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Enantioenriched azaarylmethyl amine derivatives are useful building blocks in synthetic and medicinal chemistry. To access

these valuable motifs, an enantioselective palladium-catalyzed benzylation of azaarylmethyl amine pronucleophiles is

introduced. Of note, this is a rare application of asymmetric (2-naphthyl)methylation of pro-nucleophiles with high pK,

values (pK, = 34 in DMSO). Control experiments support the notion that the coordination of Li* to the azaaryl nitrogen plays

a critical role in the substitution process. With this procedure, enantioenriched (2-naphthyl)methylene azaarylmethyl amines

with a variety of azaaryl groups (pyridyl,

pyrazine, quinoxaline and isoquinoline) and cyclic and acyclic amines are readily

obtained with good yields and enantioselectivities up to 99%.

Introduction

Nitrogen containing aromatic compounds are widespread in
small-molecule drugs, pharmaceuticals, agrochemicals and
natural products.’® Among nitrogen containing compounds,
azaarylmethyl amines frequently exhibit bioactivity, including
antitumor,” antihistamine® and anti-HIV properties.® The
preparation of enantioenriched a-azaarylmethyl amines has
been inspired, in part, by a drive from the pharmaceutical
industry to increase the number of amino groups in molecules
to be tested for bioactivity.’® Furthermore, enantioenriched
pyridyl amines have been gaining momentum as ligands in
asymmetric  catalysis.’?® The increased interest in
enantioenriched a-azaarylmethyl amines has led to a variety of
methods for their synthesis. Typical strategies to install the
acyclic stereocenter at the benzylic position of azaaryl
derivatives include diastereoselective additions of
organometallics to Ellman’s sulfinimine (Scheme 1a).17-1°
Another approach involves asymmetric hydrogenation of
azaaryl ketones to enantioenriched a-azaarylmethyl alcohols,

which are sulfonylated and treated with azide to form organic
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azide products that retain high levels of ee (Scheme 1b).2%21 The
resulting azides can then be reduced to the amines. These
routes to prepare chiral azaaryl amines require introduction and
removal of auxiliaries or further manipulation of functional
groups. An elegant method to synthesize chiral azaarylmethyl
amine derivatives based on cooperation of a Brgnsted acid with
a photoredox catalyst has been reported by the groups of
Phipps and Jiang (Scheme 1c).2% 23 The catalytic enantioselective
Minisci-type reaction is highly attractive for the synthesis of
azaarylmethyl amines. Ideally the scope of this reaction can be
broadened beyond pyridines, quinolines and isoquinolines.

Scheme 1. Strategies to access enantioenriched heterocyclic
amines

a) Using Ellman’s chiral auxilary
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We envisioned that nucleophilic attack on n3-benzyl-type
intermediates could be potentially useful in the construction of
enantioenriched azaarylmethyl amines. Compared with Pd-
catalyzed asymmetric allylic alkylations,?*3> enantioselective
benzylic alkylations are far less common.3® This is likely due to
the greater difficulty forming the initial arene intermediate, (LG-
CH,CgHs)-Pd(0), and the subsequent oxidative ionization of the
leaving group with concomitant disruption of aromaticity.37- 38
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Scheme 2. Our previous work (a-c) on the asymmetric

functionalization of weakly acidic benzylic C—H’s and this work (d).
a) Pd catalyzed asymmetric arylation of benzylamines O
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Most of the nucleophiles employed in asymmetric benzylations
are organozinc3® and organoboron reagents.*® Other strategies
employ enolate derived nucleophiles* 42 or decarboxylative
benzylations.*> 44 To the best of our knowledge, there are no
benzylations or (2-naphthyl)methylations reported that involve
weakly acidic C—H pro-nucleophiles with pK, values as high as
34 (in DMSO0).%> 46 Qur team has a long history of using weakly
acidic pro-nucleophiles with deprotonation in situ to perform
C—C bond formations. For example, we have

30 examples 80-99% ee

Scheme 3. Ligand effects in

naphthyl)methylation.

asymmetric (2-

Pd(OAC),
(10 mol% )

N

3 equiv. LiN(SiMe,),
THF,25°C, 12 h

1a 2a

Ligand R' RZ Y(%) ee (%)

L5 H H 88 63
L6 Me H 64 65
L7 CF; H 24 -3
L8 Me OMe 56 68

L4 0%, n.d.

2| J. Name., 2012, 00, 1-3

[a] Reaction conditions: 1a (0.05 mmol), 2a (0.15 mmol), Base (0.15 mmol), 10 mol%
Pd 12 mol% Ligand L8, 0.1 M, 12 h. [b] Yields were determined by the '"H NMR with
CH,Br, as internal standard. [c] The ee values were determined by HPLC. [d] 5 mol%
Pd,(dba);. THF = tetrahydrofuran, DME = 1,2-dimethoxy ethane, Piv = Pivaloyl, Boc =
tert-butyloxycarbonyl.

realized the asymmetric arylation and allylation of
benzylamines and toluene derivatives activated by the m-acidic
Cr(CO); moiety (Schemes 2a-b).*” Initial results in the
asymmetric allylation of 3,3’-dipyridylmethane (Scheme 2c)
have also been realized. Based on these precedence, and the
utility of enantioenriched a-azaarylmethyl amines,*8->° we set
out to develop the asymmetric benzylation of azaarylmethyl
amines (pK, = 34 in DMS0).*> Herein we describe the successful
development of a new palladium catalyzed C-H
functionalization of the a-position of tertiary amines to prepare
a-azaarylmethyl amines in up to 98% yield and 98% ee.

Table 1 Optimization of the Reaction Conditions.[a!

X 10 mol% Pd

)
@\/ (\0 . OO 12 mol % L8
Pz N \) “ Bae
N Solvent, T, 12h
1a 2
Entry Pd T(°C) X Base Solvent Yield® eel?
(%) (%)
1 Pd(OAc), 25 OPiv LiN(SiMe3), THF 56 68
2 Pd(COD)Cl, 25 OPiv LiN(SiMe3), THF 72 76
3 Pd(acac), 25 OPiv LiN(SiMe3), THF 66 79
40 Pdy(dba)s 25 OPiv LiN(SiMe3), THF 66 80
5 Pd(dba), 25 OPiv LiN(SiMe3), THF 74 79
6 Pd(dba), 0 OPiv LiN(SiMe3), THF 72 90
7 Pd(dba), 0 OBoc LiN(SiMe3), THF 71 90
8 Pd(dba), 0 OAc LiN(SiMe3), THF trace trace
9 Pd(dba), 0 OPiv NaN(SiMe3), THF trace
10 Pd(dba), 0 OPiv KN(SiMe3), THF trace
1M Pd(dba), 0 OPiv LiN(SiMe3), DME 72 93
12 Pd(dba), 0 OPiv LiN(SiMe3), TBME 62 90
13 Pd(dba), 0 OPiv LiN(SiMe3), i-Pr,0 56 60

[a] Reaction conditions: 1a (0.05 mmol), 2a (0.15 mmol), Base (0.15 mmol), 10 mol%
Pd 12 mol% Ligand L8, 0.1 M, 12 h. [b] Yields were determined by the '"H NMR with
CH;Br;, as internal standard. [c] The ee values were determined by HPLC. [d] 5 mol%
Pd,(dba); crystallized from benzene. THF = tetrahydrofuran, DME = 1,2-dimethoxy
ethane, Piv = Pivaloyl, Boc = tert-butyloxycarbonyl.

We initiated the asymmetric (2-naphthyl)methylation of 4-
(pyridin-2-yImethyl)morpholine 1a by testing 54 common
enantioenriched mono- and bidentate phosphine ligands with
Pd(OAc),, lithium bis(trimethylsilyllamide and pivalate 2a at
room temperature (see Supporting Information for details). In
general, bidentate phosphine ligands performed better, and
Mandyphos (L5) was the most promising initial hit with 88%
yield and 63% ee. The enantioselectivity was improved to 68%
with ligand L8 possessing electron donating methoxy groups
(Scheme 3, Table 1, entry 1). With this lead in hand, various Pd
sources were examined, including (COD)PdCl,, Pd(acac),,
Pd,(dba)s, and Pd(dba), which provided the desired product
with ee values between 76%—80% and yields of 66%—74% (Table
1, Entries 2-5). Pd(dba), was the best Pd source based on

This journal is © The Royal Society of Chemistry 20xx
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product yield and ee. We were pleased to find that lowering
the reaction temperature to 0 °C led to improvement of the
enantioselectivity to 90% (Table 1, Entry 6).°! Replacing the
leaving group OPiv with OBoc led to similar results, but the less
reactive OAc resulted in only trace product (Table 1, Entries 7-
8).52To our surprise, the reaction failed when the more reactive
NaN(SiMes), and KN(SiMes), were employed (Table 1, Entries
9-10).>3 These results led us to speculate that binding of the
lithium cation to the 2-pyridyl nitrogen plays a critical role in this
substitution process. Next, solvents DME, tert-butyl methyl
ether and di-iso-propyl ether were examined (Table 1, Entries
11-13) and DME was found to give the same yield as THF but
with slightly higher ee (93%).

With the optimized conditions in hand (Table 1, Entry 11),
we focused on investigating the scope of pyridine-based pro-
nucleophiles with naphthalen-2-ylmethyl pivalate (2a) as the
electrophile (Scheme 4). It is noteworthy that pyridines are the
most prevalent nitrogen heterocycles in medications.? >*
Pyridyl-based azaarylmethyl amines incorporating various six
membered rings, including morpholine (1a), piperidine (1b),
thiomorpholine(1c) and N-methylpiperazine (1d) proved to be
compatible with the catalytic reactions and gave the (2-
naphthyl)methylation products 3aa—3da in good yields (71—
80%) and excellent ee values (90—-93%). The azepane derivative
1e afforded the coupling products 3ea in 84% yield with 85% ee.
Acyclic dialkyl amines 1f-1i with varying degrees of steric
hinderance about the amino group were suitable coupling
partners and provided the expected products 3fa—3ia in 65—
87% yield and 80-92% ee.

Next, substitutions on the 2-pyridyl group were examined.
The 5-phenyl substituted adduct 3ja was isolated with 89% yield
and 96% ee. Substrate 1k, with a methyl group underwent the

Scheme 4 Scope of Azaarylmethyl Amines in the Palladium Catalyzed
Enantioselective sp® C—H (2-naphthyl)methylation. [
OPIV' 10 mol% Pd(dba),

@\/ 12 mol % L8

X Y (%) ee (%)

QK\X 3aa 0 72 93
NG N 3ba cH, 71 0
3ca S 80 93

3da NMe 71 90

| X Et | A i-Pr ‘ A Et

;
N. N.
N Nme N7 Me N Et

3 equiv. L|HMDS
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AN
N N >Nowe
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QU0
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3ia, 65%, 92% ee

3la, 59%, 90% ee

3ga, 84%, 90% ee

Ph o
T

3ja, 89%, 96% ee

SUS;

3ma, 75%, 95% ee 3na, 77%, 90% ee 3o0a, 81%, 98% ee

R® R* Y (%) ee (%)
3pa H H 78 96
R3 3qa OMe H 91 93
X
IORUSI-S N
R NN 3sa COOMe H 60 94
3ta F H 81 96
3ua H Cl 96 97

This journal is © The Royal Society of Chemistry 20xx
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[a] Reaction conditions: 1a (0.05 mmol), 2a (0.15 mmol), Base (0.15 mmol), 10 mol%
Pd 12 mol% Ligand L8, 0.1 M, 12 h. [b] Yields are isolated yields.[c] The ee values were
determined by HPLC. [d] 5 mol% Pd,(dba);. THF = tetrahydrofuran, DME = 1,2-
dimethoxy ethane, Piv = Pivaloyl, Boc = tert-butyloxycarbonyl.
(2-naphthyl)methylation reaction with 72% vyield and 84% ee.
Product from deprotonation of the methyl group was not observed.
The fluoro-substituted pro-nucleophile 1l was a suitable coupling
partner and resulted in formation of 3la in 59% yield and 90% ee.

Heterocycles beyond pyridines were next examined. Amines
bearing pyrazine (1m), quinoxaline (1n) and isoquinoline (10), were
competent coupling partners and afforded the corresponding
adducts 3ma-3oa in 75-81% yield and 90-98% ee. Quinoline-based
methyl amines, including the parent compound (1p) and those
bearing methoxy (1q), methyl (1r), ester (1s), fluoro (1t), and chloro
(1u) were tolerated under our conditions and afforded the
corresponding (2-naphthyl)methylation products 3pa—3ua in 60-98%
yield with ee values of 93-97%.

The scope of the electrophile was next examined, as shown in
Scheme 5. Naphthalen-2-ylmethylpivalates supporting 6-methoxy
(2b) or 7-methoxy (2c) substituents both underwent the (2-
naphthyl)methylation and furnished adducts 3ab and 3acin 71% and
76% yield and 90% and 99% ee, respectively. Substrate 2d, with an
appended benzyl ether was a suitable coupling partner and resulted
in formation of 3ad in 76% yield and 96% ee. Cyclopropyl groups are
frequently found in bioactive compounds.>® The cyclopropyl
substituted electrophile 2e was compatible with the process and
gave the target product 3ae in 69% yield and 95% ee. Substrates
bearing a methyl (2f) or phenyl (2g) participated in the coupling
to generate 3af in 86% vyield and 91% ee and 3ag in 86% yield
and 93% ee. Electrophiles containing the 2-thiophenyl and 8-
quinolinyl heteroaromatic groups 2h and 2i

Scheme 5 Scope of Naphthalen-2-ylmethyl pivalate in Palladium
Catalyzed Enantioselective sp3 C—H (2-naphthyl)methylation.[!

10 mol% Pd(dba),
o
N o N opiy _ '2mol%Ls
3 equiv. LiN(SiMe3),
DME, 0°C, 12h

3ab 71%, 90% ee

BeeaaivonciNven,
Ph
V

3ae 69%, 95% ee

SO
~
\_s

3ah 78%, 87% ee

3ac 76%, 99% ee 3ad 76%, 96% ee

3af 86%, 91% ee 3ag 86%, 93% ee

|N 3ai 65%,
N

84% ee

[a] Reaction conditions: 1a (0. 05 mmol), 2 (0.15 mmol), LiN(SiMe3;), (0.15 mmol), 10
mol% Pd(dba),, 12 mol% Ligand, 0.1 M, 12h, 0 °C.

furnished adducts 3ah and 3ai in 78% and 65% yield with 87%
and 84% ee, respectively.

In order to demonstrate the utility of this method, we
increased the scale ten-fold to 0.5 mmol further and increased
it to 4.4 mmol with the amine 1p as nucleophile and pivalate 2c
as electrophile (Scheme 6). The benzylation reaction afforded

J. Name., 2013, 00, 1-3 | 3
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the product 3pc in 74% and 72% vyield with 85% and 87% ee.
Crystals suitable for X-ray crystallographic analysis were
obtained of 3pc and the absolute configuration of the tertiary
amine was found to be (R) (CCDC 2107204, see the Supporting
Information for details).

Scheme 6 Scale up of the Palladium Catalyzed Enantioselective sp3
C—H (2-Naphthyl)methylation.

OPiv 10 mol% Pd(dba),
A fo) OMe 12 mol % L8
N 3 equiv. LiN(SiMe;),
DME, 0°C, 12 h
1p 0.5 mmol 2¢ 1.5 mmol 3pc 74%, 85% ee
4.4 mmol 13.1 mmol 72%, 87% ee

A few experiments were conducted to gain insight into the
substitution process. Benzylic deprotonation of the 2-
azaarylmethyl amine is a key step in the asymmetric coupling,
causing us to wonder to what extent it might be deprotonated
under conditions to simulate the reactions outlined herein.
Thus, we subjected 1a to 3 equiv LiN(SiMe3z), for 1 h at rt, then
quenched the reaction with D,0. No incorporation of
deuterium into the product was detected by 'H NMR analysis of
the quenched product. Consistent with this observation,
conducting a similar deprotonation in THF-dg at rt for 1 h before
acquiring the *H NMR spectrum of the mixture also showed only
unreacted 1a without noticeable formation of the
organolithium. These results suggest that the deprotonation
equilibrium lies far to the side of the pro-nucleophile 1a. Of
course, only a small amount of deprotonated material is
necessary to drive the reaction.

Scheme 7 Control experiments

1a
o
N

1a Not observed

a) 3 equiv. LiN(SiMe3),
_AmLDME,rt,1h 1a-d, (not detected)

. 1a (fully recovered)
b) 5 equiv. DO, rt, 1 h

a) 3 equiv. LiN(SiMe3),
1 mL Dg-THF, rt, 1h A

°P'V 10 mol% Pd(dba),

(\O 12 mol% L8
N\) OO 3 equiv. LiN(SiMe3),
o
DME, 0°C, 12 h (not observed)
1v recovered
2a
@ OPIV 19 mol% Pd(dba),
NN 12 mol % L8
q o~ OO 3 equiv. LiN(SiMes),
DME, 0°C, 12h
1w 2a 3wa (not observed)

e) 1w recovered

OPiV' 10 mol% Pd(dba),

12 mol % L8
= “/
@ OO 3 equiv. LiN(SiMe;),
DME, 0°C, 12h
1x 2a 3xa (not observed)

1x recovered

4| J. Name., 2012, 00, 1-3

As noted earlier, the nature of the cation in MN(SiMe3), was
found to play an important role in governing the overall
reactivity. Because the more reactive bases NaN(SiMes), and
KN(SiMe3), both failed to afford the target tertiary amine (Table
1, Entries 9—10) we suspected that coordination of the Li* to the
azaaryl nitrogen was necessary. We therefore examined
substrate 1v containing a 2-tert-Bu group adjacent to the
nitrogen to inhibit binding of the Li* to N (Scheme 7a). The tert-
Bu group turned off the reaction with LiN(SiMe3s),, consistent
with our hypothesis that binding of Li* to N is important. Next,
the 3-pyridyl- and 4-pyridylmethyl amines were tested as pro-
nucleophiles. Although neither pyridyl nitrogen in these
substrates can coordinate to lithium and facilitate
deprotonation, it should be noted that benzylic hydrogens
situated at the 4-position of pyridines are more acidic than
those at the 2-position.*® In other words, 1x is more acidic than
1a and should be more easily deprotonated if pre-coordination
is not a prerequisite. In the event, neither 1w or 1x participated
in the (2-naphthyl)methylation under the standard conditions.
In these cases, starting materials were recovered (Schemes 7d—
e). These experimental results support our suspicions about the
importance of Li* binding to the basic 2-pyridyl nitrogen.

Based on the above results, we postulate a possible reaction
pathway (Scheme 8). Starting with Pd(dba), at the top of
Scheme 8, ligand exchange with the bidentate phosphine ligand
generates L,"Pd(dba) (A), which looses dba to give unsaturated
L,*Pd° (B, where L, represents the bidentate phosphine).
Coordination of the Pd to the arene m-system to give C is
followed by oxidative ionization of the benzylic pivalate to give
Pd(ll) intermediate D.°® Meanwhile, the pro-nucleophile 1a
coordinates to the lithium of LiN(SiMez), and is deprotonated
via the transition state E to give the organolithium F. The
organolithium F undergoes transmetallation to generate
palladium complex G. Complex G can undergo epimerization by
migration of the palladium to the nitrogen as in H and back to
carbon. We speculate that the diastereomers of G (only one
shown) will have different energies and will undergo reductive
elimination with different barriers, resulting in the observed
enantiomeric excess of 3aa. There are other possible
mechanisms that cannot be excluded here. One is that the 7-
benzyl will undergo attack by the nucleophilic organolithium
from opposite the palladium (attack on a coordinated ligand).
Such mechanisms are often observed in allylic substitution
reactions, even for nucleophiles derived from weakly acidic pro-
nucleophiles.>” 58 Another mechanistic scenario is the lithium
of the pro-nucleophile binds to the amino groups of the ligand
during the transmetallation, causing the transmetallation to
occur with high diastereoselectivity. Finally, we cannot rule out
any coordination of the pyridyl nitrogen to Pd to facilitate the
deprotonation of the pro-nucleophile.

Scheme 8 Plausible Mechanism

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

In summary, azaarylmethyl amines are important building
blocks in medicinal chemistry. We have developed the first
enantioselective (2-naphthyl)methylation of azaarylmethyl
amine pronucleophiles. The benzylic substitution could be
easily performed using a Pd/Mandyphos system. The potential
utility has been demonstrated by the scope and scalability of
the reaction. Mechanistic studies point to the importance of
binding of the Li* to the azaaryl moiety in the deprotonation
step. We envision that this method could provide a
complementary strategy for the preparation of enantioenriched
(2-naphthyl)methyl azaarylmethyl amines.
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