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primary and secondary amines (—NH,, —NHR) are preferred for

ABSTRACT: Herein we disclose a novel method for the further functional group elaboration.
facile transfer of primary (—NH,) and secondary amino Over a decade ago, Johnson et al. reported the eflicient N,N-
groups (—NHR) to heteroaryl- as well as arylcuprates at dialkyl-amination of organozinc nucleophiles (R,Zn) with Cu(I)
low temperature without the need for precious metal catalysis® (Figure 1A); however, the lack of suitable electrophilic
catalysts, ligands, excess reagents, protecting and/or
directing groups. T.hls one-pot transformathn ' allows A. Johnson et. al. (2004) Cull or Cu(l) complexes
unprecedented functional group tolerance and it is well- AN-OBr + R—ZneR (2.5 mol%) R—NR
. . . . o 2N = = = . 2
suited for the amination of electron-rich, electron-deficient THF, 25 °C, 15 - 60 min.
as well as structurally complex (hetero)arylmetals. In some R = alkyl; R = aryl, heteroaryl, benzyl, alky!
of the cases, only catalytic amounts of a copper(I) salt is B. Uchiyama et. al. (2016)
required. H 1. (TMP),Cu(CN)Li, (1.3 equiv) NH,
DMG THF,0°C, 2h _ @DMG
R'@ 2. BnONH, (2.0 equiv.)rt, 1 h R
nilines are substructures in a large number Of industrially DMG (directed metallation group) = ester, amide, nitrile, ether, phosphine oxide
. . . C. Kiirti et. al. (2016) Me * Operationally simple
and commercially important organic compounds such as e « Scalable, TN-free
.. . . B . . ® Unprecedented
dyes, pesticides, active pharmaceutical ingredients and functional Me N»% requ)  RE chemoselectivity
. 1 . : ~. NH, e E: & nitril
materials.” Therefore, the development of efficient methods for r’\ "W X el e
. . -1 1 toluene, low T, 2-3 hthen %1y . . .
the synthesis of structurally d1ve£se anilines has been a key . MRX NH,CI (aq) workup R s,
research area for the past 20 years.” Currently, the most general X =0l BS ) ::‘;::Z‘:::;:Ls
synthesis of anilines is achieved via the palladium-catalyzed cross- THIS WORK: 1. CuCN- 2L|CI (11equv) FG_ i, * Tolerates esters &
nitriles
coupling of aryl halides with amines (i.e,, Buchwald—Hartwig & CuCH2LICH (1.1 equiv), \.@ * Good yields for electr-
. 3 . . . . . M THF, -78 °C, 30 ically di b-
coupling).” Because of their impressive scope, palladium- X @' —m”‘> e e
1 d —N b d f i i h b 2 2. OSNH or -R and complex molecu-
catalyzed C ond-forming reactions have become an W= Li tex >‘)* HN >\~ NHR? jos
. . . . . . =L, Mgx, @ Nodirecting groups
indispensable tool for medicinal as well as synthetic organic B (1.2 equiv) 3~ e
chemists. However, high reaction temperatures and time- Z = Heteroatom  _THF78°C,10min  R*=alkyl Go"’es Bee Sttt
i K o . K then aqueous workup  FG = Fnctl Grp 1° and 2° amines
consuming ligand/catalyst optimizations are often required,
sometimes hindering their effective utilization. Recently, a Figure 1. Representative methods for the precious metal-free
number of direct catalytic C—H amination methods have electrophilic amination of arylmetals.

emerged that usually do not require complex optimization.”
Although these methods represent a welcome new direction that
improves overall efficiency and atom-economy, lingering issues
with regio- and chemoselectivity must be adequately addressed
before this strategy can be routinely and reliably deployed.

It has been our desire to find a complementary and general C—

NH,-sources prevented the utilization of this method for the
synthesis of primary anilines. The Uchiyama group described the
primary amination of arylcuprates, generated from the directed
cupration of arenes, although the requirement for neighboring-
gro ;) participation severely limits the substrate scope (Flgure

N bond-forming method that can operate at or below room 1B).

temperature and does not require precious metal catalysis. Such a Recently, we disclosed a novel one-step method (Figure 1C)
method obviates the need for ligand screening and thus it would for the direct primary amination of arylmagnesium halides
operationally simplify the reaction. A promising approach is utilizing a sterically hindered NH-oxaziridine derived from
electrophilic amination in which an aryl nucleophile is directly fenchone.® This efficient method operates at low temperature
reacted with an electrophilic nitrogen source to generate the and does not require metal catalysts, ligands, additives or excess
desired aniline.” The greatest advantage of this approach is its aminating reagents. Although the isolated yields are good to
simplicity, both mechanistically and operationally as it excellent for a large variety of sterically and electronically diverse
significantly reduces the burden of reaction optimization.

However, most existing methods can only install fully substituted Received: December 9, 2016
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substrates, it is not without some limitations: (a) electron-
deficient substrates generally give lower yields compared to
electron-rich substrates; (b) electrophilic functional groups, such
as esters and nitriles, cannot be tolerated due to their
incompatibility with aryl-magnesium and aryl lithium reagents;
(c) many heterocyclic substrates give either small amounts or
none of the desired primary amination products due to their
unique electronic properties, which results in diminished
reactivity; (d) for natural product-like substrates, it is sometimes
difficult to transform them efficiently into the corresponding aryl
Grignard reagents: this aspect reduces the practicality of this
method in the late-stage functionalization of complex molecules.

An in-depth analysis of the reaction mechanism reveals a
common cause for these limitations: the success of our recently
disclosed method (Figure 1C) depends on a delicate balance
between the nucleophilicity and the basicity of the arylmetal
reagent. If the arylmetal reagent removes the proton from the
NH-oxaziridine (i.e.,, quenching) instead of directly attacking the
nitrogen atom, it will result in unproductive consumption of the
arylmetal.

To solve this deprotonation problem and further expand the
scope of this method, we explored arylmetals with lower basicity
(ie, containing metals other than Mg and Li) while still
possessing sufficient nucleophilicity to react with NH oxazir-
idines. We initially evaluated monoaryl organozinc reagents
(ArZnX). These versatile compounds are less basic than the
corresponding aryl-lithium and aryl-magnesium compounds, and
are known to tolerate a wider range of functional groups. Recent
developments in the direct zincation of arenes by Knochel et al.
also provides a practical method for their preparation.’

When arylzinc halide 1 was reacted with three different
oxaziridines (3—5), formation of the desired aniline 2 was not
observed (Table 1 entry 1). These results indicated that the
balance of arylmetal basicity and nucleophilicity does not fall in
the optimal range required for the amination by an NH

Table 1. Optimization of Conditions for the Direct Primary
Amination of Arylmetals

1. Cu(l) source (mol%)

2. Oxaziridine (1.2 equiv.)

1 (o} THF, Temperature, Time 2
O—NH O—NH
HN”
3 4 5

Yield

Entry Cu Source Oxaziridine ~ Temp, Time (%)
1 Not used 3/4/5 rt, 16 h 0%
2 CuCl (20 mol %) 3 i, 16 h 11%
3 CuCl (20 mol %) 4 t, 16 h 16%
4 CuCl (100 mol %) 4 i, 16 h 28%
S CuCl (20 mol %) 4 40 °C,16 h 18%
6  CuCl (20 mol %) 5 rt, 16 h 34%
7 CuCN (20 mol %) S it, 16 h 42%
8 [Cu(OTf)], CcHy S rt, 16 h 13%

(10 mol %)
9 Cu(OAc), (20 mol %) 5 1, 16 h 43%
10 CuCN (110 mol %) 5 i, 16 h 68%
11  CuCN-2LiCl (110 mol %) S rt, 16 h 66%
12 CuCN-2LiCI (110 mol %) 5 —78 °C, 87%
10 min
13 CuCl-2LiCl (110 mol %) 5 —78°C, 90%
10 min
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oxaziridine.'” The aggregation of organozinc molecules in
solution likely renders them insufficiently nucleophilic for a
successful direct amination, in contrast to the observed behavior
of aryl Grignard reagents.®

Next we examined an organocuprate, which can be easily
prepared from the corresponding organolithium, organo-
magnesium or organozinc reagents via transmetalation with
Cu(I) sources such as CuCN and CuCl. Initially, we looked at
using catalytic amounts of Cu(I) salts. To our delight, the
anticipated primary amination product (2) was isolated, albeit in
low yield (Table 1 entries 2 and 3). Stoichiometric amount of
copper afforded much better yield (Table 1, entries 4 vs 3),
indicating that the catalytic cycle could not be established for
some substrates. This result was not unexpected given the
aforementioned issue with deprotonation. Using the less
hindered NH-oxaziridine 5 gave better yield than bulkier NH-
oxaziridines 3 and 4 under catalytic conditions (entries 6, 7 and 9
vs 3) as well as under stoichiometric conditions (entry 10 vs 4).
Many Cu(I) salts efficiently mediate the reaction, although
CuCN-2LiCl and CuCl-2LiCl gave the best results and were easy
to handle under inert atmosphere using their commercially
available THF solutions (Table 1, entries 12 and 13).

Although copper catalyzed/mediated aminations of arylmetals
have been reported in the literature,'" the vast majority can only
produce tertiary amines due to the lack of suitable electrophilic
“NH,” equivalents. As mentioned earlier, the Uchiyama group
recently reported a method in which an arylcuprate could be
efficiently aminated using O-benzyl-hydroxylamine (BnONH,,
Figure 1B).” Although this innovative approach provides a
precious metal-free access to primary anilines with good
efficiency and decent scope, it is not without some serious
limitations. One of the major issues of this method is the
requirement for neighboring group participation, which limits
the substrates to those with directing groups (DMG) at the
ortho-position of the metal-bearing carbon. This requirement is
due to the unique transition state that necessitates coordination
to these directing groups to facilitate the formation of the C—N
bond.” Another drawback is the requirement for the use of
(TMP),Cu, which is needed for both the initial deprotonation of
the arene and the monodeprotonation of BnONH,. Because
direct cupration with (TMP),Cu also involves some restrictions
on the substrates, it is not trivial to expand the scope beyond what
has been reported. The aminating reagent BnONH,, of which
two equivalents are needed, also requires excessive drying before
use because it is very hygroscopic, which further limits the utility
of this method especially in large-scale processes.

Using an NH-oxaziridine as the aminating reagent will alleviate
many of these limitations. Because the acidity of the N—H bond
in oxaziridines (pK, = ~34)'” is much lower than in BnONH,
(pK, = ~20), we anticipated that the unproductive protonation
of the cuprate was not going to be a significant problem in our
method, therefore neither a base nor excess aminating agent were
needed. NH-Oxaziridine 5 also efliciently aminates the
arylcuprate in the absence of a directing group, which greatly
expands the scope of substrates. Lastly, the cuprates can be
readily prepared via transmetalation using a wide range of
starting materials such as organolithiums, organozincs or
organomagnesiums, which circumvents the limitation that
originates from Uchiyama’s directed cupration.

When applied to a wide range of substrates that did not
perform well in the direct primary amination of aryl Grignard
reagents,” this novel Cu-mediated method provides not only
better yields in all cases but also furnishes many new anilines that
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were previously inaccessible directly from the corresponding
Grignard reagents (Table 2). Electron-deficient arenes (Table 2

Table 2. Primary Amination of Structurally Diverse Aryl- and
Heteroarylmetals

1. CuCN-2LiCl (1.1 equiv) or

R? CuCl-2LiCl i
~ M ul iCl (1.1 equiv.), 2
X THF, -78 °C, 30 min. o 5{\ NH,
R 1 S
R 2. 0O—NH RS 1
- K i R
M = Li, MgX, ZnX THF, 7?':(:, 10 min.
X=Cl,Br, | en
T (1.2 equiv) aqueous workup
Structure of Primary Arylamines
(Entry)[al: Compound #, Metal (M), Isolated Yield (%)[°!
NH, NH, NH, NH, 0 NH,
Meo
cN c EO
F F cl o cl
(16 7 (3)8 4)2 (5)9
M = MgBr M =ZnBr M= 2Znl M= Znl M = ZnBr
53% 86% (1.1 equiv Cu) 65% 90% (-78°C)  88% (1.1 equiv Cu)
35% (20 mol% Cu) 68% (25 °C) 84% (20 mol% Cu)
NH, H,N H,N H,N NH,
Me N
¥ 0 CrY
0”0 0 S N N
Me
(6)10 [RE] (8)12 9)13 (10) 14
M = Znl M =Li M =Li M = Li M= Li
62% 7% 71% 61% 67%
P P
P NH, N“ NH, MeO” N™'NH, B “NT NH, B ~Fni,
(11)15 (12)16 (13)17 (14) 18 15)19
M =ZnBr M = MgCI-LiCI M = ZnBr M =MgBr-LiCl M = MgBr-LiCI
42% 73% 34% (-78 °C) 58% 77%
58% (25 °C)
Cl H OMe
VNS oy ). JOQ
| . N s NH; .0 NH,
N7 NH, Y "NH, EtO o
cl k[o Me
(16) 20 1721 (18) 22 (19) 23
M = MgCI-LiCl M=1/22Zn M = ZnBr, 83% (-78°C) M=Li
45% 33% 51% (25 °C) 58%
61% (-78 °C & 20 mol%
Cu)
Me
o M
H,N Me Me Me Me
D = H
Me' o Me
Me
(20) 24
M = Li

55%

“Reaction conditions: arylmetal (1 mmol) and Cu(l)-reagent (1.1
mmol unless indicated otherwise) were mixed at —78 °C for 30 min in
THF followed by the THF solution of the oxaziridine rea%)ent (12
mmol) at —78 °C for 10 min unless indicated otherwise. “Isolated
yield after column chromatography. Reactions were quenched at the
indicated reaction temperature with a ~1:1 mixture of saturated
NH,Cl(aq) and saturated Na,S,05(aq).

entries 1—3) and heterocycles (Table 2 entries 7—20) performed
well and afforded isolated yields up to 90%. These conditions are
compatible with esters (Table 2 entries 4—6, 18), nitriles (Table
2 entry 2), and give decent yields for complex molecules (Table 2
entries 19 and 20). The reaction is very rapid and in most cases it
takes less than 10 min at —78 °C to reach completion.
Synthetically useful yields (50—60%) could also be achieved at
ambient temperature (Table 2 entries 4, 13 and 18). Both
CuCN-2LiCl and CuCl-2LiCl gave similar yields, and control
experiments showed that LiCl was not essential for the success of
this reaction.

When less basic organozincs are used as the arylmetal
substrates, this reaction can be rendered catalytic (Table 2,
entries 2, S and 18). However, the success of the catalytic system
largely depends on the electronic properties of the specific

organozinc substrate. An ester group at the ortho position greatly
improves the yield (Table 2 entry S): this result is consistent with
the findings reported by Uchiyama.

Intrigued by the promising properties of these arylcuprates, we
next tried the amination with N-alkyl-O-benzoyl hydroxylamines
(BzONHR) expecting to obtain secondary anilines (ArNHR).
Johnson et al. reported a few examples where a diarylzinc
substrate (R,Zn) could be converted to RNHR' using BZONHR’
in the presence of catalytic amounts of CuOTf."” In these cases,
one of the R groups in R,Zn presumably first deprotonates the
hydroxylamine and facilitates the nitrogen-transfer to the
remaining R group, thus allowing catalytic amounts of a Cu(I)
salt to drive the amination while sacrificing one of the R groups as
a base.

We anticipated that upon complete transmetalation of the
arylzinc substrate, the resulting cuprate would undergo exclusive
amination instead of protonation, therefore this approach would
improve overall atom economy by avoiding the unproductive
quenching of the R group. This hypothesis was correct, and
arylcuprates (ArCuX) were indeed successfully aminated with
good to excellent yields when reacted with 1.1 equiv of
BzONHR' at ambient temperature (Table 3). When the reaction
was carried out with TsONHR’, the yield was lower, which is
consistent with our hypothesis that the acidity of NH has a major
impact on the reaction outcome.

Mechanistically, it is possible that the amination of
arylcuprates follows the same pathway as the direct amination
of Grignard reagents with NH-oxaziridines in which the
amination takes place by direct nucleophilic attack on the

Table 3. Secondary Amination of Selected Aryl- and
Heteroarylmetals

1. CuCl-2LiCI (1.1 equiv.)

. M THF, 25 °C, 30 min.
R
@ 2 o H
. N
@)4 o Nre
25

(1.2 equiv.)
THF,0°C,2h

M= Li, ZnX
X=Br, |

Structure of Secondary Arylamines
(Entry)lal: Compound #, Metal (M), Isolated Yield (%)!

¢’o Qo 10,0 90

MeO" ™0
(21) 26 (22)27 (23) 28 (24) 29
M= 2Znl M =ZnBr M =Znl M = ZnBr
71% 57% 76% 61%
Oy OEt
EtO
Q.0 %00 @ "
) S [e]
N N MeO HN— (R) N ®
Me Me
(25) 30 (26) 31 (27) 32 (28) 33
M=Znl M = ZnBr M= Znl M=Znl
65% 49% 83% 88%
0,00 L
(o]
N Me Me Me Me
H S = T
Me' (o) Me
Me
(29) 34
M=Li

“Reaction conditions: arylmetal (1 mmol) and Cu(l)-reagent (1.1
mmol) were mixed at 25 °C for 30 min in THF, followed by the THF
solution of the hydroxylamine reagent (1.2 mmol) at 0 °C for 2 h.
bIsolated yield after column chromatography. Reactions were
quenched at the indicated reaction temperature with a ~1:1 mixture
of saturated NH,Cl(aq) and saturated Na,S,0;(aq).

DOI: 10.1021/jacs.6b12712
J. Am. Chem. Soc. 2017, 139, 115-118


http://dx.doi.org/10.1021/jacs.6b12712

Journal of the American Chemical Society

Communication

nitrogen atom (Figure 2A).® However, if the reaction involved a
simple nucleophilic attack, one would also expect the amination

direct

A Aryl
AM nucleophilic |
|~ un attack HN H O
mCu | — 0 — 0 + Aryl=N—Cu
(o Cu—0
36
5 35
workup
[0) reductive
B Aryl—Cu elimination
HN addition mn_n 37
| Aryl—Cu 1§
fo) o
Aryl—NHR
5 38 40
o _R oxidative any reductive
HN addition NHR iminati
C Aryl—Cu *+ | ;» AryI—Cu< elimination
OBz OBz
25 39

Figure 2. Proposed mechanistic pathways.

to proceed when an organozinc reagent was reacted directly with
oxaziridine $ in the absence of copper complexes. Because the
much less nucleophilic reagent (cuprate) yielded the desired
aniline, the failed direct amination of organozinc reagents points
to a different mechanistic pathway that likely involves the unique
ability of copper to undergo oxidation state change [i.e., Cu(I) —
Cu(IIT)]. We propose that the amination starts with the initial
oxidative addition of Cu(I) into the N—O bond of oxaziridine §
to afford intermediate 38, followed by reductive elimination to
generate intermediate 35. Finally, facile hydrolysis of 36 gives rise
to the product primary arylamine 37. The mechanism that leads
to the formation of secondary arylamines involves oxidative
addition of the arylcuprate into the N—O bond of aminating
agent 25 and the resulting intermediate 39 directly furnishes the
secondary arylamine product (40) upon reductive elimination
(Figure 2C). These above-mentioned two pathways (Figure
2B,C) are similar to the mechanism proposed by Uchiyama et al.”

We postulate that a successful catalytic cycle demands the
coexistence of the initial nontransmetalated arylmetal and the
NH-oxaziridine. It is not surprising that only relatively less basic
arylmetals (e.g, Table 1, entries 5 and 18) are amenable to
catalytic primary amination. Presumably, in all of the other cases,
the arylmetals undergo rapid and nonproductive quenching by
the NH-oxaziridine reagent before the arylcuprates can form via
transmetalation.

In summary, we have developed a novel method for the direct
electrophilic primary and secondary amination of arylmetals in
the presence of Cu(I) salts. This transformation offers a practical
solution for a long-standing synthetic problem of aminating
heteroarylmetals directly and efficiently. In addition, the method
does not rely on the presence of directing groups and requires
only equimolar amounts of the aminating reagent. We anticipate
that this general and operationally simple amination approach
will find wide utility in the synthesis of structurally complex
molecules such as active pharmaceutical ingredients and natural
products.
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