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Abstract:

Amines are common scaffolds in bioactive molecules as well as building blocks for chemical synthesis. Despite
significant advances in palladium-catalyzed C(sp?)~H functionalization of amines over the past decades, it remains
challenging to perform directed C—H metalation with native amine groups rather than amine-derived or transient directing
groups (DGs). Recently, our group developed the Pd(II)/sulfoxide-2-hydroxypyridine (SOHP) catalytic system, in which
SOHP ligands play a pivotal role as a crucial functional module, enabling regioselective C(sp?)—H and enantioselective
C(sp®)—H functionalization reactions. In this work, we demonstrate that this chemistry provides an ideal solution for
native primary amine-directed y-C(sp®)-H arylation. Primary amines of varying degrees of complexity, encompassing
amino acid esters and aminol silyl ethers, were found to be compatible with the established methodology. Additionally,
we achieved a preliminary implementation of the asymmetric variant of this y-C—H arylation reaction by employing a
chiral SOHP ligand. Moreover, the range of applicable substrates could be extended to pyridine, oxime ether, and
pyridine-N-oxide.

Aliphatic amines are fundamental structural motifs in organic and bioorganic chemistry. In particular, y-arylamines
prevalently exist in natural products, pharmaceuticals, and other bioactive entities!!! (Figure 1). Consequently, the
development of efficient strategies for the construction and modification of y-arylamines is of great importance and high
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Figure 1. Bioactive y-arylamine compounds
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Direct C—H bond functionalization is an ideal method for the construction of multifunctional molecules and late-stage
modification of complex structures.!?) Over the past decades, tremendous progress has been made in terms of palladium-
catalyzed C(sp®)—H functionalization reactions of aliphatic amines.?! Initially, amine-derived directing groups (DGs)
were employed to facilitate Pd-catalyzed C—H functionalization of the amine aliphatic chain (Figure 2a), and a variety of
-4 B-,B1 y-161 and §-C(sp®)-H!"! functionalization reactions have been accomplished by the groups of Daugulis, Yu,
Dong, and numerous others.®! Although highly effective, these approaches often require additional steps for DG
installation and removal. A preferred alternative strategy is to introduce transient directing groups, whereby exogenous
DGs are reversibly generated in sifu, leading to the formation of imine-based or carbamate transient DGs that enable Pd-
catalyzed y-,1 and 5-C(sp?)-H!'! functionalization of aliphatic amines as demonstrated by Yu,[’® % Dong,®® Ge,!

[9d

Young,”¥ and many others®>¢! (Figure 2b).

Even more preferable would be a method using the amine itself as the DG, which is conceptually straightforward but
challenging,* since free aliphatic amines have been proved to readily form the inactive bis(amine)-Pd(Il) complex,[3*
"1 undergo a-oxidation,['”) and undergo Buchwald-Hartwig coupling with aryl substrates.'3] In this line, Gaunt and
coworkers disclosed B- and y-C(sp®)-H functionalization of free secondary amines without ligand!'¥l and y-C(sp?)-H
functionalization of tertiary aliphatic amines with N-monoprotected amino acid (MPAA) ligand.l'>! For free primary
aliphatic amines, only a handful of methods were established and their applicability remains largely limited to specific
substrates (Figure 2¢). Under ligand free conditions, Shi and coworkers documented the pioneering case of y-
acetoxylation in 2017,l'8] subsequently Bannister and coworker realized the &-arylation,['”) in which only a-fully
substituted amines showed good reactivity; Yao and coworkers developed the y-C(sp*)—H functionalization on amino
acid esters and oligopeptides preliminarily overcoming the o-fully substitution limit.['¥ In 2020, Yu and coworkers
reported the first enantioselective case on cyclopropylmethylamine employing the MPAAThio ligand.['] To further
overcome the substrate limitation, Li and coworkers introduced pyridone as ligand and achieved normal primary amine-
directed y-C(sp®)—H arylation successfully.?°! Despite these achievements, to date, the pursuit of an alternative and
efficient catalytic system for challenging normal primary amine-directed C(sp*)—H functionalization remains a highly
coveted goal.?!]

Previously we have developed a series of sulfoxide-2-hydroxypyridine (SOHP) ligands, which exhibited remarkable
activity in regioselective C(sp?)—H alkenylation of indoles??! and enantioselective B-C(sp?)—H arylation of aliphatic
tertiary amides.?*] Herein, we show that the Pd(I1)/SOHP catalytic system is also able to promote the y-C(sp*)—H arylation
reaction of free primary aliphatic amines, including amino acid esters and aminol silyl ethers. Notably, an asymmetric
variant of this reaction has also been accomplished with chiral SOHP ligand for specific substrates. In addition to primary
aliphatic amines, the scope could be broadened to pyridine, oxime ether, and pyridine-N-oxide. The present work provides
a valuable approach to the synthesis of y-arylamines and demonstrates chiral SOHP as a potential ligand type competent
for enantioselective C(sp®)—H activation of diverse substrates.
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Figure 2. Pd(IT)-catalyzed C(sp*)—H functionalization of amines.

Inspired by our previous discovery that SOHP ligands facilitated the B-C(sp?)—H activation/arylation of aliphatic
tertiary amides with aryl iodides,?*! we commenced our study with the Pd-catalyzed y-C—H arylation of propylamine (1a)
with 1-iodo-4-methoxybenzene (2a) as a model reaction (Table 1). It is noteworthy that aliphatic amines without a-
substituents such as propylamine (1a) are considered to be a quite challenging substrate in C—H activation of amines,
which is usually unreactive in previous reports.l3 16241 It was found that, under ligand free conditions, no desired product
could be observed with Pd(OAc), (5 mol%) and AgTFA in HFIP at 80 °C. Two MPAA ligands Ac—Gly—OH (LL1) and
Ac—Val-OH (L2), which have been recognized as efficient ligands for Pd-catalyzed C—H functionalization,!*’! also
exhibited no reactivity (Table 1). In addition to MPAA ligands, pyridones were also be introduced as effective ligands in
this chemistry,?% 26! thus the representative pyridine-2-ol (L3) was selected to be tested under aforementioned conditions,
resulting in the detection of only trace amount of the arylation product. Subsequently, we extensively screened ligands

22231 The sulfoxide-2-hydroxyquinoline ligand L4 and sulfoxide-2-(N-sulfonylamino)pyridine

developed in our group.!
ligand L5 were initially investigated but found to be inactive. To our delight, the sulfide-2-hydroxypyridine ligand L6,
along with most of the SOHP ligands (L7-L17), exhibited significant reactivity in the model reaction, giving moderate
to good yields of the desired product, and the benzene-tethered SOHP ligands (L11-L17) performed better than the
methylene-tethered ones (L7-L10) in general. Among the benzene-tethered SOHP ligands L11-L17, the bulky alkyl-
substituted ligand L.13 exhibited superior reactivity, affording the arylation product with 58% yield (82% brsm). With the
effective ligand L13 in hand, we prolonged the reaction time to 24 h and got a satisfactory NMR yield of 68% (77%

brsm), which was identified it as the optimal condition for subsequent substrate scope studies.
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Table 1. Ligand screen for C(sp*)—H arylation of amine 1a.[!

Pd(OAc), (5 mol%)

A~ - /@/' Ligand (5 mol%) /@\/\NHQ
—_—
2
oo AGTFA (2€0) oo

HFIP, 80 °C, 12 h

1a 2a
AcHN”COOH I Q ; ~0
AcHN” >COOH
L1, N.D. L2, N.D. L3, trace L4, N.D.

L7, R = Me, 22% (69%)
L8, R = Et, 17% (67%)
fBu PN L9, R = Bn, 5% (45%)

Bu L10, R = Ph, 6% (44%)

’ ‘R
L5 N.D. L6, 44% (83%)
=z
- | L1, R = Me, 12% (50%) L14, R = CH,Ad, 27% (82%)
N~ YOH L12, R = Bu, 44% (79%) L15, R = Ph, 34% (79%)
+ R L13, R = CH,'Bu, 58% (82%) L16, R =4-OMe-CgHy, 38% (78%)
z_ L13, 24 h, 68% (77%) L17, R = 4-CF3-CgHy, 15% (79%)

[a] Reaction conditions: 1a (0.2 mmol), 2a (0.1mmol), Pd(OAc), (0.005 mmol), ligand (0.005 mmol), AgTFA (0.2 mmol),
HFIP (1 mL), 80 °C, 12 h. All sulfoxide ligands used were racemic. Yields were determined by "H NMR analysis and
yields based on recovered starting materials (brsm) were in the parentheses. Abbreviations: AgTFA = silver
trifluoroacetate; HFIP = 1,1,1,3,3,3-hexafluoro-2-propanol.

The substrate scope of this amine C—H arylation reaction was explored under the optimal conditions (Table 2). For ease
of purification, the products were isolated as the corresponding 4-methylbenzamides (Bz’NHR). The scope of primary
aliphatic amines was first investigated for methyl C(sp*)—H arylation and we were delighted to find that the reaction
proceeded well regardless of the a-substitution pattern of the amine substrate (4a-4¢). Both mono- and di-arylation
products were obtained for aliphatic amines with two equivalent reactive methyl groups and the mono-arylation product
predominated whether amine or iodoarene was used as the limiting reagent (4d, 4e). For a-aryl substituents, the presence
of 2,6-diflurophenyl group was well tolerated (4f), while the phenyl group was not compatible. Moreover,
cycloalkylamine such as 2-methylcyclohexan-1-amine was also compatible with good diastereoselectivity (4g). The
amino acid esters were then tested to be compatible with satisfactory yields (65%-85%) and good chiral retention (4h-
4j), and for (L)-valine esters only mono-arylation product was obtained (4i), which distinguishes this catalytic system
from previous systems that showed poor chiral retention (5% es and 1.4:1 dr for the arylation of ethyl (S)-2-
aminobutanoate and ethyl L-isoleucinate, respectively) and mono-/di-selectivity (di-arylation products were obviously
observed).['® 291 Besides, aminol silyl ether yielded the corresponding arylation product with good yields (68%) and
excellent chiral retention (99% es) (4k). Moving on to methylene C(sp*)—H arylation, the acyclic primary aliphatic amine
showed no reactivity, paralleling the results of previously reported native amine-directed C(sp*)—H functionalization
reactions (3m).[16-13: 201 However, to our surprise, the cyclohexanemethanamine gave the desired cyclic methylene C—H
arylation product with perfect diastereoselectivity (>20:1 dr), albeit with a diminished yield (41). We have also attempted
to extend the scope to secondary and tertiary amines, but no desired product was observed as the previous primary amine-
directed catalytic systems presented (3n, 30).[1¢-1°]

The scope of aryl iodides was next investigated for this transformation. A variety of functionalities such as halogen
atoms (4q, 4r), sulfonate (4s), ester (4t), trifluoromethyl (4u), and nitro (4v, 4z) were compatible with the reaction
conditions, and the electronic feature of the substituent on the benzene ring did not exert considerable influence on the
reaction performance as shown in the cases (4b, 4q-4v), though 3,4-dimethoxyiodobenzene led to the product with a
slightly diminished yield (4w). In addition to substituted phenyl iodides, heteroaryl iodide was also tolerated by this
reaction with satisfactory yields (4y, 4aa). Aryl iodides derived from (L)-valine (4ab) and camphorsultam (4ac) could
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also be employed as substrates to deliver the corresponding products in good yields (55—-62%) and diastereomeric ratios
(>20:1 dr), which highlighted the general applicability and mild nature of this method.

Table 2. Substrate scope.?!

Pd(OAc), (5 mol%) p-TolCOCI (Bz'Cl)
L13 5 mol% Et3N DCM
AgTFA (2 eq) in-situ protectlon
HFIP, 80 °C, 24 h
Me Me, Me NHBZ'

NHBZ' NHBZ'
J@/\/\ NHBZ NHBZ' " m
e
MeO MeO MeO

A 4d, 79%° (mono:di=27:1) A 4e, 88%P (mono:di = 6.0:1)
B 4d, 59%° (mono:di=1.5:1) B 4e, 79%P (mono:di = 1.8:1)

OMe From From
NHBz' (L)-valine /©/ (L)-isoleucine
F F o
O NHBzZ' Meo'[ j [ ] MeO” MeO
MeO

B 4a, 67% A 4b, 82% A 4c,59%

NHBZ' NHBz NHBz'
B 4f, 64%cd A 49, 68%° (dr = 10:1) B 4h, 65%"C (80% es) A 4i, 85%°9 (dr = 3.6:1) B 4j, 71%°%9 (dr = 15:1)
OMe Selected unsuccessful examples:
H NHBZ'
% Me
NH ,nPr
o OMe NH,
TBDPSO™ Y H MeO k/‘Pr nr
NHBZ'
B 4k, 68%°f(99% es) B 41, 30%" (dr > 20:1) A 3m,N.D. A 3n,N.D. A 30,N.D.
Me Me Me Me Me
Cl Br TsO MeO,C
A 4p,75% A 4q,75% A 4r,61% A 4s,64% A 4t,69%
Me Me Me Me e
WNHBZ' WNHBZ' MeOWNHBZ' NHBz' (/D/\)\NHBZ'
N
3C O,N MeO /
A 4u,69% A 4v,82% A 4w, 47% A 4x,70% A 4y, 71%
L i
/@K\/\NHBZ' (/t@/\/\NHBZI /\/\/<))‘\H coe N\/@AN
1
N
2N - TBDPSO™ ™Y TBOPSO™ 0,8
NHBZ' NHBz'
A 4z, 70% A 4aa, 63% B 4ab, 55%° (dr > 20:1) B 4ac, 62%° (dr > 20:1)

[a] Conditions A: amine 1 (0.2 mmol), iodoarene 2 (0.1 mmol), Pd(OAc), (0.005 mmol), L13 (0.005 mmol), AgTFA
(0.2 mmol), HFIP (1 mL), 80 °C, 24 h, 0.1 mmol scale; Conditions B: amine 1 (0.1 mmol), iodoarene 2 (0.2 mmol),
Pd(OAc), (0.005 mmol), L13 (0.005 mmol), AgTFA (0.2 mmol), HFIP (1 mL), 80 °C, 24 h, 0.1 mmol scale;
Diastereomeric ratios (dr) were determined by 'H NMR analysis; Isolated yields of the corresponding 4-
methylbenzamides (Bz’NHR) were shown. [b] Reaction performed at 0.2 mmol scale. [c] Extra AgCOs (1 eq) added. [d]
Reaction performed at 100 °C. [e] Amine 1 (3 eq) and AgTFA (3 eq) added; The absolute steoreochemistry was not
assigned. [f] Enantiospecificity (es) was determined by HPLC with a chiral stationary phase. [g] Enantiomeric ratio (er)
was not determined. [h] Reaction performed at 0.4 mmol scale and reaction time 48 h; The syn-configuration was
determined by "H NMR analysis. N.D. = not detected.
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Subsequently, we focused on developing the asymmetrical variant of this y-C—H arylation reaction utilizing chiral
SOHP ligands. After extensive condition optimization, we are pleased to report that the resolution of (+)-1f and (+)-1g
resulted in reasonable yields with good enantioselectivity and diastereoselectivity (Scheme 1), even though most of
substrates exhibited insufficient outcomes with moderate enantiomeric ratio (er) (See Supporting Information, Section
6.3). For resolution of (+)-1f, the arylation products and recycled 1f-Bz’ were afforded with acceptable enantiomeric ratio
(75:25 to 94:6), which gave the calculated s-factors ranging from 5.4 to 25.7. As for resolution of (+)-1g, one of the four

stereoisomers was converted to different arylation products with good yields and selectivity.

a. Resolution of 1-(2,6-difluorophenyl)propan-1-amine (1f)l@.c.d]

2a (PMP-I, 2 eq)

[Pd] (5 mol%)
. . (R)-L13 (5 mol%
AgTFA (2 eq) F oY F F
H NH;  AgCOz(1eq)  pmp NHBZ' H NHBZ'
HFIP, 100 °C, 24 h
(£)-1F then in-situ protection af 1f-Bz'
0.2 mmol C=0457,s=7.4 40%, 81.5:18.5er  56%, 76.5:23.5 er
F O F F O F
O NHBz' O NHBZ'
MeO,C NsO
4fa 4fb
47%, 80.5:19.5 er 45%, 75:25 er
1f-Bz' 1f-B2'
42%, 75:25 er 31%, 94:6 er
C=0.550,s=5.4 C=0.362, s =25.7

b. Resolution of 2-methylcyclohexan-1-amine (1g)¢®¢!

NH, | Pd(OAc); (5 mol%) NHBZ'
(R)-L13 (5 mol%)
Hl\@ ’ Me0/©/ AGTFA (deq) PMP/\@
HFIP, 80 °C, 24 h
(+)>-19 2a then in-situ protection 49
1.0 mmol 0.2 mmol 77%]b]

90:10 er, 4.4:1 dr

NHBz" NHBz"
MeO,C : i NsO : i
4ga 4gb
78%! 58%!1
84:16 er, 7.3:1 dr 87:13 er, 10:1 dr

Scheme 1. Resolution of racemic amides. [a] Reaction conditions: (+)-1f (0.2 mmol), 2 (0.4 mmol), Pd(OAc). (0.01
mmol), (R)-L13 (0.01 mmol), AgTFA (0.4 mmol), Ag>CO3 (0.2 mmol), HFIP (2 mL), 100 °C, 24 h [b] Isolated yields of
the corresponding 4-methylbenzamides (Bz’NHR) were shown. [c] Enantiomeric ratio (er) were determined by HPLC
with a chiral stationary phase; The absolute steoreochemistry was not assigned. [d] C =ees/(eesteep), s = In[(1—C)
(1—ees)/In[(1—=C)(1+ees)]. [e] Reaction conditions: (+)-1g (1.0 mmol), 2 (0.2 mmol), Pd(OAc), (0.01 mmol), (R)-L13
(0.01 mmol), AgTFA (0.8 mmol), HFIP (2 mL), 80 °C, 24 h. [f] Isolated yields of the corresponding 4-chlorobenzamides
(Bz”NHR) were shown. [g] Diastereomeric ratios (dr) were determined by '"H NMR analysis.

Moreover, during substrate scope studies, we serendipitously discovered that this catalytic system not only facilitates
the activation of C(sp?)-H bonds in amines, but also in pyridine (5a, 5b), oxime ether (5¢, 5d), and pyridine-N-oxide (5e)
substrates (Table 3). Worth mentioning, unlike the performance in amine-directed reactions, pyridine and oxime ether
could direct acyclic methylene C-H activation/arylation with moderate yields (5b, Sd). These results indicated that the
Pd(IT)/SOHP catalytic system exhibits immense potential in C(sp*)—H functionalization of various substrates.
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Table 3. Extended substrate scope of pyridine, oxime ether, and pyridine-N-oxide.[®

Pd(OAC), (5 mol%)

! L13 (5 mol%) o
+ _—
H N/O MeO AGTFA (2 eq)
© MeO

HFIP, 80 °C, 24 h

1 2a 5
= | Me (# | N,OME
N N |
| goege
MeO MeO MeO'

5a, 66% 5b, 38%° 5¢c, 72%

MeO'

5d, 42%° (dr > 20:1) 5e, 65%

[a] Reaction conditions: 1 (0.2 mmol), 2a (0.1 mmol), Pd(OAc); (0.005 mmol), L.13 (0.005 mmol), AgTFA (0.2 mmol),
HFIP (1 mL), 80 °C, 24 h, isolated yield, 0.1 mmol scale. [b] Reaction performed at 0.2 mmol scale. [c] Diastereomeric
ratio (dr) and syn-configuration were determined by 'H NMR analysis.

In summary, we have developed a Pd(IT)/SOHP-catalyzed y-C(sp®)—H arylation reaction targeting primary aliphatic
amines. A wide range of amines and aryl iodides were tolerated and various y-arylamines were constructed, in particular,
amino acid ester and aminol silyl ether substrates were compatible with good chiral retention. The asymmetrical variant
of this y-C—H arylation reaction has also been achieved for specific amines. In addition, this catalytic system enabled
C(sp®)—H arylation of pyridine, oxime ether, and pyridine-N-oxide. The present work demonstrated the exceptional
practicality and enormous potential of SOHP ligands in catalytic C(sp®)—H bond functionalization over a broad range of
substrates.
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+ Mild conditions + Stereoselective + Highly compatible

We demonstrated Pd(IT)/SOHP catalytic system serve as an ideal solution to native primary amine-directed y-C(sp*)-H
arylation. (a) Under mild conditions, amino acid ester and aminol silyl ether could afford corresponding products with
good chiral retention; (b) Stereoselective version of this y-C-H functionalization was achieved on specific substrates; (3)
Pyridine, oxime ether, and pyridine-N-oxide substrates were compatible.
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