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amine substrates. Broad amine scope, good functional compatibility and late-stage diversification are
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Introduction

Strategies that enable rapid construction and derivatization of
late-stage intermediates are highly desirable in modern drug
discovery." The development of such approaches has the
potential of streaming access to search for lead compounds via
testing a family of analogues that are derived from a “parent”
molecule. During the past decade, direct C-H bond function-
alization has become a straightforward tool for derivatizing
complex synthetic intermediates. It can convert inert C-H
bonds into new functional groups (FGs), selectively and effi-
ciently.” However, the utility of C-H functionalization for late-
stage modification is challenging due to the highly limited
range of FGs that can be introduced. Moreover, substrate and/or
reaction-condition-controlled protocols generally require de
novo synthesis or intensive optimization of reaction conditions,
hence limiting rapid derivatization. Therefore, the design of
a valuable method by which a latent FG can be initially installed
through selective C-H bond functionalization and then easily
branched out to other FGs by simple transformation is partic-
ularly valuable in modern organic synthesis.

Direct C(sp*)-H bond halogenations,* borylation,* and sily-
lation® have served as seminal examples of diverse functionali-
zation and transformations. For unactivated C(sp®)-H bonds,
due to the selectivity and inert characteristics of the FGs,
diversification of a functionalized product presents a greater
challenge.® Oxygen-containing FGs, such as OH, sulfonyloxy
groups (for example, OMs and OTs) and trifluoroacetoxyl
groups (OTFA), are generally regarded as common
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under this catalytic system. The site selectivity favors secondary C(sp®)—H bonds over tertiary ones
underscoring the unique synthetic potential of this method.

transformation precursors for derivatizations.” Site-selective
C(sp®)-H bond oxidation is a straightforward yet valuable
synthetic method to install such groups (Scheme 1, path a).®
However, direct C-H bond oxidation usually suffers from poor
selectivity when multiple electronically and sterically similar
C-H bonds are present in one molecule. In efforts to better
control the selectivity, directed C-H oxidation has been devel-
oped as exemplified by transition-metal-catalyzed C-H oxida-
tion reactions.® However, the diverse functionalization through
a suitable installed group via C(sp’)-H oxidation presents
a challenge. A typical example has been reported by Dong and
co-workers who developed a directed primary C-H bond sulfo-
nyloxylation, followed by diverse functionalization (path b).*
Although this approach shows promising potential, it remains
challenging to conduct methylene and remote C(sp*)-H func-
tionalization."™ "> Considering the ubiquity of amino groups,
particularly in common FGs in natural products and pharma-
ceuticals, herein, we describe a coinage-metal-catalyzed site-
selective secondary C-H trifluoroacetoxylation of aliphatic
amines and late-stage diversification (path c).
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Scheme 1 Strategies for directing C—H bond functionalization and
transformation.
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Results and discussion

We began our investigation using an aliphatic amide 2a as the
model substrate. After examining a range of catalysts, additives,
and protecting groups (PGs), we found that the reaction gave
exclusively the  trifluoroacetoxylation (-OTFA) product 3a in
72% isolated yield with 2.2 equiv. of PhI(OTFA), as the oxidant,
the benzoyl group (Bz) as the PG, and 20 mol% of Cul, 50 mol%
of tetrabutylammonium bromide (TBAB) and 1.2 equivalent of
Br, as additives. The selectivity of the reaction was very good;
22% of starting material 2a was recovered and no other
byproduct was observed. The influence of the PGs is obvious;
e.g., the benzoyl substituent with electron-withdrawing groups
is more efficient than the one with electron-donating groups
(PG2-PG4). Electron deficient sulphonamide (PG7), which is
energetically accessible, using the traditional 1,5-HAT-based
approach failed to afford the desired product.’® Notably, pen-
tafluorobenzoyl™ and picolinoyl groups™ have been proved to
be powerful directing groups in transition-metal-catalyzed C-H
bond activation reactions, affording the product in low yields
(PG8-PGY). Finally, alkyl-, or alkoxyl-carbonyl PGs led to
a complete or significant loss of reactivity (PG10-PG13).

The influence of other reaction parameters was explored
(Table 1, entries 2-15). Without a copper catalyst, the yield
decreased significantly (Table 1, entry 2), even upon extension
of the reaction time to 24 hours (Table 1, entry 3). Copper
catalysts other than copper iodide (Cul) also provided the
desired product (Table 1, entries 4-7), but product yields were
low. Interestingly, silver salt was also effective in this reaction,
albeit in relatively low efficiency. The additives Br, and tetra-
butylammonium bromide (TBAB) are necessary to improve the
product yield (Table 1, entries 8-10). Compared with other
solvents, DCM proved to be the best choice in this oxidation
reaction (Table 1, entries 11-13). The reaction can be performed
almost equally well at higher temperature (120 °C, Table 1, entry
14). At lower temperature (80 °C) the yield was slightly
decreased (Table 1, entry 15).

Subsequently, a range of aliphatic amides with different
carbon chains was examined under standard conditions (Table
2). Substituents such as ethyl (3a), methyl (3b) and n-hexyl (3c)
groups at the B-position were all well tolerated. Even with much
longer carbon chains in 3d or 3e, the reaction occurred only at
the d-position. Exclusive d-selectivity was observed in the case of
3f bearing a tertiary C-H bond near the reaction center. To our
satisfaction, we found that O-containing FGs are well tolerated
(3g-3j). Remarkably, the excellent leaving group -OTs (4-tol-
ylsulfonoxyl) was compatible. A gem-dialkyl group on the linear
aliphatic amide substrates at the B-position is necessary to
improve the product yield. Both a dialkyl group and a six-
membered ring are much better than mono-alkyl groups (3k-
3p). Interestingly, the primary C-H bond (3k, 31) and the
secondary C-H bond on a six-membered ring (30, 3p) remained
untouched. Significantly, the substituents at the B position of
amides play an important role in increasing diaster-
eoselectivities (3q-3s). With a bulky isopropyl group, the dia-
stereomer  ratio increased to 10:1 (3s). The
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Table 1 Effect of reaction parameters®

Cul (20 mol%)

PGHN H PhI(OTFA), (2.2 equiv) pGHN oTFA PG: Q
TBAB (50 mol%) [ j Y
;\/l\/ Br, (6.0 uL) ;\/l\/
2a DCM (1.0 mL) 3a PG 1
100°C,5h

"standard" conditions

Entry Variations from “standard” conditions Yield (%) (rsm)?
1 None 72 (22)
2 Without Cul 25 (66)
3 Without Cul 39 (45)°
4 CuBr instead of Cul 33 (50)
5 CuBr, instead of Cul 31 (58)
6 Cu(OAc), instead of Cul 52 (22)
7 Cu(OTf), instead of Cul 20 (68)
8 Without Br, 31 (64)
9 Without TBAB 6 (89)
10 TBABy instead of TBAB 38 (39)
11 DCE instead of DCM 31 (42)
12 CHCI; instead of DCM 25 (54)
13 PhCl instead of DCM 10 (57)
14 120 °C instead of 100 °C 69 (22)
15 80 °C instead of 100 °C 59 (24)
o o 0 F o o
A s\; F A
sl e adil vl oe
R F F
F
R=p-Me, PG 2 25%" PG7 ND? PG 8, 14%" PG 9, 15%°
p-Cl, PG 3, 62%" o o o o
p-OMe, PG 4, ND >HS/ Me)kf Meo)}ﬁ’ cm)K/
p-NO,, PG 5, 60%"
m-NO,, PG 6,18%" pg 10, 24%¢ pG 11, <5%° PG 12,25%" PG 13, NDY

@ Reaction was conducted on a 0.1 mmol scale. ® rsm: recovered starting
material; yields were determined by "H NMR analysis versus 1,1,2,2-
tetrachloroethane as the internal standard. ¢ Reaction time is 24 h.
9 ND: not detected. Determined by crude 'H NMR. ° Detected by
crude "H NMR./ TBAB;: tetrabutylammonium tribromide.

diastereoselectivities, which are dependent on the steric
demand of the B-substituents, may suggest the involvement of
a cyclic intermediate during the reaction pathway. The tertiary
C-H bond did not afford any desired product (3u). Finally, Bz-
protected 2°- and 3°-amine substrates were tested, respectively
(3v, 3w).

Furthermore, to demonstrate the power of this method,
a variety of amino acid derivatives were subjected to this
oxidation reaction (Table 3). Notably, the reaction of protected
amino alcohols (3x-3aa) proceeded smoothly when using
AgOAc as the catalyst instead of Cul (3z, 3ab). The biologically
relevant functionalities, such as OPiv, OAc and OBz, as well as
pentafluorobenzyl groups are well tolerated. Such functional-
ized amino alcohols have great potential in the synthesis of
biological compounds. Moreover, we investigated various
amino acid esters to probe their synthetic utility. The electron-
deficient substitutes [CO,Me (3ab-3af) and CO,Et (3ac)] are
compatible with this oxidation reaction. In particular, the
amino acid ester 2ae gave only a d position oxidation product

Chem. Sci., 2018, 9, 6374-6378 | 6375
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Table 2 Selective oxidation of aliphatic amides® Table 3 Selective oxidation of amino acid derivatives®
Cul (20 mol%) AgOAc (20 mol%)
L RURZH PhI(OTFA), (2.2 equiv) R' R2 OTFA 0 R'R? PhI(OTFA), (2.5 equiv) 0 R'R?
Phe N TBAB (50 mol%) Ph N N R? _TBAB (50 mol%) 3
4 R3 Br, (1.2 equiv) \ﬂ/ i " R3 Ph H Br, (1.2 equiv) H ¥
O n=o01 DCM (1.0 mL) 0 n=0.1 H DCM (1.0 mL) OTFA
2a-2w 100°C,5h 3a-3w 2x-2z, 100°C, 8 h 3x-3z,
2aa-2af 3aa-3af
Me, Me OTFA Me Me OTFA Me Me OTFA
H H
Ph N ) Ph.__N ! Ph N\W 0 o
b R b s b g J
o o 0 HN” Ph
R=Et 3a 72% 3c, 78% 3d, 74%° jﬁ( \/K/\F/ M @(OM
R = Me, 3b, 67% W ()
OTFA OTFA o OTFA

{Me Me OTFA 1 Me_ Me OTFA yMe_ Me OTFA
Ph\n/N\)W/ B Ph\[r \)W \ﬂ/ Ph

13
0o ¢} d
3e, 75%" 39 70% (n = 3)
3h, 61% (n =4)
{{Me_ Me OTFA y Et, Et OTFA 1 Me_ Et OTFA
N oTs  Ph N\)W/ Pho_N J

g g b s b s
[e] o o]

3i, 67% (n = 3)¢ 3Kk 61%°

3j, 62% (n = 4)? !

3f, 54% (87% BRSM )/

Ph

31, 64% (88% BRSM)’
(dr=1:1)"

npr npr OTFA H Me Pr OTFA OTFA
H 1 i
Ph\ﬂ/N\M PhTNM Pho _N
: ! Y
3m. 82% 3n, 54% (83 % BRSM) o T
' (dr=1.3:1)" :
Me OTFA "Pr - OTFA
H H
H QIEA Pho_N_A_A_ Pho N A
Ph N \ b g
b d o o
o
3p, 68% 39, 47% (89% BRSM)' 3r, 49% (75% BRSM)’
' (dr = 1.56:1)" (dr=2:1)"
H Pr OTFA H OTFA 1y Me_Me OTFA
Ph N 3 Ph NW Ph N
b g s b
[e] [e) o)

3s, 41% (82% BRSM)’
(dr=10:1)"

3t, 41% (85% BRSM)’ 3u, ND (97%, rsm)?

. OTFA o OTFA
Ph N Ph\n,w
4
O Me 0
3v, 54% (90% BRSM)" 3w, 58% (83% BRSM)"

(dr=2.2:1)"

“ Unless otherwise noted, the reaction conditions were as follows: 2a
(0.1 mmol), TBAB (0.5 equiv.), Br, (1.2 equiv.)), DCM 1.0 mL, rt,
15 min; then Cul (20 mol%), PhI(OTFA) (2.2 equiv.), 100 °C, 5 h. ?

h. ¢ PhI(OTFA), (2.5 equiv.), 8 h. AgOAc (20 mol%) 1nstead of CuI
20 mol%), PhI(OTFA), (2.5 equiv.), 8 h. ¢ PhI(OTFA), (3.0 equiv.), 8 h.
BRSM: based on recovered starting materials; isolated BRSM yleld in

parentheses. £ ND: not detected Determlned by crude 'H NMR. " dr:

determined by crude "H NMR. ‘ Cul (20 mol%) instead of AgOAc

(20 mol%).

(3ae), regardless of the presence of a tertiary C-H bond at the &
position. The mass balance of these reactions [the yield of the
product and rsm] (Table 3) indicates that indiscriminate
oxidation did not occur.

To further understand the reactivity of this catalytic system,
the benzoyl protected aliphatic amine 2a was subjected to
a variety of reported Hofmann-Loffler-Freytag (HLF) type
reaction conditions.” However, neither a halogenation product
nor an intramolecular amination product was observed under
these conditions, thus resulting in the recovery of the starting
material.*

To gain insight into the reaction mechanism, radical capture
experiments were carried out to uncover evidence for the pres-
ence of any radical intermediate. By adding TEMPO and 2,6-di-
tert-butylphenol to the reaction mixture, independently, the

6376 | Chem. Sci,, 2018, 9, 6374-6378

32, 78% (dr = 1.33:1)°
14% (67% BRSM)?

3X, 75% (dr =1:1.2 )® 3y, 76% (dr = 1:1.2 )0

F (o)
[e) COOMe (o] COOEt
AT e XAZ XA
Ph” N Ph” N ¥
F (o) H® H®
Y OTFA OTFA
F [o] OTFA

3ab, 40% (69% BRSM)®
(dr=1:1.25)%
24% ( 65% BRSM)?

3aa, 65% (dr = 1:1.3)° 3ac, 50% (91% BRSM)°

(dr = 1.1:1)?

j\ coome j\ )cio/mip j\ coome )ol\
Ph NM Ph ; Ph 307 “Ph
® R W

H OTFA He OTFA He OTFA

3ae, 40% (75% BRSM)®
(dr = 1:1.6)?

3af, 47% (81% BRSM)°
(@r=12:1)°

3ad, 40% (69% BRSM)°
(dr=1:1.3)0

% Unless otherwise noted, the reaction conditions were as follows: 2a
(0.1 mmol) TBAB (0.5 equiv.), Br, (1.2 equiv.), DCM 1.0 mL, rt,
15 min; then AgOAc (20 mol%), PhI(OTFA) (2 5 equiv.), 100 °C, 8 h.

bdr was determlned by crude 'H NMR. °Isolated yield BRSM in
parentheses. ¢ Using Cul (20 mol%) as the catalyst, determined by
crude "H NMR.

reaction was completely inhibited, indicating that a radical
process could be involved (see the ESIt). Furthermore, to
determine the role of Br, and TBAB in the transformation,
control experiments between Br, and TBAB were carried out
(Scheme 2, eqn (1) and (2)). When TBAB was omitted, the
desired product was obtained in very low yield (6%) (Scheme 2,
eqn (1)), while in the absence of Br,, the desired product could
be obtained in 31% yield. The combination of Br, and TBAB was
necessary for improving the efficiency. This result indicated
that N-Br bond formation may not be the only pathway in the
initial amidinyl radical generation. Finally, a competition
reaction between 2° and 3° C-H bonds was carried out. Only

Cul (20 mol%)

" " OTFA
1) Ph N\></\/ PhI(OTFA); (2.2 equiv) Ph N\></'\/ + 2a
A Br, (6.0 aL) g

o DCM (1.0 mL) o

Cul (20 mol%) " OTFA
PhI(OTFA), (2.2 equiv) Ph N\></'\/
_Phi(OTFA), (2.2 equiv)
TBAB (0.5 equiv) g * 2

o} DCM (1.0 mL)
2a 100°C, 5h

i

3) Competition reaction between 2° and 3° C-H bond

Ph\n/“\X/'H\/

2a, 0.05 mmol
, " 3a, 369
. standard condition a fﬁ/u . Recovery (2a+2b)
H H H OTFA ) .
Ph\n/NM phTNM total yield, 60%
2u, 0.05 mmol 3u, ND

Scheme 2 Controlled experiments.

This journal is © The Royal Society of Chemistry 2018
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NHBz /|\></NHBZ
PIFA+TBAB+BI, PIFA +Cu”

2 (=lorl) cu' 3a
TBAOTFA a
Path a Path b TFA )/ \ PIFA

Bz 4 Br
X e ez g M e b ez

| Br n andior VIl

Cu
TFAoI’V Lo vi
)Yam c Path d/<
cu'

PIFA+TBAB+Br,
\"

1,5-HAT

Scheme 3 Proposed mechanism.

trifluoroacetoxylation of the 2° C-H bond was observed (Scheme
2, eqn (3)). The steric hindrance effect at the 3-position may
have inhibited this transformation.

Based on these results, we propose that this transformation
proceeds through a single-electron-oxidation process (Scheme
3). With the assistance of PhI(OTFA), and the copper catalyst,
the N-Br intermediate I (path a) or Cu(m)-amidine intermediate
III (path b) can be generated.'” Subsequent homolysis of the N-
Br or N-Cu bond afforded amidinyl radical II. This was followed
by a 1,5-H radical shift to give the corresponding C-radical V,
which resulted in the selective C-H bond trifluoroacetoxylation
at the d position. For the next step, two possible pathways could
be followed: one is the oxidative addition of a carbon radical by
a Cu(u) catalyst to generate Cu(m)-amide intermediate IV, and
after ligand exchange and reductive elimination to afford the
trifluoroacetoxylation product 3a (path c). The other is the
oxidation of the carbon radical to a carbocation (VI) which is
captured by OTFA™, to directly give the product (path d).

A. 1 mmol scale: Cul (20 mol%)
H PhI(OTFA), (2.2 equiv) OTFA
N M _TBAB (S0 mol%) o NI
\[]/ Bry (1.2 equiv) \n/
0 2 DCM (10 mL) o
100 °C, 13.5 h
1 mmol, 233.4mg % (68%://232356,\/3 ™
B.
NHBz NHBz
: Cul (20 mol%) : ™
Bz . 9 PhI(OTFA), (4.0 equiv) _ BzO . 9
6 5 TBAB (50 mol%) 6 ¢
H q Br, (1.2 equiv) H H

DCM (1.0 mL)

29 100°C, 8h

3ag, 63% (dr = 2.2:1)

6ag, X = OH, 87%
7ag, X = Cl, 72%

Scheme 4 (A) 1 mmol scale experiment; (B) site-selective oxidation of
complex molecules; (C) late-stage functionalization of steroidal
compounds.? “Reagents and conditions: (a) t-BuOK (3.6 equiv.), THF,
—78 °C, 30 min, then rt, 15 h, 40%, dr = 1: 0.9; (b) NaNs (2.0 equiv.),
DMF, 90 °C, 16 h, 51%, dr = 2 : 3; (c) K,COs3 (4.0 equiv.), DMF, 100 °C,
5h, 87%, dr=2.2:1; SOCl, (2.0 equiv.), DCM, 100 °C, 1.5 h, 72%, dr =
1:2; (d) K,COs (4.0 equiv.), DMF, 100 °C, 5 h; PCC (1.2 equiv.), DCM, rt,
2 h, 70%.
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Although we didn't observe the formation of any 8-brominated
product (VII) even with decreased PIFA or shorter reaction time,
the possibility that the product is formed through a substitution
reaction of intermediate VII cannot be ruled out.

Finally, the relatively large scale experiment and application
of complex molecules with potential bioactivity, as well as late-
stage functionalization of these molecules were demonstrated
(Scheme 4). The commercially available lithocholic acid deriv-
ative 2ag was converted to 3ag in 63% yield, which serves as
a common intermediate for diversification. Intramolecular
cyclization of 3ag gave the pyrrolidine derivative 4ag. The
subsequent Sy2 reactions afforded, rapidly, a variety of 3ag
derivatives through the formation of C-N (5ag), C-O (6ag), and
C-Cl (7ag) bonds. Hydrolysis of 3ag afforded the alcohol 6ag,
followed by oxidation to give the ketone 8ag.

Conclusions

In summary, we have reported a diverse secondary C(sp’)-H
functionalization of aliphatic amines. Both secondary C-H
bond oxidation and late-stage diversification were achieved
through a simple trifluoroacetoxylation intermediate. Broad
amine scope, good functional compatibility, and exceptional
site selectivity for secondary C(sp*)-H bonds over tertiary ones
underscore the unique synthetic potential of this method.
Furthermore, mechanistic studies and efforts to expand the
scope of this transformation are underway.
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