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ABSTRACT: Pd(II)-catalyzed y-C(sp®)—H arylation of
primary amines is realized by using 2-hydroxy-
nicotinaldehyde as a catalytic transient directing group.
Importantly, the catalyst and the directing group loading
can be lowered to 2% and 4% respectively, thus
demonstrating high efficiency of this newly designed
transient directing group. Heterocyclic aryl iodides are also
compatible with this reaction. Furthermore, swift synthesis
of 1,2,3,4-tetrahydronaphthyridine derivatives is accom-
plished using this reaction.

In the past decade, directed C—H activations have been
extended to a wide range of synthetically useful substrates
and transformations." Nevertheless, the covalent installation
and removal of directing groups often poses a major obstacle
for their synthetic applications. In addition to adding two steps
to the synthetic sequence, the reaction conditions for these
steps are sometimes incompatible with labile functionalities on
advanced synthetic intermediates. Thus, developing catalytic
directing groups that can transiently bond to the substrate for
C—H activation and subsequently dissociate reversibly is highly
desirable. This strategy has been successfully applied in a
number of Rh(I)-catalyzed C(sp*)—H activations.” Recently,
our group discovered that simple amino acids can serve as an
effective transient directing group for Pd(II)-catalyzed C(sp®)—
H functionalization of aldehydes and ketones via a reversible
imine linkage, thus demonstrating the feasibility of using
transient directing groups for Pd(II) catalysis, although the
loading of directing groups is still high (40%).” Notably, the
bidentate coordination system provided by the imine moiety
and the weakly coordinating carboxylic acid points to a new
direction for our long search for transient directing groups that
assist the activation of C(sp*)—H bonds (eq 1).
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Following the success of identifying a transient directing
group for ketones, we wondered whether similar approach
could be applied for the activation of free amines. Amines are
ubiquitous structural motifs in compounds with pharmaceutical,
agrochemical, and agricultural importance.4 While site-selective
C—H functionalization of free aliphatic amine is highly
desirable, as it enables rapid late-stage modifications and
derivations, this process is traditionally difficult due to the
formation of the unreactive Pd(RNH,),X, complexes,” as well
as the vulnerability of amines toward a-oxidation and
electrophiles.” Nevertheless, numerous methods have been
developed for the C—H functionalization of amines with
various protecting groups.7_9 An interesting f-C—H function-
alization of free secondary amines (R,NH) has also been
reported, although a bulky a-quaternary center is required for
this reaction.'’ Herein, we report an efficient Pd-catalyzed C—
H arylation reaction of free primary amines with aryl iodide as
coupling partners under air using a catalytic transient directing
group. This development, in combination with our previous
transient directing group for ketone substrates,” identifies imine
and weakly coordinating carboxylate or its surrogate as
privileged structural motifs for efficient transient directing
groups.

Inspired by Jun’s Rh(I)-catalyzed aldehydic C—H activation
using a reversible imine/pyridine directing group,” we have
previously investigated the development of imine/chiral
oxazoline'' transient directing groups for asymmetric C—H
activation of ketones and amines without success. Recently,
Dong’s group reported an interesting example of y-arylation of
free primary amines via in situ generation of an imine directing
group with stoichiometric 8-formylquinoline.'” However, this
method is mostly limited to amines containing a-substituents
and requires using highly active aryl iodonium Ar,IBF, salts as
coupling partners. The use of a glovebox is also necessary,
presumably to prolong the lifetime of the stoichiometric imines.
The use of a transient directing group to effect y-arylation of
amines with Arl has also appeared in literature recently, albeit
limited to primary C—H bonds."® From our previous studies on
imine/oxazoline and imine/pyridine transient directing groups,
we believe that the strongly coordinating transient directing
groups have two fundamental disadvantages for rendering the
directing group catalytic: undesired strong bischelation of
amino/oxazoline or pyridine with Pd(II) prevents the required
formation of the imine linkage; the imine/oxazoline or pyridine
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bischelation with Pd(II), even if generated, is not sufficiently
reactive for developing highly effective catalytic directing
groups.

Since the combination of the imine moiety and the weakly
coordinating carboxyl group constitutes an efficient transient
directing group for ketones (eq 1), we envisioned a-keto acids
could form similar transient intermediates upon condensation
with amine substrates (Table 1). Cyclohexylamine was chosen

Table 1. Development of the Transient Directing Group™”
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“Conditions: 1a (0.2 mmol), 4-CO,MePhl (0.4 mmol), Pd(OAc),
(10 mol %), TDG (20 mol %), AgTFA (0.4 mmol), HFIP/HOAc =
19/1 (1.0 rnL), H,0 (2.0 mmol), 120 °C, 12 h. “Yields were
determined by 'H NMR analysis of the crude reaction mixture using
CH,Br, as the internal standard.

as a model substrate due to its abundancy and relatively high
boiling point. Boc protection of the arylated amine was
performed for ease of separation and analysis. Our initial
experimental exploration was largely based on our previous
reaction conditions.” 10 equiv of H,O were added to facilitate
the imine hydrolysis after C—H activation. We were
encouraged to find that trace amount of arylated product
2a;, was detected with glyoxylic acid (TDG1)."> A slightly
improved yield was obtained when glyoxylic acid was replaced
with the more stable phenylglyoxylic acid (TDG2). Gratify-
ingly, replacing the carboxyl group with an acidic phenol
afforded the desired product in 62% yield (TDG3). Since 2-
hydroxypyridine (pyridone) has been used as a carboxyl
surrogate in our previous ligand design for meta-C—H
activation,'* we tested commercially available 2-hydroxy-
nicotinaldehyde as the catalytic transient directing group. To
our delight, the reaction proceeded to completion and afforded
2a in 94% yield (TDG4). Introducing an electron-with-
drawing CF; group to the hydroxypyridine directing group
reduced the yield (TDGS). TDG6 was completely unreactive,
which suggests that the 7-membered ring bischelation is not
reactive. Other bidentate coordination systems such as the
imine/pyridine and imine/quinoline systems provided negli-
gible yields regardless of the involvement of the S-membered or
the 6-membered ring bischelation (TDG7—8), confirming the
importance of the weakly coordinating anionic hydroxyl group.

A series of control experiments were also conducted. The
reaction did not proceed in the absence of the transient
directing group. Simple 2-hydroxypyridine did not give any
product, which confirms the importance of the imine
generation. Furthermore, the bidentate chelation mode of the

imine and hydroxyl moieties in TDG4 was also shown to be
crucial in this reaction, as changing their spatial arrangements
provided trace products (TDG 9).

With the optimized conditions in hand, we next investigated
the scope of the aryl iodide coupling partners. We were pleased
to find that y-C(sp®>)—H arylation of 1a with a vast variety of
aryl iodides proceeded smoothly to provide an efficient access
of 3-aryl cyclohexylamines with good to excellent yields (Table
2), which were found to be applicable in the synthesis of potent
antitumor reagents."> Simple iodobenzene and various other
methyl and phenyl substituted aryl iodides are well tolerated,
affording the desired products in excellent yields (2a,—2aj).
Electron-rich aryl iodides with alkoxy substituents afforded the

Table 2. Scope of Aryl Iodide Coupling Partners™"”
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“Conditions: 1la—b (0.2 mmol), Arl (0.4 mmol), Pd(OAc), (10 mol
%), TDG4 (20 mol %), AgTFA (0.4 mmol), HFIP/HOAc = 19/1 (1.0
mL), H,0 (2.0 mmol), 120 °C, 12 h. “Isolated yields. 130 °C, 48 h.
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corresponding products in good yields (2a4—2ag). Halogenated
aryl iodides containing fluoro, chloro, and bromo substituents
are also tolerated (2a,—2a;;, 2a;3—2a;,). When 1,3-diiodo-
benzene was employed as the coupling partner, only one iodide
was activated (2a;,). Electron-deficient aryl iodides bearing
trifluoromethyl, nitro, methyl ketone, and ester substituents are
all well tolerated, providing consistently good to excellent yields
(2a,5—2a;,, 2a,,). Notably, reactive aldehyde functionality on
the aryl iodide remained intact during the reaction (2ag).
Furthermore, sterically demanding aryl iodides bearing
substitutions at the ortho position are also compatible with
this protocol (2a,, 2a,, 2a;;). While arylation of cyclohexyl-
amine with heterocyclic aryl iodide gave less than 10% yield,
acyclic alkyl amine displayed excellent compatibility with a
range of heteroaryl iodides. Pyridine based aryl iodides with
different substitutions such as fluoro, chloro, bromo, and
trifluoromethyl groups at different positions are well tolerated,
providing 50—70% yields (2b,—2bg, 2bg). Even an electron-
donating methoxy group is also compatible (2b,). Various
other thiophene, quinoline, and quinoxaline based heterocyclic
aryl iodides are also tolerated, providing moderate yields (2by—
2by,).

Next we surveyed the amine scope of this y-C(sp’)—H
arylation (Table 3). We were pleased to find that our protocol
was applicable to a variety of free aliphatic amines. The
arylation of methyl C—H bonds in simple free aliphatic amines

Table 3. Scope of Alkyl Amines™”
10 mol% Pd(OAc),

H NH, 20 mol% TDG4 Ar  NHBoc
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R R R R
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Me g
2k, 66%° 21, 43%° 2m, 85%
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CO,Me O CO,Me
CO,Me 20, 76%
2n, 41%¢ 0. /5%

mono:di = 1:1.3

“Conditions: 1c—o (0.2 mmol), 4-CO,MePhl (0.4 mmol), Pd(OAc),
(10 mol %), TDG4 (20 mol %), AgTFA (0.4 mmol), HFIP/HOAc =
19/1 (1.0 mL), H,0 (2.0 mmol), 120 °C, 12 h. “Isolated yields. 90
°C. 450 mol % TDG4. €150 °C, HFIP/HOACc = 2:1, 30 equiv of H,O.

such as propylamine, isobutylamine, and 2-methylbutylamine
proceeded selectively at the y position with good yields (2c—e).
Aliphatic amines bearing one or two methyl groups at the a-
substitution are also well tolerated (2f—g). In comparison to
aliphatic amines with a-substituent, those without a-substitu-
ents are usually more difficult substrates in C—H activations,"®
which presumably is attributed to both the lack of the Thorpe—
Ingold effect and the increased susceptibility to oxidation and
electrophiles. However, our system is effective in both a-
substituted and nonsubstituted substrates. Various function-
alities such as phenyl, ether, and even additional free amine (the
di-free amine was used in 2j and subsequently di-Boc
protected) are compatible with this catalytic system, providing
the corresponding products in moderate yields (2h—j).
Furthermore, methylene C—H arylations of both cyclic and
acyclic substrates are achieved. Simple acyclic aliphatic amines
of different lengths and bearing methyl a-substitution
proceeded with moderate to good efficiencies (2k—1, 2m).
Cyclic amines such as cyclopentyl and cyclooctyl amines are
also tolerated, affording the desired products as a single
disastereomer (2n—o).

To demonstrate the synthetic utility of this reaction, we were
pleased to find that the catalyst and directing group loading can
be lowered to <5%, thus rendering the transient directing group
catalytic (Scheme 1a). When the reaction was scaled up to 2

Scheme 1. Scale up Reaction and Synthetic Applications

cat Pd(OAC),
GLnet 1) 2N HCI
[T eq Ar > > /7 NHBoc
@ NH; 260 AGTFA 2) 10N NaOH, . ‘%
HFIP:HOAc = 19:1 [0.2M] Boc,0 Ar = 4-CO,MePh
1a 10 eq. H,0, 120 °C, 48h 22,5
5% Pd(OAC),, 7% TDG: 87%
3% Pd(OAG),, 5% TDG: 76%
2 mol% Pd(OAc),
4 mol% TDG4
2 eq, Arl LT,
) LN, 2 eq. AGTFA Ar
L 28a-Ag 1 Ar= 4-CO,MePh
1a HFIP:HOAC = 19:1 [0.2M] o
2 mmol 10 eq. H,0, 130 °C, 48h 61% yield

I 10 mol% Pd(OAc),
20 mol% TDG4

(© Me\f,NHz * (NI

E 2 eq. AgTFA N °N
HFIP:ACOH = 19:1 [0.2M] qu
10 eq. Hy0, 120 °C, 24hr
1b 2eq. 4T 70% yield

mmol, the catalyst and template could be further lowered to 2%
and 4% respectively. The desired pure arylated free amine
product could be obtained in 61% isolated yield following
simple acid—base extraction protocols without any further
purification (Scheme 1b).

Furthermore, the C—H arylation of 1b with 2-fluoro-4-
iodopyridine provides a facile access to 1,2,3,4-tetrahydro-
naphthyridine derivatives, which exhibit important biological
activities.'” SyAr of amine to the pyridyl fluoride spontaneously
took place in a one-pot fashion without any additional reaction
workup, affording 2q in 70% isolated yield (Scheme Ic).

In conclusion, we have developed an unprecedented Pd(II)-
catalyzed y-C(sp®)—H arylation of aliphatic amines with aryl
iodides as the coupling partners using a commercially available
catalytic transient directing group. Methyl as well as cyclic and
acyclic methylene C—H bonds were functionalized with good
efficiencies. Notably, this catalytic system works well with
aliphatic amines bearing no substituent and one or two
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substituents at the o position. In addition, straightforward ring
closure by amine nucleophilic addition provides convenient
access to the valuable heterocyclic motif of 1,2,3,4-tetrahydro-
naphthyridine.
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