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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 α-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. 

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 enantiose-

lective synthesis of chiral primary amines include the reduction 

of imines and enamines,3-7 addition of nucleophiles to imines,8 

particularly Ellman’s sulfonamide,9 the reaction of a nitrogen 

nucleophile to allylic electrophiles,10  and biocatalytic pro-

cesses.11-13 Although various methods exist, they typically re-

quire a pre-existing carbon–heteroatom bond or ketone group 

as the handle for functionalization. In comparison, hydroamina-

tion reactions provide a direct approach to access amines from 

readily available alkene and alkyne precursors. Specifically, 

copper(I) hydride complexes have been shown to catalyze hy-

droamination reactions between alkenes and hydroxylamine es-

ters.14 Despite the number of electrophilic aminating reagents 

that have been developed for the synthesis of chiral secondary15 

and tertiary amines16-25 as well as amides26, 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).27 More-

over, reagents such as methoxyamine are stable as the corre-

sponding hydrochloride salt, but require a minimum of two 

equivalents of strongly basic organometallic reagents to access 

the active form (through neutralization and further deprotona-

tion),28 which is capable of forming the desired CN bond. Alt-

hough protected NH3 surrogates such as oxime derivatives29 or 

creatively designed oxaziridines30 may circumvent the prob-

lems of competitive amine deprotonation and difficult depro-

tections, most of these electrophiles require multistep synthesis 

(Figure 1b).31 Thus, a simple, stable, and commercially availa-

ble electrophilic amine source is highly desirable. 

In this work, we describe the fortuitous discovery that isox-

azole 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 re-

ported 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 di-

hydroisoxazole product (Figure 1c(ii)). The nucleophilic substi-

tution of isoxazole via the cleavage of the N-O bond, upon 

imine hydrolysis, provided a new approach for synthesis of pri-

mary amines via an unknown mode of reactivity. Based on this 

result coupled with the high stability and commercial availabil-

ity 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 nitro-

gen sources. Under mild reaction conditions, a wide range of 

chiral α-branched (from aryl alkenes or alkynes) and linear pri-

mary amines (from alkyl-substituted terminal alkenes or al-

kynes) 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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Figure 1. a) Representative pharmaceuticals prepared from chiral primary amines. b) Current electrophilic aminating reagents used for the 

synthesis of primary amines. c) The discovery of isoxazole as an electrophilic aminating reagent. d) Asymmetric synthesis of primary amines 

by using the isoxazoles as electrophilic aminating reagents. 

 

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 elec-

tronic and steric properties under typical CuH catalysis condi-

tions.18 In the presence of 5.0 mol% copper acetate, 5.5 mol% 

(S)-DTBM-SEGPHOS, 3.2 equivalents of dimethoxyme-

thylsilane, and 2.0 equivalents of isoxazole, the Schiff base 

product was afforded in moderate yield and with excellent en-

antioselectivity. Evaluation of other isoxazole derivatives re-

vealed that the 3-substituted isoxazoles could not be used for 

the hydroamination process regardless of their steric and elec-

tronic 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 π-conjugation at the 5 position proved to be 

beneficial for overall reaction efficiency. The use of 1,2-ben-

zisoxazole, 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 ox-

ime 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 N,N-dibenzyl-O-pivaloylhydroxylamine 

(Bn2NOPiv), which was previously found to be an excellent 

electrophilic amine reagent for CuH-catalyzed hydroamination 
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reactions.34-35  In separate reactions, the overall rate of reaction 

with Bn2NOPiv 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-determin-

ing-step of CuH-catalyzed hydroamination of styrene was the 

regeneration of LCuH catalyst (Figure 2b, III → I),34 we spec-

ulated that the slower relative rate of reaction with 1,2-ben-

zisoxazole was due to the slower regeneration of active LCuH 

species from Cu-phenolate IIIb relative to  the analogous re-

generation of LCuH from the copper pivalate IIIa in the reac-

tion employing Bn2NOPiv as the electrophile. In agreement 

with this hypothesis, a one-pot competition between 2h and 

Bn2NOPiv revealed that the alkyl-copper species II reacts pref-

erentially with 2h over Bn2NOPiv (Figure 2a, Entry 3). These 

collective results indicate that, while 2h is more reactive toward 

substitution with the Cu-alkyl intermediate (II), the resulting 

Cu-phenolate IIIb is less reactive toward reaction with the 

silane. The latter effect causes reactions employing 2h to dis-

play reaction rates that are slower than reactions using 

Bn2NOPiv as aminating reagents. The slower regeneration of 

LCuH in the isoxazole-based system has an important implica-

tion for the hydroamination of complex substrates, which is dis-

cussed below.

 

Table 1. Effect of substitution pattern of isoxazole derivatives 

 

a) (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 

determined based on the benzamide product. b) The yield and ee were determined based on the Schiff base product. c) 40 oC, 0.5 M in THF. 

d) 85 oC, 0.05 M in THF, see supporting information for optimization. 

 

Figure 2. a) Competition experiment between electrophilic amination reagents. b) Proposed catalytic cycle 

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-l) and the primary amines (4a-f) derived from 
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this protocol can be obtained in good yields and high enantiose-

lectivity (93% ee). Styrenes bearing electron-withdrawing (3g) 

and electron-donating (3h) substituents were converted to prod-

ucts with good efficiency. Similarly, substrates with an elec-

tronically diverse set of ortho-substituents (3b, 3c) were also 

suitable. Due to the mild reaction conditions, a variety of func-

tional groups such as aryl chlorides (3d) and bromides (3e), es-

ters (3j), sulfonamides (4a), carbamates (4b), and a thiomethyl 

group (4c) were tolerated. The reaction conditions also accom-

modated a wide range of vinyl-substituted heteroarenes, includ-

ing 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 

-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 struc-

turally complex Schiff base 3l.

 

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

amines 

 

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. cyclo-

hexane as solvent and 2h was added via syringe pump (30 μL/h).  

 

Previously, we have demonstrated that increased steric hin-

drance at the -position may negatively influence the efficiency 

of hydroamination.15 Although sterically less-hindered -sub-

stituted styrenes (3i, 3j) provided the desired product with good 

yield, a significant amount of alkene reduction (~50%) was ob-

served 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., II’ → product, Figure 3b) is 

reduced by the steric hinderance of the large -substituent. Due 
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to the slowed rate of CuH regeneration, the copper-phenolate 

(II’) can catalyze the Kemp elimination of 2 to form III’. This 

copper-phenolate can catalyze further Kemp elimination of 1,2-

benzisoxazole to give salicylonitrile (see Supporting Infor-

mation for details), which in turn serves as a proton source (IV’) 

for the reduction of the alkene. The issue of alkene reduction 

due to competitive Kemp elimination was addressed by em-

ploying 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 Support-

ing 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 concen-

tration of 1,2-benzisoxazole low. Under these reaction condi-

tions, cinnarizine was successfully converted to the chiral pri-

mary amine 4f in high yield and excellent levels of enantiose-

lectivity. This simple modification of the reaction system later 

proved to be crucial during our subsequent synthesis of Mara-

viroc. 

 

Figure 3. a. Base-catalyzed Kemp elimination of 1,2-benzisoxa-

zole. b. The proposed mechanism for alkene reduction in the hy-

droamination of β-sterically hindered styrenes. 

 

Having confirmed the effectiveness of our method for the 

synthesis of chiral Schiff bases and primary amines using sty-

rene substrates, we continued by investigating the anti-Markov-

nikov hydroamination of unactivated alkenes (Table 3). Due to 

the higher energy barrier for the hydrocupration of terminal al-

kenes,38 slightly elevated temperatures (45 °C) and slow addi-

tion 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-4k). 

As before, the protocol manifested excellent functional group 

tolerance, as acetals (4g), sulfonamides (4h), epoxy groups (3n), 

and silyl groups (3o) were tolerated under the reaction condi-

tions. 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.39 The hydroamination of 1,1-disubsti-

tuted alkenes also worked well with this protocol providing the 

a silicon-substituted stereogenic center (3o), as well as demon-

strating the chemoselectivity for the reaction of 1,1-disubsti-

tuted alkenes over trisubstituted ones (3p). The regioselectivity 

and enantioselectivity of hydroamination of 1,1-dialkyl substi-

tuted alkenes (3o, 3p in Table 3) are in accord with the results 

previously reported by our lab.19 

 

Table 3. Using 1,2-benzisoxazole as an electrophilic aminating reagent for the hydroamination of unactivated alkenes to pri-

mary amines  

 
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 

μL/h). b) 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. c) 1.5 

equiv 2h was added via syringe pump (10 μL/h). 
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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.40 With a 

modified reductive hydroamination protocol, including iPrOH 

as the proton source and 2h as the aminating reagent, we found 

that the aryl-substituted terminal alkynes undergo the Markov-

nikov hydroamination to access the corresponding chiral Schiff 

base products (Table 4). The reaction conditions tolerated the 

electron-withdrawing (3e) and electron-donating (3h) substitu-

ents 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 (4l) with the one-pot operation. The re-

gioselectivity is in accord with the results previously reported 

by our lab.40 The reductive hydroamination of alkynes to pri-

mary amines provides an alternative approach for the synthesis 

of the valuable primary amines. 

Table 4. Using 1,2-benzisoxazole as an electrophilic aminating reagent for the reductive hydroamination of alkynes to primary 

amines 

 

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) 1.5 

equiv 2h was added via syringe pump (30 μL/h) at rt. c) 1.5 equiv 2h was added via syringe pump (15 μL/h) at 45 °C

Application to the synthesis of pharmaceutical agents. An 

important advantage of this mild enantioselective hydroamina-

tion 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 il-

lustrate this, a convergent strategy for the three-step synthesis 

of the antiretroviral drug Maraviroc, which is used for the treat-

ment of HIV infections, is described. All three previous asym-

metric synthetic routes that have been reported in the literature 

call for early-stage installation of the amino group,41-44 therefore 

limiting the tunability of the arene fragment. As a complemen-

tary approach, our strategy introduced the amino group via cop-

per-catalyzed asymmetric hydroamination of styrene 5c, which 

can be accessed in high yield from reductive amination of cin-

namyl 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 iso-

lated in 73% yield and 94% ee after hydrolytic workup. Subse-

quent 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. 

As another application of this method, we converted a sim-

ple hydrocarbon feedstock, indene, to 1-aminoindane (4m), a 

highly valuable synthetic precursor for important pharmaceuti-

cals such as Rasagiline.45 By following the slow addition proto-

col developed for unactivated alkenes and increasing the reac-

tion 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 Dapoxetine46 from the hydroamination of cin-

namyl acetate on a 10 mmol scale. This gram-scale reaction pro-

vided the Schiff base product in 94% NMR yield and 99% ee. 

After the hydrolysis of the imine and the ester, the hydrochlo-

ride (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 excep-

tional levels of enantiopurity under our standard conditions, and 

this intermediate can be further hydrolyzed to the valuable chi-

ral primary amine product for the synthesis of human leukocyte 

elastase inhibitor, DMP 777 (Figure 4d).47 

CONCLUSION 

In conclusion, we have discovered that 1,2-benzisoxazole is ef-

fective as a practical electrophilic ammonia equivalent in CuH-

catalyzed hydroamination. We described the first enantioselec-

tive 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 ef-

ficient method to access chiral α-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 chemoselectiv-

ity. Furthermore, we developed a highly convergent route to 

prepare anti-HIV drug Maraviroc, and demonstrated the prepa-

ration of precursors of Rasagiline mesylate, Dapoxetine hydro-

chloride, and DMP 777.
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Figure 4. 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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