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Direct synthesis of chiral B-arylamines via additive-
free asymmetric reductive amination enabled by
tunable bulky phosphoramidite ligands¥

Jing Wang,? Wenji Wang,1? Haizhou Huang,? Zhiging Ma (2°
and Mingxin Chang (2 *@°

This report describes an additive-free iridium-catalyzed direct asymmetric reductive amination that enables
the efficient synthesis of chiral f-arylamines, which are important pharmacophores present in a wide variety
of pharmaceutical drugs. The reaction makes use of bulky and tunable phosphoramidite ligands for high
levels of enantiomeric control, even for alkylamino coupling partners which lack secondary coordinating
sites. The synthetic value of this succinct procedure is demonstrated by single-step synthesis of multiple
drugs, analogs and key intermediates. Mechanistic investigations reveal an enamine-reduction pathway,
in which H-bonding, steric repulsion, and CH-m and electrostatic interactions play important roles in
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Introduction

Chiral pB-arylamines are important pharmacophores present in
a wide variety of pharmaceutical drugs and other biologically
active compounds. For instance, 14 out of 200 top brand name
drugs by US retail sales in 2021 contain chiral B-arylamino
units." Some examples are lisdexamfetamine, tamsulosin,
arformoterol, selegiline, silodosin, and sitagliptin (Scheme 1A).
Consequently, it is of great significance to develop both atom-
and step-economic methods for concise and efficient synthesis
of such compounds.”> Two attractive transformations have
emerged as highly potential approaches: the asymmetric
hydrogenation (AH)? of B-arylenamides® and B-arylenamides®
(Scheme 1B-i), and the direct asymmetric reductive amination
(ARA)® of arylacetones’ (Scheme 1B-ii). In AH, extra steps are
required to prepare and remove the amide group, and
frequently the existence of the E/Z isomers will complicate the
enantiocontrol.**® While ARA represents a superb choice in
terms of substrate availability, cost-efficiency and the number of
synthetic steps required for achieving the targeted product,
particularly when H, is utilized as the reducing agent, the
massive diphenylmethyl group needs to be removed for further
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defining the spatial environment for the “outer-sphere” hydride addition.

N-alkylation, which makes this option less attractive in the
aspect of atom-economy.

In more than two decades, much progress has been achieved
in the field of transition-metal-catalyzed ARA since the first
example was reported by Blaser and co-workers in 1999,° and is
underlined by the applications in the production of sitagliptin™
and suvorexant.® Nevertheless, factors including the inhibitory
effects of nitrogen-containing species, especially alkyl amines
(Scheme 1C), on transition-metals, the presence of multiple
isomers (Scheme 1C), chemoselectivity and overalkylation
significantly limit its prevailing application in synthesis of
related chiral amines. As a result, less nucleophilic arylamines
and ammonium cations are predominately utilized as the N-
sources in ARA. And most of the times additives are required to
alleviate the inhibitory effects and/or facilitate the formation of
the imine intermediates. Titanium(v) alkoxides, which boost
the formation of the imine intermediates during the ARA
process, are one class of mostly used Lewis acid additives, yet
they tend to form gel-like fluid with non-settling fine particles
upon quenching with water thus making the following workup
difficult (Scheme 1B).”*'® Recently Xu, Li and co-workers re-
ported an excellent iridium-catalyzed additive-free transfer
hydrogenative amination, while the substrates are limited to
aromatic ketones and less inhibitory arylamino sources
(Scheme 1D)."* Nevertheless, an additive-free and direct cata-
lytic ARA system for the coupling of more general ketones and
amines, particularly arylacetones and aliphatic N-sources, is
highly desirable (Scheme 1C). Herein we demonstrate that the
iridium complexes in situ generated from [Ir(cod)Cl], and bulky
phosphoramidite ligands are efficient catalysts towards the
direct asymmetric reductive amination of arylacetones and
primary alkylamines (Scheme 1E). Under mild reaction
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Scheme 1 Relevance of chiral B-arylamines and efficient enantioselective synthetic strategies.

conditions and without the addition of any additive, the pro-
chiral ketones reductively couple with alkylamines effectively to
form functionalized and structurally diverse chiral B-aryl-
amines, including drugs, key pharmaceutical intermediates and
their analogs.

Results and discussion

Iridium complexes are the most frequently employed catalysts
in transition-metal catalyzed ARA due to their outstanding
resistance to inhibitory effects, remarkable efficiency towards
imine reduction®'* and less chance of obtaining alcohol by-

15812 | Chem. Sci, 2024, 15, 15811-15818

products from the ketone reduction.® We set out our research
on the reaction of 1-(4-methoxyphenyl)-propan-2-one (1a) and 2-
phenylethylamine (2a) using [Ir(cod)Cl], as the metal precursor.
In our previous research on the synthesis of B-arylamines via
ARA utilizing diphenylmethylamine as the N-source,”® the
catalyst generated from iridium and monodentate phosphor-
amidite chiral ligand* L1 displayed extraordinary reactivity and
enantio-selectivity. Yet for the ARA reaction of a typical alkyl-
amine 2a, it merely resulted in 58% yield and 23% ee (Table 1,
entry 1). Without the addition of any additive, the reaction yield
dramatically decreased to 16% (entry 2), and could be improved
in the presence of molecular sieves (entry 3).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reaction development®

zé

L1:R=H;L2:R=Me;L3:R= Ph

[Ir(cod)Cll; (0.25 moi%) _"'°° HN PN
L (1.05 mol%), H (20 atm) :

solvent (0.1 M), r.t., 24 h

3aa

L4:R=Ph
L5: R = 1-naphthyl

el

Entry Ligand Solvent? Yield (%) ee (%)
1¢ L1 CH,Cl, 58 23
2 L1 CH,Cl, 16 <5
3¢ L1 CH,Cl, 25 32
4 L1 EtOAc 58 5
5 L1 PhMe <5 —
6 L1 MeOH 68 34
7 L1 TFE 90 50
8 L2 TFE 89 23
9 L3 TFE 78 34
10 L4 TFE 58 62
11 L5 TFE 85 79
12 L6 TFE 91 75
13 L5 PhMe/TFE 95 94
14° L5 PhMe/TFE 98 92
15¢ L5 PhMe/TFE 82 93
16" L5 PhMe/TFE 81 94

“ Reaction conditions: 1a 0.1 mmol, 2a (1.02 equiv.), solvent 1 mL.
Yields and enantiomeric excess values were determined by chiral
HPLC after the products were converted to the corresponding
acetamldes TFE = 2,2,2-trifluoroethanol. ” PhMe/TFE = 3: 1.
¢ CF;CO,H (30 mol%), T1(O 'Pr), (30 mol%) and molecular sieves (4 A,
25 mg) were added as in ref. 7a. ¥ Molecular sieves (4 A, 25 mg) were
added. ¢ [Ir)/L = 1:1.5.7 [Ir(cod)I], was used instead of [Ir(cod)Cl]

In this reaction the solvent played an important role, as the
protic solvents, methanol and particularly more polar 2,2,2-tri-
fluoroethanol (TFE), delivered much higher yields and ee values
than the non-protic ones (Table 1, entries 4-7). In the TFE
environment, the formation of the imine intermediate, the
proton transfer and the stabilization of the iminium cation
could be all enhanced, thus leading to better reactivity.** To
employ the tunability of the phosphoramidite chiral ligands,
HB8-BINOL backbone based L2-L6 with different substituents at
the 3,3'-position and/or amino parts were synthesized and
examined. Although L3 with the 3,3’-Ph group alone did not
provide better result, when the amino part of the phosphor-
amidite was changed from piperidine to tetrahydro-
isoquinoline (L4), the enantiopurity of 3aa was improved by
nearly 30% (entry 10). Increasing the bulkiness by introducing
1-naphthyl groups at the 3,3’-position helped to further elevate
the ee value to 79% (L5, entry 11). A more spatial ligand L6 did
not deliver better results (entry 11). The presence of a second
solvent in the reaction system, toluene in this case, helped to
achieve satisfactory results (entry 13). Molecular sieves were
beneficial for the reaction yield, but there was a slight decrease
in the ee value (entry 14). When the [Ir]/L ratio was lowered to 1 :
1.5, the reaction yield decreased to 82% (entry 15).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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With the optimized reaction conditions in hand, the scope
and limitations of the protocol were studied (Table 2).
Substituted arylketones were first investigated. The electronic
and steric properties of the aryl group did not significantly
impact the reaction yields (Table 2A, products 3aa-3la);
however, slightly higher enantioselectivity was observed for the
electron-donating substituted B-arylamine products (3aa, 3fa,
3ga, and 3ia) than that with electron-withdrawing substituents
(3ea and 3ha) when they are at para- or meta-positions; excellent
yields and ees were achieved for all ortho-substituted products
(3ia-3ka). To our delight, in the functional group tolerance
examination the protic polar hydroxyl group, one of the chal-
lenging functional groups in drug synthesis,* was well tolerated
in our reaction system (Table 2B, product 3ma). Other common
groups, borate (3na), ester (30a) and indolyl (3pa), were also
compatible with the catalytic conditions. It is worth mentioning
that substrate 1q, which contains both heteroaromatic pyr-
imidinyl and protic amino groups, was smoothly transformed
into product 3qa in an excellent yield and good
enantioselectivity.

Then a variety of alkylamine coupling partners with diverse
structures (Table 2C, products 3ab-3al) were examined in the
reactions with 1a. The amines containing both phenolic (-
PhOH) and alkenyl groups successfully reductively coupled with
1a to yield 3ad and 3aj respectively. It is important to note that
amines with pure alkyl substituents also resulted in corre-
sponding products (3af-3ah) in good yields and ees. For n-
hexylamine 2g and cyclohexylmethanamine 2h substrates,
bulkier ligand L6 was applied for better enantioselectivity." In
the reaction of aniline 2k as the amine source, product 3ak was
obtained in a satisfactory yield, yet in near racemic form. And
for sterically hindered t-butylamine 2I, the reaction barely
proceeded.

After having successfully performed the ARA reactions of 1-
arylpropan-2-ones and amines, we were interested in the
applicability of this additive-free catalytic system in ketones
with other structures. Fortunately, with the help of molecular
sieves at higher reaction temperature, the iridium-L5 catalytic
system worked very well towards aromatic and heteroaromatic
ketones 4a and 4b (Table 2D, products 5aa and 5ba). Alkyl
ketones are challenging substrates in transition-metal catalyzed
asymmetric transformations because of lack of secondary
interactions with the catalytic complexes. It is especially diffi-
cult to differentiate two similar groups in terms of steric and
electronic properties.* In this regard it is satisfying that related
reaction intermediates for such ketones were well adapted in
our catalytic environment and led to corresponding products
5da-5ha in excellent yields and high ee values. Even the methyl
ethyl ketone substrate 5g is enantioselectively recognized by the
Ir-L5 catalyst and leads to product 5ga in 90% ee. Sterically
hindered 3,3-dimethylbutan-2-one 4i was not suitable under the
standard reaction conditions.

To demonstrate the practical utility and potential for the
synthesis of related chiral amino pharmaceuticals using our
protocol, a couple of gram-scale experiments were performed
(Scheme 2). Catalyzed by 0.03 mol% of the Ir-L5 complex,
3 mmol of 1a was efficiently converted to 1.09 g of 3aa in 82%

Chem. Sci., 2024, 15, 15811-15818 | 15813
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Table 2 Substrate scope®
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2
ﬁ\ . R {Ir(cod)Cll; (0.17 mol%) HN T
- 2 (S)L5 (0.69 mol%), H, (20 atm) A
2 PhMe/TFE (0.3 M), rt, 24 h R

1: R" = ArCHy-; 4: R" = others

3:R" = ArCH,-; 5: R" = others

= OMe, 3aa, 97%, 94% ee
H, 3ba, 98%, 94% ee

F, 3ca, 98%, 92% ee

Br, 3da, 97%, 90% ee®
CF3, 3ea, 94%, 88% ee®

/©\/’\i\/Ph

R' = Me, 3fa, 98%, 95% ee
3,4-(OMe),, 3ga, 95%, 95% ee
Cl, 3ha, 97%, 91% ee®

B. Functional group tolerance

A. Steric and electronic effects

o HN/\/Ph
N/\/ :
... 318, 97% 94%ee

= OMe, 3ia, 97%, 95% ee

Cl, 3ja, 93%, 96% ee®
2,6-F», 3ka, 95%, 98% ee
3pa, 98%, 96% ee

\©\/(\/Ph EtOZC\©\/'\i\/Ph C( \Q\T:\/Ph
OH :

3ma, 95%, 93% ee 3na, 91%, 92% ee

C. Scope of amines

MeO >

H’;l ° \©\/\

3ac, 94%, 96% ee

3ab, 95%, 94% ee

M
e0\©\i,\£\/\ " \©\/\

30a, 91%, 91% ee 3qa, 98%, 90% ee

@wN@

3ad, 93%, 90% ee®

3ae, 94%, 92% ee 3af, 91%, 92% ee? 3ag, 92%, 92% ee® 3ah, 95%, 92% ee®
o) e o L 0 K
HN 0 e0
_______ %L 9T 8T ee ... 3, 97% 92%ee 3ak.87%d4%ee  3al<10%
oh D. Aryl and aliphatic ketones Ph
HN/\/ HN/\/Ph HN/\/

Q%M“

5aa, 82%, 99% ee?® 5ba, 91%, 98% ee’

5ca, 92%, 92% ee 5da, 99%, 93% ee

Ph ~_-Ph Ph
HNT HN A~
o B - HN/\/ Ph HN/\/Ph Hl;l
o}
5ea, 90%, 95% ee 5fa, 98%, 95% eeld] 5ga, 96%, 90% ee 5ha, 90%, 91% ee 5ia, <10%

“ Reaction conditions: 1/4 0.3 mmol, 2 (1.02 equiv.), PhMe/TFE = 3:1 (total 1 mL), room temperature, 24 h; 1solated yields; enantiomeric excess

values were determlned by chiral HPLC after the products were converted to the corresponding acetamldes
MeNH2 HCl was used. ° Reaction temperature was 60 °C. / Reaction temperature was 40 °C.

were added. ° L6 was used instead of L5.
¢ Reaction temperature was 80 °C.

yield and 91% ee, while the addition of molecular sieves could
elevate the reaction yield to 91%. In the second gram-scale
reaction, 1.07 g of tamsulosin analog 3rm was synthesized in
one single step from the reductive coupling of sulfamidoar-
ylacetone precursor 1r and amine 2m (Scheme 2B). This method
was also applied in the two-step synthesis of a MAO-B inhibitor
for the treatment of Parkinson's disease, selegiline (Scheme 2C).
Similarly, the analog of the key intermediate of silodosin was

15814 | Chem. Sci., 2024, 15, 15811-15818

b Molecular sieves (4 A, 25 mg)

obtained via this procedure in a satisfactory yield and enan-
tioselectivity (Scheme 2D). To gain insights into the reaction
pathways, particularly on whether the reduction proceeds
through an imine or enamine intermediate, we conducted an
isotopic labelling experiment. For the reaction of 1a and 2f,
from the "H NMR integration, the deuterium abundance at the
chiral center C2 of 3af was 85% and that on C1 was 62% with
deuterium gas as the reductant (Scheme 3A-1). When utilizing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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A. Gram-scale experiment
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K>,COs (3 equiv.), MeCN, 80 °C, 16 h. Condition variation (b) 40 °C, 40
atm Hy, MS.
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Scheme 3 Mechanistic studies.

MeOD/PhMe as the reaction solvent and normal H,, deuterium
was found to partially incorporate into all the C1, C2 and C3
positions (Scheme 3A-2). As for the reaction of 1a and benzyl-
amine 2n with MeOD as the D source, deuterium is not only
present at the C1, C2 and C3 positions, but also at the benzyl
and ortho-positions of the N-benzyl group of 3an (Scheme 3A-3).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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At the same time, the deuterium incorporation ratios for 3an at
the C1, C2 and C3 positions are much higher than those for 3af.
The above results indicate an enamine reduction pathway. The
extra deuterium atom on C1 probably stems from the H/D
exchange via a ketone/enol tautomerization (Scheme 3A-4),
and the heterolytic cleavage of H, during its addition to the
iridium center, which also explains the source of the 15%
hydrogen atom on C2 (Scheme 3A-1). Although the optimized
[Ir]/L5 ratio was 1:2, with an [Ir]/L5 ratio of 1:1, product 3aa
was obtained in only slightly lower ee, albeit in a much lower
yield (Scheme 3B). In the formed complex from [Ir(cod)Cl], and
L5, only 1 equiv. of L5 coordinates to Ir, even in the presence of
a large excess of the phosphoramidite ligand (Scheme 3C).
DFT calculations for the reaction of 1b and methylamine (2f)
using the Gaussian 16 program were performed to better
understand the underlying reaction features and the origins of
enantio-selectivity of this iridium catalysis. Based on the liter-
ature on iridium catalysis of the hydrogenation of imines'*"”
and calculation results compared with “inner-sphere” H-
addition (see the ESIT), possible reaction pathways were
proposed (Scheme 4), which featured an “outer-sphere” H-
addition as the key step (Scheme 4A, left). One of the major
interactions between the substrate and the catalytic complex is
the H-bonding, arising from the protonated enamine and the

A. Proposed reaction pathways

L5 H .
[Ir(cod)Clly ——————— L5, I \Cl Hy, int-1
A (MeNH,), H S
( 2). Ha A~ T~y
3 HN S
b + 2f —Ph :
\ ) : 3bf
! int-1 '
”””””””””””” e
_ - _ L5/, | \Cl
H H 7 I
L5, |l 150, | «Cl A’H\H Me
A '\'\H A~y «, HN
Ho H H H. )—Me
_NE _NEy,
PR Y Me \[ e TS-1
L Ph
TS2-cS TS2-cR (favored)
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or
Ho o T -
L5, | WClyy L5 Cle " Me
o H L5, i wCl | Hepp
AT IYH, \+-Me A~ \H ! +-Me| /|\ Me
N N A H J—
H /—Q H - Ph
Ph L Ph I int-2
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Scheme 4 Proposed reaction pathways and energy profiles.
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A. Trans-H-addition

TS2-tR

B. Cis-H-addition

C. Rotamers

Scheme 5 H-Addition transition states & rotamers.

chloride on the iridium center. No obvious ee difference was
observed when [Ir(cod)I], was used instead of [Ir(cod)Cl],,
probably because besides the chloride anion, the Ir-H(6™) could
also form a H-bond with the H' from int-2.*¢ Although only one
of the two 1-naphthyl groups of the phosphoramidite ligand L5
directly interacts with int-2, the other one plays its role coop-
eratively with the tetrahydroisoquinilinyl (THIQ) moiety. It
affects the spatial position of the THIQ unit through a steric
repulsion interaction, which subsequently confines the position
of the phenyl group of the substrate in a similar manner. That
is, both the two 1-naphthyl groups and the THIQ unit act
collaboratively as blocking planes to define the steric environ-
ment of the substrate int-2 (Scheme 1E; Scheme 44, left). The
electrostatic interaction among the hydrogens, C(1)-H’* of
THIQ, Ir-H®~, and CBn-H®" and CAr-H’" of int-2, also helps to
ensure the stability of the transition state (Scheme 5A, right).
Surprisingly, the hydride cis to the phosphoramidite ligand also
is able to add to int-2 and form the desired (R)-3bf product with

15816 | Chem. Sci, 2024, 15, 15811-15818
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TS2-cR-r (disfavored by 1.8 kcal/mol)

even slightly lower Gibbs free energy for the transition state
than that of the trans-addition. In this model, there is no H-
bonding interaction. Instead, the (NCH,)-H of the iminium
ion and the phenyl group of THIQ attract each other via a CH-
interaction (Scheme 5B, left). Similarly, there is electrostatic
interaction between (Ir)-H°~ and CI°~ and two hydrogens of the
methyl group of int-2 (Scheme 5B, right). The rotamers resulting
from the rotation of two 1-naphthyl groups around the C-C
bonds linked to the H8-BINOL backbone also influence the
stability of the transition states, with the (Sa,Sa)-isomer favored
by 1.8 kcal mol~" over the (Ra,Ra)-isomer (Scheme 5C).

Conclusions

In summary, we have developed an efficient direct asymmetric
reductive amination for the precise synthesis of chiral N-alkyl B-
arylamines. Catalyzed by the in situ generated complexes from
iridium and fine-tuning phosphoramidite ligands under
additive-free and mild conditions, a variety of prochiral ketones

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with diverse structures smoothly reductively coupled with
alkylamines to form a-aryl-, B-aryl-and alkyl chiral amines. DFT
studies reveal that the two naphthyl groups at the 3,3'-positions
and the tetrahydroisoquinolinyl substituent of the applied
phosphoramidite ligand act as three blocking planes. Along
with the H-bonding and multiple electrostatic interactions, the
enamine intermediates are spatially well confined in the cata-
lytic environment, thus leading to products with excellent
enantioselectivity. This general protocol should find extensive
utility for direct and precise chiral amine synthesis and shed
light on better catalyst design.
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