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17 ABSTRACT: Herein we disclose a novel method for the facile A. Johnson et. al. (2004) Cu(l) or Cu(ll) complexes
18 transfer of primary (-NH,) and secondary amino groups (-NHR) R,N—OBz + R'—Zn—R' (2'05 mol%) - » R —NR,
19 to heteroaryl- as well as arylcuprates at low temperature without THF, 25°C, 15 - 60 min.
20 the need for precious metal catalysts, ligands, excess reagents, R’ = alkyl; R’ = aryl, heteroaryl, benzyl, alkyl
21 protecting and/or directing groups. This one-pot transformation B. Uchiyama et. al. (2016)
22 allows unprecedented functional group tolerance and it is well- 1 TMPY.Cu(CNILL (1.3 eaui -
23 suited for the amination of electron-rich, electron-deficient as well H ST a )%Hl,]:(y 0 °)c,|22(h' equ) ’ DMG
as structurally complex (hetero)arylmetals. In some of the cases R ' > R
24 : _ : 2. BnONH, (2.0 equiv.) it, 1 h
only catalytic amounts of a copper(I)salt is required.
25 DMG (directed metallation group) = ester, amide, nitrile, ether, phosphine oxide
26 C. Kiirti et. al. (2016) Me ® Operationally simple
® Scalable, TM-free
27 A#Me . Unprece;iented
ere . . . Me /O ed
28 Anilines are substructures in a large number of industrially and f;{ M ( W2equ) R N, . ;:fe't:s&e':::l"e';yare
29 commercially important organic compounds such as dyes, pesti- N "1 1oluene, lowT, 2.3 h then ~§,®1 . &‘;‘;:5’;:‘; ore.
30 cides, active pharmaceutical ingredients and functional materials.' M= Lt Mox NH,CI (aq) workup R deficient substrates,
. . =L,
31 Therefore, the development of efficient methods for the synthesis X=Cl BS I ::::,’:i":‘?,:c’:ﬂes
32 of structurally diverse anilines has been a key research area for the THISWORK: 1. CuCN-2LiCl (1.1 equiv) o Tolerates esters &
2 . “1s . or ¢ and nitriles
33 past' 20 years. Currently, the most general synthes'ls of anilines is o CuCl-2LiICH (1.1 equiv), 55' @' o G e
34 achieved via the palladium-catalyzed cross-coupling of aryl hal- X M THF, -78°C, 30 min. onically diverse sub-
. . . . . . . H —>
35 ides with amines (i.e. Buchwald-Hartwig coupllng).3 Due to their “2:,-@ 2 OCNH RS Zf.’:‘f:m“;‘:,'ﬂfe'ii
36 impressive scope, palladium-catalyzed C-N bond-forming reac- M = Li, MgX, >ﬁﬁ< H'uq 5{" @ :\f: T —
37 tions have become an indispensable tool for medicinal as well as e é")ér | (1.2 equiv) OBz « No excess reagents
. . . . - =9 Lk 789 R3 = alkyl Gi to both
38 syr(;thf.:tw organic 'cherlr?lsts.diiotwlevetr, hlgh .rea.ctlon tempc;ratures Z = Heteroatom Je”nF;.qﬁeeoﬁ'slfo?l'Sp FG =aFnycﬂ Gp 1':‘::;;: :rsnsln:s °
and time-consuming ligand/catalyst optimizations are often re- . : .
39 quired, sometimes hindering their effective utilization. Recently, a Flgure. 1 Representatlve methods for the precious metal-free
40 g Y electrophilic amination of arylmetals
number of direct catalytic C-H amination methods have emerged p Y ) )
41 that usually do not require complex optimization.* While these ' Over a fiecgde ago Johnsop et. al. repo'rted the efﬁm.ent N,N-
42 methods represent a welcome new direction that improves overall dlalkylja;mna'ltlon of organozinc nucleophiles .(RZZH) with C‘?(.I)
43 efficiency and atom-economy, lingering issues with regio- and catalysis® (Fig.1A), however, the lack of suitable electrophilic
44 chemoselectivity must be adequately addressed before this strate- NH,-sources prevented the utilization of this method for the syn-
45 gy can be routinely and reliably deployed. thE.DSIS of primary anilines. The Uchiyama group described the
. primary amination of arylcuprates, generated from the directed
46 It has been our desire to find a complementary and general C-N i ¢ lthy ﬁ h gen f iohbori
47 bond-forming method that can operate at or below room tempera- cupra 10nf0 . ai'enes, a (l)u%' t N }fequlgement or nei:g l(ém;g_
48 ture and does not require precious metal catalysis. Such a method group participa 19n severely limits the substrate scop ? (Fig.1B).
49 obviates the need for ligand screening and thus it would opera- . Recent.ly we dlsc.lose'd anovel one-step 'method .(F 1g.1C.).f(.)r the
50 tionally simplify the reaction. A promising approach is electro- dtlre'ct lpl)rlrl?arg arglﬁg{tlon Of f:iry lmggge51élrg hahfdes hutlhzxn}ligh'a
51 philic amination in which an aryl nucleophile is directly reacted sterically undere roxazitidine derived from fenchione. - This
. o . . efficient method operates at low temperature and does not require
52 with an electrophilic nitrogen source to generate the desired ani- . - A
. s . . . o metal catalysts, ligands, additives or excess aminating reagents.
53 line.” The greatest advantage of this approach is its simplicity, . : . .
both hamisticall d - onall ¢ sionifi While the isolated yields are good to excellent for a large variety
54 oth mechanistically and operationally as it significantly reduces of sterically and electronically diverse substrates, it is not without
the burd f t H isti fati Y
55 ¢ burden of reaction optimization. However, most existing some limitations: (a) electron-deficient substrates generally give
hod. ly i i i . g yeg
56 methods can only install fully substituted or protected amino lower yields compared to electron-rich substrates; (b) electrophilic
57 groups (e.g., -NRy), while frequently primary and secondary functional groups, such as esters and nitriles, cannot be tolerated
58 amines (-NH,, -NHR) are preferred for further functional group due to their incompatibility with aryl-magnesium and aryl lithium
59 elaboration. reagents; (c) many heterocyclic substrates give either small
60 amounts or none of the desired primary amination products due to
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their unique electronic properties, which results in diminished
reactivity; (d) for natural product-like substrates, it is sometimes
difficult to efficiently transform them 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 com-
mon cause for these limitations: the success of our recently dis-
closed method (Fig.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
(i.e., containing metals other than Mg and Li) while still pos-
sessing sufficient nucleophilicity to react with NH oxaziridines.
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.’

Table 1. Optimization of conditions for the direct primary
amination of arylmetals.

Znl NH,
1. Cu(l) source (mol%)
OLMe 2 Oyaziridine (1.2 equiv) O_ Me
1 o THF, Temperature, Time 2 o
O—NH O—NH
4¥o Ph>§< >ﬁﬂ<
HN”
3 4 5
Entry? Cu Source Oxaziridine Temp, Time Yield (%)
1 Not used 3/4/5 rt, 16 h 0%
2 CuCl (20 mol%) 3 rt, 16 h 11%
3 CuCl (20 mol%) 4 rt, 16 h 16%
4 CuCl (100 mol%) 4 rt, 16 h 28%
5 CuCl (20 mol%) 4 40°C, 16 h 18%
6 CuCl (20 mol%) 5 rt, 16 h 34%
7 CuCN (20 mol%) 5 rt, 16 h 42%
8 [Cu(OTh]2'CeHe (10 Mol%) 5 rt, 16 h 13%
9 Cu(OAC), (20 mol%) 5 i, 16 h 43%
10 CUCN (110 mol%) 5 i, 16 h 68%
11 CuCN-2LiCI (110 mol%) 5 rt, 16 h 66%
12 CuCN-2LiCl (110 mol%) 5 -78°C, 10 min 87%
13 CuCl-2LiCl (110 mol%) 5 -78°C, 10 min 90%

When arylzinc halide 1 was reacted with three different oxa-
ziridines (3-5)%, formation of the desired aniline 2 was not ob-
served (Table 1 entry 1). These results indicated that the balance
of arylmetal basicity and nucleophilicity does not fall in the opti-
mal range required for the amination by an NH 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 pre-
pared from the corresponding organolithium, organomagnesium
or organozinc reagents via transmetallation with Cu(I) sources
such as CuCN and CuCl. Initially we looked at using catalytic
amounts of Cu(l) salts. To our delight the anticipated primary
amination product (2) was isolated, albeit in low yield (Table 1
entries 2 & 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 deprotona-
tion. Using the less hindered NH-oxaziridine 5 gave better yield

than bulkier NH-oxaziridines 3 & 4 under catalytic conditions
(entries 6,7 & 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 commer-
cially available THF solutions (Table 1, entries 12 & 13).

Table 2. Primary amination of structurally diverse aryl-
and heteroarylmetals

1. CuCN-2LiCl (1.1 equiv) or

R2 CuCl-2LiCl (1.1 equi
2 . M u iCl (1.1 equiv.), R2
X THF, -78 °C, 30 min. o rs(‘"@' NH,
(RN ¢
N R 2 O—NH Ry 1
. _ 0, i R
M = Li, MgX, ZnX >ﬁﬂ< T e "
X=Cl,Br, | (1.2 oquiv) aqueous workup

Structure of Primary Arylamines
(Entry)i2l: Compound #, Metal (M), Isolated Yield (%)®!

NH, NH, NH, NH, 0 NH,
weo
CcN ca FEO
F F cl o cl
(1)6 @7 (3)8 (4)2 (5)9
M = MgBr M = ZnBr M =Znl M =2Znl M = ZnBr

53% 86% (1.1 equiv Cu) 65%
35% (20 mol% Cu)

90% (-78°C)  88% (1.1 equiv Cu)
68% (25°C)  84% (20 mol% Cu)
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NH, H,N H,N HyN 2
Me
Q0o Qo Qo
070 o s N N
Me
(6)10 (7)1 (8)12 (9)13 (10) 14
M=Zznl M=Li M=Li M= Li M=Li
62% 7% 71% 61% 67%
ZNNH, N“ NH, MeO” N 'NH; B “N"“NH, Br” ~F“nH,
(11)15 (12)16 (13)17 (14)18 (15)19
M =ZnBr M = MgCI-LiCl M = ZnBr M =MgBr-LiCl M = MgBr-LiCl
42% 73% 34% (-78 °C) 58% 77%
58% (25 °C)
cl
Br Br 2 fo) I\
T N A,
N7 NH, Y~ " NH, EtO
cl
(16) 20 (17)21 (18) 22
M = MgCI-LiCl M=1/2Zn M= ZnBr, 83% (-78°C) M= Li
45% 33% 51% (25 °C) 58%
61% (78 °C & 20 mol%
Cu)
Me
o M
HoN \Me Me Me Me
R z z
Me o Me
Me
(20) 24
M=Li

55%

lAlReaction conditions: arylmetal (1 mmol) and Cu(l)-reagent (1.1 mmol unless indicated
otherwise), were mixed at -78 °C for 30 minutes in THF followed by the THF solution of
the oxaziridine reagent (1.2 mmol) at -78 °C for 10 minutes unless indicated otherwise.
Blisolated 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,03
(aq).

While 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 effi-
ciently aminated using O-benzyl-hydroxylamine (BnONH,, Fig.
1B).” While 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
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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 necessi-
tates coordination to these directing groups to facilitate the for-
mation 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 mono-deprotonation of
BnONH,. Since 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 ex-
cessive 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. Since the acidity of the N-H bond in
oxaziridines (pKa = ~34)'? is much lower than in BhONH, (pKa =
~20), we anticipated that the unproductive protonation of the cu-
prate 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 efficiently 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
transmetallation using a wide range of starting materials such as
organolithiums, organozincs or organomagnesiums, that circum-
vents 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 were previous-
ly inaccessible directly from the corresponding Grignard reagents
(Table 2). Electron-deficient arenes (Table 2 entries 1-3) and het-
erocycles (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 & 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 sub-
strates, this reaction can be rendered catalytic (Table 2, entries 2,
5 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 5) — this result is consistent with the find-
ings 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 sub-
strate (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 hy-
droxylamine 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 transmetallation of the aryl-
zinc 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 aryl-
cuprates (ArCuX) were indeed successfully aminated with good
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to excellent yields when reacted with 1.1 equivalents 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.

Table 3. Secondary amination of selected aryl- and het-
eroarylmetals

1. CuClI-2LiCl (1.1 equiv.) H

; M THF, 25 °C, 30 min. N
o€ = S
: N
Neg
M= Li, ZnX do
X=Br,| 25

(1.2 equiv.)
THF,0°C,2h

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

e’o G0 20,0 ©,0

MeO™ O
(21) 26 (22) 27 (23) 28 (24) 29
M =2Znl M = ZnBr M =Znl M = ZnBr
1% 57% 76% 61%
0Oy OEt
é\ O Etob_@ O Q EtO
o S ob Q
N N MeO HN— ® S é p
Me Me
(25) 30 (26) 31 (27) 32 (28) 33
M = Znl M = ZnBr M =Znl M = Znl
65% 49% 83% 88%
O ©\/ X
N o Me Me Me Me
H N = 3z
Me' (o) Me
Me
(29) 34
M=Li

lelReaction conditions: arylmetal (1 mmol) and Cu(l)-reagent (1.1 mmol) were mixed at
25 °C for 30 minutes in THF, followed by the THF solution of the hydroxylamine reagent
(1.2 mmol) at 0 °C for 2 hours. Plisolated yield after column chromatography. Reactions
were quenched at the indicated reaction temperature with a ~1:1 mixture of saturated
NH,4CI (aq) and saturated Na,S,03 (aq).

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 nitrogen atom (Fig.2A).%
However, if the reaction involved a simple nucleophilic attack,
one would also expect the amination to proceed when an or-
ganozinc reagent was reacted directly with oxaziridine 5 in the
absence of copper complexes. Since the much less nucleophilic
reagent (cuprate) yielded the desired aniline, the failed direct ami-
nation of organozinc reagents points to a different mechanistic
pathway that likely involves the unique ability of copper to un-
dergo oxidation state change [i.e., Cu(I)>Cu(Ill)]. We propose
that the amination starts with the initial oxidative addition of
Cu(I) into the N-O bond of oxaziridine 5 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 sec-
ondary arylamines involves oxidative addition of the arylcuprate
into the N-O bond of aminating agent 25 and the resulting inter-
mediate 39 directly furnishes the secondary arylamine product
(40) upon reductive elimination (Fig.2C). These above mentioned
two pathways (Figs.2B & 2C) are similar to the mechanism pro-
posed by Uchiyama et al.”

We believe that a successful catalytic cycle demands the co-
existence of the initial non-transmetalated arylmetal and the NH-
oxaziridine. It is not surprising that only relatively less basic ar-

ACS Paragon Plus Environment



P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Journal of the American Chemical Society

ylmetals (e.g., Table 1, entries 5 & 18) are amenable to catalytic
primary amination. Presumably, in all of the other cases, the ar-
ylmetals undergo rapid and non-productive quenching by the NH-
oxaziridine reagent before the arylcuprates can form via
transmetallation.
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Figure 2. Proposed mechanistic pathways.

In summary, we have developed a novel method for the direct
electrophilic primary and secondary amination of aryl- metals in
the presence of Cu(I)-salts. This transformation offers a practical
solution for a long-standing synthetic problem of aminating het-
eroarylmetals directly and efficiently. In addition, the method
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find wide utility in the synthesis of structurally complex mole-
cules such as active pharmaceutical ingredients and natural prod-
ucts.
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1. CuCN-2LiCl (1.1 equiv) FG
or AT
. i i 1
Fe CuCl-2LiCl (1.1 equiv.),

o\ M THF, -78 °C, 30 min. o
o -
Q- 2. O—NH R3

. o HN- - NHR?
M = Li, MmgX, ) .,.\.
ZnX OBz G
X=Cl,Br | (1.2 equiv) ~
Z = Heteroatom THF, -78 °C, 10 min up to 90% yield
then aqueous workup 29 examples
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