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Abstract: Described is a new hydrazone-based exo-directing
group (DG) strategy developed for the functionalization of
unactivated primary f C—H bonds of aliphatic amines. Con-
veniently synthesized from protected primary amines, the
hydrazone DGs are shown to site-selectively promote the [5-
acetoxylation and tosyloxylation via five-membered exo-palla-
dacycles. Amines with a wide scope of skeletons and functional
groups are tolerated. Moreover, the hydrazone DG can be
readily removed, and a one-pot C—H acetoxylation/DG
removal protocol was also discovered.

Control of site selectivity still represents a fundamental and
ongoing challenge for C—H functionalization.! In particular,
given that aliphatic amines are ubiquitously found in
approved drugs and other biologically important com-
pounds,m site-selective C—H functionalization of amines and
protected amines, such as amides, sulfonamides, and carba-
mates, undoubtedly holds significant potential for pharma-
ceutical and agrochemical applications.®"!

It is known that the o position of aliphatic amines,
inherently activated by the adjacent nitrogen atom, can be
derivatized by a large collection of pathways (Figure 1a)."!
Amide- and sulfonamide-type directing group (DG) strat-
egies have been frequently employed to activate the y C—H
bonds of amines via five-membered metallacycle intermedi-
ates.[*! To functionalize the remote §- and e-positions, either
[1,5] or [1,6] H abstraction through generation of highly
reactive nitrogen-centered radicals has proved to be a general
approach.’”! Moreover, Sanford and co-workers recently
reported a direct approach for hydroxylation and chlorination
of terminal positions of amines using platinum catalysis.”!
Despite all these advances, methods that can site-selectively
functionalize unactivated 3 C—H bonds of amines remain
underdeveloped. In 2006, Du Bois and co-workers reported
a rhodium-catalyzed intramolecular 3 C—H amination by
nitrene insertion to form masked 1,2-diamines (Figure 1b)."
Gaunt and co-workers disclosed a novel free-amine-directed
B-functionalization, in which use of sterically hindered
secondary amines appears to be important.’! In addition, B-
arylation of Boc-protected dialkylamines has been discovered
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Figure 1. Amine-directed C(sp®)—H functionalization. FG = functional
group.

to proceed by a deprotonation/migratory pathway.!'”! Herein,
an approach for site-selective functionalization of unactivated
primary  C—H bonds of aliphatic amines is described to
proceed by using a hydrazone-based exo-type DG.!'!

Utilizing an oxime-based exo-DG, f C(sp®)—H function-
alization of masked alcohols has been recently achieved by
our group.'””l We envisioned that this exo-directing strategy
could be extended to the f oxidation of amines through
development of a new hydrazone-based DG (Figure 2). It was
anticipated that the hydrazone B, prepared from the corre-
sponding monoprotected primary amine A, would guide
metalation at the primary -position through forming a five-
membered exo-metallacycle (C), which should lead to (-
functionalized amines. The use of 2,6-dimethoxyphenyl as the
hydrazone substituent should prevent endo metalation and
stabilize the metallacycle.'”¢! However, the challenges
associated with this strategy are twofold: 1) compared to
alcohols, amines are generally more coordinating and suscep-
tible to oxidation. Thus, to enable the desired site selectivity,
choosing an appropriate amine protecting group (PG)
becomes important. 2) Efficient installation and chemoselec-
tive removal of the hydrazone DG through forming and
breaking an N—N bond is nontrivial."*!

To test the feasibility of the proposed strategy, a practical
DG-installation method was first sought. Gratifyingly, when
NBzONH, was employed as the electrophilic amination
reagent,!'” sec-butylamine was protected and aminated to
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Figure 2. 3 C—H oxidation of protected aliphatic amines.

give a tosyl-protected hydrazine intermediate, which upon
condensation with 2,6-dimethoxybenzaldehyde (Ar'CHO)
provided the hydrazone 1a in 78 % yield as a single E isomer
(Scheme 1a). Both NBzONH, and Ar'CHO are commer-
cially available and can be prepared in bulk." In addition to
this one-pot procedure, 1a can also be prepared by a con-
venient chromatography-free protocol from the correspond-
ing sulfonamide (Scheme 1b). This protocol is also general to
other sulfonamide substrates (see Table2), and can be
operated on a multigram scale without need of chromatog-
raphy or isolation of the hydrazine intermediate.

a) One-pot procedure r Art
|
NH; TsCl, Et;N, DMF, RT TsoyN
Me Me thenNaH,NBZONH RT ~ pe L
then Ar'CHO, AcOH, RT Me
78% yield 1a

« same flask, same solvent
* sequential addition of reagents
* no interim isolation or work-up
b) Filter and wash/chromatography-free procedure
Ts “NH 1) NaH, NBzZONH,, DMF, RT
Me\)\Me 2) Ar'CHO, AcOH, MeOH, RT
75% yield (2 steps)

* multigram scale synthesis

i MeO :

QO no chromatography LA %

NH; e direct precipitation ' ‘ H

O,N : :

NBZONH, » ‘filter and wash' purification :‘ OMe!

Scheme 1. Installation of hydrazone DG. Ts = 4-toluenesulfonyl.

The P-acetoxylation reaction was investigated initially
using 1a as the model substrate. After a careful evaluation of
various reaction parameters, the desired 1,2-amino alcohol 2a
was isolated in 73% yield with Pd(OAc), as the catalyst,
PhI(OAc), as the oxidant, and LiOAc (1 equiv) and Ar'CHO
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Table 1: Optimized reaction conditions and control experiments.!

Ar' rAr1
| |,
Ts., .N Pd(OAc), (5+5 mol%) Ts. .N DAL H
N PhI(OAc); (115+115 moi%) N ;+A' CHO (22%) |
Me H LIOAC (100 mol%) Me __onc LAM-CN (9%) |
1a Ar'CHO (20 mol%) 2% T

AcOH/Ac,0 4:1, 90 °C

Ar' = 2 6-(MeO),CgH
'standard conditions' § -6-(Me0)Cotls

characterized by X-ray

76% yield®! (73% isolated)  crystallography(??

Entry Variations from the “standard conditions” Yield Conv.

e (94"
1 without Pd(OAc), - 10
2 130 mol % instead of 230 mol % Phl(OAc), 64 85
3 NFSl instead of Phl(OAc), 23 86
4 KPS instead of Phl(OAc), 26 100
5 200 mol % KPS and 20 mol % PhlI(OAc), instead of 24 100

Phi(OAC),

6  without LiOAc 42 100
7 LiCl instead of LiOAc 39 84
8  NaOAc instead of LiOAc 69 100
9  KOAc instead of LiOAc 68 100
10 without Ar'CHOM 64 100
11 without Ac,0 38 93
12 H,0 instead of Ac,0 - 100
13 100 mg 4 A M.S. instead of Ar'CHO and Ac,0¥) <5 100
14 DCE/AcOH/Ac,0 4:4:1 instead of AcOH/Ac,0 70 90
15  one portion addition of Pd(OAc), and oxidant 66 100

[a] The reactions were run on a 0.1 mmol scale in 1.0 mL solvent.

[b] Yields determined by NMR spectroscopy using 1,1,2,2-tetrachloro-
ethane as the internal standard. [c] Ar'CHO was recovered in 11% yield
when no extra Ar'CHO was added. [d] DCE/AcOH (1:1) was used as the
solvent. KPS = potassium persulfate, M.S. = molecular sieves, NSFI = N-
fluorobenzenesulfonimide.

(20 mol %) as the additives (see equation in Table 1). Air can
be well tolerated, and a two-portion addition of the palladium
and oxidant was found to be beneficial. To understand the
role of each reactant, control experiments were conducted
(Table 1). As expected, palladium played a pivotal role in this
reaction (entry 1). While 2.3 equivalents of PhI(OAc), proved
to be optimal, the yield only dropped marginally with
1.3 equivalents of the oxidant (entry 2). In contrast, other
common oxidants, including KPS and NFSI, were less
effective (entries 3-5). Acetate additives were found to
facilitate the acetoxylation (entries 6-9).' In addition,
Ar'CHO and Ar'CN were identified as the major by-
products, presumably from the hydrolysis and elimination of
the DG, which was supported by the detrimental effect of
added water (entry 12). Thus, additional Ar'CHO and Ac,0
were intentionally employed to suppress hydrolysis of the
hydrazone DG. The extra aldehyde would disfavor the
hydrolysis equilibrium and Ac,O can remove adventitious
water. In contrast, the use of molecular sieves instead of
Ar'CHO and Ac,0 was ineffective (entry 13). Finally, DCE
can be used as a cosolvent (entry 14), and the one-portion
addition procedure slightly decreased the yield (entry 15).
The scope of the P-acetoxylation reaction was then
examined under the optimized reaction conditions
(Table 2). First, a range of sulfonyl groups other than Ts can
be used as the PG for this transformation (2a-e), including
nosyl (2d) and SES!"! (2e) groups, which are known to be
removable under mild reaction conditions. Nevertheless,
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Table 2: Scope of the B-acetoxylation.!
Pd(OAC), (5+5 mol%) MeO.
PGS\'PC  Phi(OAc), (115+115 mol%) PG\ -DC
RJ\/H LiOAC (100 mol%) J\,OAC |
B Ar'CHO (20 mol%) N OMe
1 AcOH/AC,0 4:1, 90 °C " be
PG compatibility (R = Et)
o ON o}
Me 1 ™S w
Qg Qg Oy
S. o >S.. o)
2c 2d 2e
73% (Ts) 61% 66% (Ms)  56% (p-Ns)  51% (SES)b!
Ts. DG Ts. .DG Ts. .DG
N N N Me
AcO\)\/\/\ AcO. Me A
Me \)\(B CO\)\I/V-kMe
B B Me g B
2f,57% 29, 70% 2h, 78%
(from Tuamine)(! ' '
TS\N,DG Ts\ .DG Ts. .DG

Aco\)\ Me

2i, 81% 2j, 69% (mono/di 1:1.1)
Ts.,.DG Ts Ts., .DG
Me N N, N
Me\)\/E\/OAc be Meo\)\/OAC
B F>oac B
2k, 56%, d.r. 1.5:1 2l, 56% 2m, 69%
(from Forthane)(c] (from Rimantadine)[]
Ts\N,DG M
e TS‘N'DG o Ts. .DG
CO\)\/O s N
B ACO\)\/\O Ph Aco\)\/\/OTIF’S
Me’ b B
2n, 65% 20,47% 2p, 64%
(from Mexiletine)(©]
o
o o o)
Ts.,,.DG - .
N R "U\Ph k@\ ,’”\/\ph %
ACO\)\/\/QR Br
B 2q, 52% 2r, 61% 2s,47% 2t, 66%
Ts. .DG
N
Ts\N,DG AcO. Ts. , TS\
B on‘ha
oA~ NPth Py ~onc Me\)\r
B ortho
o
2u,67% 2v, 70% 2w, 0% 2x, 0%

(from
Amphetamine)(°]

[a] Reactions were run on a 0.15 mmol scale. [b] 400 mol % of Phl(OAc),
were used. [c] Drug from which the substrate was directly derived (see
the Supporting Information for details). TIPS =triisopropylsilyl,

TMS =trimethylsilyl.

amide- or carbamate-type PGs remained challenging for this
transformation, likely because of their enhanced Lewis
basicity which inhibits the cyclopalladation step. Substrates
with various alkyl scaffolds afforded the desired acetoxylation
products (2 f-k) in good yields. The oxidation is selective for
the primary § C—H bonds over either secondary/tertiary {3-
positions or more remote primary positions. The hydrazone
substrates can be directly derived from a number of approved
drugs, such as Rimantadine (21), Forthane (2k), Mexiletine
(2n), and Amphetamine (2v), in simple operations without
chromatography. Slower reactions were observed for sub-
strates with adjacent coordinating groups, for example, esters
(20) and ethers (2m and 2n). Nevertheless, moderate to good
yields were obtained after an longer reaction time. Several
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common and versatile functional groups, including cyclo-
propane (2t), aryl bromide (2r), electron-deficient olefin
(2s), phthalimide (2u), and silyl ether (2p), were also
tolerated. It is worth noting that, for the Amphetamine-
derived substrate, the C(sp’)—H bond was selectively ace-
toxylated over the more reactive ortho-aryl C—H bond (2v),
and represents a feature which is distinct from the amide-
directed reactions.'® Nevertheless, attempts to activate
methylene C—H bonds using this strategy remained unsuc-
cessful (2w and 2x).1""!

The acetoxylation reaction proved to be scalable, and on
a larger scale the palladium loading can be significantly
reduced [Eq. (1)]. In addition, the hydrazone DG can be
efficiently removed to give the protected 1,2-amino alcohol 3
through cleavage of the N—N bond with zinc powder
(Scheme 2a). Given that this cleavage reaction can also use

a) DG and PG removal

Ar DG removal H H
" P :

Ts. %N
’ Nis, AcOH/Ac,0 4:1 :
Me\)\/OAC 80°C,4h 3 :
2a 90% e B
De-tosylation
TFAA, Et;N,RT NH
—_—
then Sml, —-78°C  Me OAc
88% 4 *

Zn (300 mol%)

=
®
o
>
o

b) One-pot acetoxylation/DG removal

Pd(OAG), (5+5 mol%)

Ts<\-PC  Phi(OAc), (115+115 mol%)

NHTs

Me\)\/H LiOAc (100 mol%) 7 Ohc
1a ArCHO (20 mol%) 3
AcOH/Ac,0 4:1, 90 °C
then Zn added directly, 80 °C 66% yield

Scheme 2. Removal of the DG and PC.

HOACc/Ac,0O as the solvent, a convenient one-pot acetoxyla-
tion/DG removal sequence was achieved simply by adding
zinc to the reaction mixture after completion of the {3-
acetoxylation step (Scheme 2b). Furthermore, the Ts group in
3 can be efficiently switched to a more labile trifluoroacetyl
(TFA) group under mild reaction conditions.””)

Pd(OAc), (x mol%)

Ts<\-DC PhI(OAC), (230 mol%) Towy D@
.
Me A _H LiOAC (100 mol%) Me A 0Ac o
ArCHO (20 mol%) 2a

AcOH/Ac,0 4:1, air, 90 °C
palladium and oxidant added in one portion

1 mmol (5 mol% Pd)  72%, 320 mg
4 mmol (5mol% Pd) 71%,1.27 g
4 mmol (2 mol% Pd) 56%, 1.01g

More recently, a P C(sp’)~H sulfonyloxylation/Sy2
approach was developed for the diverse functionalization of
masked alcohols."*! Thus, it was expected that a similar
strategy could be adopted for late-stage diversification of
aliphatic amines using a hydrazone DG, and in turn should
expedite analogue preparation. Indeed, starting with
Amphetamine, a chromatography-free three-step sequence
afforded the hydrazone 5 in 72 % yield, wherein a quinoline-
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Pd(OPiv), (10 mol%)
TsOH (220 mol%)

1) TsCl, Et;N
2) NBZONH,, NaH | .
\/ll\l\Hz 3) ArCHO Tsoy-N NFSI (300 mol%)  T8~\-DG
= —_—
Ph Ar2CHO (20 mol%)
M Ph H Ph oTs
 Ar2=g-quinolinyl \)\B’ DCE, 80 °C \/KB’
Amphetamine B :

72% overall yield yield: 52% (isolated)
no chromatography 59% (NMR)
b) Ts. .DGQ Ts., .DGQ
SN° _PhSH, NaOH, EtOH NaOPh, DMF__ SNT
Ph A _sPh 90% | | 79% ph _A_oph
8
7a Ts\N,DGQ 7 °
Ph A _oTs
Ts\N,DGQ || 4 Ts., .DGQ
LiBr, THF NaN3, DMF
Ph Br == : > Ph N
\)\B/ ' 88% 87% \)\B’ 8
7c 7d
© Ts.,,.DG? Zn/AcOH Ts
“N° n/Ac SNH
pn_A_oph  100°C.2h pn._A_oph
7 * 63% 8b

Scheme 3. A [3-Tosyloxylation strategy to access Amphetamine deriva-
tives. THF =tetrahydrofuran.

based DG (DG®) was employed (Scheme 3a).”!! After
a slight modification of the previously reported sulfonylox-
ylation conditions,'* the desired B-tosyloxylation product 6
was isolated in 52% yield. As expected, 6 can be rapidly
derivatized by S\2 reactions to introduce various functional
groups, including sulfide, ether, bromide, and azide groups
(7a-d) at the terminal position (Scheme 3b). Moreover, the
quinoline-based DG can also be smoothly removed with zinc
in acetic acid (Scheme 3c¢).

In summary, a hydrazone-based DG strategy is described
to realize the 3 C—H functionalization of aliphatic amines. A
number of key features can be noted: first, from common
primary amines, an efficient chromatography-free or one-pot
procedure was made available to install the DG. Second,
through forming a hydrazone-directed exo-palladacycle, the
[ C—H oxidation occurred site- and chemoselectively. Finally,
the DGs can be easily removed either in a separate step or
through a one-pot acetoxylation/reduction sequence. Consid-
ering the critical role of nitrogen-containing aliphatic moi-
eties in pharmaceutical and agrochemical research, this
hydrazone-based approach should offer new strategies to
synthesize functionalized amines. Efforts to expand substrate
and reaction scope, particularly regarding the activation of
more challenging methylene C—H bonds, are currently
underway.
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