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* The first NH,-directed y—C(sp®)-H arylation with Arl
* No ligand, auxiliary and protecting group required

* Compatible with a broad range of functional groups
* Applicable to 5-C(sp®)-H bonds

The first NH-directed y-C(sp®)-H arylation of primary aliphatic amines with aryl iodides was developed.
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ABSTRACT

Direct C(sp®)-H functionalization of N-unprotected aliphatic amines represents one of the most efficient and straightforward strategies for amine synthesis.
Despite some recent progress in this field, the NH,-directed y-C(sp®)-H arylation of primary aliphatic amines except a-amino esters remained an unmet
challenge. In this report, we established a simple and efficient method for site-selective C(sp®)-H arylation of primary aliphatic amines by aryl iodides. In the
presence of only 5 mol% Pd(OAc),, a wide range of aliphatic amines including O-benzyl and O-silyl amino alcohols were arylated at y- or §-positions by aryl
iodides containing a broad scope of functional groups. The synthetic application of this method had also been demonstrated by large-scale synthesis, the
synthesis of a fingolimod analogue, and the conjugation with natural D-menthol and fluorescent 1,8-naphthalimide.
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Aliphatic amines are an important class of structural motifs ubiquitously found in pharmaceuticals and agrochemicals [1]. Among
various approaches for amine synthesis [2], direct C(sp®)-H functionalization of readily available amines provides one of the most
efficient and straightforward strategies for efficient construction of complex amine targets. However, the existing methods on remote
C(sp®-H functionalization [3-6] often require pre-installation of various protecting groups or directing auxiliaries to improve the
stability and reactivity, and the removal of these groups after functionalization is also needed to release the functionalized amines.
Although being atom- and step-economical, native amine-directed C(sp®)-H functionzalization of aliphatic amines has been far less
explored [7]. Successful examples were mainly restricted to - and y-C(sp®-H functionalization of sterically bulky secondary amines
[8]. Thus far, NH,-directed remote C(sp®)-H functionalization of primary aliphatic amines has been a long-standing challenge in the
past decade. The main reason for this limitation might be that primary amines have a higher propensity to forming less active bis-
amine/metal complexes with metal catalysts than secondary and tertiary amines [9]. To overcome this limitation, Shi adopted a
protonation strategy [10] by using AcOH as the solvent and realized the first palladium-catalyzed y-C(sp®)-H acetoxylation of primary
aliphatic amines with PhI(OAc), [11].
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Scheme 1. Remote C(sp?)-H arylation of primary aliphatic amines.

Despite the pioneering work by Shi, efforts on NH,-directed remote C(sp®-H arylation of primary aliphatic amines met with
unsatisfactory results. According to the reports on transient ligand enabled y- and 6-C(sp®)-H arylation of primary aliphatic amines by
Dong [12], Yu [13], Ge [14] and others [15-20], transient ligands were very crucial for the high yield of these reactions (eq 1, Scheme
1). Therefore, the challenge in the NH,-directed remote C(sp®)-H arylation of aliphatic amines was not conquered until two recent
reports. One was the Pd-catalyzed y-C(sp®)-H arylation of «,a-dialkyl-a-amino esters with diaryliodonium triflates developed by our
group [21] (eq 2, Scheme 1). However, further applying this protocol to the C-H arylation of other primary aliphatic amines without a-
CO4R (for example, tert-amylamine) led to poor yield (< 40%). In addition, the harsh conditions in the preparation of diaryliodonium
triflates also limited the broad application of this protocol. Another report was the Pd-catalyzed o-nitrobenzoic acid-promoted J-C(sp®)-
H and C(sp?)-H arylation with aryl iodides developed by Bannister and his co-workers [22] (eq 3, Scheme 1). Although two examples
on the y-C(sp®-H arylation were also provided, the yield was very low (38% and 48%). Therefore, development of new protocols for
efficient y-C(sp®)-H arylation of primary aliphatic amines with easily available aryl iodides is very desirable. In this context and in
continuation with our previous work, we developed and herein reported a simple but efficient method for palladium-catalyzed site-
selective C(sp®)-H arylation of primary aliphatic amines with aryl iodides (eq 4, Scheme 1). A series of a-branched primary aliphatic
amines including p-/y-amino ethers and silylethers were arylated efficiently at the y- or d-positions [23] by a wide range of aryl iodides.
And the synthetic application of the new method was exemplified by the synthesis of fingolimod analogue, and the conjugation with
natural D-menthol and fluorescent 1,8-naphthalimide.

The study was commenced by conditions optimization of the reaction between tert-amylamine 1a and para-iodoanisole 2a. Initially,
the treatment of 1a with 2.0 equiv. 2a, 5 mol% Pd(OAc),, and 1.5 equiv. AgTFA in AcOH as the solvent at 120 °C for 18 h delivered
the desired y-arylation product 3a in 22% yield (Table 1, entry 1). However, the reaction in pure HFIP also gave the product in 17%
yield (entry 2). Then, acid effect was investigated by performing the reaction in HFIP using 1.0 equiv. acid as the additive (entry 3).
Among a variety of protic acids, AcOH showed strongly positive effect by improving the yield to 42%. Inspired by our previous
discovery in the y-arylation of a-amino esters by diaryliodonium triflates, we envisioned that co-solvent systems might also be



beneficial to the reaction with aryl iodides. Among a variety of co-solvent systems tested, the combination of HFIP/AcOH in a ratio of
85/15 afforded the optimal result (entry 6). Either changing the ratios of HFIP/AcOH (entries 4-7) or replacing HFIP by other solvents
such as tBuOH, DMF, CH3CN, dichloroethane (DCE) and THF (entries 8-12), led to reduced yield. In order to further increase the
yield, a lot of silver and copper salts were tested as the additive to replace AgTFA (Table S3 in Supporting information). Silver salts
with basic counteranions were all effective, among which 0.75 equiv. Ag.O gave the best result (entry 19). But the use of other silver
salts having neutral counteranions resulted in much lower yield (entries 21 and 22), while all the tested copper salts showed no activity
(Table S3 in Supporting information). Finally, the optimal conditions were determined as: 1a (0.2 mmol), 2a (0.6 mmol), 5 mol%
Pd(OACc),, 0.75 equiv. Ag20, HFIP/AcOH (85/15, 1 mL), 120 °C, air for 18 h. The reaction under these conditions gave 3a as the single
product in 67% yield without chromatographic purification (entry 19).

Table 1
Conditions optimization for y-C(sp®)-H arylation of tert-amylamine (1a) with 4-iodoanisole (2a). 2
NH
NH, H | :
Pd(OAc), (5 mol% )
4\) +\©\ Additive (1.5 equiv.) m
OMe Solvent (1 mL)
OMe
1a (0.2 mmol) 2a (x equiv.) 3a
Entry 3:
AcOH  {BuCOOH CF;COOH HCOOH CCI3COOH PhCOOH TsOH
42% 21% 22% <1% <1% <1%  <1%
2a Additive . Yield

Entry (equiv.)  (equiv.) Solvent (ratio) (%)°
1 2.0 AgTFA (15) HOAc 22
2 2.0 AgTFA (15)  HFIP 17
3 2.0 AgTFA (1.5)  HFIP (1.0 equiv. acid) ~ 0-42
4 2.0 AgTFA (1.5)  HFIP/HOAC (10/90) 21
5 2.0 AgTFA (1.5)  HFIP/HOAC (50/50) 43
6 2.0 AgTFA (1.5)  HFIP/HOAC (85/15) 57
7 2.0 AgTFA (15)  HFIP/HOAC (95/5) 40
8 2.0 AgTFA (1.5)  tBuOH/AcOH (85/15) 16
9 2.0 AgTFA (1.5)  DMF/AcOH (85/15) 25
10 2.0 AgTFA (1.5)  CH;CN/ACOH (85/15)  trace
11 2.0 AgTFA (1.5)  DCE/ACOH (85/15) 37
12 2.0 AgTFA (1.5)  THF/AcOH (85/15) 21
13 1.0 AgTFA (1.5) HFIP/AcOH (85/15) 52
14 3.0 AgTFA (1.5)  HFIP/AcOH (85/15) 61
15 5.0 AgTFA (1.5) HFIP/AcOH (85/15) 48
16 3.0 AgOAc (1.5) HFIP/AcOH (85/15) 55
17 3.0 Ag,COs (1.5)  HFIP/ACOH (85/15) 52
18 3.0 Ag.0 (1.5) HFIP/AcOH (85/15) 43
19 3.0 Ag.0 (0.75) HFIP/AcOH (85/15) 67
20 3.0 Ag.0 (0.5) HFIP/ACcOH (85/15) 54
21 3.0 AgOTf (1.5) HFIP/AcOH (85/15) 21
22 3.0 AgNO; (1.5) HFIP/AcOH (85/15) trace

@ Conditions: tert-amylamine la (0.2 mmol), 4-iodoanisole 2a (1.0-5.0 equiv.), Pd(OAc)2 (5 mol%, 0.01 mol), additive (0.15-0.3 mmol),
solvent (1 mL), 120 °C, air, 18 h.
bYield obtained by workup without chromatographic purification.

With the optimal conditions in hand, the scope of aryl iodides in the y-arylation of tert-amylamine 1a was first investigated (Scheme
2). A large number of aryl iodides having substituents at the ortho-, meta-, and para-positions were tested. The reaction of ortho- and
meta-substituted aryl iodides required longer reaction time (36 h) and/or a higher catalyst loading (10 mol%) to reach similar
conversion than para-substituted counterparts (3f vs. 3r; 3e vs. 3q). Meanwhile, both electron-rich (OMe, 3a) and electron-poor aryl
groups (F, 3f; CO,Me, 3I) were successfully installed to the y-position of tert-amylamine in similar yield. The result indicated that the
reaction was sensitive to the steric effect, but not to the electronic property of aryl groups. Furthermore, a wide range of functional
groups such as CF;, F, Cl, Br, OTs, Ac, CONHPh, CO,Me, NO, and CN were well tolerated to the conditions. The compatibility of
these functional groups not only provided useful handles for further transformations of the products, but also gave opportunities for late-
stage modification of complex amines. It is worth noting that there were no N-arylation and other C-H arylation products detected in all
these reactions. Therefore, chromatographic purification is not required. Besides aryl groups, a Ts-protected indole ring (3u) was also
connected to the amine successfully by this transformation, which might find applications in the synthesis of indole-embedded natural
products in the future.
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Scheme 2. Scope of aryl iodides for the y-C(sp®)-H arylation of tert-amylamine (1a). Conditions: 1a (0.2 mmol), 2 (0.6 mmol), Pd(OAc)2 (5
mol%, 0.01 mol), Ag20 (0.75 equiv., 0.15 mmol), HFIP/AcOH (1 mL, 85/15, v/v), 120 °C, air, 18 h.

After testing the scope of aryl iodides, we continued to examine the scope of primary aliphatic amines (Scheme 3). Firstly, a-tertiary
carbons were found to be indispensible for the transformation because amines having a-H such as 1p and 1q underwent facile oxidation
followed by hydrolysis to afford aldehydes. A series of a,a-dialkylpropylamines were arylated at the 1° y-carbons in moderate to good
yields (4b-4f, 46%-74%). In these reactions, none of the 2° y-C-H, benzylic C-H, 1° #-C-H and 1° J-C-H bonds were functionalized.
The excellent regioselectivity ruled out that the reaction followed a Shilov-type oxidation pathway [3], but supported that the amino
group acted as the directing group for C-H functionalization. Interestingly, when there was no 1° y-C-H bond in the substrate, 1° 6-C-H
arylation could take place under the same conditions. The reaction of 2,4,4-trimethylpentan-2-amine with Phl provided the ¢-
monoarylation product 4g as the single product in 44% yield. Secondly, O-benzyl and O-silyl ethers were well compatible to the
reaction conditions. The reaction of O-benzyl amino ethers afforded the y-arylation products (4h and 4i) in moderate yields with aryl
C(sp?)-H bonds and a-C(sp®)-H bonds of oxygen unaffected. Probably due to the steric effect of silyl groups, O-TBS amino ethers
displayed higher reactivity than O-benzyl ethers. Two a-ethyl-a-alkyl substituted amino silylethers underwent y-arylation to give the
products 4j and 4k in much higher yields than 4i (63% and 68% vs. 44%). Also, in the reaction of a-ethyl-a-isobutyl substituted amino
silylether 1m, both of y-monoarylation and d-monoarylation products (4m) were formed in 58% total yield and 3:1 ratio. With a higher
catalyst loading (10 mol%), the a-methyl-a-isobutyl amino TIPS-ether 1n was even arylated at the d-positions to yield the mono- and
di-arylation products in 60% total yield and 2.3:1 ratio. The steric bulk of silyl groups also resulted in excellent diastereoselectivity. In
our previous report, the y-arylation of a-methyl-valine ester gave the product in very poor diastereoselectivity (dr 1.2:1) [21].
Surprisingly, in the reaction of valine-derived silylether 11, only one diastereoisomer 41 was observed by H NMR analysis. Thirdly, the
proximal COOEt might be detrimental to the reaction as the reaction of a-amino ester 10 with Phl afforded the arylation product 40 in
just 16% yield. In addition, the conditions were also not suitable for secondary amines. The reaction of N-pentyl-tert-amylamine 1r did
not give any C-H arylation products, but left the starting material mainly recovered.
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Scheme 3. Scope of primary aliphatic amines. Conditions: 1 (0.2 mmol), 2 (3.0 equiv.), Pd(OAc)2 (5 mol%), Ag20 (0.75 equiv.), HFIP/AcOH
(1 mL, 85/15, v/v), 120 °C, air, 18 h.

Finally, the synthetic utility of the new protocol was explored. First, the y-arylation reaction of 1a was conducted at 5 or 10 times the
scale for the optimal conditions and delivered the product 3a in 60% and 48% yield (Scheme 4a). Furthermore, using the y-arylation
reaction as the key step, a fingolimod analogue 6 was also prepared from the commercial 2-amino-2-ethylpropane-1,3-diol in 41% yield
via a three-step synthesis (Scheme 4b). In addition, with ester and imide groups as the linkers, natural D-menthol and fluorescent 1,8-
naphthalimide were connected to the aryl moiety of Phl. Applying the conditions to the reaction of tert-amylamine with the two
modified aryl iodides resulted in the formation of two conjugation products 3v and 3w in 39% and 45% yield respectively (Scheme 4c).
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Scheme 4. Application of the method.

In conclusion, we have developed a simple but efficient protocol for site-selective arylation of primary aliphatic amines by aryl
iodides. With only 5 mol% Pd(OAc),, a wide range of primary amines including f-/y-amino ethers were efficiently arylated at the y- or
J-C-H bonds by a large number of aryl iodides with diverse functional groups. The synthetic utility of this method was also explored by
the conjugation of tert-amylamine with natural D-menthol and fluorescent 1,8-naphthalimide, and the synthesis of a fingolimod
analogue.
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