40 30 20 10

60

200 190 180 170 160 150 140 130 120 110 _ 100 _ 90 80
f1 (ppm)

210



251

smoozsunos -
B88R3RT=28 HE
e =
SRR NN I
Lil
L
T T T ; ; T T T T T T T ; T T T T T T T
100 95 90 85 80 725 720 65 60 S5 5.0 40 35 30 25 20 15 L0 05  0C
f1 (ppm)
2 EE T =22 8
2 RAR S =
Z BEE SRR S
| [ ~ |
!
1
I
T T T T T T . T . . . . : T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 6 S50 40 30 20 10 -10

f1 (ppm)



252

ZvaE—

09z E—

LT
E6b'L
S L
EDS L
#05'L
BOS £
0154
B815¢:

213
b6
Ev6L
5564
856
6118
S8

EZLB
ZEL mv

ot

9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

10.0

WYTr—

a0TLL
sn,.\.hw
BlYLL

BLEITI—

TEDLZT—
TéSBET==
0£€°081—

196'091—

-10

50 40 30 20 10

60

200 190 180 170 160 150 140 130 120 110 _ 100 90 80
f1 (ppm)

210



253

[l
¥zl
@t
LET'T
BEZ'T
ot
1821
€821
ia

019 z—

TE1°E:
ITE
19T E:
SIE

ey
e

06’ L
wmo.nv

1.5 1.0 0.5 0.0

2.0

6.5 6.0 55 5.0 45 4.0 35 3.0 25
f1 (ppm)

70

9.5 9.0 8.5 8.0 7.5

10.0

SEVL—

o115

S01°94
L1 mhw
1994

9B LZT~
ST 871"
ZhE ZET—

SEL OPT—

-10

10

20

200 190 180 170 160 150 140 130 120 110 100 90 8o 70 60 50 40
f1 (ppm)

210




254

RoEL
w_m.hW
PESL
we5s/
9EG'L
186

9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
f1 (ppm)

9.5

00

LEOET—
BT —

EESB5—

0TLL
athhW
SI9LL

EEYBET—
Erb 6z~
BEC EET—"

PEEEPT—

-10

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60 50 40 30 0 10
1 (ppm)

210



255

s
hvn.ﬁw
65T T
ELTT
LOE'T
TEE'T
ZEET

0 —

00T E
PITE:
LETE
TP E
S5T°E
BOT'E:
ZBTE

JiE
mmmhw
e

angs+”

BEE'L
({50

7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 30 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)

9.0 8.5 8.0 7.5

9.5

BHE9T
mmm.aﬁv

TEE'95—

0TLL
athhv
PIOLL

£50'621
0w 6zT~
B2 EET—"

EST OFT—

-10

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60 50 40 30 20 10
1 (ppm)

210



256

8680
06" 0
ZI6 0
8y
8z0'1
ZEOT:
PHOT
BET'T
oy
ET
LL:1an8
EBT'T
FETT
S5E'T
99T
BOE'T
WET
0BE'T
DBE'T:

B’ -
805Z
PIST
5 T
EES' T
b5z
b5 T

e
PES L

nmm.h\

BB I
656'2~

e

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

9.5

D16 S~ _
1z 9

b S'FE~—

0TLL
athhv
PI9LE

b1 8ET~—
POP LT~
£P0EET—

Gk ERT—

-10

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60 50 40 30 20 10
1 (ppm)

210



257

BEFT—

0.0

0.5

35 30 25 20 15

4.0

90 85 80 75 70 65 60 55 50 45
f1 (ppm)

9.5

S08°Z9—

me-.z
Sﬂaw
PI9LL

-10

200 190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60 S0 40 30 20 10
f1 (ppm)

210



258

890 E—

09z’
v@.h/
Bk £
b
Bib £
Ebb' £
405
00 B~
SE0 8~

NH

S

S]

4

5.8r

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

9.5

10.0

S0TLE
athhW
ALV

TETBET—
95E 6T~
880 ZET—

229 ERT—

-10

200 190 180 170 160 150 140 130 120 110 _ 100 _ 90 80 70 &0 50 40 30 20
1 (ppm)

210



259

)
J— FE
]
[ a
=
=]
uy 9541 E—
-
L=
~
246 T ——_—
L
~
T E— B L=
I
L
&
L0TLL
EMRW.
o
F s PIOLE
L
=+
E
=9
L oS
=
[
b
w L
['s]
L=
b berazT—
T4 0ET
L
w
BET ThT—
655 ERT—
| =
~
L [
€971
|
I
68 L SN
e L <
(==
L
(==
L =
o
L
o
=2
e
=

-10

90 80 70 60 30 40 30 20 10

100
1 (ppm)

NH
110

\\S//
5.8s

120

130

200 190 180 170 160 150 140

210




260

PET P
amﬁ.vV

T
mmn.v\

09g'f—
S0 L

5.8t

0.0

0.5

9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

9.5

2809—

90TLL
athhW
SI9LL

68T BZT
w1 mwﬁW
BOE" mnﬁL\
9T IET

NH

N

5.8t

-10

200 190 180 170 160 150 140 130 120 110 _ 100 _ 90 80 70 60 50 40 30 20
1 (ppm)

210



261

cmze=zug e
Sxzsegd 58
g na
O. _NH
N
O
5.8u
_l 1
100 95 9.0 85 8.0 75 70 65 6.0 S0 45 40 35 30 25 20 15 10 05 00
f1 (ppm)
zzs z =
RES 7 2
S |
oN /) NH
O
5.8u
n
]
| ‘
210 200 190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)



VITA



262

VITA

EDUCATION AND RESEARCH

2010 - 2016 Indiana University Purdue University Indianapolis, IN
PhD, Major: Organic Chemistry Advisor: Prof. Haibo Ge
e Synthesis of (-)-Ascochlorin via Stille Coupling
e Pd-catalyzed direct ortho-acylation of benzoic acids
e Pd-catalyzed decarboxylative alkoxycarbonylation of ArBFsK
e Cu-catalyzed dehydrogenative cyclization of N-methyl-N-phenylhydrazones
e Rh-catalyzed direct synthesis of unprotected NH-sulfoximines from sulfoxides

e  Pd-catalyzed B-fluorination of amides via sp® C—H activation

2005 - 2009 Nankai University, Tianjin, China
Bachelor of Science, Major: Chemistry
Thesis: Design, synthesis and fungicidal activities of succinate dehydrogenase
inhibitors

PUBLICATIONS AND POSTERS

Miao, J.-M., Fang, P., Jagdeep, S., Ge, H.-B. Palladium-Catalyzed Decarboxylative
Alkoxycarbonylation of Potassium Aryltrifluoroborates with Potassium Oxalate
Monoesters Organic Chemistry Frontiers, 2016, 3, 243-250.

Miao, J.-M., Ge, H.-B. Recent Advances in First-Row Transition Metal-Catalyzed
Dehydrogenative Coupling of C(sp®)-H Bonds European Journal of Organic Chemistry,
2015, 7859-7868.

Miao, J.-M., Yang, K., Kurek, M., Ge, H.-B. Palladium-Catalyzed Site-Selective
Fluorination of Unactivated C(sp®)-H Bonds Organic Letters, 2015, 7, 3738-3741.




263

Miao, J.-M., Ge, H.-B. Rhodium-Catalyzed Direct Synthesis of Unprotected NH-
Sulfoximines from Sulfoxides. Chemical Communications, 2014, 50, 9687-9689.

Miao, J.-M., Ge, H.-B. Palladium-Catalyzed Decarboxylative Cross-Coupling of a-
Oxocarboxylic Acids and Their Derivatives. SYNLETT, 2014, 25, 911-9109.

Miao, J.-M., Ge, H.-B. Palladium-Catalyzed Chemoselective Decarboxylative ortho-
Acylation of Benzoic Acids with a-Oxocarboxylic Acids. Organic Letters, 2013, 15, 2930-
2933.

Zhang, G.-W., Miao, J.-M., Ge, H.-B. Copper-Catalyzed Aerobic Dehydrogenative
Cyclization of N-Methyl-N-phenylhydrazones: Synthesis of Cinnolines. Angewandte
Chemie International Edition, 2012, 51, 8318-8321.

POSTERS

Miao, J.-M., Haibo, Ge. (2013) Palladium(ll)-Catalyzed Decarboxylative Cross-
Coupling via C-H Activation. 246th ACS National Meeting, Indianapolis, IN.

Miao, J.-M., Haibo, Ge. (2011) Chemoselective Decarboxylative ortho-Acylation of
Aryl Carboxylic Acids with a-Oxocarboxylic Acids via Palladium-Catalyzed sp? C-H Bond
Activation. 42nd ACS Central Regional Meeting, Indianapolis, IN.

TEACHING EXPERIENCES

TEACHING ASSISTANTSHIPS

Fall 2011-Spring 2014:
Experimental Chemistry I (C125), Indiana University Purdue University Indianapolis

Laboratory Instructor

Spring 2015-Spring 2016:
Organic Chemistry Laboratory Il (C344), Indiana University Purdue University Indianapolis

Laboratory Instructor



PUBLICATIONS



Angewandte

8318

Communications

Synthetic Methods

DOI: 10.1002/anie.201204339

Copper-Catalyzed Aerobic Dehydrogenative Cyclization of N-Methyl-
N-phenylhydrazones: Synthesis of Cinnolines™**
Guangwu Zhang, Jinmin Miao, Yan Zhao, and Haibo Ge*

Selective carbon—carbon (CC) bond formation is one of the
most important processes in organic chemistry since it cnables
key steps in the synthesis of complex organic molecules from
simple precursors. Traditionally, the construction of C—C
bonds rclics primarily on prefunctionalized substrates, which
usually requires additional synthcetic steps, and thus reduces
the overall clficicney of this transformation.!” For this rcason,
C—C bond formation rcactions through transition-mectal-
catalyzed direct functionalization of relatively unreactive
C—H bonds have emerged as a major topic of research in
organic chemistry.” Among them, copper-catalyzed aerobic
dehydrogenative coupling reactions from two carbon-hydro-
gen (C—H) bonds have received renewed interest in recent
years with the following inherent advantages: maximizing
atom economy by avoiding prefunctionalization of the
coupling partners, and avoidance of toxic by-products with
molecular oxygen as the sole oxidant.F]

Since the discovery of the Glaser reaction or the oxidative
dimerization of terminal alkynes!! over 140 years ago, many
efforts have been devoted to this field to construct new C—C
bonds. A number of copper-catalyzed aerobic dehydrogen-
ative coupling reactions through a C;—H or C—H bond
functionalization process have been developed, including
oxidative dimerization of phenols,” naphthols!®! and elec-
tron-deficient arenes,” cross-coupling of terminal alkynes
with electron-deficient arenes!* and intramolecular dehydro-
genative cylization of anilides.”’ In comparison, the develop-
ment of copper-catalyzed acrobic dehydrogenative coupling
at sp™-carbon atoms is still in its infancy and the current
advances sulfer scvercly from restricted substrate scope,
namely substrates with the sp*-carbon atom adjacent to
a heteroatom™ or malonic amide derivative.') Tn our
continucd cfforts toward the development of transition-
metal-catalyzed coupling reactions on novel subsirates,'”!
herein we report N-methyl-N-phenylhydrazones as unprece-
dented substrates for copper-catalyzed aerobic intramolecu-
lar dehydrogenative cyclization for the formation of cinno-
lines.*! a privileged structure in many medicinal compounds
with a broad range of biological activities including anti-

[*] Dr. G.-W. Zhang, |.-M. Miao, Y. Zhao, Prof. Dr. H.-B. Ge
Department of Chemistry and Chemical Biology, Indiana University
Purdue University Indianapolis, Indianapolis, IN 46202 (USA)
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bacterial, anticancer, antifung:
matory, and antiulcer activitics.!

Our investigation began with the oxidative cyclization of
1-methyl-1-phenyl-2-(1-phenylethylidene }hydrazine (1a)
with catalytic CuSO, in the presence of O, (1 atm). To our
delight, the cyclization rcaction was successful with DMF,
DMA, or DCE as the solvent, albeit in low yiclds (Table 1,
entries 1-3). An extensive catalyst screening showed that
although other Cu" and Cu' sources could catalyze the

antihypertensive, antiinflam-
4]

Table 1: Optimization of reaction conditions.”!
H

= .Ph
B cat. Cu, Op (1 atm)> B
N \\[ solvent, 110°C N
1a H 2a
Entry Cu source Additives Solvent  Yield
(mol %) {equiv) 196"
1 CuSO, (20) =, DMF 37
2 CuSO;, (20) N DMA 32
3 CuSO, (20) = DCE 30
4 CuSO, (20) = CH,CN <5
5 CusO, (20) - DMSO trace
3 CuSO, (20) - NMP  trace
7 - = DMF 0
8 Cu(OAC), (20) a DMF 22
9 CuBr, (20) = DMF 20
10 CuCl, (20) = DMF 19
1M CuF, (20) = DMF 17
12 Cu(OH),CO, (20) - DMF 16
13 Cu(TFA); (20) - DMF 15
14 Cu(OTh), (20) = DMF 12
15 Cul (20) = DMF 25
16 CuBrDMS (20) - DMF 22
17 CuSO, (20) Py (3.5)/CF,SOH (1) DMF 73
18 CuSO, (20) Py (3.5)/TsOH (1) DMF 55
19 CuSO, (20) Py (3.5)/CF,COH (1) DMF 47
20 Cuso, (20) Py (3.5)/ACOH (1) DMF 43
21 CuSO, (10)/ Py (3.5)/PhCOH (1) DMF 42
Cul (10)
2 Cuso, (1.5)/ Py (3.5)/CF,SO,H (1) DMF  83(80)1
Cul (7.5)
23 Cuso, (1.5)/ Py (3.5)/CF:SOH (1) DMF 70
Cul (5)
249 Cuso, (1.5)/ Py (3.5)/CF,SOH (1) DMF 20
Cul (7.5)

[a] Reaction conditions: 1a (0.3 mmol), Cu source, additive, O, (1 atm),
3 mL of solvent, 110°C, 14 h unless otherwise noted. [b] Yiclds and
conversions are based on 1a, and determined by 'H NMR analysis of the
crude reaction mixture using dibromomethane as the internal standard.
[¢] Yield of isolated product. [d] Under air. DCE=1,2-dichloroethane,
DMF = N,N'-dimethylformamide, DMA — dimethylacetamide,

DMS =dimethylsulfide, DMSO = dimethylsulfoxide, Py = pyridine,
Tf=trifluoromethanesulfonyl, TFA =trifluoroacetic acid.
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cyclization of 1a, none of these catalysts improved the yield
(entries 8-16). Upon realizing that the addition of a nucleo-
philic base could facilitate the demethylation, screening of
different bases (pyridine, DMAP, DABCO, etc.) was carried
out. Unfortunately, none of these bases improved the yield.
However, the yield was increased by the addition of an acid
along with excess pyridine, and the optimal results were
obtained with 1 equivalent of CF;SO;H and 3.5 equivalent of
pyridine (entry 22).

As shown in Table 2, this transtormation is compatible
with electron-rich and electron-deficient N-phenyl rings (2b—
0). There is no apparent electronic or steric effect resulting

Table 2: Substrate scope.”"!

, CUSO, (15 mol%), Cul 75 mat%) AN\ R

N, R
T Py (3.5 equiv), CFzSO3H (1 equlv) =
N 0, (1 atm), DMF, 110 °C

oot cotRves ‘Cf*

2b, 72% 2, 82% 2d, 88% 2e, 91%
OMe
CN_ s A Ph FaCe o Ph P B
Do 1 L A
N N MeO N’ AN
2f, 92%° 2g, 95%° 2h1+2h2, 78% (2h1:2h2 = 5:1)¥

=N
N
N N

2114212, 62% (211:212 = 2.2:1)

J(\:(\/P" Ji:hrph
e NN oN NN

Br
8 Ph
B NN AN

2J142]2, 68% (2]1:2)2 = 1.7:1)

N '.N

2k, 60%!¢ 21, 73%° z:n.saa/ 2n, 7a%l°l
@\r @/\ N /\/\y/@l /VY()/
20, 479%! 2p, 64% 2q, 61%L 2r, 77%
F o~ o~
‘ L
CCYQ ooh
N N
N N
21, 78% 2u, 72% 2v, 53%

IS PONe 4
M S \m\/\cﬁm, S
\//\N"N = N—.N P ‘N"N

2w, 75%

2x,61% 2y, 90%

2aa, 96% 2ab, 67%

[a] Reaction conditions: 1 (0.3 mmol), CuSO. (1.5 mol %), Cul

(7.5 mol %), Py (3.5 eq), CF,SO;H (1.0 eq), O, (1 atm), 3 mL of DMF,
110°C, 14 h unless otherwise noted. [b] Yicld of isolated product. [¢] The
reaction was run at 150°C for 20 h. [d] The reaction was run at 95°C for
48 h.
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imemeronsization. CEMIIE

from this ring, and good to high yields of product were
obtained with both electron-donating or electron-withdraw-
ing substituents (R') on either the para. meta, and ortho po-
sitions, with the exception of 20. The meta-OMe-, Me-, or Br-
substituted substrates gave a mixture of para and ortho-
substituted products (2h—j) with a preference for the p-
substituted products, whereas substrates bearing the more
hindered iPr group and the electron-withdrawing CN group
provided only the p-substituted products (2k and 21. respec-
tively). As expected, halogens (F, Cl, and Br) were tolerated
under the current reaction system, thus allowing further
manipulation of the initial products. In contrast, there is an
electronic effect resulting from substituents (R*) on the other
phenyl ring (2q-z). Generally, clectron-donating groups on
this ring provide higher yiclds than those with clectron-
withdrawing groups. Tt is noted that replacement of this
phenyl group with an alkyl group gave only a trace amount of
product as a result of the decomposition of the starting
material under the oxidative conditions. It was also observed
that this reaction failed with the introduction of an alkyl
group on the carbon atom « to the imine moiety.

Tt is noteworthy that under the current reaction condi-
tions, a small amount of 2-(N-mecthyl-N-phenylhydrazono)-2-
phenylacctaldchyde (3) was isolated along with the desired
product 2a from the reaction of 1a. Furthermore, treatment
of 3 under the cyclization reaction conditions provided 1a in
90 % vyield (Scheme 1).

&y

Scheme 1. Cyclization of 2-(N-methyl-N-phenylhydrazono)-2-phenyl-
acetaldehyde (3).

SOy (1.5 male), Cul (7.5 moi%) [ SV

Py (3 5 equiv), CFqSOzH (1 cquw) FgN
(1 atm), DMF, 110 °C i
2a, 90% yield

To further probe the reaction mechanism, deuterium-
labceling experiments were conducted (Scheme 2). No signifi-
cant kinctic isotope cffeet was obscrved in the reaction of
[D;]-1a, thus suggesting that the arene C,,—H bond cleavage
might not be involved in the rate-determining step.'”

CuS0y (1.5 mol%)

Do i Cul (7.5 mols)
= N'N{ N - 2a+
| Py (3.5 equiv), CF3SO3H (1 equiv)
Sy 0, (1 atm), DMF, 110 °C
ko =1.2:1

D12

Scheme 2. Deuterium-labeling experiments.

Based on the above observations, a reaction mechanism
for the cyclization of 1a is proposed (Scheme 3). [t is believed
that this transformation starts with the oxidation of 1a into 3
through a copper-catalyzed process in the presence of
oxygen. ! Copper-assisted Friedel-Crafts-type cyclization of
3 generates the intermediate G.'"! Activation of G by
a copper species, followed by loss of the hydroxy group, and
a methyl group by nucleophilic substitution by pyridine,
provides the desired product 2a.
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Scheme 3. Proposed reaction mechanism.

In summary, an efficient copper-catalyzed aerobic intra-
molecular dehydrogenative cyclization reaction of N-methyl-
N-phenylhydrazones has been developed through scquential
C,~—H oxidation, cyclization, and aromalization processes.
This transformation is the [irst example ol copper-catalyzed
coupling reactions of hydrazones through a C.—II bond
functionalization pathway. This novel method provides an
efficient access to cinnoline derivatives.

Experimental Section

A 50 mL Schlenk tube was charged with N-methyl-N-phenylhydra-
zones (1. 0.3 mmol), CuSO, (1.0 mg, 0.0045 mmol), Cul (4.2 mg,
0.0225 mmol), Py (84.4 uL, 1.05 mmol), and DMF (2.7 mL). Then
a solution of CF,SOQ.H (26.5 pL, 0.3 mmol) in DMF (0.3 mL) was
slowly added. The tube was cvacuated and filled with 1 atm O,, and
stirred rigorously at 110°C (unless otherwise noted) tor 14-48 h.
After removal of the solvent, the residue was purified by flash
chromatography on silica gel (gradient eluent of 5% EtOAc and 1%
EGN in hexancs, v/v) to yield the desired product as a colorless or
pale-yellow solid.
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ABSTRACT

(o]
COH
7
R~ | + R )HrOH
NN 2

o

Pd(TFA), (10%)

COH
AgCO, (3.0) R‘_fL
x 0
DME, 150 °C
Rz
24 examples
51-85% yield

Palladium-catalyzed ch lective decarboxylative cross coupli

C—H functionalization pi . This work rep

acting in ditferent roles. The synthetic utility of this method was confirmed by the synthesis of pi

drug Spasmalgon.

ic acids with c-oxocarboxylic acids was realized via an arene sp’

the first exa:nple of transition-metal-catalyzed cross-coupling reactions with two acids

,anantisp dic used in the combined

2-Benzoylbenzoic acid derivatives are important inter-
mediates for the synthesis of various bioactive compounds’
and arc often encountered as subunits of many biologically
active compounds,” including natural products, pharma-
ceuticals, and agrochemical compounds. For example,
balanol, a fungal metabolite produced by the fungus
Verticillium balanoides and other fungi, is a potent inhibitor
of protein kinase C (PKC)."*' narceine, an opium alkaloid

(1) (a) Acbcrli P.. Eden. P Gogerty, J. H.; Houlihan, W. .l
Penberthy. C. Med. Chem. 1975, 18, 177. (b) Van der Mey, M.:
"uvclm;mn.A.‘ ander Laan, T.J.: Sterk. G. I.: Thibaut, U.; Tlmlmm an.
T1.J. Med. Chem. 2001, 44, 2511. (¢) Ukita. akamura, Y.: Kubo, A.:
Yamamoto, Y.; Moritani, Y.: Saruta, K.: Higashijima, T.; Kotera, I
Takagi, M.; Kikkawa, K.: Omori, K. J. Med. Chem. 2001, 44, 2204-2218.
(db\\alson A.F.; Liu, : Bennaceur, K.: Drummond, C. J.; Endicott,
J. A.: Golding, B. T.: Griffin, R. I.: Ilaggerty, . X.-I1: McDonnell,

vewell, D. R.; Noble, M. E. M.: Revill, C. dinger, C.: Xuw, Q.
7hd() X Iunec J.: Hardcastle, I. R. Bioorg. Med. Chem. Lett. 2011, 21,
5916. (¢) Cucva, J. P.; Gallardo-Godoy, A.; Juncosa, J. L; Vidi, P. A.; Lill,
M. A Watts. V. J.: Nichols. D. E. J. d. Chem. 2011, 54. 5508. (f) Lim.
C.J;Kim.S. H.: Tee, B. H; Oh, K.-S.: Yi. K. Y. Bioorg. Med. Chem. Lett.
2("2 77 47ﬂ

(2) (a) Sexton, W. A.: Templeman, W. G. Nature 1948, 141,974 (b)
Evans, D.; Cracknell. M. E.; Saunders, J. C.: Smith. C. E.; Williamson,
W. R. N.; Dawson, W.: Sweatman, W. I. F. J. Med. Chem. 1987, 30,
l}Zl.(c)()upinski. D.M.; Mullcl!.B Froelich. L. L.: Jackson, W. T.
J. Med. Chem. 1990, 33, 2798. (d) Wyss, D. F.: Arasappan. A.: Senior.
M. M.; Wang, Y.-S.: Beyer, B. M.: Njoroge, F M . A,
J |rlul Chem. 2004, 47, 2486. (c) Gobece, S.: Brozi¢, P.; Rizner, T. L.
Bioorg. Med. Chem. Lett. 2005, 15, 5170.
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produced by the Papaver sonmiferum plant, is a bitter com-
pound with narcotic effects,' and pitofenone, the key
ingredient in Spasmalgon (a combined drug), is an anti-
spasmodic (Figure 1).'® Additionally. 2-benzoylbenzoic
acids are often used as functional groups or substrates in
photochemistry,” chromatography.* and food chemistry.®

Despite the demonstrated biological importance of
2-acylbenzoic acids, synthetic methods for these species
are far from maturity. The most common routes start
from 1,3-isobenzofurandione derivatives and involve
cither a nucleophilic addition/climination process by orga-
nometallic reagents® or a Friedel—Cralls acylation process
(Scheme 1).” In many cascs, these reactions suffer severely
[rom poor regioselectivity on the benzofurandione, and

A.J. Am. Chem. Svc. 1999, 121.2753.
(b) Sui, Y .-L.; Yan, B. Ind ater. 2006, 42, 144. (¢) Yan, B.; Wang,
W.-J.: Song. Y.-S. J. Fluoresc. 2006, 16, 495.

(4) (a) Bieganowska, M. I..; Soczewinski.
tographia 1984, 18, 99. (b) Bieganowska, M. l Petru
matographia 1995, 40, 453. (c) Waksmundzka-| Ha]nns
M. L.; Petruczynik, A. J. Chromatogr., A 1996, 730. 195.

(5) Arnoldi, A.: Bassoli, A.: Borgonovo, G.; Merlini, L. J. Agric.
Food Chem. 1997, 45, 2047.

(6) (a) Fieser, .. F.: Hershberg. E. B. /. Am. Chem. Soc. 1937, 59.
2331. (b) Newman, M. S.; Muth, C. W. J. Am. Chem. Soc. 1950, 72.5191.
(c) LaBudde, J. A.: Heidelberger, C. J. Am. Chem. Soc. 1958, 80, 1225,
(d) Seo, S.: Slater, M.: Greaney, M. F. Org. Lett. 2012, 14, 2650.

(3) (a) Jones. P. B.: Porter, N
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Figure 1. Representative biologically active compounds con-
taining a 2-acylbenzoic acidiester moicty.

thus substituted 2-acylbenzoic acids are difficult to
obtain in a satisfactory yield “»™ Therefore, the need for
complementary, concise, and effective approaches to ac-
cess these compounds is clear. On the basis of our success
on direct ortho acylation of 2-phenylpyridines and
acetanilides,® we proposed that an efficient approach for
the synthesis of 2-acylbenzoic acids could be achicved
by decarboxylative cross coupling of benzoic acids with
a-oxocarboxylic acids by a Pd(Ll)-catalyzed C—L functio-
nalization process (Scheme 1).

Scheme 1. Synthesis of 2-Acylbenzoic Acids

previous work

o o
ArM
R 0 — R‘-;—\ OH
z or ArH, AICl, AN A
(o}
this work

(o] [o] CO;H
mt Pd
RE o TN 6 ———
(- H (o] Z Ag:C03

Transition-melal-calalyzed cross coupling reactions re-
main one of the most powerful methods for carbon—carbon
(C—C) bond formation.” Among these methods, Pd(0)-
catalyzed decarboxylative cross coupling has recently

(7) (a) Newman, M. S.: Scheurer, P. G. J. Am. Chem. Soc. 1956, 78,
5004. (b) Reinheckel. . A Taage, K. Angew. Chem., Int. Fid. 1966. 5.
S11. (€) Watson. A. F.: Bennaceur, K.; Drummond, C. J.;
Endicott, J. A.: Golding, B. T.: Griffin, R. 1. Hdggcrl\ K. Lu. X.-H ;
McDonnell, J. M.; Newell, D. R.; Noble, M. E. M.; Revill, C. H
Riedinger, C.; Xu,Q Zhao, Y. Lunec, J.; Hardcmstle L. R. Bmarg
Med. Chem. Lett. 2011, 21, 5916, (d)Wnng‘ g Zhao.N.;: Wan,
X.-B. Org. Letz. 2011, /3.709. (¢) Yu, 1L-B.: Xuo Y.: Guo, I1.-Y. Org.
Lerr. 2012, 14,2014,

(8) () Li. M.-Z.: Ge, [L-B. Org. Lett. 2010. /2, 3464. (b) Fang, P.: Li,
M.-Z.; Ge, H.-B. J. Am. Chem. Soc. 2010, 132, 11898,

(9) For selected recent reviews, see: (a) Chen, X.: Engle, K. M.: Wang,
D.-H.: Yu,).-Q. Angew, Chem., Int. Ed. 2009, 48, 5094. (b)L)om T.W.;
Sanford. M. S. Chem. Rev. 2010, /70,1147 (c) Sun, C.-T.. ll.B-J Sh|
7.-J. Chem. Rev. 2001, /11,1293 (d) McMurray. T..: Oﬂ.n ¢ :Gaunt.
M. ). Chem. Soc. Rev. 2011, 40, 1885. (c) Boormdn T..Cs L‘lrrum I
Chem. Soc. Rev. 2011, 40, 1910. (1) Newhouse, T.. Baran, P e 4ng<’n
Chem., Int. Ed. 2011, 50, 3362. (g) Wencel-Delord, J.; Droge, 'I'.; Liu, }.;
Glorius. F. Chem. Soc. Rev. 2011, 40. 4740. (h) Cho, S. H.; Kim, J. Y.:
Kwak. J.; Chang, S. Chem. Soe, Rev, 2011, 40. 5068. (i) Tngle. K. M.:
Meci, T.-S; Wasa. M.; Yw. 1.-Q. Ace. Chem. Res. 2012, 45, 788.
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attracted considerable attention duc to the low cost, rcady
availability, and environmentally benign properties of
carboxylic acids.'” Along with the well-studied benzoic
acids, alkyl, alkenyl and alkynyl acids, a-oxocarboxylates,
and oxalates have also been demonstrated as effective
substratcs, which cnable the installation of a varicty of
functional groups on aromatic rings. Furthermore, since
Crabiree [irst reported a direct decarboxylative cross cou-
pling of arenes with aromatic acids through a Pd(IT)-
catalyzed C—H functionalization process,'’ the method
has attracted considerable attention because the prefunctio-
nalization of reaction substrates is avoided.'

As substrates, benzoic acids have been extensively stu-
died in decarboxylative cross-coupling reactions by both
Pd(0) and Pd(II) catalysis. It has been demonstrated that
either a silver or copper source could effectively mediate
the decarboxylation. On the other hand, from Yu’s studies.
benzoic acid derivatives were fairly stable at high tempera-
ture (130 °C) in the presence of a catalytic amount of
a PA(11) source and an cxcess Ag(l) source.'? Morcover,
a-oxocarboxylic acids, utilized in Goossen’s laboratory in
Pd(0)-catalyzed decarboxylative cross couplings,™ have
also been demonstrated as effective coupling partners in
Pd(II) catalysis in our laboratory with either a silver or
persulfate source as an oxidant and the decarboxylation
reagent.®'S It was also noted that, along with acteani-
lides and 2-phenylpyridines, cyclic cnamides,'® O-methyl
oximes,!” phenylacetamides,’® O-phenyl carbamates,'”
and 1-(pyrimidin-2-yl)-1H-indoles™® were also elTective

(10) For selected recent reviews. see: (1) Baudoin, O. Angew. Chem.,
Int. Ed. 2007, 46, 1373. (b) Goossen, L. J.; Goossen, K.: Rodriguez, N.;
Blanchot. M.; Linder, C.: Zimmermann, B. Pure Appl. Chem. 2008, 80,
1725, ((.)Gnnw\,n L.J; Redriguez, N.: Gnos\cn K. Angew. Chem.. Int.
Ed. 2008, 47, 3100. (d) (um\\cn L “ollet. s,
Chem. 2010, 50. 617. (¢) Rodriguez, N.: Goossen, L. ). Chen. Soc. Rev.
2011, 40, 5030. () Cornella, J.; Larrosa. 1. Synthesis 2012, 44, 653.

(11) Yourchkova, A.; Coplin, A.; Leadbeater, N. E.; Crabtree, R. H.
Chem. Commun. 2008, 6312.
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tions, sce: (a) Cornel : T.:Larrosa, I. Org. Letr. 2009 11,5506.
(h)W.ma C.-Y.: Picl, J. Am. Chem. Soc. 2009, 137,4194.
{©) Yu, W.-Y,; Sit. W, Y.; Chan, A. 8. C. Org. Lett. 2009,

£.G 1. ¥. Angew. Chem.. Int. Ed. 20]0
49, 2768. (e) Xie, K. Yang, Z.-Y.: Zhou, X.-J.: Li, X.-J.: Wang, S.-Z.;
Tan. 7Z.; An, X.-Y.: Guo. C.-C. Org. Letr. 2010, /12, 1564, (f) Zhou. J.;
1u. P.;Zh:m g, M_; Tluang, S.: Wang. M.: Su, W. Cllpm Fur 72000, /6,
5876.{g) Wang, C.; Rakshi sorius, F.J. Am. Chem. Soe. 2010 /32,
14006. (h) Zhao, H Wei, Y.: Xu, J.: Kan, J.; Su, W.; Hong, M. J. Org.
Chem. 2011, 76.882. (1) Hu,l’ Zhang, M.; Jie, X ; Su, W. Angew. Chem.,
Int. Ed. 2012, 51, 227.

(13) (a) Giri, R.: Maugel. N.: Li, J.-J.: Wang, D.-H.: Breazzano, S. P.;
Saunders. L. B.: Y. 1-Q. /. Am. Chem. Soc. 2007. 129, 3510. (b) Giri
R.: Yu, J.-Q. J. Am. Chem. Soc. 2008, 130, 14082.

(14) (a) Goossen. L. J.; Rudolphi, F.: Oppel. C.; Rodriguez, N.
Angew. Chem.. Int. Ed. 2008, 47, 3043. (b) Goossen, L. J.: Zimmermann,
B.: Knauber, ngew. Chem., Int. Ed. 2008, 47, 7103,

(15) Li, M.-Z.: Wang, C.: Ge, H.-B. Org. Lett. 2011, 13, 2062,

{16) Wang. H.: Guo, L.-N.: Duan, X.-H. Org. Lew. 2012, 14, 4358.

{17) (a) Kim. M.; Park, J.: Sharma. S.; Kim, A.; Park, E.; Kwak,
T H; Tung, Y. H..Kim. .S, Chem. Commun. 2013.925.(b) Yang, 7.-Y .;
Chen, X.; Liw. J.-D.; Gui, Q.-W.: Xie, K.: Li, M.-M_; Tan. Z. Chem.
Commum. 2013, 1560.

(18) Park, J.. Kim, M.; Sharma, S.: Park, E.; Kim, A,; Lee, S. H.:
Kwak. J. H; Jung, Y. H.; Kim, 1. S. Chem. Commun. 2013, 1654,
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substrates for the direct decarboxylative acylation. These
results support the feasibility of chemoselective decarbox-
ylative cross coupling of benzoic acids with a-oxocar-
boxylic acids through Pd(IT) catalysis under well-defined
reaction conditions. It is noteworthy that, although the
benzoic acid derivatives have been well studied as the
substrates in metal-catalyzed C H bond activation
reactions,” dircct ortho acylation of the benzoic acids
remains a challenge. Furthermore, transition-metal-cata-
lyzed cross coupling of two acids with different roles in the
reaction has never been reported. As part of our program
to develop novel transition-metal-catalyzed cross coupling
reactions with diverse substrates,™'*?' we have developed
and report herein the synthesis of 2-acylbenzoic acid
derivatives through chemoselective decarboxylative cross
coupling of benzoic acids with a-oxocarboxylic acids via a
palladium-catalyzed C—H bond functionalization process.

Table 1. Optimization of Reaction Conditions®

con ., J_on co
e solvent o
H o Ph
1a 2a 3a
Pd source oxidant yield
entry (amt (mol %)) (amt (equiv)) solvent  (%)"
1 PA(TFA), (10) Ag,CO; (2.0) DMF trace
2 Pd(TFA); (10) Ag,CO0;5(2.0) THF trace
3 PA(TFA), (10) Ag,CO; (2.0) ‘BuOH 32
4 PA(TFA), (10) Ag,CO;4 (2.0) dioxane 55
5 Pd(TFA); (10) Ag2C05 (2.0) DME 58
6 PACI(PhCN), (10)  Ag,CO; (2.0) DME  trace
7 PdClyMeCN); (10)  Ag,CO; (2.0) DME 41
8 Pd(OAc), (10) Ag,C0;4 (2.0) DME 48
9 PdA(TTA), (10) Ag,0 (2.0) DME 20
10 Pd(TFA), (10) AgOAc (2.0) DME 38
11 Pd(TFA), (10) (NH),8,04(2.0) DME 0
12°  Pd(TFA), (10) AgyCO;5 (2.0) DME 60
13 Pd(TFA), (10) Ag,CO; (3.0) DME 64
14  Pd(TFA); (10) Ag,CO03(3.0) DME 80
15 Pd(TFA), (5) Ag,C0; (3.0) DME 56
16 PA(TFA), (10) AgyCO; (3.0) dioxane 67

“Conditions: 1a (0.2 mmol), Pd source, oxidants. 2a (0.6 mmol),
2 mL of solvent, 120 °C, 24 h unless otherwise noted. * Tsolated yields.
€48 h. 4150 °C.

Considering that o-oxocarboxylic acid is a potential
source of benzoic acid through decarboxylation and oxi-
dation, o-methylbenzoic acid was chosen as the substrate
for the decarboxylative cross-coupling reaction with
a-oxocarboxylic acid in the presence of a catalytic amount
of PA(TFA), and an excess of Ag,(COs as the oxidant and
the decarboxylation reagent on the basis of our previous
reports.*?! After an extensive solvent screening, DME
and dioxane were shown to be optimal solvents for this
coupling, providing the desired product in moderate yields

(21) Li. M.-Z.: Wang. C.; Fang. P.: Ge. H.-B. Chem. Commun. 2011,
47. 6587.

2932

(Table 1, entries 4 and 5). The following survey of catalysts
indicated that although PdCl,(MeCN), and Pd(OAc),
could also catalyze this reaction, Pd(TFA), is more
effective (entries 7 and 8). Further screening of oxidants
showed that silver carbonate was the best choice. Due to
our success in the decarboxylation of o-oxocarboxylic
acids with a persulfate salt, replacement of Ag,CO; with
K5S,05. Na,S,05, and (NI114)-,S,05 was also cxamined.
However, the addition of these persulfate salts led to the
decarboxylation of both acids while no desired product
was obtained (entry 11). Further optimization of reaction
conditions showed that although increasing the reaction
time had no apparent effect on this reaction, the yield was
significantly improved by increasing the amount of
Ag,CO; and raising the reaction temperature (entries
12—14). Tt was also noted that the coupling product was
obtained either with less Pd catalyst or when dioxane was
uscd as the solvent, albeit in lower yields (entrics 15 and 16).

Scheme 2. Substrate Scope of Benzoic Acids™®

-~ COM 9
R+ Ny
H

0 DME, 150 °C

Pd(TFA), (10 mol %)
Ag,CO; (3.0 equiv)
—_——

COH
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gee
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Ph
1 2a 3
¢ COH
COH cop  MeO COH .
5 5 o 0
| I Ph Ph
3a, 80% 3b, 51% 3¢, 70% 3d, 85%°
. COMH Br COMH CI COM COH
\©Efo \@(O \@(0 /@E(O
Ph Ph Ph Ph
3e,80% 31, 63%° 39, 71% 3h, 75%¢¢
COM COM CoM COM
Ph Ph Ph Ph
3i, 58% 3j, 56%2° 3K, 81%° 31, 74%

“Conditions: 1 (0.2 mmol), Pd(TFA); (0.02 mmol), 2a (0.6 mmol).
Ag>CO5 (0.6 mmol), 2mL of DME. 150 °C, 24 h unless otherwise noted.
®Isolated yields. € 165 °C. 9130 °C. €48 h.

With the optimized reaction conditions in hand, we then
carried out the substrate scope study of substituted benzoic
acids. As shown in Scheme 2, this transformation is com-
patible with electron donating and electron withdrawing
group substituted benzoic acids (3a—j), while substrates con-
taining electron-donating groups provided higher yields than
their clectron-withdrawing counterparts, with the exception of
3e. As expected, halogens (F, Cl, and Br) were tolerated under
the current reaction system, allowing the further manipulation
of the initial products. Furthermore, good yields were also
observed with disubstituted benzoic acids (3k.I).

Nexl, a substrate scope study for the a-oxocarboxylic
acids was carried out. As shown in Scheme 3, electron-rich
groups (McO and Me), and halogens (F, Cl, and Br) are
compatible with the current reaction conditions (3m ).
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Scheme 3. Substrate Scope of a-Oxocarboxylic Acids*”
PA(TFAR (10mol %) co,H
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Che
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v, 55%° 3w, 80%C¢ 3x, 82%°¢

“Conditions: 1a (0.2 mmol), PA(TFA); (0.02 mmol). 2 (0.6 mmol),
A&( 05 (0.6 mmol). 2 mI. of DME. 150 °C, 24 h unless otherwise noted.
®Tsolated yiclds. € 165 °C. 9130 °C. *48 h. ng«CO: (0.5 mmol).

Scheme 4. Proposed Reaction Mechanism
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Scheme 5. Synthesis of Pitofenone
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Unfortunately, strong clectron-withdrawing groups arc
not well tolerated in the current reaction system. As
observed in our previous studies,” there is not an apparent
stericeffect on these substrates (3n,0). In contrast, thereisa
clear electronic effect. Furthermore, the sterically hindered
substrate 2,4,6-trimethylbenzoylformic acid also provided
the desired product 3x in high yield.

On the basis of the reports from Yu and our
laboratory,®'3?? a decarboxylative cross-coupling reac-
tion mechanism is proposed (Scheme 4). It is believed that
this transformation starts with the palladation of silver
benzoate A into the Pd(IT) intermediate B, which then
undergoes a transmetalation step with the acylsilver species
C formed by the silver-mediated decarboxylation of 2, to
generate the Pd(IT) intermediate D. Reductive elimination
of D provides the silver salt E and Pd(0), which will be
reoxidized into Pd(1I) by Ag,CO;. Protonation of inter-
mediate E provides the desired product 3.

To demonstrate the synthetic utility of this method, it was
applied to the synthesis of pitofenone (Scheme 5). Pd(II)-
calalyzed direct decarboxylative ortho acylation of benzoic
acid with (4-fluorobenzoyl)formic acid provided 2-(4-
fluorobenzoyl)benzoic acid (3t) in 62% yicld. Nucleophilic

(22) (a) Wang, D.-H.; Mei, T.-S.; Yu, J.-Q. J. Am. Chem. Soc. 2008,
130. 17676. (b) Zhang, Y.-H.; Yu, 1.-Q. J. Am. Chem. Soc. 2009, 131,
14654. (c) Shi, B.-F.: Zhang, Y.-I11.: Lam, J. K.: Wang. D.-11.: Yu. J.-Q.
J. Am. Chem. Soc. 2010, 132, 460. (d) Engle. K. M.: Wang, D.-H.: Yu.
J1-Q..J. Am. Chem. Soc. 2010, 132, 14137. (e) Engle, K. M.; Thuy-Boun,
P. S.: Dang, M.: Yu. J.-Q. J. Am. Chem. Soc. 2011, 133, 18183,

3) (a) Fisncrova, L.; Brunova, B. CS 248548. 1987. (b) Staneva,
T. D.; Nacheva, E. B.; Lazarov, V. K.; Bacheva, B. L.; Katsarski, D. E. BG
107390. 2004.

Org. Lett, Vol. 15, No. 12, 2013

substitution of 3t by 1-(2-hydroxyethyl)piperidine, followed
by methylation, produced pitofenone in 91% yield over
two steps. It is noteworthy that this route also allows
the installation of extra substituents on the phenyl rings,
which facilitates the medicinal chemistry study of this
compound.

In summary, an efficient decarboxylative cross-coupling
reaction of benzoic acids with a-oxocarboxylic acids has
been developed via a palladium-catalyzed C—H bond func-
tionalization process. This transformation is the first exam-
ple of direct ortho acylation of benzoic acids. The method
provides an efficient access to 2-acylbenzoic acid derivatives.
Furthermore, the synthesis of pitofenone was also achieved
by employing this transformation as a key step. In compar-
ison with the two reported syntheses,”* this route provides a
more efficient approach to access this compound.
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Abstract: The development of palladium(Il)-catalyzed decarbox-
ylative cross-coupling of a-oxocarboxylic acids and their deriva-
tives is summarized in this account. Acetanilides, 2-phenyl-
pyridines, and benzoic acids were found to be suitable substrates for
direct acylation through decarboxylative cross-coupling with a-
oxocarboxylic acids. Potassium aryl trifluoroborates were also
transformed into ketones, amides, and esters with ¢-oxocarboxylic
acids, oxamic acids, and oxalate monoesters, respectively, in modi-
fied catalytic systems.

1 Introduction

2 Palladium-Catalyzed Decarboxylative
Through C—H Bond Functionalization

2.1 Direct ortho-Acylation of Acetanilides

22 Direct Acylation of 2-Phenylpyridines

23 Direct ortho-Acylation of Benzoic Acids

3 Transformation of Potassium Aryl Trifluoroborates into
Ketones, Esters, and Amides

31 Formation of Aryl Ketones from Potassium Aryl Trifluo-

Cross-Coupling

roborates

32 Preparation of Aryl Amides and Esters from Potassium
Aryl Trifluoroborates

33 Mechanistic Studies

4 Conclusions and Outlook

Key words: palladium, catalysis, carboxylic acids, decarboxyl-
ation, carbonylation, cross-coupling

1 Introduction

During the last decade, transition-metal-catalyzed decar-
boxylative cross-coupling has received significant atten-
tion because of its environmentally benign properties and
its wide applicability in synthetic chemistry.! The need to
use stoichiometric amounts of organometallic coupling
reagents, a major limitation of conventional cross-cou-
pling reactions, is avoided in this case, and toxic metal
waste is replaced by harmless carbon dioxide gas. More-
over, carboxylic acids are ideal coupling partners because
they are fairly stable, easy to store, and readily available
at low cost. Soon after Myers reported the first examples
of successful palladium-catalyzed decarboxylative cross-
coupling reactions of benzoic acid derivatives with al-
kenes,” various carboxylic acids were found to be effica-
cious decarboxylation substrates in many different
systems. The landmark work in this field was that of
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GooBen’s group, who developed a palladium/copper-cat-
alyzed decarboxylative cross-coupling reaction of aryl
carboxylic acids and aryl halides® — an alternative tool for
the synthesis of biaryl compounds. Later, the palladium-
catalyzed direct arylation of nonactivated arenes with
benzoic acids through sp? C-H bond functionalization
was also demonstrated.!

Generally, the decarboxylation of carboxylic acids re-
quires a high reaction temperature, and functional-group
tolerance becomes an issue. As a result, it became neces-
sary to develop a more compatible synthetic protocol for
practical applications of decarboxylative cross-coupling.

Minisci and co-workers showed that decarboxylation of
a-oxocarboxylic acid derivatives to give the correspond-
ing carbony! radicals could be realized at room tempera-
ture in the presence of catalytic amounts of silver species
and stoichiometric amounts of persulfate salts.® Inspired
by this result, we hypothesized that carbonyl radicals
formed from a-oxocarboxylic acids might be used as ac-
ylating reagents in a palladium(IT)-catalyzed cross-cou-
pling that would permit decarboxylative acylation
reactions to be performed under mild and convenient con-
ditions (Scheme 1). This account summarizes our recent
progress on this subject.

o}
o

Ag(l), $:0:%"
R‘JLTrOH 70022 e RJ‘
o]

Scheme 1 Proposed decarboxylative cross-coupling reactions

cal Pd 0

R2-H(M) Rwu\nz

Our studies can be classified into two categories: ligand-
directed acylation through C-H bond functionalization
and transformation of potassium aryltrifluoroborates into
ketones, amides, and esters. In all these processes, o-0X0-
carboxylic acids and their derivatives are used as coupling
partners. First, we performed a direct ortho-acylation of
acetanilides at ambient temperature. This was followed by
the discovery of a direct method for acylation of 2-phenyl-
pyridine and benzoic acids. Finally, potassium aryl triflu-
oroborates, a class of boronic acid derivatives, were
converted into aryl carbonyl compounds by means of the
palladium-catalyzed  decarboxylative cross-coupling
method.
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2 Palladium-Catalyzed Decarboxylative
Cross-Coupling Through C-H Bond Func-
tionalization

Aryl ketones are often encountered as important subunits
in natural products and bioactive compounds. The first ex-
ample of the synthesis of aryl ketones through palladium-
catalyzed decarboxylative cross-coupling was reported by
Gooflen and co-workers, who used aryl halides and a-oxo-
carboxylic acids as reactants.® However, prior functional-
ization and high reaction temperature are required in this
transformation. To overcome these drawbacks, we set out
to investigate an unprecedented process for the direct
C-H acylation of arenes with a-oxocarboxylic acids.

2.1 Direct ortho-Acylation of Acetanilides

Acetanilides are among the most common substrates for
ligand-directed C—H activation cross-coupling, a reaction
that has a wide range of applications in synthetic and me-
dicinal chemistry.” As a result, considerable efforts have
been made to develop methods for the direct ortho-func-
tionalization of these compounds, and some significant re-
sults have been reported. Importantly, room-temperature
palladium-catalyzed direct ortho-arylation and olefina-
tion have also been demonstrated on acetanilides and their
derivatives.® We therefore chose acetanilides as the sub-
strates for our initial investigations on direct decarboxyl-
ative coupling ’

Our early experiments on decarboxylative coupling of ac-
etanilide with oxophenylacetic acid showed that silver
was not required for the decarboxylation, and that palladi-
um(IDitrifluoroacetate [Pd(TFA),] was the most efficient
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catalyst (Table 1). Interestingly, in the absence of persul-
fate salts, the ketone products were also obtained, albeit
with lower yields (Table 1, entries 5 and 6); a palladium
species was required for this reaction. This finding im-
plied that palladium might also be involved in the decar-
boxylation process after palladation. Further studies
showed that diglyme was the most efficient solvent (en-
tries 4-9), and that the reaction proceeded well at room
temperature, providing the desired product in 93% yield
(entry 4).

We then examined the reactivities of various acetanilide
derivatives and a series of a-oxocarboxylic acids. As
shown in Scheme 2, diverse substituents were tolerated
under the optimized conditions. In particular, sterically
hindered mesityl(oxo)acetic acid underwent this reaction,
whereas this substrate failed in the palladium/copper-
catalyzed decarboxylative acylation process.® Aliphatic
a-oxocarboxylic acids were also found to be compatible
with the reaction conditions.

As described above, this decarboxylative cross-coupling
can be performed in the absence of persulfate under air,
which indicates that it has a different reaction pathway
from that of our designed radical-mediated process
(Scheme 1). On the basis of a previous report,'® we pro-
posed the ligand-exchange catalytic cycle shown in
Scheme 3. This transformation is believed to be initiated
by ortho-palladation of the acetanilide, followed by anion
exchange with the a-oxocarboxylic acid. Decarboxylation
of the intermediate 6 followed by reductive elimination
produces the desired aryl ketone product.
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Table1 Optimization of Conditions for the Acylation of Acetanilide

NHAG cal Pd NHAC O
ox:danl
© ¥ HO)\'r solvent it En
1a 2-oxo-2-phenylacetic acid 3a
Entry* Catalyst (mol%) Oxidant (equiv) Solvent Yield® (%)
1 Pd(TFA), (10), AgNO; (20) (NH,);S,0; (2.0) CH,Cl, 36
2 PA(TFA), (10) air CH,Cl, 20
3 Pd(TFA), (10) (NH,),S8,0; (2.0) DME 82
4 PA(TFA), (10) (NH,),S,0; (2.0) diglyme 93
5 Pd(TFA), (10) O, (1 atm) diglyme 55
6 Pd(TFA), (10) air diglyme 52
7 Pd(TFA), (10) (BzO), diglyme 61
8 [PA(MeCN),]J(BF), (10) (NH,),8,0; (2.0) diglyme 87
9 PA(TFA), (5) (NH.),S,0; (2.0) diglyme 82
* Reaction conditions: 1a (0.3 mmol), 2a (0.6 mmol), catalyst (0.03 mmol), oxidant (0.6 mmol), solvent (3 mL), r.t., 12 h, unless otherwise
?oYtie:l;'ls and conversions are based on 1a and were determined by 'H NMR of the crude product with CH,Br; as the internal standard.
i

22 Direct Acylation of 2-Phenylpyridines

To investigate the generality of this method, we turned our
attention to the direct acylation of 2-phenylpyridines.
2-Phenylpyridines are excellent substrates for transition-
metal-catalyzed ligand-directed C-H functionalization
because of their high stability and because their nitrogen
atoms can coordinate strongly with transition metals.!!
Pleasingly, extension of our method to 2-phenylpyridine
was successful, and we obtained the desired ketone prod-
uct under modified reaction conditions (Table 2).! In this
case, a stoichiometric amount of the silver source was

PA(TFA), (10 mol%)

NHAG
R N ¢ R? (NH.)SZOB(Iz 20equy) oo /I
[ +  HO e N 0
1

NHAc O NHACO  Br NHAc 0" '
90%
NHAC O
NHAC O NHAC O
,/@A J@/U\ .
B
2% 94% 1%

Scheme 2 ortho-Acylation of acetanilides and derivatives

© Georg Thieme Verlag Stuttgart - New York

necessary to facilitate decarboxylation of the a-oxocar-
boxylic acids, and the reactions occurred only at raised
temperatures.

Nevertheless, we investigated a diverse range of sub-
strates and we observed similar substituent effects to those
found in the acylation of acetanilides (Scheme 4). The
yields of the ketones obtained from 2-phenylpyridines
were generally lower than the yields of their counterparts
obtained from acetanilides. Additionally, aliphatic a-oxo-
carboxylic acids failed to react, presumably because of

NHAC

§ R’
NHAC O ‘ NHAC O NHAC O
4% 1% 91%
L, A3
o M
YLNH o N o e\lil NH O
Me
Ph Ph Ph
8% 80% 61%

Synlett 2014, 25, 911-919
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NHAc Table2 Optimization of the Acylation of 2-Phenylpyridine
H
S A
Q  HHAc -~ | N o cal Pd(1omot%) || N
palladation . B oxidant o
(NH.),S,0, HO DMSO-ACOH-H,O
S Pt I 2 oh
reductive PO NHAC
eliminalion PA(TFA), 7a 2a 8a
NHAC Entry* Catalyst Oxidant Co-oxidant Yield
PRl v a (mol%) (equiv) (equiv) (%)°
m/ Iliand "
) exenangs Ho)Hr 1 PA(TFA), Ag,CO:(3.0) - 61
6 \ NHAG o S
decarboxylation Pd\o)klrﬂ 2 - Ag,CO;(3.0) - 0
o 3 PA(TFA), - - 0
5 4 Pd(OAC), Ag,CO;(30) - 66
Scheme3 Proposed catalytic cycle of direct ortho-acylation of acet- 5 PA(PhCN),Cl,  Ag,CO; (3.0) _ 73
anilide &
6 PA(PhCN),CL,  Ag,0 (3.0) - 79

their poor stability at high reaction temperatures under ox-
idative conditions.

Because the reactions could be performed with silver ox-
ide or silver carbonate as the sole oxidant, we proposed a
different mechanism for the acylation of 2-phenylpyri-
dines (Scheme 5). Silver-mediated decarboxylation of
oxo(phenyl)acetic acid provides the acyl silver species 10,
which then undergoes transmetalation with the palladi-
um(Il) intermediate 9 to generate intermediate 11. A re-
ductive elimination reaction of intermediate 11 provides
the desired ketone product.

go Ay

Pd(PhCN),Cl, (10 mol%)
AQ0 (2.0-3.0 equiv)
KgSgOs (0-1.0 equiv)

|oxane-AcOH—DMSO
5:1)

120 "C

7 Pd(PhCN),Cl,
8  PA(PhCN),Cl,

Ag,0 (1.0) K;S,05(20) 57

Ag0 (2.0) K;S:0;(1.0) 84

* Reaction conditions: Ta (0.3 mmol) 2a (0.6 mmol), catalyst (10
mol%), Ag(I) salt, co-oxidant, 1,4-dioxane-AcOH-DMSO (7.5:1.5:1,
0.1 M), 120 °C, 16 h unless otherwise noted.

®Yields and conversions are based on 1a and were determined by 'H
NMR of the crude product with CH,Br; as the internal standard.
‘12h.

23 Direct ortho-Acylation of Benzoic Acids

After performing the investigations described above, we
devoted our efforts to a more challenging process: the
chemoselective decarboxylative cross-coupling of benzo-

0 55 S0 00

87%

N | S S
l ZN & ZN o ZN o
o0 Ph Ph Ph
Fs cl

85% 7% 65%

Scheme 4 Acylation of 2-phenylpyridines and derivatives
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37% 61%
o
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2 O N
o
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Ph

Ac

83% 95% 1%
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N OH
I ZN COH O, o PA(TFA), (10 mol%) COHO
Ag,CO; (2.5-3.0 equiv)
Ag® Pd(ll) H T
9 2 e Y O
1 ied o
gl palladation S 130-165°C
2 13
R'=2Me  R?=H 80% R'=H R2=2Me 70%
3 s 12 _ : B 2 _ 3.
P(0) g R'=3-0OMe R°=H 70% R'=H R* = 3-Me 61%
R'=3-F R?=H 80% R'=H RZ=4-F 62%
reduclive R'=4-CF; R?=H 56% R'=H R?=24,6-Me 82%

/
elimination
9 0
transmelalation
R’ Il @2 j RQJLAQ’
"nr“ P
]coz
Ad'
Y

Scheme 5 Proposed catalytic cycle for direct acylation of 2-phenyl-
pyridines

R2” NcoH

ic acids with a—~oxocarboxylic acids. 2-Benzoylbenzoic
acid derivatives are frequently encountered as subunits of
natural products, pharmaceuticals, and agrochemical
compounds.'* However, conventional routes for synthe-
sizing these compounds are far from efficient. The most
common methods are nucleophilic addition—elimination
of 2-benzofuran-1,3-dione derivatives with organometal-
lic reagents,' and Friedel-Crafts acylation reactions of
these compounds.’* However, all these transformations
suffer from poor regioselectivity on the benzofurandione.

As mentioned previously, Gooflen and others used benzo-
ic acid derivatives for syntheses of biaryls through the pal-
ladium/copper-catalyzed decarboxylative cross-coupling
with phenyl halides. Benzoic acids have also been demon-
strated by Yu and others'® to be effective substrates for
palladium-catalyzed ligand-directed ortho C—H function-
alization with various coupling partners. Specifically, it
was noted that ortho-acylated benzoic acids are fairly sta-
ble and tolerate high temperatures in the presence of sil-
ver.164bd We therefore believed that chemoselective
decarboxylative cross-coupling of benzoic acids with a-
oxocarboxylic acids might be viable, and we conducted
the appropriate research.!” To our delight, after systematic
screening of the reaction conditions, we found that this re-
action proceeded well with palladium(II) trifluoroacetate
as the catalyst and silver carbonate as the oxidant. Inter-
estingly, replacement of silver carbonate with a persulfate
salt also provided the desired products, albeit in lower
yields. A study of the substrate scope showed that elec-
tron-donating groups and halogens on the phenyl rings
were compatible with the oxidative reaction conditions
(Scheme 6), but, unsurprisingly, aliphatic a-oxocarboxyl-
ic acids were incompatible with the reaction system.

To demonstrate the application of the coupling reactions,
we synthesized pitofenone (14), a key ingredient of

© Georg Thieme Verlag Stuttgart - New York

Scheme 6 ortho-Acylation of benzoic acids

MeO.__0
SE
N.
HO. o] 5 HO/\/
1. NaH THF reflux, then I
_——
2. SOCl,, MeOH, reflux o
91% over 2 steps
F

pitofenone (14)

Scheme 7 Synthesis of pitofenone

Spasmalgon,'® from the ketone produced from (4-fluoro-
phenyl)(oxo)acetic acid (Scheme 7).

In addition to the studies described above, other groups
have reported decarboxylative cross-coupling reactions of
a-oxocarboxylic acids with other aromatic or nonaromatic
substrates (Figure 1). Cyclic enamides 15,'° O-methyl ox-
imes 16,2 phenylacetamides 17,”' O-phenyl carbamates
18,%2 and 1-(pyrimidin-2-yl)-1H-indoles 19** were found
to be feasible starting materials, further broadening the
substrate scope and the product diversity.

NEt,

R dﬁ’ 50Me {g

cyclic enamides (15)  O-melhyl (16)  pher

(¢}

H N
ff R L
> F

O-phenyl carbamales (18) 1-(pyrimidin-2-yl)-1H-indoles (19)

Figure 1 Other substrates for the decarboxylative acylation

3 Transformation of Potassium Aryl Trifluo-
roborates into Ketones, Esters, and Amides

Direct decarboxylative cross-coupling of arenes through
palladium(IT)-catalyzed C—H activation provides an effi-

Synlett 2014, 25, 911-919
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cient approach for the construction of C-C bonds; howev-
er, the need to use directing groups restricts the substrate
scope. Whereas this limitation does not apply to palladi-
um(0)-catalyzed decarboxylative cross-coupling of aryl
halides, harsh reaction conditions are typically required in
these reactions, and therefore functional-group tolerance
becomes a problem. As a result of our success in decar-
boxylative acylation of arenes at room temperature, we
decided to explore decarboxylative cross-couplings of po-
tassium aryl trifluoroborates with commercially available
or readily accessible a-oxocarboxylic, oxamic, and oxalic
acids under mild conditions. Boronic acids and deriva-
tives have become a highly useful and effective groups of
substrates for transition-metal-catalyzed cross-coupling
reactions.” Their low toxicity and high activity distin-
guish them from other common metal-based reactants for
coupling reactions. Because of their greater stability, po-
tassium aryl trifluoroborates are considered to be highly
valuable alternatives to boronic acids.?® In the presence of
water, boronic acids can be generated in situ from aryl tri-
fluoroborates, and therefore the potential homocoupling
of boronic acids can be prevented.

3.1 Formation of Aryl Ketones from Potassium
Aryl Trifluoroborates

First, we investigated the decarboxylative cross-coupling
of potassium aryl Trifluoroborates with a-oxocarboxylic
acids.® As shown in Scheme 8, the reactions were real-
ized in the presence of 2.5-5 mol% of palladium(II) ace-
tate and 2.0 equivalents of potassium persulfate in a
mixture of dimethyl sulfoxide and water at room temper-
ature. It should be mentioned that the presence of water is
essential for the generation of active organoboron species
from potassium aryl trifluoroborates. A wide range of di-
versely substituted potassium aryl trifluoroborates 20 and
various a-oxocarboxylic acids 2 were studied. With re-
spect to the potassium aryl trifluoroborates 20, both elec-
tron-donating substituents, such as methyl or methoxy,
and electron-withdrawing substituents, such as halogens,
acetyl, or trifluoromethyl, were well tolerated. With re-
spect to the oxo(aryllacetic acid 2, electron-donating
groups and halo groups were well tolerated. Furthermore,
aliphatic a-oxocarboxylic acids were also compatible
with this reaction system.

nZ
BF:K 0 PA{OAC): (2.5-5 mol%)
R K280 (2.0)
i TN

RiT- DMSO-Hz0, 1.l R

= a

20 2 21
R'=2Ma RZ=Ph 89% R'=H RZ=El 73%
R'=3Ac RZ=FPh 83% R'=H RZ=iPr 83%
R'=4Cl R’=Ph 90% R'=H R? =cyclopentyl 90%
R'=H R?=246-Me;CeH, 70% R'=H R?=2-Naph  78%

Scheme 8 Acylation of potassium aryl trifluoroborates

Synlett 2014, 25, 911-919

It is noteworthy that a one-pot synthesis of benzophenone
(21a) from phenylboronic acid (22) could also be carried
out (Scheme 9). Potassium trifluorophenylborate pre-
pared from phenylboronic acid (22) reacted directly with
oxo{phenyljacetic acid (2a) to give benzophenone (21a)
in 72% yield

¢}
B(OH), 1. KHF,, MeOH, r.1., 15 min
il il bl
©/ 2 2a, PAOAC), (2.5 mol)
K250 (2.0 equiv)
MSO-H. 3),
s DMSO-H,0 (23), 1 ata
2%

Scheme 9 One-pot synthesis of benzophenone from phenylboronie
acid

32 Preparation of Aryl Amides and Esters from
Potassium Aryl Trifluoroborates

In 2009, Liu and co-workers reported a decarboxylative
cross-coupling of aryl halides with oxalate monoesters to
give the corresponding esters.?” Encouraged by these re-
sults, we developed a novel pathway for the synthesis of
aryl amides and esters from potassium aryl trifluorobo-
rates and oxamic acids or oxalate monoesters, respective-
]y 28

During our investigation, we realized that higher temper-
atures significantly accelerate the decarboxylation of
oxamic acids and oxalate monoesters. The reactions of a
wide range of oxamic acids 2 with potassium aryl trifluo-
roborates 20 were investigated under the optimized condi-
tions (Scheme 10). As expected, the reaction had very
good generality with respect to the substrates. Both N-
mono and N, N-disubstituted aryl amides 23 could be syn-
thesized in moderate to good yields. However, ortho-sub-
stituted potassium aryl trifluoroborates 20 did not undergo
this reaction, possibly as a result of high steric hindrance.
Notably, benzoate esters could be synthesized from potas-
sium trifluoro(phenyl)borate and potassium me-
thoxy(oxoJacetate or potassium ethoxy(oxo)acetate under
the adjusted conditions. Generally, oxamic acids and oxa-
late monoesters were less effective in this decarboxylative
coupling than were their counterparts in the formation of
ketones.

BF 3K o PA{DAG); {5-10 mol2)

qe KeS:00(20-80 equi)
B _—
it ToHa DMSO-MeCN-H0
[s)

=

20 2
R'=2-Me R’=NEl; 0% R'=H R?=NiPr, T6%
R'=3Me R’=NEl; 86% R'=H R?=1-pipendnyl 82%
R'=4Br R{=NEl, 83% R'=H R =NHCy 75%
R'=4-Ac R®=NEl, 46% R'=H R?=NHBn 1%
R'=H R?=0El  82%' R'=H R?=0Ma 76%!

Scheme 10 Synthesis of aryl amides and esters from potassium aryl
trifluoroborates
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33 Mechanistic Studies

In the above studies, it was noticed that a persulfate salt
was required for the reactions to proceed. We therefore
concluded that these reactions proceed either through the
ligand exchange-decarboxylation process shown in
Scheme 3 or through a radical-mediated process. To gain
some insight into the mechanism, we introduced (2,2,6,6-
tetramethyl-piperidin-1-yDoxyl (TEMPO) into the reac-
tion system as a radical-trapping reagent (Scheme 11),
and we found that the coupling reactions were markedly
suppressed by the addition of TEMPO. Furthermore, car-
bonyl-TEMPO adducts 24 were also isolated.

Q

n calKPg(gAc)g o
PhBF:K + el
\'HLOH “Tempo ~ PIOOR JLO,N

20a 2 210r23 24
TEMPO R=Ph R = NEI,
1.0 equiv 56% 51%
2.0 equiv 35% 26%
3.0 equiv 29% 22%

Scheme 11 Decarboxylative cross-coupling of potassium aryl(tri-
fluore)borates in the presence of TEMPO

On the basis of these results and previous reports in the lit-
erature, 1188 we proposed the palladium(Il)-palladi-
um(IV) catalytic cycle shown in Scheme 12. Carbonyl
radical 26, formed by decarboxylation of the a-oxocar-
boxylic acid derivative in the presence of potassium per-
sulfate, reacts with the palladium(II) intermediate 25 to
give the palladium(IV) intermediate 27. The subsequent
reductive elimination reaction of 27 gives the desired
product. It should be mentioned that the formation of a bi-
metallic palladium(IIT) species from the palladium(II)
species 25 and the radical species 26 cannot be ruled out.

4 Conclusions and Outlook

In conclusion, we have developed a novel approach for
the direct acylation of aromatic sp* C—H bonds through
palladium(Il}-catalyzed decarboxylative cross-coupling
with a-oxocarboxylic acids. Two reaction pathways in-
volving a palladium(II}-palladium(0) cycle were pro-
posed. With this method, a number of aryl ketones were
efficiently synthesized. In addition, potassium aryl triflu-
oroborates were used in palladium(Il)-catalyzed decar-
boxylative cross-coupling reactions as precursors to aryl
ketones, amides, and esters under mild conditions. In this
case, a catalytic palladium(II)-palladium(IV) cycle was
proposed. Our current studies aim to realize direct acyla-
tion of sp* C-H bonds, which will expand the scope of
cross-coupling reactions.

© Georg Thieme Verlag Stutigart - New York
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Scheme 12 Proposed mechanism for the cross-coupling of potassi-
um aryl trifluoroborates with u-oxocarboxylic acids
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A novel rhodium-catalyzed imination of sulfoxides using O-(2,4-
dinitrophenylhydroxylamine is developed under mild conditions
with good functional group tolerance. This method provides an
efficient access to free NH-sulfoximines, an important structural
unit in a variety of biologically active comp d:

Sulfoximines have recently attracted great attention in bio-
chemistry and medicinal chemistry because of their versatile
chemical properties and diverse bioactivities." Since the dis-
covery of the first sulfoximine, methionine sulfoximine, a number
of bioactive compounds containing a sulfoximine moiety in the
pharmacophore have been reported {Scheme 1). For example,
compounds 1 and 2 are transition-state-analogue inhibitors of
L-asparagine synthetase;” sudexanox (RU31156, 3) was selected for
clinical studies as a prophylactic antiasthmatic;* sulfoxaflor (4) is
the first commercially available sulfoximine insecticide;* Bay
1000394 (5) is an excellent cyclin-dependent kinase inhibitor,
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Scheme 1 Bioactive sulfoximines.
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which is currently being evaluated in a Phase I clinical trial for
activity against advanced solid tumors;® and finally, one of the
enantiomers of 6 shows good anti-proliferative activity against
various cancer cell lines.®

Among the small number of synthetic strategies for preparing
sulfoximines, the most straightforward approach employs direct
imination of sulfoxides (Scheme 2). However, traditional methods
require the use of either toxic or potentially explosive reagents,
such as a combination of NaN; and sulfuric acid,” or O-mesitylene
sulfonylhydroxylamine (MSH) {eqn (1)). To overcome these draw-
backs, considerable efforts have been devoted to developing
transition metal-catalyzed sulfoxide imination, with significant
progress being achieved in recent years.” For example, Tye
reported the synthesis of sulfoximines by copper-catalyzed imina-
tion of sulfoxides with PhI=NNs (Ns = para-nitrobenzenesulfonyl)
and PhI=NSes (Ses = trimethylsilylethylsulfonyl) {eqn {2));¥ Bolm
discovered that this process could be efficiently performed via
rhodium,” silver,” or iron®" catalysis using iminoiodinanes
generated in situ from the oxidation of amides by PhI{OAc),
{eqn (3)). In spite of this powerful approach, the transition

Traditional methods

9 NaNjH,S0, O NH il
RFR T e RPORE
or MSH
(explosive)
Tye's method
i ™M) Q\S,N—Ns PhSH O%NH @
R"RZ  phiNR? R'TR? Cs,c0, RVTR?
Bolm's method
[e] Rh, Ag or Fe -R?
§ NI o kR e o,
R"7RZ PhiOAc), R'R? RIR?
R®= CF3CO or Ns
This work
lsol _catRh °¢S4NH ()
ri-SRe DPH R"S°R2

Scheme 2 Preparation of unprotected NH-sulfoximines.
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Table 1 Optimization of reaction conditions® Table 2 Substrate scope
O  Rh (2.5 mol%) O__NH Rhy(esp), (2.5%)
Su_DPH . A8 g DPHEO o N
©/ solvent, Ny, rt © R'R?  TFE,i,22h  R'T°R?
7a 8a 7 -
O, _,NH

Entry Rh catalyst Eq. of DPH Solvent Yield? (%) 0\\5’1\' H o\\s’{‘ i 387
1 Rh,(esp). 1.5 TFE 61 ©/ /O/
2, Rhy(esp)s 1.5 MeOH 32 Cl
3 Rhy(esp), 1.5 MeCN 48 8a, 78% 8b, 84% 8c, 90%
4 Rhy(esp), 1.5 "PrCN a4 o, NH
5 Rhy(esp), 145 PhCN 42 O, NH e O, NH
6 Rhy(esp), 1.5 EtOH 30 S\ ~ S
7 Rh,(esp), 15 'PrOH 22 /©/ ] \©/
8 Rh,(esp), 1.5 ‘BuOH trace Br
9 Rhy(esp), 1.5 HFIP 39 . . .,
8 Rl (esp), 1z DCM i 8d, 86% 8e, 58% 8, 88%
11 Rh,(0Ac), 1.5 TFE 23 O, NH Clo NH
12 Rh,(TFA), 1.5 TFE trace 0y -y QN
13 Rh(PPhs);Cl 1.5 TFE 0 >
14 Rhy(oct), 1.5 TFE 0
15 Rh,(esp), 1.5 TFE 50 iy
et Rhu(esp), o TR P 8g, 36% 8h, 32% 8, 38%
17 Rh,(esp), 1.0 TFE 18 O, /NH o, NH O, NH
18 Rhy{esp), 2.0 TEE 72 S SN SO
19 Rhy(esp), 3.0 TFE 78 @/ LN
% Reactions were conducted on a 0.3 mmol scale. Conditions: 7a "

8j, 709 8k, 759 8l, 569
(0.3 mmol), Rh catalyst (2.5 mol%), DPH (1-3 eq.), 3 ml of solvent, . 10% 15% Hab%
room temperature, N, atmosphere, 22 h unless otherwise noted. ? Iso- O, /NH O, NH O, JNH
lated yields. © 40 °C. ¢ 0 °C. DPH = 0-(2,4-dinitrophenyl)hydroxylamine. S S~ S\r
esp = o,o,0/,0'-tetramethyl-1,3-benzenedipropanoate. TFE = 2,22-
tifluoroethanol. HFIP = hexafluoroisopropanol.

8m, 90% 8n, 94% 80, 92%
metal-catalyzed imination of sulfoxides gives protected sulf- o, NH o, NH O, NH
oximines, requiring an additional step for the removal of the S\ S S
undesired protecting group. Inspired by a recent report by Kiirti ©/ ©/ ©/
and co-workers d{esct?bmg the rh‘odmrr-l—catalyzed ‘S}.rnthesm of 8p, 80% 8q,76% 8r 90%
unprotected NH-aziridines from olefins using 0-(2,4-dinitrophenyl)- 0. NH NH
hydroxylamine (DPH),"® we have developed the first transition Pi-ie ©\(} ; w O‘\S"
metal-catalyzed direct synthesis of free NH-sulfoximines from sulf- S ¢ 7
oxides under mild conditions {eqn {4)). 85, 84% 8, 74% Bu, 70%

Our investigation began with direct imination of phenyl
methyl sulfoxide using 1.5 equiv. of 0-(2,4-dinitrophenyl)-
hydroxylamine {DPH) in the presence of 2.5 mol% of Rhy{esp),
at room temperature. After screening a large number of sol-
vents, trifluoroethanol {TFE) was found to be optimal, giving
the desired free NH-sulfoximine product 2a in 61% yield
(Table 1, entry 1). Further screening of Rh{u) catalysts revealed
that this process could also be catalyzed by Rh,{OAc),, albeit
with lower efficiency (entry 11). Additionally, Rh(x) did not show
catalytic activity in the imination reaction {entry 13)."® Finally,
using an increased amount of DPH gave an optimal yield for
the imination reaction {entry 19).

With optimized conditions in hand, we evaluated the generality
of the method using a variety of sulfoxides as substrates {Table 2).
As expected, functional groups such as methyl, halogens
(Cl and Br), or an acyl group on the phenyl ring were well
tolerated {8a-8h). Not surprisingly, the para-acyl substituted
sulfoxide led to a lower yield, perhaps as a result of the electron-
withdrawing effect of the acyl group acting to decrease the
reactivity of sulfoxide {8e). Furthermore, an apparent steric effect
was observed in the imination reaction because significantly lower

9688 | Chem. Commun, 2014, 50, 9687-9689

Reactions were conducted on a 0.3 mmol scale. Conditions: 7 (0.3 mmol),
Rh,(esp), (0.0075 mmol, 2.5 mol%), DPH (0.9 mmol, 3.0 eq.), TFE
(3 ml, 0.1 M), room temperature, N, atmosphere, 22 h.

yields were observed with sulfoxides bearing a substituent at the
ortho position of the phenyl ring {8g and 8h). However, the nature
of the aryl sulfoxides was not limited to the phenyl ring, and
naphthyl, electron-rich 2-thiophenyl, and electron-deficient
2-pyridyl methyl sulfoxides were also found to be effective sub-
strates for the Rh{u)-catalyzed imination reaction {8i-8l). On the
other hand, 1-naphthanyl and 2-pyridyl methyl sulfoxides pro-
vided only modest yields, presumably due to steric and electro-
nic factors, respectively (8i and 8l). In an important observation
for the preparation of sulfoximine-based small molecules, the
methyl group on the phenyl methyl sulfoxide could be success-
fully replaced by other alkyl groups, including the cyclopropyl
group, to afford the corresponding sulfoximines in high yields
(8m-8p). Interestingly, when phenyl allyl sulfoxide was employed
in the reaction, selective sulfoximination was favoured over
aziridination (8q)."°
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In addition, diaryl sulfoximines could be effectively prepared
by this method from the corresponding sulfoxides (8r and 8s),
and we were pleased to find that both acyclic and cyclic dialkyl
sulfoxides were compatible with this reaction {8t and 8u).

Although the reaction mechanism of this transformation has
not been investigated, it is likely that a rhodium-nitrene species
is an intermediate based on prior literature reports.”1%** Thus,
coordination of DPH to Rhy{esp),, followed by loss of dinitro-
phenol, likely generates a reactive nitrene intermediate, which
then oxidizes the metal-coordinated sulfoxide to the corre-
sponding sulfoximine.

In summary, a novel, efficient, and safe method for the
preparation of free NH-sulfoximines has been developed via
rhodium-catalyzed imination of sulfoxides using 0-(2,4-dinitro-
phenyl)hydroxylamine. This new approach features mild con-
ditions and good functional group tolerance, which should
permit its application to the synthesis of structurally complex
sulfoximines with agrochemical and clinical utility."
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ABSTRACT: The transition-metal-catalyzed dircct C—H bond fluorination is ~ H @ y F o

cat. [Pd]
an attractive synthetic tool toward the preparation of organofluorines. While R'JYILNHR + seectuor — 09,
many methods exist for the direct sp* C—H functionalization, site-selective ?
fluorination of unactivated sp® carbons remains a challenge. Direct, highly site-
selective and diastereoselective fluorination of aliphatic amides via a palladium-

R ’\)L NHR
R R?

1. highly diastereoselective

2. amino acid + aliphatic acid derivatives

3. up to 91% yield

catalyzed bidentate ligand-directed C—H bond functionalization process on
unactivated sp* carbons is reported. With this approach, a wide variety of f-fluorinated amino acid derivatives and aliphatic
amides, important motifs in medicinal and agricultural chemistry, were prepared with palladium acetate as the catalyst and

Sclectfluor as the fluorine source.

luorine substitution is of great interest in the fields of

mcdncmal chemistry, agricultural chemistry, and material
science.' Fluorinated compounds affect nearly all physical and
chemical properties including stability, solubility, lipophilicity,
conformation, and bioavailability compared to the parent
molecules.” It has been estimated that fluorine-containing
molecules account for about 25% of all pharmaceuticals and
30—-40% of agrochemlcals, including three of the top five best-
selling drugs in 2013.° Furthermore, the importance of ﬂuormc
in medical imaging technologies has also been demonstrated.*
Therefore, the selective incorporation of a fluorine atom into
biologically relevant organic molecules has continuously been
an active research area in organic chemistry over the past 40
years.

Transition-metal-catalyzed C—H functionalization has been
extensively studied in past decades due to the avoidance of the
prefunctionalization step in this process compared to the
classical approaches.® Within this reaction class, site-selective
direct fluorination of aromatic C—H bonds has been
documented recently via a palladium or copper catalysis.”
Despite a challengmg process, transmon-metal-catalyzed direct
fluorination of sp* carbons has also been established.® Copper,”
iron, ’manganeqe,' palladlum, silver,"® and vanadium'* have
all been demonstrated as effective catalysts in this process.
However, current studies on unactivated sp* C—H bonds suffer
from low to moderate site selectivity. In addition, fluorination
on C—H bonds of the relatively reactive benzylic or allylic sp*
carbons is typically favored over that on unactivated sp* bonds,
which limits the potential applications of this approach.
Inspired by the Pd-catalyzed ligand-directed C—H functional-
ization of unactivated f-sp® carbons of amides,'® we have
investigated and report here the direct site-selective fluorination
of a-amino acid derivatives and aliphatic amides via palladium
catalysis with the assistance of a bidentate directing group.

< ACS Publications @ 2015 American Chemical Society
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Interestingly, closely related rcports were published after
original submission of this work.'®

Fluorine-containing amino acids have attracted considerable
attention in past decades duc to the importance of these
compounds in medicinal chemistry research.!” Current
synthetic methods of these molecules primarily relied on the
nucleophilic substitution reaction, which requires preinstalla-
tion of a functional group to the C—H bonds." In order to
provide a direct synthetic approach for fluorinating unactivated
sp* carbons, we began our investigation on palladium-catalyzed
fluorination of amino acid derivatives with the assistance of a
bidentate ligand. Although 8-aminoquinoline has been widely
used as a directing group for transition-metal-catalyzed C—H
functionalization, clectrophilic aromatic substitution on this
moiety could be a potential problem with an L]LCtl’Ophl]lC
fluorine reagent. Therefore, 2-(pyridin-2-yl)isopropyl amine"
was chosen as the directing group for fluorination of the 2-
aminobutyric acid derivative 1a (Scheme 1). Initial studies
showed that a trace amount of desired f-fluorinated product 2a
could be observed with 1-chloromethyl-4-fluoro-1,4-diazonia-
bicyclo[2.2.2]octane bis(tetrafluoroborate) (Selectfluor) as the
fluorinating reagent in dichloroethane (entry 1). To our delight,
the reaction yield was significantly improved with the addition
of stoichiometric amounts of AgOAc or Ag,CO; (entries 3 and
4). Next, an extensive solvent screening was carried out, and the
mixture of dichloroethane and isobutyronitrile proved to be
optimal, providing 2a in 38% yield (entry 11). It was then
found that replacement of Selectfluor with another fluorinating
reagent gave no or only a trace amount of product (entries 13—
15). Further screening of the palladium catalysts showed that
Pd(OAc), is optimal although several other catalysts could also
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Scheme 1. Optimization of Reaction Conditions”

cl 000
F 3 2 oo

ot F ot
Seiectﬂuor F
F O
cat. Pd, F source (2 5 equiv) /Z\Hj\
N~ NF
admwe
NPN"F solvent, 150 °C, air nent! N )
2a
entry Pd source additive solvent yield (%)°
(10 mol %) (equiv) (mL)
1 Pd(OAc), - DCE (3.0) trace
2 Pd(OAc); AgNO;(2.0) DCE (3.0) trace
3  Pd(OAc), AgOAc (2.0) DCE (3.0) 21
4  Pd(OAc); Ag,CO;(2.0) DCE (3.0) 25
5 Pd(OAc), Na,CO,(2.0) DCE (3.0) -
6 Pd(OAc), K;COj;(2.0) DCE (3.0) -
7 PA(OAc), Ag,COs(20) MeCN (3.0) "
8 Pd(OAC), Ag;CO;(20) DME (3.0) 18
9 Pd(OAc); Ag,CO;(2.0) chloroform (3.0) 5

10 Pd(OAc), Ag;COs(2.0)
11 Pd(OAc), AgzCO;(2.0)
12 Pd(OAc), Ag;COs(2.0)
13° Pd(OAc), Ag;CO; (2.0)
149 Pd(OAC), Ag;CO; (2.0)
15° Pd(OAC), Ag;COs (2.0)
16 Pd(TFA), Ag;COs (2.0)
17 Pd(acac), Ag;COs(2.0) DCE (3.0)/PrCN (0.3) 12
18 PdCl,  Ag;COs;(2.0) DCE (3.0)/PrCN (0.3) 6
19 Pd(OAc); AgzCO; (2.0/Mn(OAc); (1.0) DCE (3.0//PrCN (0.3) 44
20 Pd(OAc), Ag,COs (20)Fe(OAc); (1.0) DCE (3.0)PICN (0.3) 56
21 Pd(OAc), Ag,CO; (2.0)Fe(OAc), (0.3) DCE (3.0)'PrCN (0.3) 80(76")
2 - Ag,CO; (2.0yFe(OAC), (0.3) DCE (30)PICN (0.3) -
23 Pd(OAc), Fe(OAc), (0.3) DCE (3.0)/PCN (0.3) 27

DCE (3.0)/MeCN (0.3) 31
DCE (3.0)/PrCN (0.3) 38
DCE (3.0)'BuCN (0.3) 33
DCE (3.0)'PrCN (0.3) -

DCE (3.0¥'PrCN (0.3) -

DCE (3.0)PrCN (0.3) trace
DCE (3.0)'PrCN (0.3) 29

“Reaction conditions: 1la (0.30 mmol), Pd source (10 mol %), F
source $2.5 equiv), Ag,CO; (2.0 equiv), additive, solvent, 150 °C, air,
14 h. "Yields are based on la, determined by 'H NMR using
dibromomethane as mtemal standard. 2.5 equiv of F1 were used
instead of Selectfluor. 2.5 equiv of F2 were used instead of
Selectfluor. €2.5 equiv of F3 were used instead of Selectfluor.“Isolated
yield, dr = 7:1. Selectfluor = 1-chl thyl-4fluoro- [,4-di.
bicyclo[2.2.2 octanebis(tetrafluoroborate). F1 = 1-Fluoro-2,4,6-
trimethylpyridinium triflate. F2 = 2,6-Dichloro-1-fluoropyridinium
triflate. F3 = N-Fluorobenzenesulfonimide.

provide the desired product (entries 16—18). Interestingly, the
addition of Mn(OAc), or Fe(OAc), significantly improved the
reaction yield, with 0.3 equiv of Fe(OAc), giving the best result
(entries 19—21). As we expected, this reaction showed high site
selectivity by favoring f-C—H bonds due to the preference of
the formation of a five-membered ring intermediate in the
cyclopalladation step. Delightfully, high diastereoselectivity was
also observed by favoring the anti diastereoisomer. Tt is
noteworthy that only low to moderate diastereoselectivities
have been reported in previous Pd-catalyzed sp® C—H
functionalizations of linear aliphatic @-amino acids with
relatively small functional groups, such as Me,'"¥ OMe,'™
and OAc.* Tt should be mentioned that, under the optimized
conditions, 2-(1,3-dioxoisoindolin-2-yl)-N-(quinolin-8-yl)-
butanamide with 8-aminoquinoline as the bidentate directing
group failed to provide the corresponding p-fluorinated
product.

With optimized conditions in hand, the scope of amino acids
was studied (Scheme 2). As expected, good yields were
obtained with linear aliphatic amino acid derivatives with high

Scheme 2. Scope of Amino Acid Derivatives™”

H O (P,P) Pd(OAC),(10 mol %) F O
R Selectfluor (2.5 equiv) VYKN_PIP
and" \ Fe(OAC), (0.3 equiv), Ag;CO; (2.0 equiv) NP
IPICN, DCE, 150 °C, air
2
F o F o £ o
/\(U\N,Plp \/\HLN,PIP \H‘/\HLN,PIP
NP NPhitt! Nehet!
Abu, 2a, 76% Nva, 2b, 73% 2¢,70%
dr=7:1 dr=8:1 dr=9:1
£ £ o L
Pn\/'\l)LN,PxP NP"“‘W:\(‘LN'MP O -PIP
N * NP
Homophe, 2d, 76%° Lys, 20, 65%° 2, 32%
dr>19:1 dr>19:1 dr>19:1
E oo £ .0 £
PP F,plp NP
Nenef! & NPh & Nenuf?
Phe, 29, 85%7 FPhe, 2h, 65% ClPhe, 21, 72%
dr>19:1 dr>19:1 dr>19:1

F O FE O F O
- NP O N Nenuf?

BrPhe, 2j, 73% NO,Phe, 2k, 61% Napmhylda 21, 53%
dr>19:1 dr>19:1 dr>19:1

“Reaction conditions: 1 (0.30 mmol), Pd(OAc), (10 mol %),
Selectfluor (2.5 equiv), Ag,CO; (2.0 equiv), Fe(Oic)z (0.3 equiv),
PrCN (300 4L), 3.0 mL of DCE, 150 °C, air, 14 h. “Isolated yields.
€025 equiv of Fe(OAc),. “Without Fe(OAc),. PIP = 2-(pyridin-2-
)isopropyL.

diastercoselectivitics (2a—e). In addition, the cyclic amino acid
derivative, benzyl-2-((2-(pyridin-2-yl)propan-2-yl)carbamoyl)-
piperidine-1-carboxylate (1f), was an effective substrate,
affording the desired product 2f in 82% yield. Moreover, a
predominant preference of functionalizing -C—H bonds over
the relatively reactive benzylic y-C—H bonds was also observed
(2d), distinguishing this process from the current direct
fluorination methods which favor the benzylic C—H bonds.
Furthermore, phenylalanine and naphthylalanine derivatives
were also effective substrates, providing the corresponding f-
fluorinated amino acid derivatives in good yields with excellent
diastereoselectivities (2g—1). Additionally, the structure and
absolute configuration of the phenylalanine derivative L-2g
(CCDC no. 1052086) were confirmed with X-ray analysis
(Figure 1).

Next, a substrate scope study of nonamino acid aliphatic
amides was carried out. As shown in Scheme 3, both linear and
a-branched aliphatic amides afforded the desired products in

=z
i i
N
HN._O
[e]

X,

F

(o]}
Phe, L-2g

Figure 1. X-ray crystal structure of L-2g.
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Scheme 3. Scope of Aliphatic Amides“”
Pd(OAC);(10 mo! %)
Selectfluor (2.5 equiv)

_PIP
)\(lL Fe(OAc). (0.75 equiv), Ag2CO3 (2.0 equiv)
MeCN, DCE, 150 “C, air

F o0
":\.)LN'P'P
g H

4

3
PIP
s A coe »
10 u H
4a, 51% 4b,80% 4c, 75%
F o F O F o
P P
Ph\)\)LH_ P Phﬁz)\)Lu,mP Ph)\)ku,m
4, 91% 4de, 71%° 4f, 72%
o
F O E 0 € NP
- 3 t
P
a/\(u\n' P Ph/\)’\u,mv B
Pr "Pr
49.73% 4h, 54%° 4. 7%
dr>19:1 dr> 191 dr>19:1
£ 9 £ 9 £ 9
- NPP nPP NPIP
H H H
4), 60%° 4k, 74%’ 4,72%
dr>19:1 dr=5:1 dr>19:1

“Reaction conditions: 3 (0.30 mmol), Pd(OAc), (10 mol %),
Selectfluor (2.5 equiv), Ag,CO; (2.0 equiv), l'e(OAc) (0.75 equiv),
MeCN (400 L), 3.0 mL of DCE, 150 “C, air, 14 h. blsolated yields.

“3.0 equiv of Sclectfluor. 402 cquiv of Fe(OAc),. “Without Fe(OAc),.
40.5 equiv of Fe(OAc),. PIP = 2-(pyridin-2-yl)isopropyl.

good yields under modified reaction conditions (4a—I).
Similarly, functionalization of f-C—H bonds was favored over
the relatively reactive benzylic 7- or §-C—H bonds (4d and 4e).
As expected, high diastereoselectivity was also observed with a-
branched aliphatic amides (4g—I). Furthermore, it was found
that the current process favored functionalization of f-C—H
bonds of the sp* carbons over y-C—H bonds of the sp carbons,
indicating that formation of a five-membered ring intermediate
is preferred to the six-membered ring intermediate in the
cyclopalladation step (4k and 41).

To further demonstrate the synthetic utility of this
fluorination method, removal of the protecting and the
directing group PIP was carried out, and the corresponding
products were obtained in good yields (Scheme 4).

Scheme 4. Removal of Protecting Group and Directing
Group

pip _NHNHZHO

- ‘PIP
Nm“ M°°"
o1% yma
1) Ac0/AcOH
©/\I)L _ NaNOp-15°C
2) LiOH, 30% H,0,
nen! 3) Na,SO4 N"N"
65% overal yield

In addition, no apparent racemization of the a-chiral center
was observed during the fluorination of the D-2-(1,3-
dioxoisoindolin-2-yl)-3-phenyl-N-(2-(pyridin-2-yl)propan-2-
yl)propanamide (D-1g) (Scheme §).

On the basis of the above obtained results and the previous
reports,”' ' 2 plausible reaction mechanism is proposed

3740

Scheme 5. Synthesis of D-2g

H O PA{OACK(10 mol %) FE o
-PIP __Selectfivor (2.5 equw) N-PP
e
DAg rCN, 1 D-2g
98% ee 9% 2e

(Figure 2). Coordination of amide 1 or 3 to a palladium species
followed by a base-promoted ligand exchange process produces

20r4 Pd'X, 1or3
)/ \ste
R2 Pd"- Ny R? Pﬁg

( base
[¢]
N
N Rz..»<E| -
RZ 0
ﬁtm - )

v
ivN 1
\/% R
B

R'FL
/CI
I
[oT
4
Selectfluor

Figure 2. Proposed catalytic cycle of f-fluorination.

the palladium complex A. Subsequently, cyclometalation of the
palladium complex A occurs to generate the intermediate B via
a C—H bond activation process. Oxidative addition of the
intermediate B with Selectfluor provides the palladium(IV)
species C, which then gives rise to the final product 2 or 4 via
reductive elimination followed by ligand dissociation.”
Although the exact role of Ag,COj; in the reaction is not
clear, it is believed that this species participates in the ligand
exchange and subsequent C—H bond cleavage steps by acting
as a base, and also possibly promotes the oxidative addition of
Selectfluor to the intermediate B. On the other hand, the role
of Fe(OAc), in the reaction could be the promotion of
releasing PA(II) species from the intermediate D.

In summary, the palladium-catalyzed ligand-directed highly
site-selective fluorination of amino acid derivatives and aliphatic
amides was developed via an sp* C—H bond functionalization
process. This reaction showed high diastereoselectivity and
good functional group compatibility. Additionally, a great
preference for functionalizing the C—H bonds of f-sp® carbons
over those of relatively reactive 7-sp> or benzylic sp® carbons
was observed. As mentioned earlier, current methods for the
direct fluorination of unactivated sp* carbons suffer from poor
site selectivity, incompatibility with benzylic carbons, and low
diastercoselectivity in many cases. Therefore, this reported
process provides a complementary and advantageous approach
to access fluorine-containing organic molecules. The detailed
mechanistic study of this transformation is currently underway
in our laboratory.
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Transition-metal-catalyzed cross dehydrogenative coupling
is a highly efficient tool for functionalization of C(sp®)-H
bonds. In particular, the inexpensive first-row transition
metals have been demonstrated as effective catalysts in this
process. This microreview summarizes recent progress
in two classes of first-row-transition-metal-catalyzed de-

hydrogenative reactions: intramolecular cyclization for C-C
bond formation, and directed site-selective C-H functionali-
zation. These transformations provide concise and practical
approaches for preparation of various organic compounds,
but so far they are underdeveloped.

1. Introduction

Transition-metal-catalyzed direct functionalization of
unactivated C(sp?)-H bonds has received a great attention
in the past two decades!' Tn particular, cross-de-
hydrogenative coupling (CDC) reactions have emerged as a
powerful tool for the selective construction of C-C, C N,
C-0, and C-P bonds.?! In thesc transformations, atom
cconomy is maximized by avoiding the prefunctionalization
of the substrate and coupling partners. Moreover, molec-
ular oxygen is often employed as the sole oxidant in de-
hydrogenative reactions, generating water as the by-product.

[a] Department of Chemistry and Chemical Biology,
Indiana University — Purdue University Indianapolis
402 N Blackflord St, Indianapolis, IN 46202, USA
li-mail: geh@iupui.cdu
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Therefore, in comparison with traditional methods, de-
hydrogenative C-H bond functionalizations are more ef-
ficient and environmentally friendly, and thus it would have
broad application in industrial catalysis.

In the past few years, there has been considerable re-
search interest in non-noble-transition-metal-catalyzed di-
rect functionalization of unactivated C H bonds.*! The
earth abundant first-row (ransition metals such as iron, co-
balt, nickel, and copper, are attractive alternatives to the
traditional precious metals in catalysis for their low cost
and environmentally friendly properties. However, although
copper-catalyzed cross dehydrogenative coupling reactions
have been extensively studied, some new trends in this re-
search area involving the employment of other first-row
transition metals for sp*-hybridized carbon atoms are less
inspected. The aim of this microreview is to highlight the
most important progress that has recently been made in our

o tion.
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laboratory and by others in the field of first-row-transition-
metal-catalyzed dehydrogenative coupling of C(sp*)-H
bonds. Two categories of these reactions are discussed here:
1) intramolecular C—-C bond formation, and 2) directed site-
selective C—H functionalization.

2, Intramolecular Aerobic Dehydrogenative
Construction of C—C Bonds Through C(sp*)-H
Bond Functionalization

Selective C-C bond formation reactions are essential
strategies in organic synthesis to set up [ramework of com-
plex organic molecules.[! As one of the most cfficient tools
for C—-C bond construction, cross dehydrogenative coupling
has become a highly active research area and extensive
progress has been achieved in recent years!s! However,
the field of transition-metal-catalyzed intramolecular de-
hydrogenative C-C bond formation {rom sp? carbons, espe-
cially with non-noble metals, is underdeveloped. This trans-
formation should have broad application in synthetic chem-
istry, because it provides efficient and atom economical
pathways toward the preparation of many physiologically
and biologically important heterocyeles. Pioneering work in
this field is discussed in this section.

Cu-Catalyzed Synthesis of Oxindoles

The first example of Cu-catalyzed intramolecular C-C
bond formation through C(sp®)-H bond functionalization
was reported by Taylor and co-workers in 2010 for the syn-
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1 2
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Plausible mechanism:

@ o o,
Y

-e,-H"

<R H /R
SRENG g
N™ "0 N
I \
. H\ R R
L. o &
N N
\ \

Scheme 1. Cu-catalyzed synthesis of oxindoles.
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thesis of oxindoles, a class of important substructures in
natural products and biologically active molecules, from
anilindes (Scheme 1).1° This transformation had previously
been achicved with stoichiometric copper salts in Taylor’s!”!
and Kundig’s group.!® In this innovating catalytic process,
the authors devised an efficient procedure using catalytic
Cu(OAc)>'H,O in mesitylene under air for the synthesis of
oxindoles, and a series of 3,3-disubstituted oxindole prod-
uets were readily obtained within 3 hours in good yields,
albeit at a higher temperature than that with stoichiometric
copper. In accordance with the previous proposed mecha-
nism for the stoichiometric process, it is believed that the
reaction is initiated by the enolization of the amide, (ol-
lowed by radical generation. The subsequent homolytic aro-
matic substitution affords the oxindole products. Oxygen
in air oxidizes Cu® to Cu'™ to complete the catalytic cycle,
producing water as by-product.

Cu-Catalyzed Synthesis of 3,4-Dihydro-1/-quinolin-2-ones,
and 1,2,3,4-Tetrahydroquinolines

The Taylor’s group further extended this intramolecular
dehydrogenative cyclization to the synthesis of other biolo-
gically and pharmaceutically valuable heterocycles, includ-
ing thio-oxindoles, 3,4-dihydro-1H-quinolin-2-ones, and
1,2,34-tetrahydroquinolines (Scheme 2).°1 Cu(2-cthylhex-
anoate), was found to be the most efficient catalyst, and
the reactions were performed in toluene at 120 °C. Control
experiments and observations in substrate scope studies
suggest that radicals and homolytic aromatic substitution
are involved in this transformation.

Cu(2-ethylhexanoate),

GWE EWG
N EW (10 mol-%) .
R'T / 2 G DIPEA (22 equiv) L R
N Bwe " R .
R2 R? toluene, 120 °C, air N™ "0
RZ
3 4

EtO,C CO,Et EtO,C CO,Et EtO,C CO,Et
l]l o] T o] 'il [e]

100% 100% 93%
Et0,C CO,Et EtO,C_CO,Et Et0,C CO,Et

2% 75% 75%

Scheme 2. Cu-catalyzed synthesis of 3.4-dihydro-1H-quinolin-2-
ones, and 1,23 4-tetrahydroquinolines.

Cu-Catalyzed Synthesis of Cinnolines

In 2012, we reported N-methyl-N-phenylhydrazones as
unprecedented substrates for copper-catalyzed intramolec-
ular dehydrogenative cyclization for the formation of cinn-
olines, which have demonstrated a broad range of biological

Eur. J. Org. Chem. 2015, 7859-7868

289



Metal-Catalyzed Dehydrogenative Coupling of C(sp®) H Bonds

activities (Scheme 3).1% Interestingly, the combination of

Cul and CuSO, was found to be the optimal catalyst sys-
tem, and addition of CF;SOsH along with excess pyridine
significantly improved the yields. Diverse cinnoline deriva-
tives with diverse substituents were prepared by this method
through the direct functionalization of C(sp?)-H and
C(sp*)-H bonds.

CuSOy (1.5 mol-%),
Cul (7 5 mol-%)

(I CF3$03H (1 equiv.), @/k
Py (3.5 equiv.)
0O, (1 atm),
DMF, 110 °C
N Ph FiC 7 ph
80% 91% 95%
N=N . .
/
64% 80% 90%

Scheme 3. Cu-catalyzed synthesis ol cinnolines.

In the deuterium-labeling experiments, the kinctic iso-
tope effect value ky/kp, was found to be 1.2:1, suggesting
that the rate-determine step might not include the cleavage
of the aryl C(sp?) H bond. We believe that the rate-deter-
mine step may lake place during the oxidation of the methyl
group adjacent to the imine moiety. This reaction was pro-
posed to start with the oxidation of 5 into the aldehyde
10 by oxygen and catalytic copper (Scheme 4).['') Copper-
assisted cyclization followed by loss of the hydroxyl group
and subsequent nucleophilic substitution of pyridine pro-
viding the final product cinnolines 6.

5"@

100 [Cu-0,
| \r[cm“] o
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NN en @ NN Sph
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O&WQVﬂW
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~[Cu"|oH
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CRL ”@QA o @Qx J -
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py b OH HOY fcu
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Scheme 4.
cinnolines.

Copper-Catalyzed Synthesis of Pyrazoles and Pyrazolines

The first report of copper-catalyzed intramolecular aero-
bic dehydrogenative construction of C-C bonds via func-
tionalization of two C(sp*)-1I bonds was developed in our

Eur. J. Org. Chem. 2015, 7859-7868

Proposed mechanism for Cu-catalyzed synthesis of
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Eur|OC.

of Organic Chemistey
group in 2013 (Scheme 5).I'% The five-membered helero-
cycle, pyrazoles, were prepared from N,N-disubstituted
hydrazones by employment of CuBrrDMS as the catalyst
under atmospheric oxygen. It was noted that the addition
of dimethylsulfide (DMS) as the co-solvent greatly im-
proved the reaction yields.

R'\rH H CuBr-DMS (10 mol-%), DBU (30 mol-%) R
R3 KI (50 mol-%), Cs,COj3 (1.1 equiv.) _— R?
RN NN 2N e /e
| Oy (1 atm), DCE/DMS (10:1), 135 °C N \ 7.
18
Ph
&l / |
< > <,N <:> <,N -N
N N N—N y
lPr iPr lPr
82% 81% 80% 79%
Ph\(YQ Ph(\/p Ph (\N‘/
NN NN F N
il IPI’
89% 85% 75% 68%

Scheme 5. Cu-catalyzed synthesis of pyrazoles.

A time-dependent study showed that a pyrazoline inter-
mediate 22 was rapidly formed during the reaction, and
then consumed. Furthermore, this intermediate can be con-
verted into the pyrazole product under the standard reac-
tion conditions in ncarly quantitative vicld. Based on the
above results and previous reports,l'> a plausible catalytic
cycle was proposed (Scheme 6). The reaction is belicved to
be initiated by oxidation of the amine on 17 to generate the
iminium ion intermediate 20. Tautomerization of 20 to the
enamine-type structure 21 followed by intramolecular cycli-
zalion provides the dihydropyrazole intermediate 22, which
is then oxidized to afford the pyrazole product.

RU_H _H gy o, RRLH _H (o, B R!

E A R

RN Re NN Re RN R
17 19 20

R! R! 1 u
UL W

{N Y

RZ-I\-“N/ R3 Rz-N,N/ SN

H

R® R? ¥ m R?
23 22 21
jor
R! R!
Rz-nRa RZ‘D\ 3
N N R
24 18

Scheme 6. Proposed mechanism for Cu-catalyzed synthesis of pyr-
azoles.

Recently, we further investigated the copper-catalyzed
aerobic dehydrogenative cyclization of N,N-disubstituted
hydrazones and expanded it to the diastereoselective syn-
thesis of pyrazoline derivatives (Scheme 7).'*) Through
modification of reaction conditions, we managed to avoid
the oxidation to pyrazoles [ollowing the cyclization, and
pyrazoline derivatives with {wo chiral centers were obtained
by the dircet C(sp?)-11 functionalization. Under the opti-
7861
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mized conditions, a variety of hydrazone substrates under-
went this transformation, affording the pyrazoline products
exclusively. To our delight, this reaction also features high
diastereoselectivities.

Cu(OTf), (10 mol-%),

RY T KOAc (0.5 equiv.)
g3 DBN (05 equiv.), R* R®
) K1 (1.0 equiv.) 'Z—\<
— T

N
R1’\N'N 0, (1 atm), RN
(R NMP/tAmOH, 100°C & g2
25 26

86%
anti:syn =6.8:1

85%
anti:syn =9.0:1

82%

syn:anti = 3.8:1

84%
anti:syn > 19:1

79%
syn:anti > 19:1

90%
syn:anti > 19:1

Scheme 7. Cu-catalyzed diastereoselective synthesis of pyrazolines.

A plausible reaction mechanism based on the previous
reports was proposed (Scheme 8).'5T The high diasterco-
selectivity was rationalized by a S-center/6-electron system
according (o the reports of Hoffmann and List.!"% In such
homoconjugated systems, a U-shaped planar conformation
is favored when the electrons are placed in the symmetric
1,5-bonding HOMO orbital. Consequently, a disrotatory
mechanism is required for the symmetric HOMO in the
case of thermally induced electrocyclic ring closures, and
thus corresponding pyrazoline products (anti 26 and syn-
26) are produced. A series of computational density func-
tional theory (DIT) studies on representative S-center/

R¢ R R* R*
R® i R® R3 R®
\f S0 i Kf . Kl( R'
4
RN RN RSN k\f«’N
R? R? R? R?
25 27 28a 28b

ﬂ

B R -
o \ 3 3
'(_( (® & \rR r‘&rR =
NH ~— ‘,\~ NH I NH
2

ead R1£§N1NH Ri_N
R 2 4 g,
anti- 26 30a 29a 29 29c ‘ 29d
) R R Rs
( ., l—\( B: \
QS RN RI7 M
) R? R?
non-bonding syn-26 30b
HOMO

Scheme 8. Proposed mechanism for Cu-catalyzed synthesis of pyr-
azolines.
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6-electron systems were also carried out, and the results
were found to be consistent with experimental observations.

3. Directed Dehydrogenative Coupling of
Unactivated C(sp*)-H Bonds

A major challenge in transition-metal-catalyzed direct

C H bond functionalization reaction is the requirement of

site-selectivity in molecules that contain diverse C-1I bonds.
This can be solved by the use of substrates that contain
coordinating ligands as directing groups.l'” The metal cen-
ter binds to the ligands and is delivered to a proximal C-11
bond through the formation of a metalacyclic intermediate.
In 2005, Daugulis reported the use of 8-aminoquinoline
and picolinamide as bidentate directing groups for the Pd-
calalyzed arylation of unactivated C(sp?)-H bonds.!"® En-
couraged by these results, a number of site-selective C(sp?)—
H bond functionalization reactions have been developed
with bidentate directing groups."! Recently, some non-no-
ble metals have been demonstrated to be cffective catalysts
in these transformations. In this section, directed de-
hydrogenative coupling of unactivated C(sp?) H bonds cat-
alyzed by copper, nickel, and cobalt salts is discussed.

Copper-Catalyzed Intramolecular f-Amination of C(sp*)-H
Bonds

In 2014, we reported a novel copper-catalyzed intramo-
lecular dehydrogenative amination of aliphatic amides via
C(sp*)-11 bond functionalization dirccted by the 8-amino-
quinoline ligand (Scheme 9).* Previously, only the expens-
ive palladium catalysis was utilized for such reactions, !
We demonstrated that CuCl is able to cfficiently catalyze
this reaction with duroquinone as the oxidant and
PhCO;Na as the base. A variety of B-lactams were success-

fully synthesized under these conditions. A preference of

amination of the B-methyl sp® carbons over y-aromatic sp?

carbons was obscrved. Furthermore, a reactivity order of

B-benzylic carbons > B-methyl carbons > B-ring carbons

88 a
o fLN,
H
H

CuCl (20 mol-%)
duroquinone (1.2 equiv.)

(o]
AR!
(E> n N-Q
PhCO,Na (1.5 equiv.) R2

R3 o-xylene, 160 °C, air R3
31 32
? 0 o 0
\?&N'Q >%£N7Q \(\%N—Q O&wo
32a, 84% 87% 6% 75%
SYMieac % e
1% 17% 70% 22%

Scheme 9. Cu-catalyzed intramolecular amination 1.
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> B-linear carbons was summarized for the C-H function-
alization of B-sp?® carbons.

In the deuterium labeling experiments of 2-ethyl-2-
methyl-N-(quinolin-8-yl)butanamide (31a), no apparent
II/D  exchange was observed during the reaction
(Scheme 10). A secondary kinetic isotope effect was ob-
served, suggesting that the cleavage of the sp® C H bond
should not be involyved in the rate-limiting step in the cala-
Iytic cycle.

a)
o standard Q Q 9
Et .Q  conditions N” Et Q
Et' CDj D Et' CD4
Et D
s 8
>99% D >99% D >99%D
[D3)-31a [D;}-32a37%  recovered [Dy]-31a 57%
b)
fo) standard O, e} standard O,
conditions Q diti Q
Et Q N Et _Q conditions N
NT e Et N =&
Et Et 4 H CD3 Et ¢ D
3a 32a ys [Dgl-31a [D,)-32a
kilkp =1.2

Scheme 10. Deuterium labeling experiments for Cu-catalyzed -
amination.

Subscquently, a postulated mechanism was illustrated
(Scheme 11). The reaction begins with coordination of
amide 31 to a Cu'! species followed by ligand exchange un-
der basic conditions and subsequent cyclometalation to
form the alkyl-Cu'* species 34. This intermediate is then
oxidized by another Cu™ species to generate the alkyl-Cu™
complex 35 and a Cu' species. Finally, the -lactam deriva-
tive is obtained via reductive elimination of the Cu! com-
plex 35.

Tetramethylhydroquinone 31, PhCO,Na
cu'X,
Duroquinone: PhCO,Na PhCOzH + NaX
PhCO,H + NaX o
Cu'X R!
2 N |
R ’Cull ~N S
H X
32 33
PhCO,Na
PhCO,H
+NaX

Q 0
Rg&” R%N
RZ\_cu" R2 \Cu!
N N\ / N N\
35 34
cu''X,

Scheme 11. Proposed mechanism for Cu-catalyzed intramolecular
amination.

At the same time, Kanai and co-workers independently
developed this intramolecular amination reaction with
Cu(OAc); in the presence of an excess amount of Ag,COx
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(Scheme 12).1221 Similar substrate scope and conversion
yields to our work were described. Since Ag,CO; was em-
ployed as the oxidant, it is believed that the Cu(OAc), is
oxidized (o a Cu™ species before the C H activation, and
thus a CuMY/Cu? catalytic cycle was proposed for the amin-
ation process.

Y Cu(OAc), (20 mol-%) o
(%R a Ag,CO; (3.0 equiv.) -R!
- (s .
2t N f N-Q
3 H DCE, 140 °C “R2
R3NH R?
31 32
o
o] o] o
FsC -
>éN—Q s)éN—Q O&N-Q N
Ph
86% 89% 7% 83%
o
o o
- (o] N-Q +
N-Q N BP&N—Q
Q Ph
65% 31% 64% 25%

Scheme 12. Cu-catalyzed intramolecular amination 2.

You and co-workers recently reported that the above re-
action could be performed by catalytic copper with oxygen
gas as the sole oxidant (Scheme 13).**1 This aerobic process
provides a more ¢cconomical and practical protocol to the
B-lactam compounds. Interestingly, it was observed that the
amination of B-methyl carbons is favored over that of B-
benzylic carbons under the aerobic conditions.

R i

(LR Q Cul(20mok%) Oy (Tatm) (4R

‘*-R2 N i'n N-Q
H NayCO3 (2.0 equiv.) “R2

R H PhCN/o-xylene, 140 °C R3
31 32
o
o o
Sova e XM
Ph
92% 94% 63%
o 9 o}
N-Q g WN—Q
62% 66% 60%

Scheme 13. Cu-catalyzed intramolecular amination 3.

Nickel-Catalyzed Intramolecular p-Amination of C(sp?)-H
Bonds

Inspired by the development of directed Ni-catalyzed
site-selective direct arylation and alkylation reactions of ali-
phatic amide derivatives by Chatanil® and our group,3
respectively, the Ni-catalyzed site-selective intramolecular
dehydrogenative cyclization of 2,2-disubstituted propion-
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amides was realized in our laboratory (Scheme 14).12%) It
was found that Ni(DME)I, could efficiently catalyze the
reaction in the presence of TEMPO and bases, affording -
lactams in good to excellent yields. We also discovered that
in comparison with the above copper-catalyzed cyclization
process, this nickel catalysis system features different regio-
selectivities toward C-H functionalization of the B-sp?
carbons: 1) the amination of the sp? B-methyl carbons is
favored over that of the sp? y-phenyl carbons, indicating
that the formation of the five-membered metalacyclic inter-
mediates takes priority; 2) a preference for the reaction on
the primary f-methyl carbons was observed over that of the
relatively reactive benzylic secondary B-benzylic carbons.

(hriQ Ni(DME),l; (10 mol-%), TEMPO (3 equiv.) o
& )'nR Q KyHPO, (2 equiv.), TBAI (0.1 equiv.) (,).~R1
5 N” in N-Q
R H NPrCN/PhCN, 150 °C SR
R3"™H R3
o o o o
91% 85% 93% 81%
o o
o " o
N-Q + N-Q
N-Q Et N-Q
Bn
Ph Ph
92% 73% 82% 7%

Scheme 14. Ni-catalyzed intramolecular amination.

A plausible catalytic Ni"/Ni'™/Ni! cycle is proposed for
this intramolecular amination reaction (Scheme 15). The
Ni™! intermediate 36 is believed to be produced from oxid-
ation of the cyclic Ni'" species by the single electron oxidant
TEMPO. Additionally, H/D exchange was observed for the
deuterium-labeled substrate under the amination conditions
with and without the TEMPO, suggesting that the conver-
sion from 37 to 38 is reversible. It should be mentioned that
a catalytic Ni"/Ni"™ cycle cannot be excluded.*”!

TEMPO
Ni'X

KH,PO,
+ KX

RB&N
R? Ni'
N7

R3
37

Scheme 15. Proposed mechanism for Ni-catalyzed intramolecular
amination.
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Cobalt-Catalyzed p-Amination of C(sp®)-H Bonds

Although cobalt-catalyzed C(sp®)-H bond functionaliza-
tion has been well established, only a few examples of the
direct functionalization on sp* C-H bonds with a cobalt
salt have been reported.l*® In 2015, we developed the co-
balt-catalyzed site-selective direct C—H amination of unacti-
vated sp® carbons with the aid of a bidentate directing
group (Scheme 16).1*?1 B- and y-lactams were prepared with
catalytic Co(OAc), in the presence of Ag,CO; and
PhCO,Na in PhCl through intramolecular cyclization of
amides. It is noteworthy that different from copper- and
nickel-catalyzed amination reactions, a-quaternary carbons
are not required in the amide substrates, and a-monosubsti-
tuted propanamides are viable in the cobalt-catalyzed amin-
ation. It was also noticed that functionalization of the y-
benzylic carbons was greatly preferred to that of B-methyl-
ene carbons. Furthermore, under modified reaction condi-
tions, intermolecular amination of propanamides with tri-

fluoroacetamide or heptafluorobutanamide was also
achieved.
) Co(OAc); (10 mol-%)
n Agz()03 (2.5 equiv.)
2
PhCO,Na (0.5 equiv.)
PhCI, 150 °C
o)
N-Q
O&N'Q thr?¢
83% 83%
9 o)
Bu—éN-Q %N- Q
H Bn
£ Ph Ph
78% dr >20:1 75% 1% 86%
( AR [e] Co(acac); (20 mql-%) Q
n Q Ag,CO3 (3.0 equiv.) u
2
R K;HPO, (1.5 equiv.), B(OH)s (0.5 equiv.) NH
H PhCFs 3A MS, 160 °C o)\Ra
40
i o] e Q i Q i Q
/EL” e N
NH NH NH NH
07 >n-CsF; 07 > n-CsF; o)\n-caF7 0)\n-03F7
64% 50% 66% 57%

Scheme 16. Co-catalyzed - and y-amination of amides.

To further probe the reaction mechanism, deuterium-
labeling experiments and control experiments were con-
ducted. In the intramolecular B-amination reaction, a pri-
mary kinetic isotope effect was observed for the deuterated
amide substrate, suggesting that the cleavage of the C(sp®)
H bond should be the rate-limiting step. In the intramolec-
ular and intermolecular amination of B-carbons, it was
found that the Co' catalyst could be replaced by Co'™ cata-
lysts, but no amination product could be obtained in the

Eur. J. Org. Chem. 2015, 7859-7868

293



Metal-Catalyzed Dehydrogenative Coupling of C(sp®) H Bonds

294

absence of Ag,COs. These resulls suggest that a Co'M! spe-
cies could be involved in the C-11 bond activation, but the
product is unlikely generated directly by reductive climi-
nation of a Co™ intermediate. The addition of TEMPO, a
radical inhibitor, showed no significant effect on the reac-
tion yield, implying that radicals might not be involved in
the catalytic process. On the basis of above results, a plaus-
ible catalytic cycle was proposed for this cobalt-catalyzed
intramolecular B-amination (Scheme 17). The coordination
of the amide 31 to a cobalt species followed by ligand ex-
change and subsequent cyclometalation gives rise to the
Co™ intermediate 42, which is then oxidized by Ag,CO; to
generate the Co' intermediate 43. Reductive elimination of
intermediate 43 affords the desired B-lactam compound 32.

Ag2CO3 Ag

Co'X It
5 Co'"'Xy 31,8

\ BH
Q o] o)
R! N BH Rl R!
R? Co V3 H’?‘ | 7 N |
N/ R CoV-Na R LCo"-Ny
R? R¥ X X R3 X
43 44 “
Ag -
& / B
R N
Ag2CO4 ! BH
R2 Co'l
"N, )
R3 \
42

Scheme 17. Proposed mechanism for Co-catalyzed intramolecular
amination.

Copper/Nickel-Catalyzed Carbonylation of C(sp*)-H Bonds

Recently, we developed a novel Ni/Cu synergistic cataly-
sis system with DMF as the CO source for the direct carb-
onylation of C(sp?)-H and C(sp*)-H bonds (Scheme 18).13)
Succinimide derivatives were prepared from corresponding
aromatic or aliphatic amides with 10 mol-% of a Ni' salt
and 20 mol-% Cu(acac), in the presence of DMF under
oxygen gas. For reactions of aliphatic amides, a predomi-
nant preference of [unctionalizing the methyl group over
the methylene groups including the relatively reactive
benzyl group was observed.

To gain some insights on the reaction mechanism, iso-
tope studies and control experiments were carried out
(Scheme 19). First, to investigate the exact carbonyl source,
the isotope labelled DMF('*C=0) was used as the solvent
for the carbonylation of 45a. Only 3.4% of the product 46a
was 3C incorporated, suggesting that the carbonyl carbon
might predominantly be from the methyl group of the
DMFE. Then some potential intermediates were synthesized
and exposed to the stardard conditions. It was found the
desired phthalimide derivative 46a was produced exclusively

Eur. J Org. Chem. 2015, 7859-7868

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of Organic Chemistey

Eur|OC.

lo) NiBr, (10 mol-%) 4
R! q Cu(acac), (20mol-%) R
R? N - - R N-Q
RS SH Na,COs (0.3 equiv.), R®
TBAPFg (1.5 equiv.) 450
45 DMF, O, (1 atm),
160 °C
2 Bt P ph. P
@N—Q Et)EiN—Q Me~T" ‘N-q
o] 0
463, 80% 46b, 76% 72%
Bn 2 2 F3C, 2
ET;QN—Q N-Q Me)qiN—Q
o) 0 0
70% 83% 63%

Scheme 18. Cu/Ni-catalyzed carbonylation of C(sp*)-H bonds.

from 2-[(dimethylamino)methyl|-N-(quinolin-8-yl)benz-
amide (49). Additionally, in the deuterium-labeling experi-
ments, an apparent H/D exchange was observed with the
deuterated amination product 46b, implying that an enolate

ion might be involved as an intermediate during the forma-
tion of the product.
H o
H Li;COj3 (0.4 equiv.), THAB (1.0 equiv.)
Ny 5 N-Q
3
o) -C~ 02 (1atm), 160°C

45a | 46a
3.4% '3C incorporation

1) Isotope study
Nil, (10%), Cu(acac), (20%)

2) Control experiments

o o
Q Q
N standard standard N
&diﬁois WW
o]
N__H 0% 0% HN__H
o
] )
47 48
2 45% 462" 0% it
N2 NQ
H standard standard H

conditions conditions
49 50
3) Deuterium labelling experiment
(o] o]
-Q  standard conditions Q
Et N > Et N
Et 90% yield Et
g I H H O
[D,]-46b (78% D) 46b (>99% H)

Scheme 19. Cu/Ni-catalyzed carbonylation of C(sp®)-II bonds.

According to the above observations and previous re-
ports,P!l a  possible catalytic cycle was proposed
(Scheme 20). The initial coordination of amide 45 to a Nilt
species, followed by the ligand exchange under basic condi-
tions provides the intermediate 51. The subsequent cyclo-
metalation of 51 gives rise (o the intermediate 52. Simulta-
necously, the DMI undergoes decarbonylation, nuclcophilic
78635
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addition, and elimination under copper catalysis with oxy-
gen as the terminal oxidant to generate an iminium ion 53.
Then nucleophilic addition of 52 to 53 produces the inter-
mediate 54, which undergoes oxidation and intramolecular
nucleophilic addition to provide the intermediate 56. The

target product 46 is afforded by oxidation and hydrolysis of

the intermediate 56.

SN

viH\/(*"’\Y\g,

JL) N7

I co A
¢Cu", 0, N
0 o .
. cu', o;
sl 22 g /<(“
\ Ho I I
55

mechanism  for

Scheme 20.  Proposed
onylation.

Cu/Ni-catalyzed carb-

Copper-Promoted p-Arylation of Amides via C(sp®)-11
Bond Activation

In a very recent report by our group, polyfluoroarenes
were demonstrated as effective coupling partners in the cop-
per-promoted cross dehydrogenative coupling of unacti-
vated C(sp?)-H bonds of amides (Scheme 21).13% Tt was
found that di-fert-butyl peroxide is the best oxidant choice,

o
RY .Q
\(\ _Cu(OAc, (tBuO), _ N
R? H
Py DME/1 J4-dioxane —
140°C
EA_/ 61
o o] o o
f Et Q 3
Et N Q N Et N Q Et Q
nPr H nPr H nPr H o N
F F F F F B
— F
F F F F SN |
B CFs CN
92% 94% 7% 83%
o
Bn AcO PhthN Q
Et N’ Et N’
H
CeFs’
84% 71% 91% 67%

Scheme 21. Cu-promoted B-arylation of amides.
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and the addition of pyridine is essential for acquiring high
reaction yields. Although satisfactory yields could be ob-
tained only with stoichiometric Cu(OAc),, utilizing ploy-
fluoroarenes as substrate in the CDC reaction is still a sig-
nifcant advance. A variety of fluoroarenes bearing electron-
withdrawing and electron-donating groups proved to be
feasible in this reaction.

Based on the deuterium-labeling experiments and pre-
vious reports,Pl a plausible mechanism was proposed
(Scheme 22). The catalytic process begins with the revers-
ible C-H cupration of the polylluoroarene in the presence
of pyridine. Coordination of this Cu'" species to the sub-
strale amide 60, [ollowed by the ligand exchange forms a
Cu'' intermediate 63. Subsequent oxidation, cyclomet-
alation, and reductive elimination followed by a ligand
dissociation process gives rise to the arvlated product 61.

60, Py

11

(tBuO),

61 Cu'X

59, base

Py, HX

‘/4 63
(tBuO); or CullXy

Friy 64

base = AcO", tBuO", or Py; X = AcO™ or tBuO~

Scheme 22. Cu-catalyzed B-arylation of amides.

4. Summary and Remarks

In the past few years, significant advances in transition-
metal-catalyzed dehydrogenative coupling of C(sp®)-H
bonds have been made. In the field of intramolecular de-
hydrogenative construction of C-C bonds, some pioneering
work was reported. A variety of heterocyeles have been syn-
thesized in the atom-cconomic and cost-cffective manners.
These results promise dramatic pathways toward the con-
struction of complex organic [rameworks (rom simple star(-
ing materials.

On the other hand, directed first-row-transition-metal-
catalyzed C(sp*) H functionalization is still in its infancy.
There are many challenges remaining to be addressed. For
example, u-quaternary carbons are generally required for
the C-H activation process, and thus the substrate scope is
limited. ITigh reaction temperature is another limitation for
the application of these transformations. I'urthermore, re-
giosclective functionalization of unactivated v-C(sp?)-11

Eur. J. Org. Chem. 2015, 78597868
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bonds has not been achieved. To overcome these draw-
backs, efforts in the exploitation of structurally new direct-
ing groups, as well as new catalysts and reagents can be
expected.
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Introduction

During the past decade, transition metal-catalyzed cross coup-
ling has been extensively studied as a powerful synthetic tool
for selective carbon-carbon (C-C) bond formation.' In particu-
lar, transition metal-catalyzed decarboxylative coupling has
recently attracted more and more attention.” Compared with
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ium oxalate monoesters in the presence of potassium persulfate was performed under mild conditions.
A number of benzoyl esters with a wide variety of substituents at different positions were efficiently syn-
thesized with this method. Mechanism of the palladium-catalyzed decarboxylative carbonylation of aryl-
trifluoroborates was studied, and a radical-mediated Pd(i)/Pd(v) catalytic cycle was proposed.

the traditional coupling reactions, this transformation is more
environmentally friendly since stoichiometric organometallic
waste is replaced hy the innocuous CO, gas. In addition, as the
coupling partners, carboxylic acids are readily available at low
cost, fairly stable and easy to handle and store in laboratory.
However, although the first decarboxylative cross-coupling
reaction was realized with unsatisfactory yield in 1960s,” it
remained unelaborated until recent years. In 2002, Myers
reported the silver-mediated decarboxylation of benzoic acid
derivatives, followed by a palladium-catalyzed Heck reaction
with alkenes.* This discovery opened the door to a new area of
synthetic methodology. Later on, the milestone discoveries
were reported by Goossen and co-workers,” who developed the
synthesis of biaryls via palladium/copper-catalyzed decarboxy-
lative coupling of aryl carboxylic acids and aryl halides. Fur-
thermore, alkyl, alkenyl, and alkynyl carboxylic acids were also
demonstrated as effective substrates in decarboxylative cross-
coupling reactions, turning the methods into highly valuable
alternatives to classical reactions for the C-C bond formation.
In 2008, a-oxocarboxylic acids were first utilized as coupling
partners by Goossen's group in a Cu/Pd-catalyzed acylation
reaction of aryl halides.® Alkoxycarbonylation of aryl halides
via decarboxylation of oxalate monoesters was later realized by
Liu and co-workers (Scheme 1, eqn (1)).” However, high temp-
erature was required for the decarboxylation process in these
reports, which limits the substrate scope of these reactions.
Inspired by Minisci’s work on peroxydisulfate,® we discov-
ered that decarboxylative ortho-carbonylation of acetanilides
with a-oxocarboxylic acids can be realized at room temperature
in the presence of a persulfate.” Recently, Wang's group deve-
loped the Pd-catalyzed ortho-ethoxycarbonylation of O-methyl-
ketoximes with potassium oxalate monoester using Ag,CO;
and K,S,0; as oxidants (eqn (2)).'" However, these reactions
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Scheme 1 Synthesis of aryl esters with Pd-catalyzed decarboxylative
coupling.

can be performed only on substrates with a directing group,
which limits the potential application of this approach. We
envisioned that boronic acids or their derivatives may be uti-
lized in the coupling reactions to broaden the product range of
the method. Arylboronic acids and their derivatives are staple
substrates in Suzuki-Miyaura coupling reactions."' However,
the most common pathway of direct transformation from aryl-
boronic acids to carbonyl compounds, the insertion of carbon
monoxide,' suffers from the use of high pressure of the toxic
and flammable CO gas, which diminishes its practical utility.
To provide an alternative access to aryl ketones, Goossen and
Yamamoto developed the Pd-catalyzed decarboxylative cross-
coupling reactions of arylboronic acids with anhydrides,
carboxylic acids, and o-oxocarboxylic acids, in which the
requirement for high temperature or stoichiometrical ex-
pensive metal reagents or strong bases is avoided.' Inspired

Table 1 Optimization of reaction conditions”
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by these results, our group realized the decarhoxylative acyla-
tion and aminocarbonylation of potassium aryltrifluoroborates
with a-oxocarboxylic acids and oxamic acids.'” Herein, as a
supplement to the previous methods, we report the Pd-
catalyzed decarboxylative alkoxycarbonylation of potassium
aryltrifluoroborates with potassium oxalate monoesters under
mild conditions.

Results and discussion

On the basis of our success on decarboxylative cross coupling
of aryltrifluoroborates with a-oxocarboxylic acids and oxamic
acids,"" we investigated the decarboxylative coupling reaction
between potassium phenyltrifluoroborate and potassium
2-ethoxy-2-oxoacetate (Table 1). The ethyl benzoate was
obtained with 10 mol% Pd(OAc), and 2 equiv. K,S,04 in a
mixture of DMSO and water at room temperature (entry 1).
Further screening of solvent showed that the mixture of
MeCN/DMSO/H,0 was the best (entries 2-5). Although
(NH4),S,05 was also effective, K,S,04 was found to be the
optimal oxidant {entries 6 and 7). Gratifyingly, the product
yield was improved when the reaction was heated at 70 °C for
5 min and then cooled to room temperature (entry 8). Finally,
a high yield was acquired by increasing the amount of the
K;S,04 to 3 equiv. (entry 9). It was noted that Pd(OAc), was the
most efficient catalyst in this reaction (entries 9-12). Further-
more, the desired coupling product was not observed in the
ahsence of a palladium catalyst (entry 13).

With the optimized conditions in hand, we then investi-
gated the substrate scope of the alkoxycaronylation reaction.
As shown in Table 2, a variety of aryl esters were synthesized

o

BF K _— cat. Pd, oxidant it
O e - @*@
o
1a 2a 3a
Yield®
Entry Pd catalyst Oxidant Solvant (v:v) (%)
1 Pd(OACc), K»$,04 DMSO/H,0 (4:1) 21
2 Pd(OAc), K,S,05 MeCN/ILO (4:1) <5
3 Pd(OAc), K»$,04 DME/H,0 (4:1) 0
4 Pd(OAc), K»$,04 diglyme/11,0 (4:1) 0
5 Pd(OAc), K»$,04 MeCN/DMSO/H,0 (2:2:1) 30
6 Pd(OAc), (NH,),8,05 MeCN/DMSO/H,0 (2:2: 18
7 Pd(OAC), 1,0, MeCN/DMSO/H,0 (2:2: 0
8 Pd(OAC), K2$,0% MeCN/DMSO/M,0 (2 72
oA Pd(OAc), K35:04 MeCN/DMSO/H,0 (2 84(82)
1054 Pd(TFA), K1S,04 MeCN/DMSO/H,0 (2:2: 60
1144 Pdacac), K,S,04 MeCN/DMSO/H,0 (2:2:1) 39
124 Pd(McCN),(BFy), K28,0% McCN/DMSO/H,0 (2:2:1) 68
131 - K2S,04 MeCN/DMSO/M,0 (2:2:1) 0

“Conditions: 1a (0.3 mmol), 2a (0.6 mmol), PdX,, oxidant (0.6 mmol), 6 mL solvent, rt, overnight. “Yields and conversions are based on 1a,
determined by *H-NMR using dibromomethane as the internal standard. Isolated yield is in parenthesis. ¢ Preheated at 70 °C for 5 min, and then

rtfor 1 h. “With 3.0 ¢q. (0.9 mmol) K,$,04.
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Table 2 Alkoxycarbonylation of potassium aryltrifluoroborates”

° cat. Pd(OAS); 5
2 2 equiv. K35,04
R-BFK  + KOJW-" o TR . R'J‘ORi‘
8 DMSOMaCN/H,0
70°C & min, t2h
1 2 3
Product Yield” (%) Product vield” (%)
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o 63 35
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“ Conditions: 1 (0.3 mmal), 2a or 2b (0.6 mmol, 2.0 cquiv.), Pd(OAc),
(0.030 mmol, 10 mol%), K,8,0, (0.9 mmol, 3.0 equiv.), DMSO/MeCN/
H,0 (1:4:2, viviv, 6 mL), precheated at 70 °C for 5 min, then at rt for
1 h. “1solated vields based on 1.

under the standard conditions. Potassium phenyltrifluoro-
borates with a methyl group at the meta- or para-position of
the phenyl ring (Table 2, 3e and 3j) gave comparable yields to
that of 3a. The ortho-methyl phenyltrifluoroborate gave a lower
yield than those of the counterparts with a meta- or para-
methyl group (3b vs. 3e, 3j), presumably due to the steric
effect. Ester 3k, which has a fluore group at the para-postion of
the phenyl ring, could be produced in a good yield from the

Tas jouraal is © Lhe Pa ne Organ'sadons 2015

View Article Online

Research Article

© 2 . € s 1© 2 u % 1 E]
ierse {min)

Fig.1 Time courses of the cross-coupling reactions. 0-20 min.
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Fig. 2 Time courses of the cross-coupling reactions. 0—480 min.

corresponding substrate (3k). Methoxy-, chloro-, and bromo-
substituted phenyltrifluoroborates  gave moderate  yields
(3¢, 3d, 3f, 3g, 3i, 31 and 3m), while lower yields were observed
with the electron-withdrawing groups on the phenyl ring
(3h, 3n, 30). In addition, potassium 2-methoxy-2-oxoacetate
(7b) was demonstrated as a feasible substrate, affording a satis-
fying yield (3p).

Mechanistic study

As mentioned above and in our previous reports,'’ the alkoxy-
carbonylation and aminocarbonylation reactions require
heating at the beginning of the reaction. To illustrate the [unc-
tion of increased temperature and thereby to provide some
insights of the catalytic process, time courses for acylation,
aminocarbonylation, and alkoxycarbonylation of potassium
phenyltrifluoroborate were examined (Fig. 1 and 2). Not sur-
prisingly, the reaction rates for production of the ketone and
the amide at room temperature were comparatively high at the
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Scheme 2 Control experiments with TEMPO.

beginning, as most of the product was accumulated in the first
2 hours (Fig. 2, red and purple). In the case of heated reac-
tions, the early reaction rates were extraordinarily fast (Fig. 2,
blue and green). Remarkably, the alkoxycarbonylation process
was almest completed within 2 min at 70 °C (Fig. 1, pink].

To further study the mechanistic aspects of the catalytic
decarboxylative cross-coupling, TEMPO was introduced to the
reactions under standard conditions as a radical trapping
reagent [Scheme 2). 1t was found that the formation of the de-
carboxylative coupling products was suppressed, while TEMPO-
aldehyde, amide, and ester adducts were detected by LC-MS
respectively. The decarboxylative coupling reactions were not
completely inhibited, which is consistent with the reaction
rate study since the coupling reactions were so fast at the
beginning that they could overwhelm the competing reactions.
n addition, the yields of the coupling products were reduced
by increasing the amount of TEMPO in the reaction systems.
Furthermore, the TEMPO adducts were isolated from the
control experiments under the similar conditions in the
absence of PhBF;K and Pd{OAc), (sce Experimental seetion).
Thus, all the results suggest that radical intermediates are
likely formed and involved in these coupling reactions, which
indicates a different reaction pathway [rom the previously pro-
posed ligand exchange process of direct decarboxylative acyla-
tion of acetanlides.”

Based on the above observations and previous literature
reports,'® a tentative mechanism for the cross coupling is pro-
posed (Fig. 3). 'The reaction is initiated by the transmetallation
between the Pd(u) catalyst and the boronic intermediates
derived from hydrolysis of the aryltrifluoroborate to afford the
Pd(n) intermediate A. Oxidation of A in the presence of the carb-
onyl radical C, which is formed by the decarboxylation of an
a-oxocarboxylic or oxamic acid, generates the Pd(v) intermedi-
ate B. The desired carbonyl product is then produced via
reductive elimination of B, while the Pd(n) species is repro-
duced. It's noteworthy that a dimerie Pd(m) mechanism
cannot be excluded.*®
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Fig. 3 Plausible reaction mechanism. L = Ligand.

Conclusions

In summary, we have demonstrated that a handy and efficient
palladium-catalyzed alkexycarbonylation of potassium aryltri-
(luoroborates with the decarboxylation of potassium oxalate
monoester could be performed under mild and compatible
conditiens. This unprecedented reaction provides a promising
pathway towards a variety of aryl esters. Additionally, the
mechanistic study suggests that radicals should be involved in
this process, constituting the possible Pd{u)/Pd(1v) catalytic
cycle.

Experimental
General methods

All reactions were carried out in oven-dried glassware. Pd(u)
catalysts, Ag,CO4, K;8,04 and (NH4);8,04 were purchased and
used directly. All other solvents and commercially available
reagents (boronic acids, KHF,, amines and potassium oxalate
monoester) were purchased and used directly. For TLC ana-
lysis, precoated plates (0.25 mm thick) were used; for air-flashed
columin chromatography, flash silica gel (32-63 pm) was used.
'H NMR and "*C NMR spectra were measured on a 500 MHz
speetrometer (*H at 500 MHz, *C at 125 MHz), using CDC, as
solvent with tetramethylsilane {TMS) as an internal standard
at room temperature, 'H NMR data was reported as: chemical
shift (§ ppm), multiplicity, coupling constant {Hz), integration.
"*C NMR data was reported in terms of chemical shift (3 ppm).

Starting materials

Polassium aryltrifluoroborates (1a, 1i, 1j and 11) and potass-
ium oxalate monoesters (2a, 2b) were purchased and used
direetly. Other potassium aryltrifluoroborates were prepared
from boronic acids with KHT, according to the reported pro-
cedure.'”” N,N-Diethyloxamic acid (5) was prepared from
dicthyl oxalate with N,N-diethylamine according to (he
reported procedure,'®
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An 8 mL vial was charged with magnetic bar, ArBF;K
(1, 0.3 mmol}, potassium oxalic acid monoesters (2, 0.6 mmol,
2.0 equiv.), K,S,0; (0.9 mmol, 3.0 equiv.}, followed by
Pd(OAc), (DMSO solution, 0.03 mmol/2.4 mL, 10 mol%,
2.4 mL}, CHsCN (2.4 mL) and DI water (1.2 mL)}. The vial was
capped and the reaction mixture was stirred at 70 °C for 5 min,
and then cooled down to room temperature and stirred for
1 h. The reaction was quenched by the addition of 3 mL of
water and the resulting mixture was extracted with EtOAc
(5 mL x 3). The combined organic phase was dried over
Na,SO., and then concentrated under vacuum. The desired
product was obtained after purification by flash chromato-
graphy column on silica gel (gradient eluent of EtOAc in
hexanes: 0-30%, v/v).

Ethyl benzoate (3a) (CAS no. 93-89-0). Colorless oil,
36.9 mg, 82% yield. "H NMR (500 MHz, CDCL;} &: 1.36 (t, ] =
7.0 Hz, 3 H}, 4.35 (q, J = 7.0 Hz, 2 H), 7.36-7.42 (m, 2 H}, 7.51
(t,J=7.5Hz, 1 H), 8.03 {d, /= 7.5 Hz, 2 H}.

Ethyl 2-methylbenzoate (3b) (CAS no. 87-24-1). Colorless oil,
26.1 mg, 53% yield. '"H NMR (500 MHz, CDCl;} &: 1.39 (t, ] =
7.0 Hz, 3 H), 2.60 (s, 3 H}, 4.36 (q, / = 7.0 Hz, 2 H), 7.22-7.26
(m, 2 H}, 7.39 (dt, = 1.5, 7.5 Hz, 1 H}, 7.89-7.92 (m, 1 H).

Ethyl 2-chlorobenzoate (3c) (CAS no. 7335-25-3). Colorless
oil, 33.2 mg, 60% yield. "H NMR (500 MHz, CDCls} &: 1.40 (t,
J = 7.0 Hz, 3 H}, 4.40 (q, J = 7.0 Hz, 2 H}, 7.30 (dt, J = 1.5,
7.5 Hz, 1 H), 7.37-7.46 (m, 2 H}, 7.80 (dd, J = 1.5, 8.0 Hz, 1 H}.

Ethyl 3-methoxybenzoate (3d) (CAS no. 10259-22-0). Color-
less oil, 23.2 mg, 43% yield. '"H NMR (500 MHz, CDCls} é: 1.39
(t,J = 7.0 Hz, 3 H), 3.85 (s, 3 H), 4.37 (q, / = 7.0 Hz, 2 H)}, 7.09
(ddd, J = 1.0, 2.5, 8.0 Hz, 1 H), 7.33 (t, ] = 8.0 Hz, 1 H}, 7.56
(dd,J=1.5, 3.0 Hz, 1 H}, 7.64 (td, 1.5, 7.5 Hz, 1 H).

Ethyl 3-methylbenzoate (3¢) (CAS no. 120-33-2). Colorless
oil, 39.9 mg, 81% yield. "H NMR (500 MHz, CDCl;} 5: 1.39 (t,
J = 7.0 Hz, 3 H), 2.40 (s, 3 H), 4.37 (q, / = 7.0 Hz, 2 H),
7.30-7.37 (m, 2 H}, 7.83-7.87 (m, 2 H).

Ethyl 3-chlorobenzoate (3f) (CAS no. 1128-76-3). Colorless
oil, 32.1 mg, 58% yield. "H NMR (500 MHz, CDCl;} &: 1.38 (t,
J=7.0 Hz, 3 H), 4.36 (q, J = 7.0 Hz, 2 H), 7.35 (t, J = 7.5 Hz,
1 H), 7.46-7.51 (m, 1 H}, 7.90 (d, /= 7.5 Hz, 1 H}, 7.99 (t, / =
1.5 Hz, 1 H).

Ethyl 3-bromobenzoate (3g) (CAS no. 24398-88-7). Colorless
oil, 43.3 mg, 63% vield. '"H NMR (500 MHz, CDCl;} &: 1.39 (t,
J =7.0 Hz, 3 H), 4.37 (q, J = 7.0 Hz, 2 H)}, 7.30 (t, ] = 8.0 Hz,
1 H), 7.65-7.68 (m, 1 H), 7.96 (d, J = 8.0, 1 H}, 8.16-8.18 {m,
1H]).

Ethyl 3-acetylbenzoate (3h) (CAS no. 37847-24-8). Colorless
oil, 32.9 mg, 57% vield. 'H NMR (500 MHz, CDCls} 6: 1.42 (t,
J=7.0Hz, 3 H), 2.65 (s, 3 H}, 4.42 (q, /= 7.0 Hz, 2 H}, 7.55 (t,
J=8.0Hz, 1 H}, 8.5 (td, J = 1.5, 7.5 Hz, 1 H}, 8.24 (td, J = 1.5,
7.5 Hz, 1 H), 8.59 (t,/ = 1.5 Hz, 1 H).

Ethyl 4-methoxybenzoate (3i) (CAS no. 94-30-4). Colorless
oil, 23.8 mg, 44% yield. "H NMR (500 MHz, CDCl;} &: 1.38 (t,
J =7.0 Hz, 3 H), 3.86 (s, 3 H}, 434 (q, / = 7.0 Hz, 2 H),
6.89-6.93 (m, 2 H}, 7.98-8.02 (m, 2 H).

This journal is © the Partner Organisations 2015
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Ethyl 4-methylbenzoate (3j) (CAS no. 94-08-6). Colorless oil,
36.9 mg, 75% yield. '"H NMR (500 MHz, CDCl) &: 1.39 (t, ] =
7.0 Hz, 3 H), 2.40 (s, 3 H), 4.36 (q,/ = 7.0 Hz, 2 H}, 7.23 (d, / =
8.0 Hz, 2 H}, 8.11-8.14 (m, 2 H).

Ethyl 4-fluorobenzoate (3k) (CAS no. 451-46-7). Colorless oil,
39.9 mg, 79% vield. '"H NMR (500 MHz, CDCls) &: 1.38 (t, ] =
7.0 Hz, 3 H), 4.36 (q, J = 7.0 Hz, 2 H), 7.07-7.11 (m, 2 H),
8.03-8.07 (m, 2 H).

Ethyl 4-chlorobenzoate (31) (CAS no. 7335-27-5). Colorless
oil, 37.1 mg, 67% yield. "H NMR (500 MHz, CDCL;} &: 1.39 (t,
J=7.0 Hz, 3 H}, 4.37 (q, ] = 7.0 Hz, 2 H}, 7.39-7.42 (m, 2 H},
7.96-7.99 (m, 2 H).

Ethyl 4-bromobenzoate (3m) (CAS no. 5798-75-4). Colorless
oil, 43.4 mg, 63% yield. "H NMR (500 MHz, CDCls} & 1.39 (t,
J=7.0 Hz, 3 H}, 4.37 (q, ] = 7.0 Hz, 2 H), 7.56-7.58 (m, 2 H},
7.89-7.91 (m, 2 H).

Ethyl 4-acetylbenzoate (3n) (CAS no. 38430-55-6). Colorless
oil, 20.2 mg, 35% yield. "H NMR (500 MHz, CDCl;} &: 1.41 (t,
J=7.0Hz, 3 H), 2.64 (s, 3 H), 4.40 (q, / = 7.0 Hz, 2 H}, 7.23 (d,
J=8.0 Hz, 2 H}, 7.92-7.95 (m, 2 H).

Ethyl  4-(trilfuoromethyl)benzoate  (30) (CAS  no.
93-58-3). Colorless oil, 22.9 mg, 35% yield. "H NMR (500 MHz,
CDCL} 8: 1.42 {t, J = 7.0 Hz, 3 H}, 4.42 (q, ] = 7.0 Hz, 2 H}), 7.70
(d,J=8.0 Hz, 2 H}, 8.16 (d, ] = 8.0 Hz, 2 H).

Methyl benzoate (3p) (CAS no. 1696-17-9). Colorless oil,
31.0 mg, 76% yield. "H NMR (500 MHz, CDCl;} &: 3.92 (s, 3 H),
7.43 (t, ] = 8.0 Hz, 2 H), 7.53-7.58 (m, 1 H), 8.04 (dd, J = 1.5,
8.0 Hz, 2 H).

Time-vield curve in fi ion of b
markers)

Parallel experiments were carried out with the procedure
described below. An 8 mL vial was charged with magnetic stir
bar, ArBF;K (1a, 0.3 mmol}, 2-oxo-2-phenylacetic acid
(4, 0.6 mmol, 2.0 equiv.}, K,S,05 (0.6 mmol, 2.0 equiv.}, fol-
lowed by Pd(OAc}, (DMSO solution, 0.0075 mmol/1.2 mL,
2.5 mol%, 1.2 mL} and DI water (1.8 mL, DMSO : DI water =
1/1.5, v/v, 3 ml in total}). The vial was capped and then the reac-
tion mixture was stirred at room temperature. At each interval,
NaOH (1 N, 3 mL} was added and the reaction mixture was
extracted with EtOAc (5 mL x 3}. The combined organic phase
was concentrated under vacuum. The yields of benzophenone
were determined by 'H NMR using CH,Br, as an internal
standard.

h (Fig. 1, red

(o

Time-yield curve in formation of N,N-diethylbenzamide at
room ure (Fig. 1, purple markers)

v ¥

Parallel experiments were carried out with the procedure
described below. An 8 mL vial was charged with magnetic stir
bar, PhBF;K (1a, 0.3 mmol}, 2-(diethylamino}-2-oxoacetic acid
(5, 0.6 mmol, 2.0 equiv.}, K,S,0;5 (0.9 mmol, 3.0 equiv.), fol-
lowed by Pd{OAc}), (DMSO solution, 0.015 mmol/2.4 mL, 5 mol%,
2.4 mL}), CH;CN and DI water (DMSO : CH;CN : DI water = 4/4/
2, v/v/v, 6 ml in total}. The vial was capped and then the reac-
tion mixture was stirred at room temperature. At each interval,
NaOH (1 N, 3 mL} was added and the reaction mixture was
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extracted with EtOAc (5 mL x 3). The combined organic phase
was concentrated under vacuum. The yields of N,N-diethyl-
benzamide were determined by "H NMR using CH,Br, as an
internal standard.

Time-yield curve in formation of N,N-diethylbenzamide,
heated (Fig. 1, orange and blue markers)

Parallel experiments were carried out with the procedure
described below. An 8 mL vial was charged with magnetic stir
bar, PhBF;K (1a, 0.3 mmol), 2-(diethylamino)-2-oxoacetic acid
(5, 0.6 mmol, 2.0 equiv.}, K,S,0; (0.9 mmol, 3.0 equiv.}, fol-
lowed by Pd{OAc}), (DMSO solution, 0.015 mmol/2.4 mL, 5 mol%,
2.4 mL), CH;CN and DI water (DMSO : CH;CN : DI water = 4/4/
2, v/viv, 6 ml in total). The vial was capped and the reaction
mixture was stirred at 70 °C for 10 min, and then stirred at
room temperature. At each interval, the vial is cooled with
water bath immediately, and then 3 mL water was added and
the reaction mixture was extracted with EtOAc (5 mL x 3). The
combined organic phase was concentrated under vacuum. The
vields of N,N-diethylbenzamide were determined by "H NMR
using CH,Br, as an internal standard.

Time-yield curve in formation of ethyl benzoate (Fig. 1, pink
and green markers)

Parallel experiments were carried out with the procedure
described below. An 8 mL vial was charged with magnetic stir
bar, PhBF;K (1a, 0.3 mmol potassium 2-ethoxy-2-oxoacetate
(2a, 0.6 mmol, 2.0 equiv.}, K,S,04 (0.9 mmol, 3.0 equiv.}, fol-
lowed by Pd(OAc}), (DMSO solution, 0.03 mmol/2.4 mL, 10 mol%,
2.4 mL}), CH;CN and DI water (DMSO : CH;CN : DI water = 4/4/
2, v/viv, 6 ml in total). The vial was capped and the reaction
mixture was stirred at 70 °C for 5 min, and then stirred at
room temperature. At each interval, the vial is cooled with
water bath immediately, and then 3 mL of water was added
and the reaction mixture was extracted with EtOAc (5 mL x 3).
The combined organic phase was concentrated under vacuum.
The vields of ethyl benzoate were determined by 'H NMR
using CH,Br;, as an internal standard.

Control experiments with TEMPO in the coupling reactions

The reactions were performed with standard procedures
described above or in our previous reports'® except that
TEMPO was added into the vial before Pd(OAc), and the sol-
vents. Product yields were determined by 'H NMR using
CH,Br; as an internal standard.

Synthesis of 2,2,6,6-tetramethylpiperidin-1-yl benzoate (6)
(CAS no. 7031-95-0). An 8 mL vial was charge with 2-oxo-2-
phenylacetic acid (4, 0.6 mmol), K,$,0g (0.6 mmol, 1.0 equiv.)
and TEMPO (0.6 mmol, 1.0 equiv.}, followed by DMSO
(1.2 mL} and DI water (1.8 mL}. The vial was capped and the
reaction was stirred at room temperature overnight. The reac-
tion mixture was extracted with EtOAc (5 mL x 3}, and the com-
bined organic phase was dried over Na,SO,, concentrated.
Flash chromatography afforded the desired product as color-
less oil. 'H NMR (500 MHz, CDCl;} &: 1.28 (s, 6 H), 1.44 (s,
6 H), 1.58-1.65 (m, 1 H}, 1.70-1.78 (m, 2 H}, 1.81-1.98 (m, 3 Hj},
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7.58-7.65 (m, 2 H), 7.69-7.75 (m, 1 H}, 8.24 (d,J = 7.4 Hz, 2 H).
130 NMR (125 MHz, CDCl;} &: 14.6, 18.4, 29.5, 36.6, 57.9,
126.1, 127.1, 127.3, 130.5, 163.9. IR (neat), v: 3062, 2974, 2934,
2871, 1749, 1600, 1451, 1254 cm™'. Ms (ESI): m/z = 262.4
M+H".

Synthesis of 2,26 6-tetramethylpiperidin-1-yl  diethyl-
carbamate (7). An 8 mL vial was charge with 2-(diethylamino}-
2-oxoacetic acid (5, 0.6 mmol}, K,S,0; (0.9 mmol, 1.5 equiv.}
and TEMPO (0.6 mmol, 1.0 equiv.), followed by DMSO
(2.4 mL}), CH;CN (2.4 mL} and DI water (1.2 mL}). The vial was
capped and the reaction was stirred at 70 °C for 30 min, and
then stirred at room temperature overnight. The reaction
mixture was extracted with EtOAc (5 mL x 3), and the com-
bined organic phase was dried over Na,SO,, concentrated.
Flash chromatography afforded the desired product as a color-
less solid. "H NMR (500 MHz, CDCl;} : 1.07-1.21 (m, 18 H)},
1.36-1.43 (m, 1 H), 1.47-1.53 (m, 2 H}, 1.56-1.66 (m, 1 H},
1.67-1.74 (m, 2 H), 3.30 (q, / = 7.1 Hz, 2 H). *C NMR
(125 MHz, CDCly) &: 13.8, 14.8, 17.4, 21.4, 32.1, 39.4, 41.5,
42.5, 60.3, 157.1. IR (neat), v: 2973, 2933, 2873, 1729, 1472,
1456, 1412, 1265 cm ‘. HRMS (ESI-TOF) m/z: [M + H]" caled
for Cy4H,oN,0, 257.2224, found 257.2226.

Synthesis of ethyl (2,2,6,6-tetramethylpiperidin-1-yl) carbon-
ate (8). An 8 mL vial was charge with potassium 2-ethoxy-2-
oxoacetate (2a, 0.6 mmol}, K,S,0; (0.6 mmol, 1.0 equiv.}) and
TEMPO (0.6 mmol, 1.0 equiv.), followed by DMSO (2.4 mL}),
CH;CN (2.4 mL) and DI water (1.2 mL). The vial was capped
and the reaction was stirred at 70 °C for 30 min, and then
stirred at room temperature overnight. The reaction mixture
was extracted with EtOAc (5 mL x 3), and the combined
organic phase was dried over Na,SO,, concentrated. Flash
chromatography afforded the desired product as colorless oil.
'H NMR (500 MHz, CDCl3) &: 1.12 (s, 6 H), 1.17 (s, 6 H), 1.31
{t, J = 7.1 Hz, 3 H), 1.37-1.42 (m, 1 H), 1.49-1.55 (m, 2 H),
1.60-1.72 (m, 3 H), 4.22 (q, J = 7.1 Hz, 2 H). *C NMR
(125 MHz, CDCly) &: 14.7, 17.3, 20.8, 31.9, 39.6, 60.8, 64.4,
157.1. IR (neat), : 2979, 2935, 2873, 2860, 1775, 1747, 1465,
1365, 1220 cm™'. HRMS (ESI-TOF} m/z: [M + H] caled for
C1,H,4NO; 230.1751, found 230.1751.
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