MIT
Libraries | D>pace@MIT

MIT Open Access Articles

A practical electrophilic nitrogen source for the synthesis of
chiral primary amines by copper-catalyzed hydroamination

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Guo, Sheng, Jeffrey Yang, and Stephen L. Buchwald, "A practical electrophilic nitrogen
source for the synthesis of chiral primary amines by copper-catalyzed hydroamination.” Journal
of the American Chemical Society 140, 46 (Nov. 2018): p. 15976-84 doi 10.1021/JACS.8B 10564
©2018 Author(s)

As Published: 10.1021/JACS.8B10564
Publisher: American Chemical Society (ACS)
Persistent URL: https://hdl.handle.net/1721.1/126029

Version: Author’s final manuscript: final author’'s manuscript post peer review, without
publisher’'s formatting or copy editing

Terms of Use: Article is made available in accordance with the publisher’s policy and may be
subject to US copyright law. Please refer to the publisher's site for terms of use.

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
https://hdl.handle.net/1721.1/126029

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JAm Chem Soc. Author manuscript; available in PMC 2019 November 21.

-, HHS Public Access
«

Published in final edited form as:
JAm Chem Soc. 2018 November 21; 140(46): 15976-15984. doi:10.1021/jacs.8b10564.

A Practical Electrophilic Nitrogen Source for the Synthesis of
Chiral Primary Amines by Copper-Catalyzed Hydroamination

Sheng Guo, Jeffrey C. Yang, and Stephen L. Buchwald”
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts
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Abstract

A mild and practical method for the catalytic installation of the amino group across alkenes and
alkynes has long been recognized as a significant challenge in synthetic chemistry. As the direct
hydroamination of olefins using ammonia requires harsh conditions, the development of suitable
electrophilic aminating reagents for formal hydroamination methods is of importance. Herein, we
describe the use of 1,2-benzisoxazole as a practical electrophilic primary amine source. Using this
heterocycle as a new amino group delivery agent, a mild and general protocol for the copper-
hydride-catalyzed hydroamination of alkenes and alkynes to form primary amines was developed.
This method provides access to a broad range of chiral a-branched primary amines and linear
primary amines, as demonstrated by the efficient synthesis of the antiretroviral drug Maraviroc and
the formal synthesis of several other pharmaceutical agents.
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INTRODUCTION

Chiral primary amines play an essential role in the preparation of natural products, active
pharmaceutical ingredients, and other important derivatives because of their synthetic
flexibility (Figure 1a).1 Consequently, synthetic organic chemists have a long-standing
interest in general methods for the synthesis of chiral primary amines.1=2 Important methods
for the enantioselective synthesis of chiral primary amines include the reduction of imines
and enamines,3~7 addition of nucleophiles to imines,® particularly Ellman’s sulfonamide,®
the reaction of a nitrogen nucleophile to allylic electrophiles,19 and biocatalytic processes.
11-13 Although various methods exist, they typically require a pre-existing carbon—
heteroatom bond or ketone group as the handle for functionalization. In comparison,
hydroamination reactions provide a direct approach to access amines from readily available
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alkene and alkyne precursors. Specifically, copper(l) hydride complexes have been shown to
catalyze hydroamination reactions between alkenes and hydroxylamine esters.1# Despite the
number of electrophilic aminating reagents that have been developed for the synthesis of
chiral secondary® and tertiary amines!6-25 as well as amides?, there have not been any
reports of enantioselective transformations that allow for the direct synthesis of primary
amines from olefins, in part due to the lack of a suitable electrophilic amine source.

Current electrophilic primary amine reagents that provide a direct approach for the synthesis
of primary amines typically suffer from instability (in the case of haloamines) or have been
reported to be hazardous upon purification and isolation (in the case of O-
(mesitylenesulfonyl)hydroxylamine, MSH).2” Moreover, reagents such as methoxyamine are
stable as the corresponding hydrochloride salt, but require a minimum of two equivalents of
strongly basic organometallic reagents to access the active form (through neutralization and
further deprotonation),28 which is capable of forming the desired C-N bond. Although
protected NH3 surrogates such as oxime derivatives?® or creatively designed oxaziridines30
may circumvent the problems of competitive amine deprotonation and difficult
deprotections, most of these electrophiles require multistep synthesis (Figure 1b).31 Thus, a
simple, stable, and commercially available electrophilic amine source is highly desirable.

In this work, we describe the fortuitous discovery that isoxazole can be used as a suitable
electrophilic nitrogen source providing a solution to the synthesis of primary amines via the
copper-hydride-catalyzed hydroamination. Previously, we reported the copper-hydride-
catalyzed enantioselective 1,4-dearomatization of pyridines with styrene-derived
nucleophiles (Figure 1c(i)).32 While attempting to extend this method to other nitrogen-
containing heterocycles, the isoxazole unexpectedly provided the Schiff base product,
instead of the anticipated dihydroisoxazole product (Figure 1c(ii)). The nucleophilic
substitution of isoxazole via the cleavage of the N-O bond, upon imine hydrolysis, provided
a new approach for synthesis of primary amines via an unknown mode of reactivity. Based
on this result coupled with the high stability and commercial availability of isoxazole, we
envisioned that isoxazole and its derivatives might function as electrophilic primary amine
sources.

Herein, we demonstrate the generality of this initial result and describe the preparation of
primary amines (or equivalents) via the hydroamination of alkenes and alkynes using
isoxazole electrophiles as new commercially available electrophilic nitrogen sources. Under
mild reaction conditions, a wide range of chiral a-branched (from aryl alkenes or alkynes)
and linear primary amines (from alkyl-substituted terminal alkenes or alkynes) are afforded
in good-to-excellent yields with high levels of enantioselectivity (Figure 1d). Additionally,
the synthetic utility of this transformation is demonstrated by the preparation of several
important pharmaceuticals, as well as the one-step conversion of low-cost readily available
starting materials into valuable synthetic intermediates.
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RESULTS AND DISCUSSION

Effect of substitution patterns of isoxazole derivatives.

To arrive at the optimal isoxazole reagent for the CuH-catalyzed hydroamination of alkenes,
styrene was allowed to react with a series of commercial isoxazole derivatives with varying
electronic and steric properties under typical CuH catalysis conditions.18 In the presence of
5.0 mol% copper acetate, 5.5 mol% (S)-DTBM-SEGPHOS, 3.2 equivalents of
dimethoxymethylsilane, and 2.0 equivalents of isoxazole, the Schiff base product was
afforded in moderate yield and with excellent enantioselectivity. Evaluation of other
isoxazole derivatives revealed that the 3-substituted isoxazoles could not be used for the
hydroamination process regardless of their steric and electronic properties (2b, 2c).
Furthermore, a comparison between the 4- (2d, 2e) and 5- (2f, 2g) substituted isoxazoles
showed that, although substituents at these positions are reported to promote the undesired
ring-opening decomposition of the electrophile,33 extension of the rt-conjugation at the 5
position proved to be beneficial for overall reaction efficiency. The use of 1,2-benzisoxazole,
2h, proved to be optimal, affording the chiral Schiff base product in excellent yield and
enantiopurity. Additional experiments confirmed that 3-substituted 1,2-benzisoxazole (2i)
was also not a suitable electrophile for this system. In addition to isoxazole derivatives, we
have found that the O-benzoyl oxime derivative 2j also provided the desired protected
primary amine under similar conditions, albeit in reduced levels of yield and
enantioselectivity (see Supporting Information). Due to the lower reactivity of 2j, higher
reaction temperatures and lower reaction concentrations were required to achieve high yields
and enantioselectivity.

The effectiveness of 2h as an electrophilic amine source was benchmarked against NV, A
dibenzyl- O-pivaloylhydroxylamine (Bn,NOPiv), which was previously found to be an
excellent electrophilic amine reagent for CuH-catalyzed hydroamination reactions.34-35 In
separate reactions, the overall rate of reaction with Bn,NOPiv was found to be about twice
as fast as that with 1,2-benzisoxazole (Figure 2a, entry 1,2). However, because previous
mechanistic studies indicated that the rate-determining-step of CuH-catalyzed
hydroamination of styrene was the regeneration of LCuH catalyst (Figure 2b, 111 — 1),34
we speculated that the slower relative rate of reaction with 1,2-benzisoxazole was due to the
slower regeneration of active LCuH species from Cu-phenolate I11b relative to the
analogous regeneration of LCuH from the copper pivalate Illa in the reaction employing
Bn,NOPIv as the electrophile. In agreement with this hypothesis, a one-pot competition
between 2h and Bn,NOPiv revealed that the alkyl-copper species 11 reacts preferentially
with 2h over BnoNOPiv (Figure 2a, Entry 3). These collective results indicate that, while 2h
is more reactive toward substitution with the Cu-alkyl intermediate (1), the resulting Cu-
phenolate I11b is less reactive toward reaction with the silane. The latter effect causes
reactions employing 2h to display reaction rates that are slower than reactions using
Bn,NOPIv as aminating reagents. The slower regeneration of LCuH in the isoxazole-based
system has an important implication for the hydroamination of complex substrates, which is
discussed below.
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Hydroamination of alkenes and alkynes to form primary amines.

Having identified 1,2-benzisoxazole as the optimal electrophilic nitrogen source, we set out
to examine the scope of the alkene coupling partners of this hydroamination protocol (Table
2). The chiral Schiff base products can be quantitatively converted, in a one-pot procedure,
to the corresponding primary amine without erosion of enantiomeric purity. Both the Schiff
base products (3a-1) and the primary amines (4a-f) derived from this protocol can be
obtained in good yields and high enantioselectivity (=93% ee). Styrenes bearing electron-
withdrawing (3g) and electron-donating (3h) substituents were converted to products with
good efficiency. Similarly, substrates with an electronically diverse set of ortho-substituents
(3b, 3c) were also suitable. Due to the mild reaction conditions, a variety of functional
groups such as aryl chlorides (3d) and bromides (3e), esters (3j), sulfonamides (4a),
carbamates (4b), and a thiomethyl group (4c) were tolerated. The reaction conditions also
accommodated a wide range of vinyl-substituted heteroarenes, including those containing an
electron-deficient heterocycles, such as pyridine (3k), 7-azaindole (4a), pyrimidine (4c),
electron-rich indazole (4b), pyrazole (4d), and carbazole (4e) ring, providing a-chiral
primary amines with high levels of enantioselectivity. This approach was applied to the
hydroamination of complex aryl alkenes such as estrone to provide rapid access to the
structurally complex Schiff base 3I.

Previously, we have demonstrated that increased steric hindrance at the p-position may
negatively influence the efficiency of hydroamination.1> Although sterically less-hindered -
substituted styrenes (3i, 3j) provided the desired product with good yield, a significant
amount of alkene reduction (~50%) was observed when the more sterically hindered
substrate, cinnarizine (4f), was subjected to our standard hydroamination conditions. The
observation of salicylonitrile as a major byproduct led us to postulate that Kemp elimination
of 1,2-benzisoxazole (Figure 3a) had emerged as a competing, non-productive pathway
when the rate of CuH regeneration (i.e., 11" — product, Figure 3b) is reduced by the steric
hinderance of the large B-substituent. Due to the slowed rate of CuH regeneration, the
copper-phenolate (11°) can catalyze the Kemp elimination of 2 to form 111’. This copper-
phenolate can catalyze further Kemp elimination of 1,2-benzisoxazole to give salicylonitrile
(see Supporting Information for details), which in turn serves as a proton source (1V?) for
the reduction of the alkene. The issue of alkene reduction due to competitive Kemp
elimination was addressed by employing solvents of lower polarity, which are known to
slow the rate of Kemp elimination,36-37 as well as by using a syringe pump for the slow
addition of 1,2-benzisoxazole (see Supporting Information for details). Presumably, the slow
addition of 1,2-benzisoxazole reduces the rate of Kemp elimination versus the rate of
productive catalyst turnover by keeping the concentration of 1,2-benzisoxazole low. Under
these reaction conditions, cinnarizine was successfully converted to the chiral primary amine
4f in high yield and excellent levels of enantioselectivity. This simple modification of the
reaction system later proved to be crucial during our subsequent synthesis of Maraviroc.

Having confirmed the effectiveness of our method for the synthesis of chiral Schiff bases
and primary amines using styrene substrates, we continued by investigating the anti-
Markovnikov hydroamination of unactivated alkenes (Table 3). Due to the higher energy
barrier for the hydrocupration of terminal alkenes,38 slightly elevated temperatures (45 °C)
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and slow addition of the electrophile using a syringe pump were required to obtain good
yields and high levels of enantioselectivity. This protocol was successfully applied to
terminal alkenes (4g-4Kk). As before, the protocol manifested excellent functional group
tolerance, as acetals (4g), sulfonamides (4h), epoxy groups (3n), and silyl groups (30) were
tolerated under the reaction conditions. Both electron-rich and electron-deficient
heterocycles, such as benzothiazole (4i) and quinoline (4j), were also readily
accommodated. Furthermore, the one-pot synthesis of primary amine 4k provided an
alternative route for the preparation of bifemelane, a cerebral activator used for the treatment
of senile dementia and glaucoma.3? The hydroamination of 1,1-disubstituted alkenes also
worked well with this protocol providing the a silicon-substituted stereogenic center (30), as
well as demonstrating the chemoselectivity for the reaction of 1,1-disubstituted alkenes over
trisubstituted ones (3p). The regioselectivity and enantioselectivity of hydroamination of
1,1-dialkyl substituted alkenes (30, 3p in Table 3) are in accord with the results previously
reported by our lab.19

We next explored the hydroamination of alkynes. Previous work in our lab demonstrated that
alkynes may be converted into alkyl amines via a sequence involving semireduction of the
alkyne and hydroamination of the resultant alkene.%? With a modified reductive
hydroamination protocol, including /PrOH as the proton source and 2h as the aminating
reagent, we found that the aryl-substituted terminal alkynes undergo the Markovnikov
hydroamination to access the corresponding chiral Schiff base products (Table 4). The
reaction conditions tolerated the electron-withdrawing (3e) and electron-donating (3h)
substituents on the arene as well as the electron-rich heterocycles, such as thiophene (3q).
Additionally, the terminal aliphatic alkynes undergo anti-Markovnikov hydroamination to
access the linear primary amine product (41) with the one-pot operation. The regioselectivity
is in accord with the results previously reported by our lab.40 The reductive hydroamination
of alkynes to primary amines provides an alternative approach for the synthesis of the
valuable primary amines.

Application to the synthesis of pharmaceutical agents.

An important advantage of this mild enantioselective hydroamination process using 1,2-
benzisoxazole as an ammonia surrogate lies in its ability to install a chiral primary amine
unit onto highly functionalized late-stage synthetic intermediates. To illustrate this, a
convergent strategy for the three-step synthesis of the antiretroviral drug Maraviroc, which is
used for the treatment of HIV infections, is described. All three previous asymmetric
synthetic routes that have been reported in the literature call for early-stage installation of
the amino group,*1-44 therefore limiting the tunability of the arene fragment. As a
complementary approach, our strategy introduced the amino group via copper-catalyzed
asymmetric hydroamination of styrene 5c¢, which can be accessed in high yield from
reductive amination of cinnamyl aldehyde 5a and the complex secondary amine 5b. Using
similar conditions to those developed for the hydroamination of cinnarizine, the core chiral
primary amine fragment 5d was isolated in 73% yield and 94% ee after hydrolytic workup.
Subsequent acylation then provided Maraviroc in 59% yield over three steps (Figure 4a).
This approach provides an alternative route that allows for the diversification of the arene
component of drug analogs.
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As another application of this method, we converted a simple hydrocarbon feedstock,
indene, to 1-aminoindane (4m), a highly valuable synthetic precursor for important
pharmaceuticals such as Rasagiline.#> By following the slow addition protocol developed for
unactivated alkenes and increasing the reaction temperature to 70 °C, 1-aminoindane (4m)
was obtained in 69% yield and 92% ee (Figure 4b). To evaluate the scalability of this
method, we have also synthesized (S)-3-amino-3-phenyl-1-propanol hydrochloride (4n), an
important intermediate for the synthesis of Dapoxetine*® from the hydroamination of
cinnamyl acetate on a 10 mmol scale. This gram-scale reaction provided the Schiff base
product in 94% NMR vyield and 99% ee. After the hydrolysis of the imine and the ester, the
hydrochloride (4n) can be obtained by acidification of the corresponding primary amine in
good isolated yield (78%, Figure 4c). Finally, the chiral Schiff base product 3r can also be
obtained in exceptional levels of enantiopurity under our standard conditions, and this
intermediate can be further hydrolyzed to the valuable chiral primary amine product for the
synthesis of human leukocyte elastase inhibitor, DMP 777 (Figure 4d).4’

CONCLUSION

In conclusion, we have discovered that 1,2-benzisoxazole is effective as a practical
electrophilic ammonia equivalent in CuH-catalyzed hydroamination. We described the first
enantioselective hydroamination of alkenes and alkynes to primary amines that occurs by
asymmetric substitution of 1,2-benzisoxazole through the N-O bond cleavage. This
approach provides an efficient method to access chiral a-branched and linear primary
amines under very mild conditions. During the exploration of the scope of alkenes and
alkynes, a series of primary amines were prepared in excellent enantio-, regio- and
chemoselectivity. Furthermore, we developed a highly convergent route to prepare anti-HIV
drug Maraviroc, and demonstrated the preparation of precursors of Rasagiline mesylate,
Dapoxetine hydrochloride, and DMP 777.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a. Representative-chiral amine containing compounds
CH3893

HZN/\ ? Me o - Et o

\

gy Q
N
Me M
Rasagiline Mesylate Maraviroc Dapoxetine Hydrochloride DMP 777 e
(Anti-Parkinson drug) (Antiretroviral drug) (Selective serotonin reuptake inhibitors) (Leucocyte elastase inhibitor)

b. Current electrophilic aminating reagents for synthesis of primary amines

Me Me N,OTS
H 8 Q fBu NOBz M
N=cli HoN-0S Me  HaN-OMe Me HN=X o Mo
H o) Me” >0 Bu Ph” “Ph H "
Me MSH Me MeMe' ©
haloamines O-substituted hydroxylamines oxaziridines oxime esters
c. Discovery of the use of isoxazole as an electrophilic aminating reagent o ;)' """"
. L. and \ 7
U L i) [SiN . N )
~e L*CuH & [Si]-H : L*CuH & [Sil-H 7 | e >
H 5 " Ph 'YIe ‘ tAntlcrpated P “Me
@ Ph# ‘ N Eci\ Pho” ihydroisoxazole produc
- N /\_\—
= '
N NT Y N, O[si] H* NH,
[Si] : N /L
: P Obtained Ph” Me
H Ph™ "Me

: Schiff base product

d. Asymmetric synthesis of primary amines by using the isoxazoles as electrophilic aminating reagents
R!

Isoxazoles

activated alkenes R2
SR cuL* > [sno)\/[ NH,
‘/'\/R | O\N NP RS R
o @ by ®
+

unactivated alkenes . R
. [Si]-H R3 H

R B —— _—
f As electrophilic aminating reagent:

” This work . ,

R & R 1. commercially available [Si]O R R
H . 2. stable reagent = | JA_ _NH
alkynes R”’\/C“L 3. active N-O bond R"’\/N\\;Rz R
R'— 4. facile deprotection R3
Figure 1.

a) Representative pharmaceuticals prepared from chiral primary amines. b) Current
electrophilic aminating reagents used for the synthesis of primary amines. ¢) The discovery
of isoxazole as an electrophilic aminating reagent. d) Asymmetric synthesis of primary
amines by using the isoxazoles as electrophilic aminating reagents.
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a.Competition experiment between electrophilic amination reagents :b. Proposed catalytic cycle
Bn,NOPiv Cu(OAc), (2.0 mol% :
2 (2. o) . : - N
or _ (S)-DTBM-SEGPHOS (2.2 mol%) Me(Me0)2Si0 NBn, : [SIOR L*CuH Ph
P + o > 1

‘W Me(OMe),SiH (3.2 equiv) Z H ph Me | Faster with

14

X : ' Bn,NOPiv
THF (1.0 mL), rt, t iBn,
2h (1.0mL). rt, time Plpr™Me P2 | Me H
| [Sil-H
- - . - : Ph" N
Entry Electrophile Time (h) Yield (P1) Yield (P2) ! L*CuOPiv Me,
: *LCuO )—cu
1 1.5 equiv 2h 3h 52% - H IMla or b Ph 1l
- 6h 94% -
2 1.5 equiv Bny,NOPiv 3h - 9%% | Me
3* 1.5 equiv 2h and Bn,NOPiv 6h 78% 15% | Ph>_[N] Fasterwith 2h  [N]-OR
*After 30 min, no P2 was detected by TH-NMR but 11% P1 was seen.
Figure 2.
a) Competition experiment between electrophilic amination reagents. b) Proposed catalytic
cycle
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a. Base-catalyzed Kemp elimination of 1,2-benzisoxazole

)

0
©i/(\"‘ B —> \‘HB
g b T’@[

b. Proposed reduction pathway )
2I‘lKemp Ellm.III

L
*LCuO
OCulL* OH
: ,,.i ) Kemp Elim. ©: C[
CN
[Si]-H n v’
Slow QUL*

L z L
Product ph/\/R ph/\/R

Figure 3.

Page 12

a. Base-catalyzed Kemp elimination of 1,2-benzisoxazole. b. The proposed mechanism for

alkene reduction in the hydroamination of B-sterically hindered styrenes.
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a

5¢ 0.5 mmol

—_—

Ci/
d

5a
b
Indene
1.0 mmol
c
AcO

3

Cinnamyl acetate
10 mmol scale

ST
Oy

Me

Cu(OAc); (5.0 mol%)
(R)-DTBM-SEGPHOS (5.5 mol%)

Me

2h (1.5 equiv, 20 pL/h)
Me(OMe),SiH (3.2 equiv)

Cyclohexane, 5 h;
then NH,OH-HCI

NaBH(OAc)3, HOAc
DCM, rt, overnight

93% yield

Me
Me

=N
+ HN\)m/N\(N

5b Me

Cu(OAc), (5.0 mol%)
(S)-DTBM-SEGPHOS (5.5 mol%)

2h (1.5 equiv, 15 pL/h)
Me(OMe),SiH (3.2 equiv)
THF,70°C, 12 h

Cu(OAc), (2.0 mol%)
(R)-DTBM-SEGPHOS (2.2 mol%)

2h (1.2 equiv, 200 pL/h),
Me(OMe),SiH (3.2 equiv)
THF, rt, 16 h;

2
S

Noaar=ox

5d, 73% yield, 94% ee 5f

Page 13

COLH
+ F‘O/

Me

L

,Z

= |

e

DIPEA, CH,Cl,, t, 2h

EDCI, HOBT
87% yield

Me

’N\ Maraviroc(5e)
N

e

59% yield for three steps

H>

N
©:> Ref. 45
—_—

4m
69% vyield, 92% ee

NH;CI

CHgSOy
H-N
oo

Rasagiline Mesylate

Me < MeCI_

H
N

HO/\/\© Ref. 46
n O

78% yield, 99% ee

“‘)M©

Dapoxetine Hydrochloride

a. NH,OH'HCI
b. 1.25 M HCl in MeOH

d Cu(OAc), (2.0 mol%)
(S)-DTBM-SEGPHOS (2.2 mol%)

e} X Et . ~
<O:©/\/ 2h (1.5 equiv), Me(OMe),SiH (3.2 equiv)

THF, 45°C, 20 h
1.0 mmol

Figure 4.

©Aﬁ> Reta7__ B ON\\KCD

N
78% yield, 99% ee O

DMP 777

Application of the hydroamination reaction in the synthesis of some pharmaceutical agents:
(a) Maraviroc, (b) Rasagiline mesylate, (c) Dapoxetine hydrochloride, (d) DMP 777
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Table 1.

Effect of substitution pattern of isoxazole derivatives

R‘

0.
"R e
i Cu(DAc), (5.0 mol%) RZ_/ _ NH,OH-HCI : (o) S
PH ™ + P (S)-DTBM-SEGPHOS (5.5 mol%:) (S peoH (1.0M) NHBz ! S 2
R e NFRR ——————= * ; o} F2
isoxazole eleirophile ME(OMe)zSiH (3.2 equiv) T thenBzCl,  Ph” “Me! < g
S0 a{zzn?;):qiizt;p ©®  THF (1.0 mL), rt, 24 h P ~Me NEty, CH,Cly O r
[Si] = Si(OMe};Me i Ar =3,5-Bu-4-MeO-CgH,
(S)}-DTBM-SEGPHOS
H o, Hi-o H - N} H -0,
I N N N N I N
H H H Me! Ph
H Me CO,Et H H
2a 2b 2c 2d 2e
B0% yield, 97% ee” 0% yield 0% yield 23% yield, 95% ee® 25% yield, 95% ee”
Me Fh a
: 4 : ° 0 \ B20,
& 7 /N & h/lj\
v H b H Me P Ph
2f 2g 2h 2i 2j
32% yield, 96% ee® 66% yield, 99% ee® 94% vyield, 98% ee® 0% yield 40% yield, 68% ee®®
B87% yield, 97% ee®?

a)
determined based on the benzamide product.
b)T

0)40 °C, 0.5 M in THF. d) 85 °C, 0.05 M in THF, see supporting information for optimization.

he yield and ee were determined based on the Schiff base product.

(5.0 mol%) Cu(OAC)2, (5.5 mol%) (S)-DTBM-SEGPHOS, styrene (0.50 mmol), electrophile (2.0 equiv), rt, 24 h. The yield and ee were
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Table 2.

Using 1,2-benzisoxazole as an electrophilic aminating reagent for the hydroamination of aryl alkenes to
primary amines

Ar
Cu(OAc), (2.0 - 5.0 mal%) A
SR O, (S)-DTBM-SEGPHOS (2.2 - 5.5 mol%) NFH  NHyOHHCI MH,
AR 4 M PR T ~_R Ar= HO
Me{OMa),SiH (3.2 aquiv) Ar MeOH, rt, 30 min Ar
1 2h THF (1.0 mL), rt to 45 °C, 20 h 3 4
(1.5 equiv)
Ar Ar
Ar Ar Ar
A =S S & N N
NZH NZ"H NZ"H H H
o o o g
M
© F cl r
3a 3b 3c 3d 30
87% yield, 38% ee 82% yield, 97% ee T2% yield, 97% ee 83% yield, 98% ee 82% yield, 95% ee
Condition A with 2.0% "Cu' Condition B with 2.0% 'Cu” Condition B with 2.0% 'Cu’  Condition A with 2.0% 'Cu’  Condition A with 2.0% "Cu’
Ar Ar Ar Ar Ar
NZH L NTTH @J\H u”l‘H
/©/‘Me E/©/‘ Me BO/©/\Me @/’\/ME @/’\/\om
F Fal M
af 3g 3h 3i 3j
82% yield, 96% ee T6% yield, 93% ee T7% yield, 98% ee 73% yield, 98% ee 76% yield, 98% ee
Condition A with 2,0% ‘Cu'  Condition A with 2.0% "Cu’ Condition A with 5.0% 'Cu’  Condition B with 2.0% 'Cu’ Condition B with 2.0% 'Cu’
Ar
HN, NH;
N//J\H - —Me Pk L“HE
H B 7 Me S,
i 0 I fons
i = NN N MeS” “N”
MeD” N Ts Bot
3k 4a 4b 4c
T3% yield, 96% ee 63% yield, 92% ee 81% yield, 96% ee 69% yield, 98% ee

Condition A with 5.0% 'Cu’ Condition A with 5.0% 'Cu’  Condition A with 5.0% "Cu’  Condition A with 5.0% 'Cu’

R
0 @,Ffw S o

Ph
Me 31 F 4d e 4f
B3% yield, 99 : 1 d.r. T2% yield, 97% ee B0% yield, 98% ee BE% yield, 99% ee
Condition B with 5.0% ‘Cu' Condition B with 5.0% 'Cu’  Condition A with 5,0% "Cu'  Condition A with 5.0% 'Cu™

Condition A: (2.0 — 5.0 mol%) Cu(OAc)2, (2.2 — 5.5 mol%) (S)-DTBM-SEGPHOS, 2h was added in one portion, rt.

Condition B: (2.0 — 5.0 mol%) Cu(OAc)2, (2.2 - 5.5 mol%) (S)-DTBM-SEGPHOS, 2h (0.5 equiv.) was added every 2 h, 45 °C. Yield refers to
isolated yield of purified product (1.0 mmol scale, average of two runs) and the ee was determined on the Schiff base product. a. cyclohexane as
solvent and 2h was added via syringe pump (30 uL/h).
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Table 3.

Using 1,2-benzisoxazole as an electrophilic aminating reagent for the hydroamination of unactivated alkenes
to primary amines

Cu(OAc); (5.0 mol%)
R? 0, (S)-DTBM-SEGPHOS (5.5 mol%) RZH\IrA' NH;OH-HCI R
Fh& * N AN R1J\’NH2 Ar=
Me({OMe),SiH (3.2 equiv) R P MeOH, rt, 30 min i r= HO

2h THF (1.0 mL), 45 °C, 15 h

unactivated alkenes

<o:©/\/\NH2 ob/\/\’NYPh Ton o NH: QS
o] Ph Bn N/J\O/\/\/\NHZ
4g” 3n® 4h® 4i*
86% yield 65% yield 81% yield B85% yield
Me
o~ O SiPh;Me
Me. N Me/‘\“’N'“\-rAr o
= H ANy A
N™ "CFy 0 N Mg sy
H
4j° ak° 30° 3p°
79% yield T6% yield 70% yield, 99% ee 65% yield, d.r.=97:3

Yield refers to isolated yield of purified product (1.0 mmol scale, average of two runs).

a)1.5 equiv 2h was added via syringe pump (15 pL/h).

)1.05 equiv 2j was used. The use of the oxime ester 2j as the electrophile for the synthesis of 3n did not require slow addition or excess aminating
reagent to achieve a moderate yield, presumably due to its comparatively higher stability at elevated temperatures.

0)1.5 equiv 2h was added via syringe pump (10 pL/h).
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Table 4.

Page 17

Using 1,2-benzisoxazole as an electrophilic aminating reagent for the reductive hydroamination of alkynes to

primary amines

Cu(OAC); (5.0 mol%) Ar NH;
0 (S-DTBM-SEGPHOS (5.5 mol%) )\ H._.Ar  NHOH-HCI -~
R—= + @N »- NTH o \|r —_— = R Me
-PrOH (1.1 equiv) P N MeOH, rt, 30 min of \H, |AT= H
Me(OMe,SH (40 equvy  © Me F RE
2h THE(1.0mL), rt,15h 3 4
x ;
r Ar
N¥"H
H U/AH r_ﬁkH
Me T H MH;
Br Mer
3e” 3h" 3q* 4
76% yield, 98% ee 69% yield, 99% ee 62% yield, 99% ee T0% yield

Yield refers to isolated yield of purified product (1.0 mmol scale, average of two runs).

a)

1.5 equiv 2h was added in one portion.
b)1

0)1.5 equiv 2h was added via syringe pump (15 pL/h) at 45 °C

.5 equiv 2h was added via syringe pump (30 pL/h) at rt.
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