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ABSTRACT

A new strategy for the synthesis of tetrahydroquinolines (THQs) via the sequential functionalizations of remote C�H bonds is reported. This
method uses a single picolinamide directing/protecting group to effect Pd-catalyzed γ-C(sp3)�H arylation, metal-free ε-C(sp2)�H iodination, and
Cu-catalyzed intramolecular C�N cross-coupling. The overall sequence is efficient and versatile, and offers a streamlined synthesis of THQs with
complex substitution patterns from readily available aryl iodide and aliphatic amine precursors.

Tetrahydroquinoline (THQ) is a privileged N-hetero-
cyclic scaffold found in many natural products and phar-
maceutical agents.1 In contrast to most conventional
synthesis strategies, which typically begin from prefunc-
tionalized arene or arylamine precursors, we envisioned
that THQs could be quickly assembled by connection at
theC2�CγandC1�Npositions throughdirectedC�Hfunc-
tionalization reactions from simple aryl halide and alkyl

amine precursors (Scheme 1A).2�4 The picolinamide (PA)
group has been shown to effect the palladium-catalyzed
arylation of γ-C(sp3)�H bonds of N-alkylpicolinamides
(e.g., 1) with aryl iodides, providing γ-arylpropylamine
products (e.g., 2, Scheme 1B).5�7 We postulated that the
installation of a halogen group at the ortho position of 2,
followed by intramolecular C�N cross coupling could
afford the desired THQ product in two discrete steps.8�10

Herein, we report a highly efficient and readily applicable
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method for the selective iodination of the ε-C(sp2)�H
bonds of these γ-arylpropyl picolinamides under metal-
free conditions. The ortho-iodinated products can be
cyclized under copper catalysis to give tetrahydroquino-
lines (THQs) in high yields.
Neighboring group-directed halogenation of the ortho-

C(sp2)�H bonds of arenes has been achieved under a
variety of metal-catalyzed or directed lithiation condi-
tions.11,12 However, generally applicable methods for the
selective halogenation of ortho-C�H bonds at the more
remote ε position are very rare.13,14 In our initial attempts,
C�H iodination of substrate 2 under an extensively opti-
mized Pd-catalyzed condition gave a mixture of mono-
ortho-iodinated product 3 and di-ortho-iodinated product
5 (entry 1, Table 1).15

In 2007, the Barluenga laboratory reported that the
ortho-C(sp2)�H bonds of γ-phenylpropyl trifluoroacet-
amide (57 in Scheme 4) can be selectively monoiodinated
with bis(pyridine) iodonium(I) tetrafluoroborate (IPy2.
BF4) under metal-free conditions.16 This reaction presents

a very rare example of remote functional group-directed
ε-ortho-C�H functionalization of arenes via an electro-
philic aromatic substitution (SEAr) pathway.17 Inspired by
Barluenga’s seminal discovery, we proceeded to evaluate
whether the ε-C(sp2)�H bond of γ-arylpropylpicolina-
mide 2 could be iodinated in a similar fashion (Table 1).18

Following Barluenga’s protocol (1.5 equiv of IPy2 3BF4,
3 equiv of HBF4 3OEt2 in mixed solvent of TFA/CH2Cl2
at room temperature), substrate 2 generated a mixture of
mono- and di-ortho-iodinated product (3 and 5, entry 2).
The selectivity was improved when only 1.1 equiv of
IPy2 3BF4 was applied (entry 3). To augment the utility
of this reaction, we next surveyed more economical and
convenient to handle Iþ precursors.19 Gratifyingly, we
found that 1.1 equiv of N-iodosuccinimide (NIS)20,21

provided excellent iodination results with further im-
proved o/p selectivity when the reaction was performed
at 0 �C (entry 4). No iodination of the PA group was
observed.NCSandNBSgavemonohalogenated products
in a nonselective fashion. Notably, the addition of the
Brønsted acid HBF4 3OEt2 is critical to the ortho selectiv-
ity of the reaction (entry 8).

Scheme 1. New Synthetic Strategy for THQs

Table 1. Iodination of ε-o-C�H Bonds of 2 via SEAr

yield (%)a

entry reagents (equiv) solvents
temp
(�C)/h 3 4/5

1 Pd(OAc)2 (10%),
PhI(OAc)2 (2),
I2 (2) KHCO3 (1)

DMF 130/24 44 <2/37

2 IPy2 3BF4 (1.5),
HBF4 3OEt2 (3)

T/D (1:10)b,c rt/2 60 5/24

3 IPy2 3BF4 (1.1),
HBF4 3OEt 2 (2.2)

T/D (1:10)c rt/2 88 6/3

4 NIS (1.1), HBF4 3OEt2 (4) T/D (1:9) 0/4 90 (83)d 4/3
5 NIS (1.1), TfOH (4) T/D (1:9) 0/4 41 26/4
6 NIS (1.1), BF3 3OEt2 (4) T/D (1:9) 0/4 68 28/<2
7 NIS (1.5), HBF4 3OEt2 (4) T/D (1:9) 0/4 48 4/26
8 NIS (1.1) T/D (1:9) 0/4 30 24/<2

aAll screening reactions were carried out on a 0.2 mmol scale at
6.7 mM concentration unless noted; yields are based on 1H NMR
analysis of the reaction mixture after workup. bT/D: TFA(T)/CH2Cl2
(D). cPerformed at 4.5 mM concentration. d Isolated yield.
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As shown in Scheme 2, γ-arylpropylpicolinamides bear-
ing different substituents at theR, β andγpositions (10, 14,
18, and 22) were readily prepared from the corresponding
aryl iodides and N-alkylpicolinamides via Pd-catalyzed
C(sp3)�H arylation.7 Good to excellent iodination yields
were obtained for these substrates under the standard
conditions (A). Excellent ortho-selectivities were observed
for substrates bearing moderately electron-donating or
-withdrawing substitutents such as alkyl and halogen
groups (see 11, 15, and 37). In general, electron-deficient
arene substrates such as 26 and 33 were less reactive;
moderate to good yields were obtained undermore forcing
conditions (B) with excess NIS and HBF4 3OEt2 at room
temperature. Sterics also strongly influence the regioselec-
tivity of the reaction; substrates 10, 14, 30, and 36 bearing

meta substituents were iodinated with excellent selectivity
at the less hindered ortho position.

Treatment of ortho-iodinated compound 3 with
Cu-catalyzed cyclization conditions (10 mol % of CuI,
2.5 equiv of CsOAc in DMSO at 90 �C) afforded
the desired THQ product 38 in excellent yield (eq 4,
Scheme 3).9,22 THQ products 39�47 were also obtained
in high yields under the same conditions. The PA group of
the cyclized THQ products, linked through an aromatic
tertiary amide bond, can be readily removed with nucleo-
philic bases or metal hydride reagents (eq 5).23 The PA
group of THQs bearing electron-withdrawing groups was
partially removed during the Cu-mediated cyclization step
(see 44 in Scheme 3).
To investigate the mechanism of this PA-directed ortho-

iodination reaction, control substrates 51�58 were
evaluated (Scheme 4). Substrates 59�62 are equipped
with auxiliary groups known to direct metal-catalyzed
C(sp3)�H functionalization.24 All reactions proceeded
with >90% conversion under the standard conditions
(A), giving predominately monoiodinated products. For
benzamide 51 and picolinic ester 52, we observed 2:3 ortho/
para selectivity, indicating that both N atoms of the PA

Scheme 2. Substrate Scope of PA-Directed Sequential
C(sp3)�H Arylation and C(sp2)�H Iodinationa

aAll reactions were carried out on a 0.2 mmol scale; yields are based
on isolated product. See the Supporting Information for experimental
details pertaining to C�H arylations and iodinations. b o-di: ortho-
diiodinated isomer. x: unidentified iodinated products. cConditions B:
NIS (3.3 equiv), HBF4.OEt2 (12 equiv), 2.5 mM, rt, 16 h. d 13% of 26
recovered.

Scheme 3. Cu-Catalyzed Formation of THQsa

aAll reactions were carried out on a 0.2 mmol scale; yields are based
on isolated product. bYield of PA-deprotected product is shown in
parentheses.
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group were involved in the directed ortho-iodination
process. N-methylpicolinamide 53 also underwent ortho-
iodination, with diminished selectivity relative to non-
alkylated picolinamide 6, suggesting that O- iodoimidate
50 is likely the critical intermediate in this intramolecular
SEAr reaction, rather thanN-iodoamidate 49.17a Interest-
ingly, the quinolyl carboxamide substrate 615a also under-
went ortho-selectivemonoiodination in excellent yield and
selectivity.
To demonstrate the utility of this new THQ synthesis

strategy, we applied it to the synthesis of the natural
product (þ)-angustureine (66, Scheme 5).25 Commercially
available (S)-(þ)-3-octanol 63 was converted to picolina-
mide 64 viaMitsunobo chemistry, followedbydeprotection
and amide coupling. The standard sequence of PA-directed
C�Harylation followedby iodination, and cyclization gave
intermediate 65 in 67%yield.Deprotection of the PAgroup
of65 followedbyN-methylation, furnished66 in goodyield.

In summary, we have developed a new strategy to
synthesize tetrahydroquinolines via the sequential functio-
nalization of two different types of remote C�H bonds.
Thismethoduses only thepicolinamidedirecting/protecting
group to effect Pd-catalyzed γ-C(sp3)�H arylation, metal-
free ε-C(sp2)�H iodination, and Cu-catalyzed intramole-
cular C�N cross-coupling. The PA group of cyclized
products could be easily removed. The overall sequence is
efficient and versatile and allows for the streamlined synth-
esis of THQs with complex substitution patterns at both
arene and aliphatic positions from readily available aryl
iodide and alkylamine precursors. Themonoselective ortho-
iodination of γ-arylalkyl picolinamides with NIS/HBF4

presents a generally applicable synthetic method for remote
C�H functionalization based on the underexplored reac-
tion pathway of directed SEAr.
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Scheme 4. Mechanistic Study of SEAr-Mediated Iodinationa

aAll reactions were performed under the standard conditions (A) for
4 h. Yields and selectivities are based on 1H NMR analysis of reaction
mixture after workup. b∼10% unidentified iodinated product formed.
See the Supporting Information for experimental details.

Scheme 5. Total Synthesis of (þ)-Angustureine
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